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Abstract

The radial, tube-like channels of corn/maize and sorghum starch granules, which penetrate from the external surface inward toward a

cavity at the hilum, were found to vary in depth of penetration from granule to granule. Most, but not all, channels spanned the entire granule
matrix, from the outer surface to the central cavity. Under slight swelling conditions (water), cavities swelled somewhat closed, while

channels appeared to remain open. Swelling also affected the permeability of the granule matrix to dye molecules. Penetration of an agqueous

dye solution occurred primarily from the central cavity outward and laterally from channels. Even under the slight swelling conditions,
colloidal gold particles filled channels and cavities, showing that they are v@i@800 Elsevier Science Ltd. All rights reserved.
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1. Introduction 1.1. Surface pores

Most granular starch utilized in food and industrial appli- ~ Pores were observed on the surfaces of some maize
cations is first modified chemically to improve its physico- (corn), sorghum and millet starch granules, and along the
chemical properties in accordance with its intended equatorial groove of large wheat, barley and rye starch gran-
function. Although industrial chemical modification ules (Fannon, Hauber & BeMiller, 1992; Hall & Sayre,
processes have been studied extensively, the role of granulel970a). Evidence was presented that the pores were not
architecture in the reactivity of starch is not understood artifacts of processing or preparation of specimens for scan-
because of an incomplete understanding of granule struc-Ning electron microscopy (SEM). Their distribution
ture. Ultimately, granule microstructure and ultrastructure appeared to be random, with varied numbers per granule
must dictate accessibility of individual starch polymer (Fannon et al., 1992). Pores tended to occur in clusters
molecules to chemical reagents and, thus, greatly influenceand were reported to be more prevalent on spherical gran-
the pattern of chemical reaction and location of individual ules of the floury endosperm (Dombrink-Kurtzman & Knut-
reaction sites within granules. son, 1997; Fannon et al., 1992).

Pores at the surfaces of starch granules, internal cavities
at the granule hilum, and channels connecting the two are
architectural features that could influence granule reactions. Evidence that granule pores might be more than surface

The pores observed on malze.(corn), sorghum and millet features, i.e. that pores might be openings to channels, was
starch granule_s were hypothesized to be openings to Chan'provided by Fannon et al. (1993). Short portions of what
nels that provide access to the granule interior (Fannon'appeared to be channels within starch granules could be

chutu & BFI;4|IIerh_19§32. Later, the eXﬁtenc? of cf&anngli ierceived in a transmission electron micrograph of sorghum
and the relationship between pores, channeis, and cavitie ndosperm. Channels appeared to be serpentine in nature

were established unequivocally (Huber & BeMiller, 1997). : ;

The objective of this rqesearch )\/N(as to utilize this improve)d gir;dmevz\grre V\?I‘?itcl;rr?afl;elli c\ztrﬁn?hee fl:?nrlr':s ()((?Z)O?—gfgﬁ;g

knowledge O.f starch graf‘“'e microstructure to gain insight measure;j for waxy maize starch granuleé via me.rcury poro-

into penetration of chemical reagents. simetry by Karathanos and Saravacos (1993). Clear

m author. evidence thgt channels 'in corn and sorghum ;tarch granules
E-mail addressbemiller@purdue.edu (J.N. BeMiller) connect an internal cavity to the external environment was

L Current address: Department of Food Science and Toxicology, Univer- Presented by Huber and BeMi"er (1997).
sity of Idaho, Moscow, ID 83844. Gallant, Bouchet and Baldwin (1997) argued that channels

1.2. Channels
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are not void spaces, but instead may contain amorphousdrying, which involves moisture loss, often at elevated
material. Further, they suggested that channels are shortfemperatures (Baldwin et al., 1994; Whistler & Thornburg,
penetrating at most a few granule shells and that channels1957). Thus, the previous history of the starch may be
might represent junction zones between amylopectin block- related to the presence of cavities.

