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a  b  s  t  r  a  c  t

Potato  starch  was  heated  in distilled  water  and  acetic  acid  solution  (pH  =  1.5),  respectively,  then  washed
with  anhydrous  ethanol  and  dried.  After  cooked  in  water  with  certain  program,  high-resolution  scanning
electron  micrographs  (SEM)  of  broken  granules  showed  isolated  outer  shells.  After  treatment  with acetic
acid,  SEM  images  of  dissilient  granules  exhibited  outer  shells  with  randomly  assembled  spherical  inner
blocklets.  A  refined  blocklet  model  was  proposed  for potato  starch  granule,  the  smaller  blocklets  were
eywords:
otato starch
uter shell
locklets

compacted  densely  to  form  the stiffer  outer  shell,  and the  larger  blocklets  were  packed  loosely  to  form
the  inner  shells.

© 2013 Elsevier Ltd. All rights reserved.
ranule architecture
EM

. Introduction

The starch blocklet model was suggested by Gallant, Bouchet,
nd Baldwin (1997) and refined by Tang, Mitsunaga, and Kawamura
2006). This concept is strongly supported by atomic force

icroscopy (AFM) studies on the surfaces (Baldwin, Adler, Davies,
 Melia, 1998; Huang et al., 2013; Jiranuntakul et al., 2013; Sujka &

amroz, 2009; Szymonska & Krok, 2003) and the internal structures
Baker, Miles, & Helbert, 2001; Ridout, Gunning, Parker, Wilson, &

orris, 2002; Ridout, Paker, Hedley, Bogracheva, & Morris, 2003)
f starch granules.

SEM has been used to investigate the shell structure of starch
ranule after �-amylase hydrolysis (Gallant, Bouchet, Buléon, &
érez, 1992; Gallant, Bouchet, & Baldwin, 1997; Pilling & Smith,
003) or after chemical gelatinization (Huang et al., 2013). But the
lear observation of blocklets by using SEM was  not often. The
ccurrence of spherical blocklet-like structures after �-amylolysis
f starch granules has been reported by Gallant et al. (1992). In this
aper, we employ SEM to enable high resolution characterization
f the outer shells and the inner blocklets of potato starch granules.

. Materials and methods

.1. Materials
Potato starch was supplied by Dingbian Yuanze Company (Yulin,
haanxi, China). The mean particle size was 28.8 �m and the

∗ Corresponding author. Tel.: +86 29 86168663; fax: +86 29 86168293.
E-mail addresses: huangjunrong@sust.edu.cn,  kathyhjr@yahoo.com (J. Huang).

144-8617/$ – see front matter ©  2013 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2013.12.064
amylose content was 24.2%. Distilled water was used and the chem-
icals were all analytical grade.

2.2. Preparation of granules for SEM

Starch granules were treated with 3 different programs for
exhibiting the structural features of swollen granules, isolated
outer shells, and dissilient granules, respectively:

(1) Program-1: 50 mL  starch suspension (2%, w/w, db, in water)
was heated on a magnetic stirrer from room temperature to
67 ◦C in 8 min, and then from 67 ◦C to 77 ◦C in 15 min  at
300 rpm.

(2) Program-2: 28 g starch suspension (2%, w/w,  db, in water) was
heated by using a RVA (RVA-TecMaster, Perten Ltd., Sweden) in
a program: It was  stirred for 10 s at 960 rpm to mix  and then for
50 s at 50 ◦C at 160 rpm, heated from 50 ◦C to 95 ◦C in 3.7 min,
held at 95 ◦C for 20 min, cooled to 50 ◦C in 3.3 min, and held at
50 ◦C for 2.0 min.

(3) Program-3: 28 g starch suspension (5%, w/w, db, in acetic acid
solution, pH 1.5) was heated by using the same RVA in a revised
program with some modifications: It was held at 95 ◦C for
16.5 min, and cooled to 50 ◦C in 3.8 min.

The above mentioned suspensions were poured into anhydrous

ethanol (400 mL,  224 mL,  and 224 mL,  respectively), while stirred at
500 rpm. The mixtures were gently stirred and settled, the super-
natant was drained off, and then the sediment was  washed with
anhydrous ethanol (50 mL)  for 3 times and dried at 40 ◦C.

dx.doi.org/10.1016/j.carbpol.2013.12.064
http://www.sciencedirect.com/science/journal/01448617
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Fig. 1. High-resolution SEM images of the potato starch samples. (A) Native; (B and C) treatment with Program-1; (B) a swollen and distorted granule; (C) part of the granule
surface showing cracks and blocklets (3 groups); (D–F) treatment with Program-2; broken granules showing outer shells and almost empty inside; (G–L) treatment with
Program-3; (G and H) dissilient granules showing the outer shells and the inner blocklets; (I and J) fracture surface of the outer shells, showing pores or compact structure;
(
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K  and L) part of the inner blocklets.

