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A technique was developed for investigating granular reaction patterns of anionic starch derivatives, uti-
lizing the optical sectioning capability of reflectance confocal laser scanning microscopy in combination
with 3D anaglyphic imaging (3D glasses required for visualization). The method facilitated improved
visualization of internal granular reaction patterns by discarding optical sections comprising the highly-
reacted external granule surface (generating 3D image constructs from sections constituting exclusively
internal regions of granules) and minimizing confounding background signal associated with non-starch
constituents (e.g., proteins). For wheat starch A-type granules substituted with a propylene oxide ana-
log (POA), granular reaction patterns revealed that reagent reached the hilum region of granules through
channels, and primarily entered the granule matrix via lateral diffusion from channel surfaces, producing
relatively homogeneous reaction patterns. The homogeneous nature of POA granular reaction patterns
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was attributed to the relatively low reactivity of the reagent (rate of diffusion > rate of reaction).

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Starch, one of the most abundant component biomass resources
in the world, is composed of two homopolymers of a-D-glucose:
linear amylose and highly-branched amylopectin (Tester, Karkalas,
& Qi, 2004). Within higher plants, amylose and amylopectin
molecules are assembled together to form complex, ordered, semi-
crystalline aggregates, referred to as granules (Zobel & Stephen,
2006). Granular starch is utilized in food and non-food applica-
tions as a thickening agent, colloidal stabilizer, gel-forming agent,
water retention agent, binder, and coating and/or glazing agent
(Singh, Kaur, & McCarthy, 2007; Zobel & Stephen, 2006). Neverthe-
less, starches in their native form exhibit inherent physical defects
(e.g., poor solubility in cold water, poor shear and heat resistance,
uncontrolled paste consistency, high tendency toward retrograda-
tion) that make them non-ideal for both existing and emerging
applications (BeMiller, 1997; Wurzburg, 2006). To overcome the
noted inherent limitations, the majority of starch (while yet in the
granular state) intended for use as a food ingredient is first chem-
ically modified to improve and extend its physical properties in
accordance with the intended application (Alexander, 1992).
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Though chemically-modified starches have been extensively
studied with respect to their preparation and physical proper-
ties (Gray & BeMiller, 2004, 2005; Han & BeMiller, 2005, 2006,
2007; Huber & BeMiller, 2001; Kavitha & BeMiller, 1998; Kim &
Huber, 2010a; Shi & BeMiller, 2000; Woo and Seib, 1997, 2002),
starch granule reactivity is still not completely understood. Dur-
ing reaction, it is the granule structure that ultimately dictates
the accessibility of individual starch molecules to derivatizing
reagents, impacting both granular and molecular reaction patterns,
and thus starch properties. Nevertheless, complicating aspects of
starch granule structures include: (1) variable ratios of amylose
to amylopectin (e.g., waxy, partial waxy, normal, high amylose),
(2) varying levels of minor non-starch components (e.g., proteins,
lipids), (3) differing crystalline packing arrangements (e.g., A-type,
B-type, C-type), (4) varied microstructures (e.g., pores/channels, no
pores/channels), and (5) diverse shapes and sizes (BeMiller, 1997;
Huber & BeMiller, 2001; Gray & BeMiller, 2004). Thus, the rela-
tionship between starch granule structure and reactivity requires
further elucidation to better understand the extent to which starch
modification processes/conditions can be manipulated or con-
trolled to achieve the desired properties for food and non-food
industrial applications.

Despite the noted complexity of starch granules, micro-
structural features such as surface pores, channels, and cavities
(Huber & BeMiller, 1997), which are well elucidated in corn and
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sorghum starch granules, are known to impact starch granule reac-
tions by facilitating access of derivatizing reagent to starch chains
within the granule matrix (Huber & BeMiller, 2000, 2001; Gray &
BeMiller, 2004). More recently, the presence of channel structures
within wheat starch granules was verified, and the nature of these
granule features was more clearly characterized (Kim & Huber,
2008). Channel structures within A-type granules of waxy and nor-
mal wheat starch are radially-oriented, penetrate to varying depths
into the granule toward the hilum (i.e., cavity), and are lined/filled
with protein (Kim & Huber, 2008). In preliminary experiments
with a fluorescent reactive dye, channels appeared to aid passage
of reagent into the granule matrix, which effect was enhanced
by some degree of granule hydration/swelling and/or removal of
channel-associated proteins (Kim & Huber, 2008). Though pores,
channels, and cavities within wheat starch granules likely impact
starch reactivity, their specific role in granule reactions has not yet
been fully investigated. To date, no study has investigated granu-
lar reaction patterns within wheat starch granules derivatized with
commercial modifying reagents.