lets, which they proposed as the building blocks of starch ~ Amylolytic enzymes enlarge the cavities at the hilum of
granules. Based on the model describing the structure ofcertain of starch granules (Giraud, Champailler & Raim-
starch granule crystalline domains put forth by Oostergetel bault, 1994; Revilla & Fernandez-Tarrago, 1986; Zhao,
and van Bruggen (1993), Oates (1997) also attempted toMadson & Whistler, 1996). It has been known for some
explain the origin of pores and channels. In the model time that maize starch granules are preferentially degraded
proposed by Oostergetel and van Bruggen (1993), a crystal-from the inside out beginning at the hilum (Fuwa, Sugimoto,
line domain is comprised of adjacent chains of an amylo- Tanaka & Glover, 1978; Helbert, Schuelein & Henrissat,
pectin molecule, which together are oriented to form a 1996; Leach & Schoch, 1961; Nikuni, 1956; Nikuni &
supermolecular helix with a void large enough to accom- Whistler, 1957; Schwimmer, 1945), and it has been
modate an amylase molecule, but which may be plugged hypothesized that the presence of pores (Fannon et al.,
with an amylose—lipid complex, preventing access of 1992) and possibly channels (Badenhuizen, 1959; Fannon
enzymes (Oates, 1997). However, the Oostergetel and varet al., 1993) within maize and sorghum starch granules
Bruggen model was formulated for potato starch granules, provides enzymes direct access to the granule interior.
which contain little amylose—lipid complex (perhaps none The central area of the granule around the hilum is believed
in ungelatinized granules) and which exhibit only exocorro- to be the least organized region of the starch granule, since
sion when treated with hydrolytic enzymes (Fannon et al., gelatinization, enzymic attack (maize), acid-catalyzed
1992; Gallant, Derrien, Aumaitre & Guilbot, 1973), i.e. do hydrolysis (maize) and cavitation all originate there (Chabot
not contain pores (Fannon et al., 1992). Channels formed byet al., 1978; Fuwa et al., 1978; Hoseney, Zeleznak & Yost,
superhelices{8 nm in diameter) are certainly notthe much 1978; Leach & Schoch, 1961; Whistler & Thornburg, 1957).
larger channels viewed by fluorescence microscopy (Huber Hence, as microstructural features, granules, pores, chan-
& BeMiller, 1997) and seen externally as pores (Fannon et nels and cavities have the potential to influence starch gran-

al., 1992). ule reactions by connecting the cavity at the hilum to the
granule exterior and increasing the surface area available for
1.3. Starch granule cavities reagent infiltration into the granule matrix, especially into