.3. Observation of granules by SEM

SEM images were obtained with a high-resolution scanning
lectron microscope (HITACHI S-4800, Hitachi, Japan). The dry
tarch samples were mounted on a circular metal SEM stub with
ouble-sided sticky tape, coated with platinum, and imaged at
n accelerating voltage of 3.0 kV in secondary electron imaging
ode.

. Results and discussion

The size and the amylose content of potato starch used in this
tudy were within the ranges (5.5–72.2 �m and 11.4–31.2%) pre-
ented by others (Chen, Schols, & Voragen, 2003; Yusuph, Tester,

nsell, & Snape, 2003; Zaidul et al., 2007). SEM image of native
otato starch showed the pristine surface of the granule (Fig. 1A).
here were no pores on the surface as pointed out by Fannon and
eMiller (1992).
3.1. Outer shells of potato starch granules

3.1.1. Granules after treatments with Program-1 and 2
After treatment with Program-1, the granules were swollen

and distorted, like a deflated basketball with rougher surfaces
(Fig. 1B). There were cracks with width of around 10–100 nm on
the surface (Fig. 1C). The highly swollen granules with membrane-
like envelopes have been shown by light micrograph of normal
maize starch after cooking (Obanni & BeMiller, 1995). The granules
swelled enormously when cooked in water, due to the uptake of
heat and hydration of starch molecules (Fannon & BeMiller, 1992),
and the outer shells became fragile toward shear.

After treatment with Program-2, the SEM images showed the
broken granules with distinct leathery outer shells (Fig. 1D–F) with
almost empty inside, indicating that the outer shells were quite

flexible and had the higher resistance to dissolution by heat or
shear than the inner shells. The almost completely isolated outer
shells provided the possibility of separating the outer shells from
the inner blocklets. The results corresponded well with the idea
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loosely assembled inside, but compactly packed of smaller ones at
the outer shell of the granule.

The blocklets were similar in shape (spherical) but differed in
size (10–100 nm). The pore-like defects observed accidentally in
J. Huang et al. / Carbohydrat

hat the periphery was different in structure from the central region
f the granule (Fannon & BeMiller, 1992; Fannon, Gray, Gunawan,
uber, & BeMiller, 2004; Gray & BeMiller, 2004; Huber & BeMiller,
001; Ridout, Parker, Hedley, Bogracheva, & Morris, 2004; Seguchi,
asui, Hosomi, & Imai, 2000; Ziegler, Creek, & Runt, 2005).

The outer shells covered and protected the inside blocklets, and
ade each granule independent from each other. It is highly possi-

le that the peak viscosity was linked to the degree of deformability
f the outer shells, since peak viscosity occurred at the time point
f maximally swelled granules (Blennow, Bay-Smidt, & Bauer,
001).

.1.2. Granules after treatment with Program-3
After treatment with Program-3, most granules were broken,

howing the distinguished outer shells (Fig. 1G–J). There were no
isible inner shells but randomly assembled blocklets. As shown
n Fig. 1G, a dissilient granule with the outer shell was like a
essel containing blocklets inside, and resembled a distorted cut
omegranate. The isolated outer shells indicated that the inner
locklets swelled less than the outer shells of potato starch gran-
les, similar to what was found about pea starch granules by Ridout
t al. (2004). Some inner blocklets were moved by mechanical
orce, upturned and attached to the surface of the outer shells
Fig. 1H).

The fracture surface of the outer shells showed the small multi-
ore (Fig. 1I), or compact with the single large pore structure
Fig. 1J). The imperfect or missing blocklets might correspond to
hese pore-like defects. The thicknesses of the outer shells were
etween 150 and 500 nm,  close to what described about most
tarch granules that the alternating amorphous and crystalline
hells were between 100 and 400 nm thick (Perez, Baldwin, &
allant, 2009).

The continued shells from inside to the surface (Pilling & Smith,
003), and the inner shells (Huang et al., 2013) of potato starch
ranules were observed. The inner shells were destroyed while the
uter shells survived after acetic acid treatment, suggesting their
ifferent structures. It was suggested that a matrix surrounding
locklets existed (Ridout et al., 2003), and that amylose might serve
o connect the blocklets (Tang et al., 2006). This matrix concept

ight be especially important for the outer shells, since there was
n enrichment of amylose toward the periphery of the potato gran-
le (Jane & Shen, 1993), and the starch granules with lower amylose
ontents were easily deteriorated physically compared with the
ormal starch granules (Ridout et al., 2003).

