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Abstract

Atomic force microscopy images of sectioned native corn starch granules show evidence of the well-known radial
organisation of the starch macromolecules, with the less-ordered hilum region near to the centre. Native granules
show blocks 400–500 nm in size that span the growth rings. Lintnerised starch granules, where a mild acid hydrolysis
has been used to remove the amorphous and less crystalline parts of the granule, clearly show smaller ‘blocklets’
within the rings approximately 10–30 nm in size. This level of organisation within the growth rings corresponds to
the blocklet or superhelix structures that have been proposed in the literature for the association or clustering of
amylopectin helices. Mechanical property imaging techniques have provided enhanced contrast to view this
morphology, and shown the deformability of the starch structure under contact mode imaging conditions. © 2001
Elsevier Science Ltd. All rights reserved.
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1. Introduction

The structure of starch granules has been
categorised using physical techniques at sev-
eral morphological levels. Our knowledge of
granule organisation up to the mid-1980s was
comprehensibly reviewed by French,1 and has
been supplemented by more recent articles.2,3

Growth rings are often seen in granules, and
the two macromolecules, amylopectin and
amylose, are arranged radially with their
molecular axes aligned perpendicular to the
growth rings and to the granule surface. The

growth rings themselves may be broken into
smaller ‘blocklets’ due to the creation of radial
canals on swelling that break up the rings.
This definition of a blocklet, due to Baden-
huizen, is for structures that are visible opti-
cally with a size of approximately 1 mm, and
these are artifacts due to the separation of
layers rather than preformed structures.4

Smaller ‘clumps’ have been seen in electron
microscopic studies of starch sections, with a
width of 100–150 nm and a length of 300–500
nm.4,5 At an even smaller scale, ‘microgran-
ules’ of 20–30 nm have been observed,4–6 and
at the finest level of detail seen under the
transmission electron microscope, thin sec-
tions of acid treated granules show stacks of
crystalline lamellae 5 nm thick approximately
parallel to the growth rings.7 Small angle X-
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ray scattering in starch from many different
species has revealed a consistent 9 nm period-
icity due to the combined size of crystalline
plus amorphous lamellae species.8

The blocklet concept was revived more re-
cently by Gallant et al.9 to describe the organ-
isation of amylopectin lamellae into effectively
spherical blocklets, with diameters from 20 to
500 nm depending on the botanic origin of the
starch and their location within the granule.
SEM studies of wheat starch found small
blocklets approximately 25 nm in size in the
semi-crystalline shells, and larger 80–120 nm
blocklets in the hard crystalline layers. Potato
starch shows much larger blocklets of 200–
500 nm.

Atomic force microscopy (AFM) has been
previously used to examine starch structure,
although there are few publications and they
have been concerned with the exterior surface
of the starch granule.9–14 On wheat starch,
small protrusions of 10–50 nm were observed,
whereas larger spherical protrusions (200–500
nm) were seen on the surface of native potatoe
starch granules.9,13,14 These dimensions are
consistent with the idea that the surface pro-
trusions and blocklets within the granule are
the same structures.

In this paper, AFM has been used to exam-
ine the interior surface of granules, which
have been embedded in melamine resin and
microtomed into ultra-thin sections. Studies of
such sections by TEM were mostly done sev-
eral decades ago,5,7,15–18 and involved complex
multi-step preparation techniques that in-
cluded either metal shadowing or staining,
although more recent low-dose electron mi-
croscopy has not required these steps.19 No
such preparations are necessary for AFM in-
vestigations, and therefore artifacts from these
treatments are eliminated. Significant averag-
ing of the structure occurs by passing elec-
trons or X-rays through a sample of finite
thickness, even with electron19,20 or synchro-
tron radiation21,22 probe sizes of the order of 1
mm in diameter. AFM is superior in this re-
spect, as it offers the advantage of highly
localised (�nm) topographic imaging, as well
as qualitative material property imaging for
non-topographic insights into granule
structure.

