Surface Pores of Starch Granules'
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ABSTRACT

Some but not all granules of corn (all cultivars and all developmental
stages examined), sorghum, and millet starches have small openings (pores)
randomly distributed over their surfaces, often in clusters and to different
degrees. The pores are normal, real, anatomical features of the native
granule structure and are not artifacts produced by the isolation, specimen
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preparation, or observation techniques used. Pores also were found along
the equatorial groove of large granules of wheat, rye, and barley starches
but not on other starches (rice, oat, potato, tapioca, arrowroot, canna).
It is proposed that the pores affect the pattern of attack by amylases
and by at least some chemical reagents.

Although the morphology, internal structure, and surface
characteristics of starch granules have been extensively examined
(Sandstedt 1965, Greenwood 1976, Hood and Liboff 1983, French
1984, Guilbot and Mercier 1985, Gallant and Bouchet 1986, Zobel
1988), a number of questions about the nature of the outer surface
and its relationship to the chemical and enzymatic reactivity of
granules remain unanswered. In general, starch granules are
practically inert toward chemical reactions unless they are
pretreated to “activate” them (Lohmar and Rist 1950, Lohmar
et al 1950). Native starch granules also exhibit resistance to
enzyme-catalyzed digestion, and each type of granule is attacked
in a characteristic pattern (Leach and Shoch 1961, Gallant et
al 1973). The pattern of digestion that develops when native corn
and wheat starch granules are treated with amylases indicates
that some areas of their surface are much more susceptible to
attack than are others (Evers and McDermott 1970, Evers et
al 1971, Dronzek et al 1972, Gallant et al 1973, Fuwa et al 1977,
Hood and Liboff 1983). The surface of potato starch granules
is eroded much more evenly (Gallant et al 1973).

In this work, two types of scanning electron microscopes, the
JEOL (Tokyo, Japan) JSM-840 scanning electron microscope
(SEM) and the ElectroScan (model II, Wilmington, MA)
environmental scanning electron microscope (ESEM), were used
to investigate the general morphology and specific surface features
of starch granules with a long-term goal of examining and
controlling their chemical and enzymatic reactivity. In this work,
we concentrated on determining the origin of very small openings
(which we rediscovered serendipitously and call pores) that are
found randomly distributed over the surface of starch granules
of members of the subfamily Panicoideae. Although these features
were first reported by Hall and Sayre (1970), who referred to
them as “pin holes” and as “microscopic pores or holes,” the
pores seem to have been forgotten, and their origin, function,
and effect on granule reactivity have not been investigated.
Although all common cereal grain, root, and tuber starches were
examined, this study concentrated on starch granules from a
variety of maize cultivars.

After observing pores, we decided it was important to determine
whether they were formed during granule formation or during
some process after granule formation. Several possible origins
of the pores were considered: 1) they are caused by drying in
the kernel or after isolation; 2) they are produced by in situ
amylases or by amylases produced during wet milling; 3) they
are artifacts of preparation techniques; 4) they are a natural feature
integral to the granule structure. Various techniques then were
used to determine their origin.
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MATERIALS AND METHODS

We examined commercially prepared yellow dent (common)
corn, waxy maize, dull waxy maize, rice, wheat, canna, arrowroot,
tapioca, and potato starches; laboratory-prepared yellow dent
(common) corn, barley, rye, oat, sorghum, and millet starches;
fresh dough-stage and field-dried yellow dent corn starches; and
field-dried millet and sorghum starches.

Sample Preparations

Granules were isolated from dough-stage, mature, yellow dent
(common) corn kernels by a laboratory version of the method
generally employed by commercial corn starch refiners (Watson
1964). Isolated and purified granules in a water slurry were
dehydrated by one of two methods. Some samples were dried
successively by solvent exchange successively with 709% ethanol,
acetone, and diethyl ether, and the samples then were placed
in an evacuated desiccator until used for electron microscopy.
Otbher slurries were freeze-dried.

Granules also were isolated in the presence of enzyme inhibitors.
In one case, the method of Badenhuizen (1964), which uses a
cold 0.01M mercuric chloride solution, was used with two
modifications. The time of agitation with toluene was reduced
from one period of several hours to five periods of 3 min each,
with removal of the protein-toluene interface between agitations
as described by Banks et al (1973), and the defatting step was
eliminated. These samples were then dehydrated by the solvent
exchange procedure described above. To test for the inhibitor’s
effectiveness, controls containing added «a-amylase and
amyloglucosidase were used in slurries either with or without
the inhibitors. Thin-layer chromatography was performed on silica
gel 60 using 3:2:1 (v/v) ethyl acetate-glacial acetic acid-water as
the developer; a detection spray of 10% H,SO, in 95% ethanol
(followed by heating) was used to examine for glucose.