.2. Inner blocklets of potato starch granules

The blocklets appearing on the surface of swollen granule,
fter treatment with Program-1, could be divided into 3 groups
Fig. 1C): Group-1, single and small (10–50 nm); Group-2, single
nd large (50–100 nm); Group-3, the agglomerates of several block-
ets (100–500 nm). These blocklets might not be in their ‘native’
ize. They were released from the inside of the granule through
racks to the surface after the dismissal of the inner shells, and
ere obviously different from those revealed by AFM studies on the

ranule surfaces: densely packing with size of 20–50 nm (Baldwin
t al., 1998; Jiranuntakul et al., 2013; Park, Xu, & Seetharaman,
011; Sujka & Jamroz, 2009; Szymonska & Krok, 2003). The non-
niform deformability of the blocklets suggested their diversity of
he structure.

After treatment with Program-2, most inner part of the gran-

les was moved away and only small amount of blocklets were

eft on the surfaces of the outer shells (Fig. 1D–F). How to recover
he inner blocklets successfully remains a question. After treat-

ent with Program-3, the granules were collapsed, and the inner
mers 103 (2014) 355– 358 357

blocklets were exposed (Fig. 1G and H). The agglomeration of the
inner blocklets was  random and loose (Fig. 1G–L), and different
from those observed on the internal structures by AFM (Ridout
et al., 2002). The blocklets were most spherical and seemed to be
independent from each other, while some of them were expanded
and merged (Fig. 1K and L) due to molecular hydration.

The blocklets were thought to be formed by amylopectin
side chains (Gallant et al., 1997) or amylopectin superhelices
(Oostergetel & van Bruggen, 1993). Nevertheless, it was difficult
to estimate the relationship between amylopectin and blocklets,
since the published data were not in agreement with each other.
The average diameter of amylopectin clusters was 10 nm (Gallant
et al., 1997), while that of each amylopectin superhelix was  18 nm
(Vandeputte & Delcour, 2004).

The evidence of independent 10 nm blocklets did not support
this concept of amylopectin blocklets, since the clusters or the
superhelices should be closely connected to each other due to the
covalent bonds.

Blocklets are said to be formed by amylose in spherulites, and
blocklets observed in amylose spherulites were smaller than those
in amylopectin spherulites (Ma,  Floros, & Ziegler, 2011).

Based on this point, it was  supposed that the amylose chains
were packed into the small blocklets, and that amylopectin was  a
component of the large blocklets. There possibly existed the block-
lets composed of both amylopectin and amylose. Since a complete
method of isolating the blocklets from starch granules has not been
established, it is still very difficult to get information from the dis-
crete blocklets.

3.3. Scheme of a potato starch granule architecture

In association with other isolated evidences in the literature,
such as the inner blocklets were larger than the surface blocklets
(Huang et al., 2013), a refined model of a potato starch granule
architecture was represented schematically in Fig. 2. The layers
of blocklets were surrounding the hilum, and were bundled into
spheroidal shells packed in the granule. The larger blocklets were
Fig. 2. A schematic diagram of a potato starch granule architecture.
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he shells at the core or at the periphery were presented as darker
egions in Fig. 2.

For example, with respect to the calculation, as for a granule
ith mean particle size of 30 �m,  let us assume that the granule
as a sphere, and there were uniform blocklets with size of 50 nm

nd shells with thickness of 400 nm,  respectively. Thus, there were
pproximate 108 blocklets in one granule; 8 layers of blocklets in
ne shell; 40 layers of shells in one granule; 300 blocklets aline
long the radius of the granule; and the volume and the surface
rea of the blocklet were 60,000 nm3 and 8000 nm2, respectively.

In the former proposed blocklet models of the starch granule,
he granule was made up of crystalline and amorphous layers, and
he blocklets were similar in shape (elongated) but differed in size
ccording to the botanic source (20–400 nm)  (Gallant et al., 1997;
ang et al., 2006). The amylose, amylopectin molecules and other
omponents, such as protein and lipid, were not considered in our
odel, since their location in blocklet or granule had not been elu-

idated.

. Conclusions

The observation of the broken and the dissilient potato starch
ranules by using SEM after cooked in distilled water and acetic
cid solution strongly supports the starch blocklet concept. The dis-
inguished outer shells appeared isolated from the inner blocklets.
uch evidence draws a new interpretation of the starch granule
tructure. It is highly possible that the deformability of the outer
hells have the significant effects on the peak viscosity of starch. A
efined blocklet model of a potato starch granule with outer shells
s proposed. The exact location of amylose in relation to the blocklet
rganization requires further investigation.
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