the less organized region surrounding the hilum. Thus, a

Central cavities, which are voids at the hilum of mature greater understanding of these microstructural features
starch granules, were first reported by Reichert (1913), butwas needed to shed light on their potential role in granule
since have been observed and described by others, beginreactivity. The objectives of this study were to (1) provide
ning with Whistler and Turner (1955). By viewing aqueous further direct evidence for the existence of channels pene-
suspensions of previously dried, native starches under thetrating into the starch granule interior, (2) further examine
light microscope, Hall and Sayre (1973) detected internal structural relationships between pores, channels and
cavities in common maize (corn), sorghum, and waxy cavities, (3) further investigate characteristics of pores,
maize, but not barley, oat, rice, or wheat starch granules.channels and cavities, and (4) investigate potential influ-
By crushing, they found internal cavities in potato and canna ences of pores, channels and cavities on starch granule reac-
starch granules (Hall & Sayre, 1970b). Internal cavities tions.
were observed in commercial waxy maize starch granules
using a freeze-etching technique coupled with transmission
electron microscopy (TEM) (Chabot, Allen & Hood, 1978). 2. Materials and methods
Baldwin, Adler, Davies and Melia (1994) detected cavities
in potato, rice and wheat (B only) starch granules using a 2.1. Starch sources
combination of light microscopy, SEM, and confocal scan-
ning laser microscopy (CSLM). Cavity size in potato starch  Commercial common and waxy maize (corn) starches
was reported to vary widely among granules. No apparentand intermediately processed commercial starches (wet
relationship between granule size and cavity size was milled, but not yet commercially-dried) of both aforemen-
observed, and granules of all sizes possessed cavitiestioned genotypes were donated by the A.E. Staley Manu-
Huber and BeMiller (1997) presented additional evidence facturing Company (Decatur, IL). Sorghum starch (isolated
of the presence of cavities in maize and sorghum starchfrom genotype P721N)hl sorghum grain (genotype P-
granules. Overall, the preponderance of evidence suggest851171), and millet starch were provided by Dr Bruce R.
that cavities observed at the hilum of some native starch Hamaker of the Whistler Center for Carbohydrate Research,
granules are actual granule features and not artifacts ofPurdue University (West Lafayette, IN).
specimen preparation, although formation and development Steeping and wet milling dfl sorghum grain were done
of cavities in native starch granules have been attributed toby a process similar to the method of Subrahmanyam and
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Hoseney (1995). The ground slurry was filtered through a on the filter with 100% ethanol, air-dried and viewed by
series of sieves (No.’s 50, 120, 200, 230), and the crude SEM.
starch was purified by washing with a water—toluene
mixture (10:1) and centrifuging. This process was repeated 4. preparation of 5-([4,6-dichlorotriazin-2-ylJamino)-
until the starch appeared white, after which the starch was forescein-derivatized waxy maize starch
recovered by filtration, washed briefly with ethanol and air-
dried. Waxy maize starch was derivatized with 5-([4,6-dichlor-
Fresh samples of dough-stage maize (Fielder's Choice otriazin-2-ylJamino)-fluorescein (DTAF) by a method simi-
8205) were provided by Dr Robert Nielsen of the Depart- lar to that described by Whistler, Madson, Zhao and Daniel
ment of Agronomy, Purdue University (West Lafayette, (1998) for obtaining surface-reacted acylated and carboxy-
IN). Starch was isolated by lightly grinding wet kernels in methylated corn starch granules. Starch (10.0 g db) was
a blender in the presence of NaCl solution (0.05 M). The suspended in triethylamine (18.5 ml) with constant stirring
resulting slurry was passed through a sieve (No. 325) to for 30 min, after which DTAF (0.0025 g) in carbon tetra-
recover starch. Starch was washed with distilled water, chloride (15.2 ml) was added. The reaction was allowed to
followed by centrifugation and scraping of protein from proceed for 7.5 h in the dark. The mixture was then trans-
the surface of the starch pellet. This process was repeatederred to a screw-capped polypropylene tube, and the modi-
until the starch appeared white. Starch processed by thisfied starch was recovered by centrifugation. The colorless
method was divided into two fractions. The first fraction supernatant, which indicated that the reagent remained on
was recovered by filtration and allowed to air-dry. The the starch granules, was discarded and replaced with anhy-
second fraction was not dried, but was stored in the hydrateddrous ethanol (35 ml) to wash unreacted dye from the
state under aqueous NaNO0.03% w/v) until further starch. The tube containing the suspension of starch in etha-

treatment. nol was shaken briefly on a multi-wrist shaker (in the dark)
and centrifuged to recover the derivatized starch. The super-
2.2 Treatment with merbromin natant, which was colored due to the presence of dye, was

discarded and replaced with fresh EtOH. The tube was
Starch granule interior channels and cavities were floodedreturned to the shaker and the washing process (addition
with a methanolic solution of merbromin as previously of fresh EtOH, shaking, centrifugation, decanting of super-
described (Huber & BeMiller, 1997). Treated starch was natant) was continued over the course of several days until
observed using light (Huber & BeMiller, 1997), allunreacted dye had been removed. The washed starch was
fluorescence (Huber & BeMiller, 1997), confocal scanning recovered by vacuum filtration, allowed to air-dry, and
laser, and scanning electron (Huber & BeMiller, 1997) stored in the dark at°€. A reaction control was generated
microscopies. by carrying native waxy maize starch through the same
A short-time merbromin treatment using an aqueous dye process, with the exception that no DTAF was added to
solution (1 g merbromin/12 ml water) was applied to the initial reaction mixture.
commercial common maize starch granules. Starch granules
were exposed to dye solution for 15, 30 or 60 s, after which 2 5 Flyorescent microscopy
they were recovered by filtration. Starch samples were
washed on the filter with 100% ethanol to dehydrate the Dry granules of DTAF-derivatized and merbromin-trea-
granules and halt progression of the dye. Specimens wereted starch were mounted on slides in either water or immer-
analyzed using CSLM. sion oil and overlaid with coverslips. Specimens were
Commercial (isolated from dried maize kernels and viewed with an Olympus Vanox photomicroscope equipped
redried), intermediately processed commercial (isolated with fluorescence optics. The microscope head was
from dried kernels but not redried), once-dried (isolated equipped with a DM500 dichrome mirror, a 400—490 nm
from dough-stage kernels and dried), and never-dried range exciter filter and a 0515 barrier filter to provide blue
(isolated from dough-stage kernels but not dried) starch light illumination.
granules were suspended in a methanolic solution of
merbromin for 90 min, recovered by vacuum filtration and 3 6. Confocal scanning laser microscopy
air-dried (Huber & BeMiller, 1997). Treated granules were