Granules also were isolated with another enzyme inhibitor
system. The general procedure (Watson 1964) was followed, except
that the first step (soaking in 0.10% sulfur dioxide solution) was
eliminated and replaced by rapid grinding (using a Waring
Blendor, New Hartford, CT) of the kernels in a solution of 10%
sodium dodecyl sulfate and 1.0% 2-mercaptoethanol, which
inhibited a-amylase without affecting the starch granules. These
samples were either dried by solvent exchange as described above
or kept hydrated in the enzyme-inhibited solution. Again, samples
were processed either with or without the added enzymes as a
test for inhibitor efficiency.

Dough-stage corn kernels were sectioned with a razor blade.
Sections were dehydrated in a graded ethanol series and then
dried by carbon dioxide in a critical-point drier.

The enzymes used were crystalline porcine pancreatic a-amylase
and lyophilized Aspergillus niger amyloglucosidase, both from
Sigma Chemical Co., St. Louis, MO.

Electron Microscopy

For the JEOL JSM-840 SEM, dry samples (from field-dried
kernels, commercial samples, solvent-exchanged samples, freeze-
dried samples, and critical point-dried samples) were sprinkled



onto double-sided cellophane tape attached to aluminum stubs.
These samples were then coated in a Technics Hummer I sputter
coater (distributed by Anatech, Alexandria, VA) with 300 A of
gold-palladium alloy and examined at 10.0 kV. Wet samples (from
dough-stage corn with or without enzyme inhibitors) were quick-
frozen in liquid nitrogen slush (—160°C) and sublimed in the
microscope at —90°C with a Hexland cryopreparation control
unit (distributed in the U.S. by Oxford Instruments North
America, Concord, MA). Then they were coated at —160°C with
150 A of gold and examined at —160°C at 8.0 kV (Sargent 1988)
(low-temperature SEM).

For examination with the ElectroScan model II ESEM, dry
samples were mounted on glue tabs attached either directly to
aluminum stubs or to a carbon surface on an aluminum stub.
Wet samples were put on the stub as a drop of suspended granules.
Both wet and dry samples were examined in a water vapor
environment of 2-10 torr at an accelerating voltage of 20.0 kV.

RESULTS AND DISCUSSION

When examined by SEM, dry granules of commercial, native,
common corn starch can be grouped by general morphology into
the following categories: generally spherical, generally angular,
dimpled, and irregular (Fig. 1). Some but not all granules have
pores distributed over their surfaces. These pores are usually found
on the smoother, more spherical granules from the floury
endosperm and often occur in clusters. Some granules have many
pores, some have only a few, and others appear to have none
(Fig. 1). Each field of common corn starch from several sources
contained granules with pores. Starch granules of other corn
cultivars, such as waxy and dull waxy maize, also contained pores
(Fig. 2).

Once the surface pores of corn starch granules were observed,
it was realized that they may be a factor in granule reactivity,
for they could be openings that penetrate into the granule. From
their size (approximately 1,000 R in diameter), they could easily
allow very large molecules, including enzymes, direct access to
the granule interior. Therefore, it seemed important to determine
their origin.

The pores might have been formed during granule formation.
They might have been formed during drying of the granules. They
might have been formed by action of amylase(s) on granules after
formation. Or they might be artifacts of electron microscopy
preparation techniques and thus have no relationship to granule
structure or reactivity.

Drying has been reported to form fissures breaching the surface
and penetrating to the hilum of corn starch granules (Whistler
and Turner 1955; Whistler et al 1955, 1958; Whistler and
Thornburg 1957). Whistler et al (1959) and Whistler and Spencer
(1960) further reported that chemical reactivity of corn starch
granules was greatest at the granule surface and at the surface
of cavities, indicating that reagents have access to the granule
interior and that the cavities are not artifacts of the electron
microscopy technique. Others have also observed fissures and
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Fig. 1. The variety of sizes and shapes of common corn starch granules.

cavities in corn starch granules (Gallant et al 1972). To our
knowledge, however, there are no published reports of granule
fissures being observed on the granule surface by SEM, even
though they appear by light and transmission electron microscopy
to extend to the surface (see also Hall and Sayre 1970). The
only surface openings that have been found on dry granules are
these pores, which also were present on granules of dough-stage
yellow dent corn. Whistler et al (1959) reported that the percentage
of cavitated granules was consistent, regardless of the drying
method used, including freeze-drying, which indicates that pores
and channels into the granule are not an artifact of drying,
although they could be altered or enlarged by drying.