Reaction within starch granules is influenced by interactions
between starch granule microstructure (e.g., pores, channels, cav-
ities) and reagent addition levels (Huber & BeMiller, 2001; Gray
& BeMiller, 2004). By varying reagent addition levels, the progres-
sion of reaction within granules may provide insight into the mode
of reagent flow into starch granules, which understanding may
be useful for optimizing reaction conditions to achieve desired
reaction patterns and/or starch properties. Starch granular reac-
tion patterns for anionic starch derivatives may be visualized via
reflectance confocal laser scanning microscopy (R-CLSM) (Gray &
BeMiller, 2004), providing insight into the relative extent of reac-
tion, as well as the distribution and locale of reaction sites, within
starch granules. However, a possible limitation of this method is
that it provides only a two-dimensional view of granular reaction
patterns based on a single optical section from a given granule,
though reagent flow into granules occurs in three dimensions.

Utilizing an anionic propylene oxide reagent analog, the objec-
tive of this study was to investigate granular reaction patterns
within wheat starch A-type granules as a function of genotype
(waxy versus normal), microstructure (e.g., pores, channels, cavi-
ties), and reagent addition level (low, medium, high). Further effort
was devoted to development of an imaging strategy for visual-
ization of granular reaction patterns in three dimensions (i.e., 3D
anaglyph images).

2. Materials and methods
2.1. Materials

Grain of waxy (IDO630) and wild-type (Jubilee) soft wheat lines,
obtained from the University of Idaho Aberdeen Research and
Extension Center (Aberdeen, ID, USA), were the sources of starch
used in this study. Wheat grain was milled to straight-grade flour
according to AACC Approved Method 26-31 (AACC, 2000), after
which starch was isolated from flours via the adapted protein-
digestion scheme outlined by Kim and Huber (2008). All reagents
and chemicals used in this study were of analytical grade.

2.2. Purification of wheat starch A-type granules

A purified wheat starch A-type granule fraction was recovered
from isolated wheat starch through slight modification of the A-
and B-type granule separation method outlined by Kim and Huber
(2010b). Native starch (25g, dry basis or d.b.) was suspended in
deionized water (900 ml, containing 0.02% sodium azide) within a
tall beaker (1000 ml, 7.6 cm in diameter, 18 cm depth) via constant

stirring (10 min), after which larger (predominantly A-type) starch
granules within the suspension were allowed to sediment (140 min,
in the absence of stirring) at ambient temperature (22 °C) to the
bottom of the beaker. Following the sedimentation period, the top
layer of supernatant (~800 ml), containing predominantly smaller
B-type granules, was discarded by careful pipetting. The resulting
starch sediment (at the bottom of the beaker) was subjected to four
additional sedimentation schemes as previously described (replen-
ishment of fresh deionized water [800 ml] to the beaker, sedimen-
tation [140 min], and removal of supernatant [~800 ml]). Starch
sediment from the final sedimentation scheme was suspended
in 80% (w/v) aqueous sucrose solution (180 ml) within a 250 ml
centrifuge bottle (20 min) using a Wrist Action Shaker (Model 75,
Burrell Co., Pittsburgh, PA, USA), after which the starch suspen-
sion was centrifuged (2000 x g, 3 min), and the supernatant was
carefully discarded. The bottle was replenished with fresh sucrose
solution (180 ml), and the aforementioned purifying procedure was
repeated a total of five times. The final starch pellet obtained after
the last purifying step in 80% sucrose solution was washed three
times with deionized water (200ml per wash), re-suspended in
absolute ethanol, recovered on a Biichner funnel, and allowed to
air-dry. Granule size distributions and purities of the final purified
wheat starch A-type granules were monitored using an Accusizer
model 780 with SW 788 Windows software (Particle Sizing Sys-
tems, Santa Barbara, CA, USA) as described by Geera, Nelson, Souza,
and Huber (2006). The purities of obtained A-type granule fractions
(>10 pm diameter) of waxy and normal wheat starches were 99.7%
and 99.6% (volume or weight basis), respectively.