observed by fluorescence microscopy. For merbromin-treated starch, dry granules were mounted
onto slides that had been previously coated with a thin film
2.3. Treatment with colloidal gold of paraffin wax. To anchor granules, slides were heated just

enough to melt the wax. Optical sections of granules were

Sorghum starch granules were suspended in an agueousbtained using a BioRad MRC 1024 Confocal Scanning
suspension of colloidal gold particles (50 nm patrticle size; Laser Microscope (Hercules, CA) coupled to a Nikon Opti-
BBI International, Cardiff, UK). Following a 4 h treatment, phot 300 (Melville, NY) inverted microscope. Excitation

starch was recovered by vacuum filtration, lightly washed was achieved with an Argon laser (488 line) operating at
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success in viewing channels (Huber & BeMiller, 1997),
but was also observed in normal sorghum, common
maize, waxy maize and millet starch granules treated with
methanolic merbromin and viewed by fluorescence micro-
scopy. Channels occurring within granules of both maize
starches appeared to be smaller in diameter and less numer-
ous than those within sorghum starch granules. Also, chan-
nels appeared to be more abundant in granules of common
maize starch as compared to those of waxy maize starch.
Overall, it was clearly confirmed that the surface pores of
maize, sorghum and millet starch granules reported by
Fannon et al. (1992) are indeed openings to channels leading
into the granule interior.

To determine if channels could have resulted from
contact of granules with a dehydrating medium (methanol)
Fig. 1. Electron micrograph of granule sections from aqueous colloidal during treatment Wlth merbromithj sorghum starch gran- .
gold-treatedhl sorghum starch visualized by SEM compositional BSE Ules were treated with an aqueous solution of merbromin
imaging. and then examined for channels. Granules treated with

agueous merbromin stained very differently from granules
10% power, while emission lines were selected with a F515 treated with methanolic merbromin. SEM compositional

long pass filter. BSE images of cross-sections of granules stained in water
_ _ and viewed by SEM manifested the reverse or opposite
2.7. Scanning electron microscopy staining pattern of those previously obtained from granules

stained in methanol (Huber & BeMiller, 1997). While
methanolic treatment confined the dye to granule surfaces,
thus clearly outlining channels and cavities, aqueous treat-
ment allowed the dye to permeate throughout the granule
matrix, leaving channels and cavities as voids (Huber &

Colloidal gold-treated starches were embedded in Spurr’s
resin and sectioned as previously described (Huber &
BeMiller, 1997). Dry sections were mounted directly onto
double-sided carbon tape on aluminum stubs. Mounted

;[Eeh;lrgzgs were carlbo?-coate_d and Vle‘\]NEegLITJ SaA‘JIEOLBeMiIIer, 1997). Differences between the aqueous and
) scanning electron microscope ( NC.. methanolic merbromin treatments were corroborated by

Peabody, MA) at 10 KV using C(_Jmpositional backscat;ered optical sections of maize starch granules obtained by
elgctron (BS_E) |mag|ng._AII mlcrog.raphs were obtained CSLM which gave images identical to those obtained
using Polaroid 55 sheet film (Cambridge, MA). by physically sectioning granules and examining them

by fluorescent microscopy and SEM compositional BSE

3. Results and discussion imaging. Thus, the degree of granule swelling influenced
permeability of the granule matrix to the dye.