It has been reported that enzymatic digestion of corn starch
granules initiates within the hilum of either predried or dough-
stage granules (Leach and Schoch 1961, Nikuni 1978, Hood and
Liboff 1983). The question to be asked then is how the enzyme
gains access to the hilum and begins digesting from the inside
out. Leach and Schoch (1961) and others (Gallant et al 1973,
Fuwa et al 1977, Kanenaga et al 1990) also reported that corn
starch, which has pores, was more susceptible to enzymatic
digestion than potato starch, on which we found no pores, and
which Leach and Schoch (1961) found was digested in a rather
different pattern. Leach and Schoch (1961) also reported that
wheat starch, which we found to possess pores only along the
equatorial groove, was intermediate in digestibility. Badenhuizen
(1959) suggested that more susceptible granules may have pores
of a size sufficient to admit enzyme molecules. Leach and Schoch
(1961) suggested that these pores must be characteristic of the
particular species of starch and not produced by drying.

After examining photomicrographs of common and waxy
sorghum starch, Hall and Sayre (1970) suggested that “it may
be that the small holes or pores in the granules are ‘real’ and
are of sufficient size that enzymes can gain entry into the granule
interior, thereby increasing the rate of reaction” and that
“evidently, the more numerous small pores have a greater long-
term effect on enzyme entry and diffusion of soluble reaction
products than a smaller number of larger holes.” We agree with
both suppositions and further suggest that not only is the number

Fig. 2. Starch granules with surface pores from waxy maize (A) and
dull waxy corn (B).
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of pores per granule correlated with the rate of digestion by
amylases, but the variation in the number of pores per granule
may be important in providing a controlled and steady breakdown
of starch during seed germination.

Amyloglucosidase (in 500 mM citrate buffer, pH 5.0, 37°C,
10 U/ml) attacks corn starch granules in surface patterns
resembling those of pore distribution (Fig. 3A) (see also Gallant
et al 1973, Fuwa et al 1977, Hood and Liboff 1983). No small
pores are observed; therefore, the areas around the pores could
be areas of lesser molecular association where enzyme
susceptibility might be greatest. These same enzymes do not
produce recognizable patterns when degrading root or tuber
starches (potato, arrowroot, etc.) (Fig. 3B), on which we found
no surface pores. The pattern of activity on wheat, rye, and barley
starches shows that the region of the equatorial groove, which
is found on large granules and is the region where we observed
surface pores, is most susceptible to enzymatic digestion (Evers
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Fig. 3. Enzyme-treated common corn starch granules (A) and potato
starch granules (B).

Fig. 4. Environmental scanning electron micrograph of an uncoated
dough-stage common corn starch granule taken directly from the kernel
and examined without dehydration.
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and McDermott 1970, Evers et al 1971, Dronzek et al 1972, Hood
and Liboff 1983).

To determine whether the pores could have been produced
by drying in the field, postharvest drying, or industrial drying
after the wet-milling process, starch was isolated from dough-
stage yellow dent corn, dried by freeze-drying or solvent exchange,
and examined by SEM. These samples also were examined without
prior dehydration by ESEM (Fig. 4). Pores were present,
seemingly ruling out their formation as a result of natural or
commercial drying.

To determine whether the pores could have been formed by
the action of enzymes during the wet-milling process or during
the isolation procedure used on the dough-stage corn, three
experiments were performed. Granules scraped directly from field-
dried yellow dent corn kernels, granules from dough-stage kernels
isolated in the presence of enzyme inhibitors (mercuric chloride
or sodium dodecyl sulfate plus 2-mercaptoethanol), and granules
from slices of dough-stage kernels dehydrated by a combination
of solvent exchange and critical point-drying were examined by
SEM. Granules from all three preparations had pores, ruling out
the possibility of formation by enzymes during wet milling. No
glucose was detected in the isolation slurries by thin-layer
chromatography, either with or without added enzymes, when
inhibitors were present; glucose was detected if amylases were
added in the absence of an inhibitor system, confirming the
conclusion that the pores are not introduced by enzymes after
granule formation.

Finding larger holes in granules of a “refined, premium,
common corn starch,” Hall and Sayre (1970) concluded that
numerous holes or pores are produced during starch purification.
We think that our results provide strong evidence against this
interpretation, although we acknowledge that exposure to certain
enzymes and/or reagents may enlarge the pores.