2. Results and discussion

Fig. 1 shows tapping mode topographic and
phase images of �100 nm thick sections of
corn starch embedded in Nanoplast resin.
Most, but not all, images in Fig. 1 from native
granules show no indication of the ring struc-
ture, consistent with early electron micro-
scopic observations of sections through maize
endosperm where less than 15% of the starch
granules showed growth rings.4,16 The most
obvious topographic features are arranged in
a radial fashion like the spokes of a wheel.
These ‘spokes’ are a preparation artifact due
to compression and folding of the starch dur-
ing the collection of the sections on water.17,23

When one side of the flat, newly-cut section
comes into contact with the surface of the
water in the collecting tank, it swells and bows
into a hemi-spherical shape. The stresses gen-
erated in the swollen granule section cause it
to buckle and then finally to form ‘S-shaped’
folds. In transmission electron micrographs
these folds appear dark due to the reduced
electron flux through these areas.23

The unique ability of the AFM to measure
topography at the nanometre scale shows that
the remaining flat parts of the granule are at
the same height (B5 nm difference) as the
surrounding resin. The moduli of the starch
and resin are similar, since where they are
sharply different the cutting knife deforms one
component more than the other resulting in a
poor interface between specimen and matrix.
The phase image in Fig. 1(b) is nevertheless
sensitive to subtle differences in the mechani-
cal or surface properties of the granule and
the surrounding resin, as the granule sections
are lighter in colour than the surrounding
matrix. The colour variation indicates a differ-
ence in phase angle lag between the sinusoid
driving the cantilever and the detected
cantilever oscillation, owing to energy loss
when the probe interacts with the surface.24,25

Precise interpretation of the differences is a
beyond the scope of this study, and this com-
plicated issue is made worse by conflicting
reports in the literature.26 The contrast be-
tween the Nanoplast resin and starch will be
due to a combination of differences in mod-
ulus or tip-sample adhesion, possibly due to
local variations in surface hydration.27
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There is also variation in the phase signal
within a particular granule section. Moving
from the periphery to the centre, the image
often appears to get slightly brighter. The
brighter regions also coincide with an increase
in the surface corrugation due to the pleating,
which can be seen by comparing the phase
image with the topographic image in (b). Per-
manent strain introduced into different parts of
the granule by the folding stresses during hy-
dration may lead to modulus variations and
consequently phase angle shifts.

Detailed evidence of the radial organisation
of starch granules is shown in Fig. 2. In several
of the images, there is a ‘rippled’ appearance
outside the area of the starch granule. This is
presumably caused by microtome knife ‘chat-
ter’ during preparation, although it is interest-
ing to note the sharp boundary with the
granule, which appears not to have suffered
from this motion. This suggests a plastic defor-
mation of the resin, whilst any deformation of
the starch which may have occurred was re-
versible.

The raised centre in Fig. 2(a) has finger-like
protrusions running out towards the edge of the
granule for several microns. The deflection
image in (b) also highlights these features. Close
to the less-ordered structure of the hilum in the
centre, the width of the radial features is much
larger and �1 mm. These are cracks caused by
swelling in water and subsequent drying.4 These
observations support the currently accepted
model of the starch granule architecture where
the molecular chains of starch are more or less
perpendicular to the growth rings and to the
surface of the granule.7

Towards the outer edge of the section in Fig.
2(a), there are growth rings spaced by �450
nm, and in (c) there are slightly finer rings with
widths of �100–200 nm. Both of these ring
sizes are well within the normal range of
150–700 nm observed for corn starch.18 The
formation of distinct rings results from both the
apposition of new material on the granule and
the action of swelling, with the largest rings
towards the outer edge of the granule where the
swelling is greatest.

Fig. 1. Low magnification tapping mode images of a typical field of sections through embedded starch granules. (a) Topographic
image containing �50 individual sections. The near-radial ‘spokes’ are due to swelling and folding of the starch during
preparation and collection on water. The inset graph shows a line section taken across the image at the location of the dotted
white line, showing that the folds protrude �150–300 nm above the background. (b) Shows a phase image of the sections from
the region indicated in (a). Although the topographic difference between the sections and their surrounding area is typically B5
nm, the starch granules and the surrounding resin are clearly delineated due to the different mechanical properties of the starch
and resin causing phase angle shifts. The vertical lines are scores due to imperfections in the cutting knife, whilst the ‘pleats’
running across the image are due to folding during preparation.
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Fig. 2. Contact mode images showing central sections revealing detail near to the granule hilum. In the topographic image shown
in (a), the raised centre has radial cracks which get narrower further away from the centre. Distinct rings can be seen at the
periphery of the section with a spacing �450 nm. (b) Shows the corresponding deflection (error-signal) image. The area indicated
by the box is enlarged in (c). Finer rings can also be distinguished, slightly closer together than the outermost rings. In (d) small
blocks spanning the growth rings �400–500 nm in size are visible.