3.1. Nature of channels and cavities and the effect of Since the slight swelling produced by room temperature

granule hydration on them water alone was sufficient to promote penetration of gran-

ules by merbromin, a marker of greater size was needed to

Results of previous work indicated that channels origi- elucidate channels in an aqueous environment. By treating
nated at the periphery of the granule and penetrated inward hl sorghum starch granules with an aqueous suspension of
with many extending to the cavity at the hilum (Huber & colloidal gold (50 nm in diameter), channels in granule
BeMiller, 1997). However, from viewing either whole gran-  cross-sections viewed by SEM compositional BSE imaging
ules or individual granule sections, it was difficult to deter- were nicely elucidated (Fig. 1). The fact that channels and
mine whether all or just some of the channels penetrated allcavities were penetrated by relatively large colloidal gold
the way to the hilum. In this investigation, a three-dimen- particles afforded some potentially useful information about
sional image of a starch granule reconstructed from optical their nature, viz., that channels are more likely voids rather
serial sections obtained by CSLM revealed that not all chan- than regions occupied by amorphous material as proposed
nels reached the hilum. Rather, channels penetrated thdy Gallant etal. (1997). This experiment also illustrated that
granule to varying depths, with most extending to the channels could be detected, i.e. are present, in both aqueous
central cavity; so the hypothesis of Gallant et al. (1997) and nonagueous media. Thus, a dehydrating medium is not
that channels penetrate only a few shells into the granulerequired for their presence and observation.
appears not to be true of the starches investigated in this To further determine any effects of granule rehydration
work. on channels and cavities, waxy maize starch was first

This pattern was not limited to starch granules hf surface reacted with a fluorescent dye (DTAF) and the
sorghum, which was used to improve the likelihood of granular pattern of reaction was observed by fluorescence
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Fig. 2. Optical section of short-time, aqueous merbromin-treated commercial common maize starch granules viewed by CSLM that depicts fdyiability o
penetration among granules (partially from the inside out and from the outside in and completely).

microscopy. As anticipated, reacted dye was localized at which outlined the boundaries of cavity surfaces within
granule surfaces, including those of both channels anddried granules, now clearly highlighted the union of the
cavities. While Whistler et al. (1998) had previously converged cavity surfaces in rehydrated granules. However,
reported exclusive reaction of exterior granule and cavity it should be remembered that the well-documented attack of
surfaces of common maize starch granules using the samemylolytic enzymes in the area surrounding the hilum
reaction conditions, they did not report visualization of (already discussed) shows that the closure resulting from
granule channels. Although channel surfaces were likely swelling is not so complete as to block entry of enzyme
derivatized in their study, channels probably were not molecules, which is supported by the finding in this work
resolved by the light microscopy procedure used by them. that 50 nm colloidal gold particles filled cavities &
They did, however, credit channels for the delivery of sorghum starch granules in aqueous suspension.
reagent to cavities at the granule hilum.

Despite slight granule swelling in water, channels 3> potential roles of channels and cavities in starch
appeared to remain open. Further, in waxy maize StarChgranule reactions
granules that had been modified with DTAF only at surfaces
(including those of channels and cavities), channels Channels, which could provide direct access of reagents
appeared to enlarge with slight swelling of granules. to aloosely organized region at the hilum, have the potential
Using the fluorescence microscope, channels were moreto influence and possibly dictate patterns of reaction within
easily visualized in granules that were first hydrated on starch granules. Since dehydration appeared to play arole in
the slide, dried in air several minutes to remove visible the development of both channels and cavities (at least
water and mounted in immersion oil, as compared to development to a size observable microscopically),
those granules that were simply mounted in immersion oil although their origin has not been determined, it was impor-
without previous hydration. Thus, channels might have tant to ascertain what effect, if any, granule rehydration
enlarged with granule hydration/swelling. For cavities, the would have on channel and cavity structure, as industrial
opposite effect was observed. Cavities, which had been visi-starch reactions are conducted in aqueous media under
ble in dried DTAF-modified starch granules mounted in slightly swelling conditions.
immersion oil and viewed by fluorescence microscopy, Since it was known that corn starch granules become
disappeared when granules were mounted in water. Thispermeated with merbromin upon suspension in agueous
result for corn starch granules parallels the report of Bald- dye solution, control of the degree of granule hydration,
win et al. (1994), who observed that cavities within potato which affected permeability of the granule matrix to dye
starch granules disappeared upon rehydration. However,molecules, might be used to control the extent of reagent
since cavities may not always be visible within hydrated penetration into the granule during starch modification.
granules due to complications of refractive index, Baldwin Thus, determination of the mode of dye entry into the gran-
et al. (1994) could not conclusively associate cavity disap- ule matrix might clarify the roles of channels and cavities in
pearance with cavity closure for potato starch granules in granular chemical reactions and simulate reagent flow into
aqueous suspension. Nevertheless, for DTAF-modified the granule. It was hypothesized that dye penetration would
waxy maize starch granules mounted in water, cavities be most rapid through the region surrounding the central
appeared to swell somewhat shut, as the fluorescent dyecavity, since the hilum region of the granule is believed to
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Fig. 3. Optical sections of short-time, aqueous merbromin-treated commercial common maize starch granules viewed by CSLM illustratingetad¢ic pen
of dye from channels into the granule matrix. The granule on the left is sectioned along the length of the channels; the one on the right is sessitmed acro

