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a  b  s  t  r  a  c  t

The  microstructure  of  rice  starch  and  dextran–rice  starch  mixtures  was  studied  using  confocal  laser
scanning  microscopy  (CSLM)  and  scanning  electron  microscopy  (SEM).  Surface  pores  and  channels  of
rice starch  were  looked  for.  Channels  could  not  be  found  in  rice  starch  granules  after  reaction  with  3-
(4-carboxybenzoyl)-quinoline-2-carboxaldehyde  (CBQCA).  Fluorescein-labeled  dextran  was  mixed  with
vailable online 16 August 2011
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rice  starch  in  order  to  locate  hydrocolloid  molecules  in  hydrocolloid–rice  starch  mixtures.  The  results
showed  that  FITC-dextran  (ave.  Mw 4000;  FD4)  penetrated  into  raw  rice  starch  granules,  with  the  degree
of penetration  varying  from  granule  to granule.  FD4  could  penetrate  throughout  cooked  rice  starch  gran-
ules.  FITC-dextran  with  an  average  Mw of  more  than  10,000  could  not  penetrate  either  raw  or  cooked
rice  starch  granules.
SLM

. Introduction

Rice starch is one of the important starches that can be produced
nd used in Thailand. The major concerns of the use of starch in the
ood industry are gelatinization, retrogradation and syneresis, each
f which can be affected by the addition of hydrocolloids (Alloncle,
efebvre, Llamas, & Doublier, 1989; Bahnassey & Breene, 1994;
hristianson, Hodge, Osborne, & Detroy, 1981; Funami et al., 2005;
ae-kang & Suphantharika, 2006; Sudhakar, Singhal, & Kulkarni,
996). When xanthan is used in starch-based frozen food products,
he undesirable effects of low temperature on textural quality can
e avoided (Sae-kang & Suphantharika, 2006).

Dextran is a water-soluble glucan produced from sucrose by
nzymes on the cell surface of lactic acid bacteria or and pro-
uced by Leuconostoc mesenteroides.  Dextran is composed of
-anhydroglucosyl units joined by �-(1 → 6)-linkages in the main
hains with �-(1 → 3)-linkages at branch points. Dextran of vari-
us molecular weights is produced by employing L. mesenteroides
extransucrase and sucrose at various concentrations (Falconer,
ukerjea, & Robyt, 2011).
The study of starch–hydrocolloid paste microstructures helps

o understand their rheology, texture, and sensory characteristics.
he use of fluorescein-labeled hydrocolloids allows visualization

f their location in starch dispersions (van de Velde, Weinbreck,
delman, van der Linden, & Tromp, 2003). Confocal laser scanning
icroscopy (CSLM) was used to investigate starch microstructure

∗ Corresponding author. Tel.: +66 81 554 2814; fax: +66 2 160 1146.
E-mail address: piyaa@rocketmail.com (P. Achayuthakan).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.08.020
© 2011 Elsevier Ltd. All rights reserved.

(Choi, Woo, Ko, & Moon, 2008; Huber & BeMiller, 2000; Kim &
Huber, 2008) and the behavior of starch–hydrocolloid mixtures
(Tromp, van de Velde, van Riel, & Paques, 2001; van de Velde
et al., 2003). Many researchers have studied the microstructure of
corn, sorghum, wheat, and triticale starch granules (Fannon, Shull,
& BeMiller, 1993; Huber & BeMiller, 2000; Kim & Huber, 2008;
Naguleswaran, Li, Vasanthan, & Bressler, 2011; Zhao, Madson, &
Whistler, 1996). Noisuwan, Hemar, Wilkinson, & Bronlund, (2011)
studied the adsorption of Alexa FluorTM-labeled sodium caseinate
(NaCAS) and Alexa FluorTM labeled whey protein isolate (WPI)
on normal and waxy rice starch granules. They concluded that
fluorescence-labeled NaCAS and WPI  adsorbed on the granule sur-
face of normal and waxy rice starch. However, they did not study
the effect of molecular weight (Mw) and the effect of starch gela-
tinization on the penetration of hydrocolloids into rice starch.
Moreover, they did not study microstructure of normal and waxy
rice starch such as surface pores and starch channels. In this
research, the microstructure of rice starch and rice starch–dextran
mixtures was  studied before and after cooking the starch. Dextran
of various molecular weights labeled with fluorescein was used to
determine the location of the hydrocolloid in dextran–rice starch
mixtures.