The pores also could have been formed by the drying associated
with the high vacuum of the sputter coater or the SEM specimen
chamber, so dough-stage corn starch isolated in the presence of
enzyme inhibitors was examined by a cryopreparation technique
and low-temperature SEM. Pores were still present in specimens
dehydrated by sublimation after quick-freezing. These same
preparations were also examined by ESEM, without prior drying
or sputter coating, to eliminate the possibility that pores were
formed during sputter coating, including exposure to the high
vacuum. Pores were present.

Corn starch granules that had been commercially derivatized
in an alkaline salt solution, which involves limited swelling,
reaction, washing, and drying, retained their pores.

Convinced that the pores are real features of at least certain
corn starch granules and are somehow related to granule forma-
tion, i.e., that they are not artifacts of the isolation, preparation,
or observation techniques, we decided to determine whether they
are characteristic of all starches.

We did not find pores in tuber (potato) or root (tapioca) starches
by either SEM or ESEM. These results differ from those of Hall
and Sayre (1969), who reported pores in tapioca starch granules;

Fig. 5. Rye starch granules.
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Fig. 6. A, Sorghum starch granules; B, millet starch granules.

also, Leach and Schoch (1961) reported that tapioca starch was
second only to waxy maize starch with respect to enzyme-catalyzed
digestibility. With the cereal starches, no pores were found in
the two starches that contain compound granules, i.e., rice and
oat starches. And in wheat, rye, and barley starches, which occur
in bimodal distributions, pores were found on some large granules
along the equatorial groove but never distributed over the surface
(Fig. 5).

Pores were present over the entire granule surface in only three
kinds of starches: corn, sorghum, and millet (Figs. 1 and 6). These
three cereal grains are closely related species in the same subfamily
(Panicoideae), and corn and sorghum have similar proteins and
digestion patterns (Leach and Schoch 1961, Schull et al 1991).
Pores also could be seen in a published photomicrograph of
sorghum starch, although its accompanying article did not
mention them (Craig and Stark 1984).

In summary, the pores found on the surface of granules of
corn, sorghum, and millet starches and along the equatorial groove
of large granules of wheat, rye, and barley starches, but not on
other starch granules, appear to be real rather than artifactual.
These pores may be the site of initial enzyme attack, openings
that allow enzyme molecules direct access to the granule interior
(hilum), or both; therefore, they may be related to control of
starch conversion during germination. Additional investigations
are needed to determine their depth of penetration into the granule
and any relationship to granule reactivity.

ACKNOWLEDGMENT

We express gratitude to the Corn Refiners Association for financial
support; to the Electron Microscopy Center in Agriculture, Purdue
University, for use of the JEOL JSM-840 SEM and ancillary equipment;
and to Raymond Scheetz, Department of Biological Sciences, University
of Southern Mississippi, for use of, and technical assistance with, the
ElectroScan ESEM.

LITERATURE CITED

BADENHUIZEN, N. P. 1959. Chemistry and biology of the starch
granule. Pages 1-74 in: Protoplasmatologia. L. V. Heilbrunn and F.

Weber, eds. Springer-Verlag: Vienna.

BADENHUIZEN, N. P. 1964. General method for starch isolation.
Methods Carbohydr. Chem. 4:14-15.

BANKS, W., GREENWOOD, C. T., and MUIR, D. D. 1973. Studies
on the biosynthesis of starch granules. Part 6. Properties of the starch
granules of normal barley, and barley with starch of high-amylose
content, during growth. Staerke 25:225-230.

CRAIG, S. A. S., and STARK, J. R. 1984. Molecular properties of
physically-damaged sorghum starch granules. J. Cereal Sci. 2:203-211.

DRONZEK, B. L., HWANG, P., and BUSHUK, W. 1972. Scanning
electron microscopy of starch from sprouted wheat. Cereal Chem.
49:232-239.

EVERS, A. D., and McDERMOTT, E. E. 1970. Scanning electron
microscopy of wheat starch. II. Structure of granules modified by alpha-
amylolysis—Preliminary report. Staerke 22:23-26.

EVERS, A. D., GOUGH, B. M., and PYBUS, J. N. 1971. Scanning
electron microscopy of wheat starch. IV. Digestion of large granules
by glucoamylase of fungal (Aspergillus niger) origin. Staerke 23:16-
18.

FRENCH, D. 1984. Organization of starch granules. Pages 183-237 in:
Starch: Chemistry and Technology, 2nd ed. R. L. Whistler, J. N.
BeMiller, and E. F. Paschall, eds. Academic Press: Orlando, FL.

FUWA, H., NAKAJIMA, M., HAMADA, A., and GLOVER, D. V.
1977. Comparative susceptibility to amylases of starches from different
plant species and several single endosperm mutants and their double-
mutant combinations with opaque-2 inbred Oh43 maize. Cereal Chem.
54:230-237.