channels.

be the least organized. To test this hypothesis, maize starctobserved heterogeneity between granules might also be due
granules, which had been subjected to short-time treatmentin part to variations in porosity (variation in the number
with agqueous merbromin solution (15, 30 or 60 s), were pores and channels per granule), and indicates the potential
optically sectioned by CSLM to generate granule serial for non-uniform substitution in a population of granules
sections. The short-time treatment of maize starch granules,during chemical modification of corn and sorghum starch.
which was designed to produce intermediate rather than Since dye penetrated into the matrix laterally from channels,
complete penetration, clearly revealed a flow of dye into the channels no longer appeared as fine, distinct lines,
the hydrated granule matrix through both channels (later- (Huber & BeMiller, 1997) but became more indefinite as
ally) and cavities (from the center outward). Regardless of dye penetration progressed (Figs. 2—4). Channels further
treatment length, the extent of dye penetration varied greatly aided the permeation process by delivering dye into cavities
among granules. This variation is depicted in Fig. 2, in (Fig. 4), which allowed dye entry into the granule matrix
which granules optically sectioned at approximately their (from the hilum region outward). Even though evidence had
geometric centers displayed both partial and complete pene-indicated that cavities swell shut upon granule rehydration,
tration of dye. the most rapid penetration of dye into the matrix still
While some variation might be attributable to the treatment occurred from the inside out, rather than from the outside
process itself, it is evident that populations of starch granulesin. Thus, pores and channels of common maize starch
are heterogeneous in terms of granular microstructure. Thisincreased the potential surface area available for reaction

Fig. 4. Optical sections of two additional short-time, aqueous merbromin-treated commercial common maize starch granules viewed by CSLM depicting

penetration of dye into the granule matrix both from the cavity and laterally from channels.
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and fostered dye penetration into the granule matrix, despitetreatment, except that cavity frequency appeared to increase
apparent closure of the cavity upon granule swelling. The with increased processing/drying (field and plant dried
probable closure of the cavity did not appear to hinder dye field dried only> dough stage/never dried). These results
penetration, just as it appears not to hinder enzymolysis (asalso should be embraced with some caution, since some
described earlier), but instead could have aided it by dehydration of granules in PEG cannot be ruled out. Further,
increasing gaps between starch molecules, since the samsince a commercial wet-milling company provided the
amount of starch material would now fill a larger space. intermediately and completely processed starches, their
Thus, the hypothesis that the hilum is the least organized genotype was not known and likely differs from that of
region of the granule is supported. However, the possibility the dough-stage maize. (The commercial maize may also
that the dye could have penetrated from the outside in, in athave been heat dried prior to storage.) However, use of an

least some granules (Fig. 2), could not be ruled out. agueous suspension of colloidal gold showed that a cavity
area accessible to 50 nm particles is present in wet sorghum
3.3. Origin of channels and cavities starch granules.

