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Starch, the main source of stored energy in higher
plants, is also the major carbohydrate nutrient for
humans and animals. In addition, starch has extensive
industrial uses relating to paper, inks, and adhesives.
Starch normally occurs in the form of semicrystalline
birefringent granules with dimensions ranging from 1
to 100 µm. Depending on their botanical origin, these
granules present a diversity in shape and chemical
composition1-3. Diversity seems to be the rule with
starch as even in a given sample from the same plant
cell, there is also substantial variation in the shape and
morphology of sister granules. Thus, one may say that
no two starch granules are identical.4
Advances in the science and technology of starch

depend on a thorough understanding of its chemical and
biochemical structure. The knowledge of its ultrastruc-
ture and morphology is another determinant aspect.
Indeed, most processes involving starch are initiated as
heterogeneous reactions. In these, the reactivity toward
given chemicals or biological reagents is governed by
the accessibility of the starch building blocks.5 There-
fore, the ultrastructure of starch plays a major role in
its reactivity. In recent years, substantial advances
have been made to unravel the chemistry and biochem-
istry of starch. However, its physical ultrastructure and
in particular the description of its crystalline micro-
structure are still far from being complete. The semi-
crystallinity of bulk starch sample is well established
and documented.1,6,7 Indeed X-ray powder patterns are
easily obtained with starch. These patterns indicate
that there are two main allomorphs of starch: A starch
occurring essentially in cereals and B starch in tubers.
C starch, a third allomorph, which is believed to be the
sum of A + B, is also sometimes observed in legume
starch.8
Most common starch granules are much too small to

be studied individually by solid state polymer tech-
niques such as spectroscopy or diffraction analysis. Up
to now, there is only a single case where an oriented
X-ray diagram has been obtained from an isolated
starch grain. This diagram, published by Kreger in
1951,9 was obtained with an X-ray microcamera operat-
ing on only one sector of a gigantic grain extracted from
the pseudobulb of the orchid Phajus grandifolius. This
unique experiment proved without ambiguity that the
molecular orientation of the polymer segments was
perpendicular to the growth rings of this unusually large
granule.

At present, if one wants to get some ideas on the
structural changes of a given starch granule during a
chemical, physical, or biochemical process, one has to
rely on optical microscopy observations in polarized
light. The resulting images present useful birefringence
data, but their resolution is far too small to get some
insight into the molecular details of the starch crystal-
line blocklets either in the initial samples or during any
subsequent transformation. Transmission electron mi-
croscopy (TEM) carried out on ultrathin sections has
also been used successfully to approach the ultrastruc-
tural modification of starch upon enzymatic10 and acid
hydrolysis.11,12 Electron diffraction achieved on par-
tially hydrolyzed (“lintnerized”) potato starch granules
have confirmed the radial organization of the amylose
segments within the corresponding hydrolyzed gran-
ules.11,12 But so far, there have been no reports of
electron diffraction analysis of native unhydrolyzed
starch granules. In any case, the complete diffraction
mapping of a granule structure is difficult with serial
sectioning as electron diffraction diagrams which present
a high ratio of inelastic scattering are poor on this type
of sample. On the other hand, well-resolved oriented
electron diffractograms were recorded on minute starch
fragments resulting from granule crushing.13
The present work was undertaken to see whether the

crystalline details of the ultrastructure of individual
starch granules could be revealed with the use of the
microfocus beamline at the European Synchrotron
Research Facility (ESRF). Samples of potato starch
from Sigma and wheat starch from Roquette were
dispersed in a 0.15% (w/w) solution of polyacrylic acid
(Aldrich Chemie) in water. Then 3 mm electron mi-
croscopy copper grids with reference lettering (H2 TAAB
200 mesh) were excised in such a way that square
windows of five by five grid bars were removed from
their center. These grids were coated with a membrane
of collodion, and drops of starch suspensions were
deposited and allowed to dry. Photomicrographs of the
grids holding the starch granules were enlarged to give
a map of the samples. The grids were then mounted at
the eucentric position of a goniometer head which was
positioned on a precise x/y stage of the microfocus
beamline ED13 at ESRF, Grenoble, France. The ex-
perimental setup involved an ellipsoidal mirror and a
tapered glass capillary producing a monochromatic (λ
) 0.0948 nm) X-ray beam of 2 µm full width at half
height (fwhh) at the exit of the capillary. The flux was
about 1010 photons/second/µm2. A 10 µm platinum
aperture at the exit of the capillary was used to reduce
the background from the optics.14 The sample could be
placed at about 0.5 mm from the capillary exit, which
resulted in a slight increase of the tails of the beam
profile as determined by a knife-edge scan.15 All record-
ings were achieved with an image intensified CCD
camera with video frequency readout, online digitaliza-
tion, and 16 bit frame accumulation. The CCD camera
was positioned 50 mm from the sample.
Residual diffuse scattering upstream from the sample