GALLANT, D. J., and BOUCHET, B. 1986. Ultrastructure of maize
starch granules. A review. Food Microstruct. 5:141-155.

GALLANT, D., DERRIEN, A., AUMAITRE, A., and GUILBOT, A.
1973. Dégradation in vitro de I’amidon par le suc pancrcéatique. Etude
par microscopie électronique a transmission et a balayage. Staerke
25:56-64.

GALLANT, D., MERCIER, C., and GUILBOT, A. 1972. Electron
microscopy of starch granules modified by bacterial a-amylase. Cereal
Chem. 49:354-365.

GREENWOOD, C. T. 1976. Starch. Pages 119-157 in: Advances in Cereal
Science and Technology. Vol. 1. Y. Pomeranz, ed. Am. Assoc. Cereal
Chem.: St. Paul, MN.

GUILBOT, A., and MERCIER, C. 1985. Starch. Pages 209-282 in: The
Polysaccharides. Vol. 3. G. O. Aspinall, ed. Academic Press: Orlando,
FL.

HALL, D. M., and SAYRE, J. G. 1969. Scanning electron-microscope
study of starches. I. Root and tuber starches. Text. Res. J. 39:1044-

1052.

HALL, D. M., and SAYRE, J. G. 1970. A scanning electron-microscope
study of starches. Part II: Cereal starches. Text. Res. J. 40:256-266.

HOOD, L. F., and LIBOFF, M. 1983. Starch ultrastructure. Pages 341-
370 in: New Frontiers in Food Microstructure. D. B. Bechtel, ed. Am.
Assoc. Cereal Chem.: St. Paul, MN.

KANENAGA, K., HARADA, A, and HARADA, T. 1990. Actions of
various amylases on starch granules from different plant origins, heated
at 60°C in aqueous suspensions. Chem. Express 5:465-468. (Chem.
Abstr. 1990, 113:93856y.)

LEACH, H. W.,and SCHOCH, T. J. 1961. Structure of the starch granule.
II. Action of various amylases on granular starches. Cereal Chem.
38:34-46.

LOHMAR, R., and RIST, C. E. 1950. Acetylation of starch. J. Am.
Chem. Soc. 72:4298-4299.

LOHMAR, R., SLOAN, J. W,, and RIST, C. E. 1950. Phosphorylation
of starch. J. Am. Chem. Soc. 72:5717-5720.

NIKUNI, Z. 1978. Studies on starch granules. Starch/Staerke 30:105-111.

SANDSTEDT, R. M. 1965. Fifty years of progress in starch chemistry.
Cereal Sci. Today 10:305-314, 358, 359.

SARGENT, J. A. 1988. The application of cold stage scanning electron
microscopy to food research. Food Microstruct. 7:123-135.

SCHULL, J. M., WATTERSON, J. J., and KIRLEIS, A. W. 1991.
Proposed nomenclature for the alcohol-soluble proteins (kafirins) of
Sorghum bicolor (L. Moench) based on molecular weight, solubility,
and structure. J. Agric. Food Chem. 39:83-87.

WATSON, S. A. 1964. Corn starch. Methods Carbohydr. Chem. 4:3-5.

WHISTLER, R. L., and SPENCER, W. W. 1960. Distribution of
substituents in corn starch granules with low degrees of substitution.
Arch. Biochem. Biophys. 87:137-139.

WHISTLER, R. L., and THORNBURG, W. L. 1957. Development of
starch granules in corn endosperm. J. Agric. Food Chem. 5:203-207.

WHISTLER, R. L., and TURNER, E. S. 1955. Fine structure of starch
granule sections. J. Polym. Sci. 18:153-156.

WHISTLER, R. L., BYRD, J. D., and THORNBURG, W. L. 1955.

Vol. 69, No. 3, 1992 287



Surface structures of starch granules. Biochim. Biophys. Acta WHISTLER, R. L., SPENCER, W. W., GOATLEY, J. L., and

18:146-147. NIKUNI, Z. 1958. Effect of drying on the presence of cavities in corn
WHISTLER, R. L., GOATLEY, J. L., and SPENCER, W. W. 1959. starch granules. Cereal Chem. 35:331-336.

Effect of drying on the physical properties and chemical reactivity of ZOBEL, H. F. 1988. Molecules to granules: A comprehensive starch

corn starch granules. Cereal Chem. 36:84-90. review. Starch/ Staerke 40:44-50.

[Received July 8, 1991. Revision received December 5, 1991. Accepted December 12, 1991.]

288 CEREAL CHEMISTRY