In contrast to the cracks in Fig. 2(a)–(c),
fine radial lines rather than larger cracks are
present in the image shown in (d) from a
different granule. The centre of the granule
towards the bottom of the image in Fig. 2(d)
is depressed where parts of the hilum have
been pulled out completely by the cutting
action of the knife. The maximum depth of
the hole is �90 nm, comparable with the
thickness of these sections. Larger blocks mea-
suring 400–500 nm across span the growth
rings. The sample preparation method does
not allow us to determine if this is a natural
feature of the granule, or whether swelling
during hydration has caused it. In either case,
there must be structural weakness between the
blocks for their formation to occur.

Fig. 3 shows low magnification images of a
sample of lintnerised starch. The acidic hy-
drolysis of the amylopectin branch points
leaves mainly linear oligosaccharides, and re-
duces the swelling ability of the granules such
that the folds shown in Fig. 1 are not pro-

duced.4 Some of the granules shown in Fig. 3
have narrow rings at the edge that widen as
the centre of the section is approached, owing
to the position of the cutting. The apparent
thickness of the ring depends on whether the
position of the cross-section is central or non-
central.7

One of the innovative contributions of
AFM to starch research is illustrated by the
three pairs of topographic and ‘mechanical
property’ images shown in Fig. 4. The topo-
graphic images all clearly show the growth
rings, but these are less clearly visible in their
associated mechanical property images. The
comparative appearance of the granules when
imaged by the three separate techniques
demonstrates the interesting and novel infor-
mation that scanning probe techniques
provide. Fig. 4(b) shows a tapping mode
phase image, where the isolated features are in
the range of 10–30 nm across. The phase
image resolves blocklets an order of magni-
tude smaller than the features shown in Fig.
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2(d), suggesting that they are a distinct mor-
phology, and it is features on this scale (in
corn starch) that appear to be aptly described
as blocklets. The smallest blocklets seen may
correspond to structures such as the amy-
lopectin superhelices found in potato
starch.28,29 In this model, each superhelix has
an outer diameter of 18 nm, close to the sizes
reported here. Larger features in these images
could be due to clustering of superhelices.
Other arrangements of the individual amy-
lopectin helices are also possible, although it
has not been possible to resolve details at this
level in the present study. Interpreting phase
images and extracting quantitative informa-
tion is very difficult,24,25 but the technique is
useful in providing sharp contrast between,
for example, amorphous and semi-crystalline
material in polymers,30,31 The sharp contrast
seen here may be due to differences in the
distribution of water over the surface,27,32 al-
though further experiments would be needed
to confirm this.

Fig. 4(c) and (d) shows a force modulation
amplitude image from the same starch granule
section seen in (a) and (b). The topographic
image in (c) is also less well resolved than the
topographic image in (a). The amplitude im-
age has striking features approximately two to
three times larger than those in (b), clearly due
to the same surface features as in (b), since the
image is taken on precisely the same granule.
The increased force exerted on the sample by
the probe in this contact mode technique is

most likely causing some deformation of the
sample. Thus starch, which still consists of
approximately 20% water even in its ‘dry’
form, is a deformable specimen under the
influence of the imaging probe. The geometry
of the AFM tips used for the two sets of
images is slightly different and this may to a
lesser extent contribute to variations in the
precise dimensions observed. The contribution
of the tip shape, which typically leads to fea-
tures appearing to be enlarged laterally, must
be kept in mind when making comparisons
with other microscopic techniques.

In Fig. 4(e) and (f), lateral force microscopy
images of the granule surface show the rings
in the topographic image, but just as with the
other mechanical property images, the ring
structure is barely visible in the friction image.
The circular features in (f) are dark, although
reversing the scan direction caused a contrast
reversal, as expected from a lateral force im-
age showing true frictional contrast. It is un-
likely that surface topography plays a
significant part in the friction image contrast,
or it would be expected that the growth rings,
clearly visible in (e), would be strongly delin-
eated in the friction image. The sizes of the
features in the friction image are also slightly
greater than those shown in (b) since, along
with force modulation imaging, this is a con-
tact mode technique.