2. Materials and methods

2.1. Materials
Normal rice starch and waxy rice starch were supplied by Cho
Heng Rice Vermicelli Factory Co., Ltd. (Nakhon Pathom, Thailand).
Tapioca starch was  purchased in a local market from Thai Wah

dx.doi.org/10.1016/j.carbpol.2011.08.020
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:piyaa@rocketmail.com
dx.doi.org/10.1016/j.carbpol.2011.08.020
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(Nikon, Melville, NY, USA) inverted microscope was used to image
starch granules at an excitation wavelength of 488 nm.  CLSM digital
images were acquired using the BioRad Laser Sharp program.
Fig. 1. Scanning electron micrograph of normal (A) and waxy rice starch.

ood Product Public Co., Ltd. (Nakhon Pathom, Thailand). Sorghum
tarch was kindly supplied by B.R. Hamaker, Whistler Center for
arbohydrate Research, Department of Food Science, Purdue Uni-
ersity, USA. Corn starch was obtained from Tate & Lyle N.A.
Decatur, IL, USA). Mercury dibromofluorescein (disodium salt,

erbromin) was purchased from Sigma–Aldrich (St. Louis, MO,
SA). CBQCA Protein Quantitation Kit (C-6667) was purchased from

nvitrogen (Carlsbad, CA, USA). FD4 (FITC-dextran ave. Mw 4000)
nd FD10 (FITC-dextran ave. Mw  10,000) were purchased from
igma–Aldrich. The dextrans were derived from L. mesenteroides,
train B512.

.2. Preparation of cooked dextran–rice starch mixtures

Dispersions of rice starch were prepared at 3% (w/v) concentra-
ion. A weighed amount of rice starch was placed in an eppendorf
ube. Distilled water was pipetted into the tube, which was  then
ortex stirred. FITC-dextran was added to the starch dispersion at
% (w/v) concentration, and the mixture was vortex stirred at room
emperature for 10 min. The mixture (70 �L) was heated in a water
ath at 95 ◦C for 15 s, and then cooled rapidly in a water-ice bath.

.3. Merbromin treatment

Starch samples were treated with merbromin according to

he method of Huber and BeMiller (1997, 2000).  Starch samples
2.5 mg)  were suspended in a merbromin solution, and the suspen-
ion was mixed using a multi-wrist shaker (Lab-Line Instruments,
elrose Park, IL, USA) for 90 min  at room temperature. The starch
 Polymers 87 (2012) 557– 563

was recovered by centrifugation, washed a few times with absolute
ethanol, and air-dried in the dark.

2.4. CBQCA treatment

The method used for 3-(4-carboxybenzoylquinoline-2-
carboxaldehyde) (CBQCA) staining was  that of Han, Benmoussa,
Gray, BeMiller, and Hamaker (2005).  Starch (7 mg) was mixed with
0.1 M sodium borate buffer (pH 9.3) (135 �L), 20 mM KCN (5 �L)
and 5 mM CBQCA (10 �L), respectively. Samples were incubated
for 3–5 h and observed using CLSM.

2.5. Amyloglucosidase

Starch (10 mg)  was treated with 2 units of amyloglucosidase
(Sigma–Aldrich, St. Louis, MO,  USA) in 1 mL  of 0.2 M sodium acetate
buffer, pH 4.5, while being shaken with a multi-wrist shaker at
room temperature for 24 h. The reactions were inactived in a boiling
water bath for 10 min. Starch samples were recovered by centrifu-
gation, washed with distilled water 5 times, 70% ethanol 1 time and
100% ethanol 1 time, and allowed to air-dry.

2.6. Scanning electron microscopy (SEM)

Samples were mounted on stubs with double-sided sticky tape,
coated with AuPd for 3 min, and imaged in a JEOL JSM-840 SEM
(JEOL USA Inc., Peabody, MA)  using 5 kV accelerating voltage,
10 mm working distance, aperture 3 and probe current 3 × 10−11.
Magnifications were 5000× and 10,000×.  Digital images were cap-
tured using 1280 × 960 resolution and 160 s dwell time.