was modulated by the copper grid and resulted in a
magnified image of the grid grating at the position of
the CCD camera. This allowed an identification of the
location of individual grains on the grid by comparison
with the optical image. Individual grains, located in the
central part of the grid-showing no modulated back-
ground from the copper gridscould thus be scanned.
Mesh scans were achieved with either 5 or 10 µm step
width. Each diagram consisted of 400 successive frames
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for an accumulated time in the beam of 16 s. This time
was chosen as it corresponds roughly to the lifetime of
the diffraction diagram of the specimens in the beam.
After the experiments, photomicrographs of the grids
were taken again, both in Nomarski interferential
contrast (Figure 1A) and in polarized light with crossed
nicols (Figure 1B). The areas hit by the X-ray beam
were identified by the black spots created by the X-ray
beam, either in the collodion supporting film or in the
starch granules themselves. In the latter case, these
areas corresponded also to a disappearance of the
birefringence (Figure 1B).
Figure 2 corresponds to a typical experiment where

a potato starch granule was scanned with 10 µm steps.
A total of 11 X-ray diffractograms presenting the
features of B starch were obtained. Some of them,
diagrams 2, 5, 6, and 9, could be clearly identified as B
starch fiber diagrams (Figure 3) similar to that obtained
by Wu and Sarko16 from amylose fibers. Other dia-
grams, 3, 4, and 7, corresponded to B starch powder
diagrams. Finally the four remaining diagrams, namely
1, 8, 10, and 11, were strongly arced. In the four fiber
diagrams, 2, 5, 6, and 9, two independent layer lines
are clearly resolved and a third is only guessed. The
indexation of these patterns indicates without ambiguity
that they are of the B starch type with the fiber axis
oriented toward the center of the granule (direction
arrowed in Figure 2C). In the equator of these four
patterns, one distinguishes clearly a strong arc at a d
spacing of 1.6 nm, together with other rather strong
reflections at 0.79, 0.60, 0.53, and 0.45 nm (Figure
3A,B). In the first layer line, a strong arc is also seen
at 0.52 nm, together with weaker ones at 0.63 and 0.40
nm.
The position of the patterns 2, 5, 6, and 9 with respect

to the starch granule in Figure 2 indicates that it is on
the edge of the granule that one obtains the best radial
orientation of the polymer chains. On the other hand,
diagrams 3, 4, and 7 corresponding to the center of the
granule are unoriented powder patterns. As for pattern

1, which does not show much orientation either, it
corresponds to the origin of growth of the granule,
commonly called the hilum, that is known to be poorly
organized. Diagrams 8, 10, and 11 are less oriented.
In diagrams 10 and 11, one recognizes nevertheless a
general radial orientation (arrowed) but less pronounced
than in diagrams 2, 5, 6, and 9. There are also some
discrepancies with these general observations as some-
times we found that the edges of some granules were

Figure 1. Optical micrograph in Nomarski contrast (A) and
polarized light (B) of a typical sample of potato starch after
step irradiation with an about 2 µm X-ray beam, each step
consisting of a 16 s exposure. The grid was scanned with 5
µm steps: this is clearly visualized in the left part of the
picture in an area where there was no granule. The imprint
of the beam in the sample is associated with loss of birefrin-
gence and beam damage of the supporting collodion film.