Mechanical property imaging is an excellent
means of enhancing contrast of features on
the surface, and shows variations in material

Fig. 3. Low magnification contact mode images of lintnerised starch sections. (a) and (b) show topographic and deflection
(error-signal) images, respectively, where many starch sections can be seen without the folds seen in the native starch sections in
Fig. 1. The growth ring structure of the granule is also clearly evident in most sections. Pleats formed during microtoming and
faint knife cutting marks can again been seen.
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Fig. 4. Mechanical property imaging of lintnerised starch granule sections. (a) and (b) are tapping mode topographic and phase
images, respectively. In the phase image, blocklet features 10–30 nm in size can be seen. (c) and (d) are force modulation
topographic and amplitude images, respectively, from the same area shown in (a) and (b). In the amplitude image, the same
blocket features appear larger due to the compression of the starch. (e) and (f) are LFM topographic and friction images,
respectively, where blocklet structure is again evident.

or chemical properties across a specimen.
Quantitative information is also in principle
obtainable. Future investigations of mechani-
cal property changes during manipulation of
granule structure, for example under different
humidity conditions or during gelatinisation,
may provide interesting insights into the de-
tailed structural changes occurring during
these processes.

3. Experimental

Sample preparation.—Corn starch granules
(Sigma) were embedded in Nanoplast™ resin
(Agar Scientific). Aqueous melamine resin 10
g MME7002 were activated by 0.15 g of acid
catalyst B52, and 0.1 ml of the Nanoplast
resin was poured into an embedding mould.
After curing for one night at 40 °C, concen-
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trated dispersion of starch in water were
mixed with Nanoplast and deposited onto the
pre-hardened block bottom. These prepara-
tions were then cured for two days at 40 °C,
followed by two days at 60 °C. The block was
positioned on the specimen holder of a Re-
ichert Ultracut-E microtome. It was first
trimmed with glass knives and sectioned with
a 45° Diatome diamond knife. The knife was
set with a clearance angle of 6°. Thin sections
80–100 nm were obtained at a speed of 1
mm/s. The sections were collected with a plat-
inum double loop (Chatani Ltd, Tokyo) and
then deposited onto the surface of freshly-
cleaved mica. Samples were stored in a Petri
dish prior to examination by AFM. The par-
tially lintnerised starch samples used in this
study were obtained by subjecting the granule
suspension to a mild acid hydrolysis treatment
with 2.5 N HCl at 30 °C for 5 days. The
suspension was neutralised by centrifuging
several times in distilled water. Lintnerised
starch was embedded without drying.

Atomic force microscopy.—AFM images
were taken in air using a Digital Instruments
(Santa Barbara, CA) NanoScope system with
a MultiMode head. A ‘J-scanner’ with a range
of �140 mm, or a ‘K-scanner’ with a range of
�250 mm was used. Contact mode imaging
used standard 200 mm long and 20 mm wide
silicon nitride cantilevers with a nominal
spring constant of 0.06 Nm−1. Topographic
and deflection, or error-signal, images were
recorded. The error-signal images enhance
high spatial frequencies on the specimen sur-
face and offer improved contrast for sharper
features. Tapping mode images were taken
using standard commercial silicon cantilevers
with a length of 125 mm. The cantilever was
tuned to oscillate at, or slightly below, its
resonance frequency (approximately 250–400
kHz). Force modulation images were obtained
by applying a relatively low frequency oscilla-
tion to a silicon nitride cantilever, and record-
ing the amplitude of the cantilever response.
The amplitude changes in this dynamic con-
tact mode technique depend on the mechani-
cal properties of the sample. The 23.3 kHz
oscillation frequency used is above the band-
width of the feedback loop, so the applied
imaging force deviates slightly from the mean

‘constant force’ operating position. For this
reason, the smallest oscillation amplitudes
that still provided adequate contrast were
used. Lateral force microscopy was performed
with the fast-scan direction perpendicular to
the cantilever long-axis to introduce torsional
modes of the cantilever deflection, which are
sensitive to changes in tip-sample friction.
Friction images were collected in both the
‘trace’ and ‘retrace’ directions to verify that
contrast reversal was occurring as the scan
direction changed. In all the imaging modes
used in this study, some topographic informa-
tion may couple into the mechanical property
images if the constant force (contact mode) or
constant amplitude (tapping mode) conditions
are deviated from. This will only occur where
the topographic features contain high spatial
frequency components along the cantilever
fast-scan direction.
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