At this time, neither the time of nor the basis for forma-
Although this research was primarily designed to eluci- tion of channels and cavities is known, although it would

date channels and cavities and their potential effects onseem that their presence cannot be attributed solely to dehy-
granule chemical reactivity, it was hoped that insight into dration. Cavities, which seem to be independent of chan-
their origin might also be gained, as understanding the nels, as they occur in potato starch granules (Baldwin et al.,
conditions surrounding the origin of channels and cavities 1994; Hall & Sayre, 1970b;), which have no pores, and
might provide a means of controlling their frequency and presumably no channels, could be formed by crystallization
occurrence, thereby controlling reactivity indirectly. of amylopectin molecules and concurrent shrinkage of the
Dough-stage (never-dried), intermediately processed matrix as the granule grows and develops. Drying could
(field-dried, wet-milled, but not commercially dried) and then enlarge cavities.
completely processed (field-dried, wet-milled and commer-
cially dried) common maize starch granules were analyzed
for the presence of channels and cavities by treating them
with methanolic merbromin solution. Channels and cavities _

We gratefully acknowledge the assistance of C.E.

were observed by light and fluorescence microscopies in .
most granules of each of the three starch samples examined.l.?’r":mker and D. Sherman of the Electron Microscope Center

Differences in cavity size were also perceived. Cavities in Agriculture and J.P. Robinson of the Cytometry Labora-

observed in never-dried, dough-stage maize starch granuleétﬁry’kstf]hOOIfOf Veter;rlﬁrthe(?mq_?_, Purd(lju:‘hu_nlvers_lty an(:
were substantially smaller (eye observation) than those in ankinem for use ot the two faciliies and their equipment.

both intermediately and completely processed granules,
which possessed cavities of comparable size. The observeReferences
difference in cavity size could be related to the smaller size
of immature granules from dough-stage maize, although Badenhuizen, N. P. (1959). Chemistry and biology of the starch granule. In
Baldwin et al. (1994) did not find any correlation between L. V. Heilbrunn & F. Weber (Eds.), (pp. 1—-74}rotoplasmatologiall/
i ; i Fmiti B/2/b. Berlin: Springer.
granule size and cavity size for potato starch. Definitive Baldwin. B M. Adier . Davies. M. C.. & Melia. C. D. (1994). Holes i
conclusions regarding channel and cavity existence, S2dWin. P M., Adler, J., Davies, M. C., & Melia, C. D. (1994). Holes in
. starch granules: confocal SEM, and light microscopy studies of starch
frequency, or size of the three starch samples are premature, granule structureStarch/Staerked6, 341—346.
since preparation of dough-stage and intermediately Chabot, J. F., Allen, J. E., & Hood, L. F. (1978). Freeze-etch ultrastructure
processed starch samples in methanolic merbromin  of waxy maize and acid hydrolyzed waxy maize starch grandtes-
undoubtedly resulted in granule dehydration, which has _ ”E'_O‘;(Fsmt’ SCie”iﬂmi7i7E73? 734-C A (16671, A study of mai
been shown to influence cavity frequency and size (Baldwin DOmMPrink-Kurtzman, M. A., & Knutson, C. A. (1997). A study of maize
. . . endosperm hardness in relation to amylose content and susceptibility to
et al., 1994; W_h_lstler, Spencer, Goatley & _N|kun|, 1958). damageCereal Chemistry74, 776—780.
Granule cavities can be seen clearly without the aid of Fannon, J. E., Hauber, R. J., & BeMiller, J. N. (1992). Surface pores of
dye by simply mounting dry or wet granules in a medium starch granule<Cereal Chemistry69, 284-288.
with a refractive index different from that of water and Fannon, J.E., Schull, J. M., & BeMiller, J. N. (1993). Interior channels of
. . . - . starch granuleCereal Chemistry70, 611-613.
viewing them Wlth a “ght mlcr(,)scoDe (HUber & BeMiller, Fuwa, H., Sugimoto, Y., Tanaka, M., & Glover, D. V. (1978). Susceptibility
1997). Since 't_ was nOt_ pos_5|ble 'FO d'_Spe_rse an aqueous  of various starch granules to amylases as seen by scanning electron
slurry of starch in immersion oil for visualization of possible microscope Starch/Staerke30, 186—191.
cavities, poly(ethylene glycol) (PE®, = 400), which has GaIIar?t, D. J., Bouchet, B., & Baldwin, P. M. (1997). Microscopy of starch:
a refractive index similar to immersion oil and is water eV'degCZel"?ff ;‘giv level of granule organizati@arbohydrate Poly-
. . . . mers - .
miscible, Was use_d as a mou_ntmg meqlum' Results for Gallant, D., Derrien, A., Aumaitre, A., & Guilbot, A. (1973)."Deadation
starches V'?Wed with the light microscope in P_EG parallelgd in vitro de 'amidon par le suc pan@tque.Staerke 25, 56—64.
those previously obtained for the methanolic merbromin Giraud, E., Champailler, A., & Raimbault, M. (1994). Degradation of raw