Figure 2. Scanning of an individual potato starch granule:
(A) micrograph in polarized light; (B) identification of the areas
scanned with the X-ray beam; (C) series of X-ray diffraction
diagrams collected from different areas studied. The steps were
10 µm and the irradiation time for the recording of each
diagram was 16 s. The irradiated area had a diameter of about
2 µm.

Figure 3. (A) Typical fiber diffraction diagram obtained on
an area of about 2 µm diameter and located at the edge of a
potato starch granule, with its center along a vertical line and
(B) the corresponding schematic representation showing the
main reflections recorded.
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unoriented or even oriented with the polymer chains in
a somewhat tangential orientation.
Figure 4 shows some typical diagrams obtained from

a 5 µmmapping of a wheat starch granule. As opposed
to the potato starch granules, the wheat starch granules
showed almost no orientation in the center or their
edges. All the diagrams could be identified easily as
being essentially A starch powder patterns.
When the micro-diffraction data obtained in this study

are compared with those resulting from electron dif-
fraction analysis on the starch section,11,12 the synchro-
tron technique appears to be superior for several
reasons. The difference in absorption cross sections
implies that X-rays, in contrast to electrons, penetrate
easily the 1-100 µm thickness of any starch granule
and, therefore, one does not need to slice thin sections
as in the case when electrons are used. Also, since the
crystallinity of starch is low, there is a high percentage
of inelastically scattered electrons in the starch electron
diffraction diffractograms. These inelastic electrons,
which dominate the elastic ones in the low-angle region
of the diagram, eclipse completely all useful information
in this part of the diagrams. With electron diffraction,
we could never resolve the strong equatorial diffraction
spacing at 1.6 nm in B starch even under cryomicros-
copy conditions. This diffraction is however clearly
visible in all the X-ray patterns recorded in the present
synchrotron experiment. In fact, this diffraction line
is one of the most important in B starch patterns as its
intensity is directly related to the number of water
molecules in the B starch crystals.17 In terms of beam
damage, the synchrotron experiment seems to be more
favorable than that with electrons. We have estimated
that the lethal dose for a B starch electron diffraction
pattern recorded at an accelerating voltage of 200 kV
and on a specimen kept at liquid nitrogen temperature
was around 1electron/nm3 on 100 nm thick sections.18
In the present experiments, with starch granules of an
average thickness of 50 µm and an X-ray beam diameter
of about 2 µm, the patterns were recorded at room
temperature with an accumulated dose of 5 photons/
nm3. This dose corresponds roughly to the lethal dose
beyond which no diffraction could be observed. The use
of liquid nitrogen for cooling the sample is expected to

increase further the lifetime of the diffraction patterns.
For spider dragline silk, which has a lethal dose toward
X-ray similar to that of a starch granules the increase
in lethal dose was observed to be more than an order of
magnitude upon cooling.19 Thus, the microfocus syn-
chrotron experiment, which allows one to record more
meaningful local diffraction patterns on relatively thick
starch granules and under less damaging conditions,
appears to be far better than a corresponding electron
diffraction analysis which not only requires thin sec-
tioning but also leads to less resolved diffraction pat-
terns.
The results presented in this study open the way to

a systematic investigation of starch ultrastructure
where important parameters such as polymorphism,
distribution, and size of crystalline regions together with
the orientation of the polymer chains can be examined
at the individual granule level. Future experiments are
planned to scan less-known starch granules such as
those of amylose-rich and C types. Also, the effect of
acid and enzymatic hydrolysis will be investigated. The
knowledge of the crystalline microstructure of starch is
indeed central to the understanding of its susceptibility
toward acid, enzymes, or chemicals that are essential
for starch derivatization. The crystallization process of
starch during its biogenesis is completely unknown, and
very large discrepancies are observed in the susceptibil-
ity of starch to hydrolysis, depending on the botanical
origin of the samples and their structural features. The
microfocus synchrotron mapping approach may have a
real impact on important food and nonfood applications
of starch such as the genetic tailoring of starch and the
optimization of hydrolysis processes in nutrition and the
manufacture of glucose products.
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Figure 4. Typical diffraction diagrams obtained by systematic
scanning of a single A-type starch granule. These diagrams
are part of complete scans of several A-type granules showing
orientation neither on the edges nor in the center of the
granules.
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