2.7. Confocal laser scanning microscopy (CLSM)

Starch powder was  sprinkled onto a glass slide. The glass slide
and cover slip were glued together with a thin film of paraffin wax.
A Bio-Rad Radiance 2100 MP  Rainbow System (Bio-Rad Labora-
tories, Hercules, CA, USA) equipped with a Nikon Eclipse TE2000
Fig. 2. Scanning electron micrograph of waxy rice starch treated with amyloglu-
cosidase.
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ig. 3. Confocal laser scanning micrographs of optical sections of normal rice starch
D),  tapioca starch (E), and corn starch (F) after enzymatic digestion with amylogluc

. Results and discussion

.1. Surface pores and channels of rice starch
The surface pores (0.07–0.1 �m in diameter) of starch gran-
les are openings to interior channels. Some starches have surface
ores, while the others have none (Fannon, Hauber, & BeMiller,
992a; Fannon et al., 1993; Huber & BeMiller, 2000). Fannon et al.
axy rice starch (B) treated with merbromin. Normal rice starch (C), waxy rice starch
se for 24 h and dyed with merbromin.

(1992a) proposed that the presence of channels facilitates enzyme
attack of the granule during germination and found that the num-
ber of surface pores on corn starch granules varied from granule to
granule.
3.1.1. Scanning electron microscopy
It was observed (SEM) that, for the most part, normal and waxy

rice starch granules had no pores (Fig. 1). However, a few rice starch
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ig. 4. Confocal laser scanning micrographs of optical sections of normal rice starch
oom  4).

nd waxy rice starch granules had small pores on their surface.
annon et al. (1992a) reported that no pores were found in rice
tarch. Our assumption was that the pores of rice starch would be
oo small to observe using SEM, so the presence of surface pores
f rice starch was  investigated by observing an enzyme-catalyzed
igestion pattern. Amyloglucosidase was used to enlarge any pores.
he pattern of enzyme digestion on starch which has surface pores
as different from starch which has no pores. Enzyme-treated
ormal corn starch granules had enlarged surface pores, whereas
nzyme-treated potato starch showed exocorrosion on the granule
urface (Fannon et al., 1992a). It was assumed that waxy rice starch
ad more potential to find surface pores compared with normal
ice starch. When waxy rice starch was treated with amyloglucosi-
ase (Fig. 2), it was more susceptible to enzymatic digestion than
ormal rice starch.

.1.2. Confocal laser scanning microscopy
Starch channels and cavities of corn starch and sorghum starch

ooded with merbromin showed up as lines or spots when
bserved using CSLM (Huber & BeMiller, 1997, 2000). Yoshino,
ayashi, and Seguchi (2005) found starch granule surface protein
f rice starch by staining starch granules with fluorescamine. How-
ver, no channels were found in this study in either native normal
r waxy rice starch granules dyed with merbromin (Fig. 3A and B). A
ery few normal and waxy rice starch granules showed short lines
fter treatment with merbromin; however, the lines were short

ompared with those in corn starch granules (Fig. 3F).

The presence of channels affects enzymatic attack (Gallant,
ouchet, & Baldwin, 1997). Corn starch granules treated with
icrobial glucoamylase for up to 8 h showed enlarged surface pores
axy rice starch (B), sorghum starch (C), and corn starch (D) dyed with CBQCA (60×,

and channels (approx. 0.1–0.2 �m in diameter) on the granule sur-
face (Imam,  Gordon, Mohamed, Harry-O’Kuru, Chiou, Glenn, & Orts,
2006). Gallant et al. (1997) and Hall and Sayre (1969) reported
that tapioca starch granules have pores, but we  did not find any.
Normal rice starch, waxy rice starch and tapioca starch treated
with amyloglucosidase showed no channels when dyed with mer-
bromin (Fig. 3C–E). The results were similar to those of Fannon
et al. (1992a), who concluded that tapioca starch and rice starch
granules had no pores. Corn starch granules treated with amy-
loglucosidase (Fig. 3F) clearly showed channels when treated with
merbromin.

CBQCA was also used to dye proteins in starch granules (Fig. 4),
but did not reveal channels in either normal or waxy rice starch
granules (Fig. 4A and B). We  conclude that normal and waxy rice
starch granules have no channels lined with protein. Sorghum and
corn starch granules did show channels lined with protein (Fig. 4C
and D) as lines arranged radially. The same results were reported by
Han et al. (2005).  Han et al. (2005) reported that confocal laser scan-
ning micrographs of optical sections of maize starch and sorghum
starch showed protein channels by protein staining with CBQCA.
They concluded that the channel of maize starch and sorghum
starch is filled with protein and connected the central area of starch
granule to granule surface. From our results, corn starch dyed
with CBQCA (Fig. 4D) showed less channels than sorghum starch
(Fig. 4C). Huber and BeMiller (2000) reported the same results
with our results that corn starch appeared to have less number of

channels than sorghum starch. Sorghum and corn starch (Fig. 4C
and D) showed the heterogeneity of channels between granules
because of the variations in the number of pores and channels
(Huber & BeMiller, 2000).
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Fig. 5. Confocal laser scanning micrographs of optical sections of normal rice starch (A–D) and sorghum starch (E–H). Raw rice starch mixed with FD4 (A) and FD10 (B).
C ith FD