Acknowledgements



276 K.C. Huber, J.N. BeMiller / Carbohydrate Polymers 41 (2000) 269—-276

starch by a wild amylolytic strain dfactobacillus plantarumApplied Oates, C. G. (1997). Towards an understanding of starch granule structure
Environmental Microbiology60, 4319-4323. and hydrolysisTrends in Food Science Technolo@y 375-382.

Hall, D. M., & Sayre, J. G. (1970). A scanning electron-microscope study of Oostergetel, G. T., & van Bruggen, E. F. J. (1993). The crystalline domains
starches. Part Il: Cereal starch@extile Research JournadlO, 256— in potato starch granules are arranged in a helical fasfiarbohydrate
266. Polymers 21, 7-12.

Hall, D. M., & Sayre, J. G. (1970). Internal architecture of potato and canna Reichert, E. T. (1913). The differentiation and specificity of starches in
starch. Part |: Crushing studieBextile Research Journad0, 147-157. relation to genera, species, etc. Carnegie Institution of Washington,

Hall, D. M., & Sayre, J. G. (1973). A comparison of starch granules as seen Washington D.C. (Publication No. 173).
by both scanning electron and ordinary light microscofyarch/ Revilla, M. A., & Fernandez-Tarrago, J. (1986). Ultrastructure of starch
Staerke 25, 119-123. grain breakdown in cotyledon cells of germinating lentil se&darch/

Helbert, W., Schuelein, M., & Henrissat, B. (1996). Electron microscope Staerke 38, 379-381.
investigation of the diffusion oBacillus licheniformis(-amylase into Schwimmer, S. (1945). The role of maltase in the enzymolysis of raw
corn starch granulesgnternational Journal of Biological Macromole- starch.Journal of Biological Chemistryl61, 219-234.
cules 19, 165-169. Subrahmanyam, S. N., & Hoseney, R. C. (1995). Shear thinning properties

Hoseney, R. C., Zeleznak, K. J., & Yost, D. A. (1978). A note on starch of sorghum starchCereal Chemistry72, 7—10.
gelatinization.Starch/Staerke38, 407—-409. Whistler, R. L., & Turner, E. S. (1955). Fine structure of starch granule

Huber, K. C., & BeMiller, J. N. (1997). Visualization of channels and sectionsJournal of Polymer Scien¢é8, 153—156.
cavities of corn and sorghum starch granul@sreal Chemistry74, Whistler, R. L., & Thornburg, W. L. (1957). Development of starch gran-
537-541. ules in corn endosperndournal of Agricultural Food Chemistnyb,

Karathanos, V. T., & Saravacos, G. D. (1993). Porosity and size distribution 203-207.
of starch materialsJournal of Food Engineeringdl8, 259—280. Whistler, R. L., Spencer, W. W., Goatley, J. L., & Nikuni, Z. (1958). Effect

Leach, H. W., & Schoch, T. J. (1961). Structure of the starch granule. II. of drying on the presence of cavities in corn starch gran@eseal
Action of various amylases on granular starcl@sreal Chemistry38, Chemistry 35, 331-336.

34-46. Whistler, R. L., Madson, M. A,, Zhao, J., & Daniel, J. R. (1998). Surface

Nikuni, Z. (1956). Structure of starch granuldsurnal of the Agricultural derivatization of corn starch granuleSereal Chemistry75, 72—74.
Chemistry Society of JapaBi0, A131-A137. Zhao, J., Madson, M. A., & Whistler, R. L. (1996). Cavities in porous corn

Nikuni, Z., & Whistler, R. L. (1957). Unusual structures in corn starch starch provide a large storage spaCereal Chemistry73, 379—-380.

granulesJournal of Biochemistry (Tokyp#4, 227-231.