3

b

ooked rice starch mixed with FD4 (C) and FD10 (D). Raw sorghum starch mixed w
.2. Penetration of hydrocolloids into starch granules

The penetration of hydrocolloids into starch granules has
een studied by several researchers. Gonera and Cornillon (2002)
4 (E) and FD10 (F). Cooked sorghum starch mixed with FD4 (G) and FD10 (H).
indicated that xanthan absorbed only onto the surface of raw
corn starch and stabilized granules. Fannon et al. (1992a, 1992b)
concluded that surface pores of corn starch (approx. 1000 Å in
diameter) allowed access of enzyme molecules to the granule
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nterior. We  found that penetration of hydrocolloid molecules into
aw starch granules and granule ghosts was a function of the
olecular weight of the hydrocolloid. The results in Fig. 5 showed

hat FITC-dextran (ave. Mw 4000; FD4) penetrated into some raw
nd cooked rice starch granules, whereas, FITC-dextran (ave. Mw
0,000) did not penetrate through either raw or cooked rice starch
ranules.

Our results showed that FD4 can penetrate into raw rice
tarch granules to different degrees (Fig. 5A). FD4 only pen-
trated into the matrix of a few raw rice starch granules,
hereas, it was absorbed onto the surface of some other

ranules, showing granule heterogeneity with regard to this
roperty. Penetration of dextran into starch granules needs fur-
her study, even though channels were not found in rice starch
ranules.

The results in Fig. 5 also show the effects of gelatinization on
enetration of hydrocolloids into starch granules. Fannon et al.
1992b) showed that granule ghosts are not continuous structures,
ut rather are quite porous; it can be assumed that the outer sur-
ace of granules is the same. Gallant et al. (1997) suggested that
ranules contain putative channels filled with amorphous mate-
ial that could be attacked by amylases to produce bore holes.
ates (1997) proposed that the supermolecular helix of amy-

opectin molecules produced a channel that could be filled with
n amylose–lipid complex. Neither of these proposed channels
re the very large channels that are openings to surface pores
nd that can be seen by light microscopy studied by BeMiller
t al. (Fannon, Gray, Gunawan, Huber, & BeMiller, 2003), but they
ay  be related to the hypothesis of Atkin, Abeysekera, Cheng,

nd Robards (1998) that the small size of surface pores would
ot allow leaching of large molecules of amylopectin from starch
ranules at ambient temperature, but when the temperature of an
queous suspension is increased, surface pore size may  increase
nd the release of 400-nm amylopectin molecules from starch
hosts may  be allowed. If the enlarged surface pores of cooked
tarch granules allow the release of amylopectin from granules,
ydrocolloid molecules should be able to penetrate into the gran-
les through the same path. Our results showed that only FD4
ould penetrate throughout cooked rice and sorghum starch gran-
les (Fig. 5C and G), while the large molecules of FITC-dextran
ould not enter the matrix of even cooked rice starch granules
Fig. 5D).

. Conclusions

The presence of surface pores and channels in rice starch gran-
les was investigated using SEM and CSLM and compared with
hose of sorghum starch, corn starch, and tapioca starch granules.
rom SEM results, the most of normal and waxy rice starch had no
ores. A few rice starch and waxy rice starch granules had small sur-
ace pores. However, there was no evidence of channels in normal
nd waxy rice starch granules studied by using CSLM. The pres-
nce of starch channels in corn starch, sorghum starch and tapioca
tarch was investigated using CSLM. Our results showed no evi-
ence of starch channels in tapioca starch. Corn starch treated with
myloglucosidase clearly showed channels when treated with mer-
romin. Starches were dyed with CBQCA in order to investigate the
resence of channel proteins in starch granules. Channel proteins
id not find in either normal or waxy rice starch. Sorghum and corn
tarch granules did show channels lined with protein. The study of
enetration of hydrocolloids into starches showed the evidence of

enetration of low-molecular-weight FITC-dextran (ave. Mw 4000)

nto raw and cooked normal rice starch and sorghum starch. In
ontrast, high-molecular-weight FITC-dextran (ave. Mw > 10,000)
ould not penetrate into these starch granules.
 Polymers 87 (2012) 557– 563
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