2.3. Modification of wheat starch granules with a propylene oxide
analog (POA)

Anionic derivatives of waxy and normal starch A-type granules
were produced by reaction with sodium 3-chloro-2-hydroxy-1-
propanesulfonate (propylene oxide analog, POA) as outlined by
Han and BeMiller (2005) and Huber and BeMiller (2001). Absolute
ethanol was utilized as a swelling inhibitor, and reaction system
parameters for all POA derivatives and their corresponding reac-
tion controls are depicted in Table 1. POA reagent amounts were
2%, 6%, and 10% (starch basis or s.b.) for low, medium, and high
reagent addition levels, respectively.

The appropriate level of POA reagent was dissolved in a mixture
of 0.125 M NaOH, deionized water, and absolute ethanol (Table 1),
followed by the addition of starch (5.0g, d.b.) with rapid stir-
ring. The reaction system was supplemented with an appropriate
amount of 2M NaOH in relation to the amount of incorporated
reagent (1 mole POA generates 1 mole HCl) to maintain the the
reaction medium pH at 11.5. The reaction mixture was incubated
at 45 °C for 24 h under constant stirring, after which it was neutral-
ized with 1.0M HCI. After neutralization, POA starch derivatives
(including reaction controls) were recovered by centrifugation
(3000 x g, 20 min), and suspended in aqueous ethanol (50%, v/v)
(Han & BeMiller, 2006) on a Wrist Action Shaker (Model 75, Burrell
Co., Pittsburgh, PA, USA) for 2 h to extract unbound reagent from
granules (while minimizing leaching of POA-derivatized starch
molecules from granules). Derivatized starch granules were again
recovered by centrifugation (3000 x g, 20 min). This washing pro-
cedure (beginning with the re-suspension of POA derivatives in
aqueous ethanol) was repeated two more times. Washed POA
starch derivatives were suspended in absolute ethanol, recovered
on a Biichner funnel, and allowed to air-dry.

POA starch derivatives and reaction controls were assayed for
sulfur content via inductively coupled plasma-atomic emission
spectroscopy (ICP-AES) (Kim & Huber, 2010a) to determine molar
substitution (MS) levels. Derivatized starch MS values, calculated
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Table 1

Reaction system parameters for substitution of waxy and normal wheat starch A-type granules with a propylene oxide analog (POA).

Starch derivatives POA (%, s.b.2)

Reaction medium composition®<d

0.125M NaOH (ml)

2.0M NaOH (ml) Deionized water (ml) Absolute ethanol (ml)

Reaction control 0.0 104
Low reagent level 2.0 104
Medium reagent level 6.0 104
High reagent level 10.0 104

0.32 1.28 223
0.58 1.02 223
1.1 0.5 223
1.6 - 223

Dry starch basis.

Final ethanol concentration in reaction medium: 65% (v/v) (Huber & BeMiller, 2001).

a
b Aqueous ethanol reaction system was based on 5.0 g (d.b.) starch granules.
c
d

Reaction medium pH=11.5.

Table 2

Mean? molar substitution (MS) values for waxy and normal wheat starch A-type granules substituted with a propylene oxide analog (POA).

Starch Derivatives POA (%, s.b.P)

Molar substitution

Waxy starch granule Normal starch granule

Low reagent level 2.0
Medium reagent level 6.0
High reagent level 10.0

0.002 + 0.000 0.003 + 0.000
0.012 £ 0.000 0.012 £ 0.000
0.024 + 0.001 0.023 + 0.000

3 Mean values of two replicate reactions.
b Dry starch basis.

based on net sulfur levels (sulfur level of starch derivative minus
sulfur level of reaction control), are depicted in Table 2.

2.4. Conversion of wheat starch POA derivatives to silver(I) salts

Substituted derivatives, which possessed anionic substituent
groups (SO3~), were converted to silver(I) salts as outlined by
Gray and BeMiller (2004) in preparation for viewing by reflectance
confocal laser scanning microscopy (R-CLSM). All silver-exchange
and wash procedures described below were conducted in the
dark to protect the samples from exposure to light. Each starch
derivative (0.5g, d.b.) was combined with 0.25M silver nitrate
(35ml) in a 50-ml centrifuge tube, following by shaking on a
Wrist Action Shaker for 24 h. Starch derivatives in tubes were
recovered by centrifugation (3000 x g, 15 min), and supernatants
were carefully discarded. This silver-exchange process (consist-
ing of the addition of silver nitrate solution, shaking for 24h,
and centrifugation for starch recovery) was repeated a total of
three times for each starch derivative. Silver-exchanged starch
derivatives were then washed twice with deionized water to
remove unbound silver(I) cations from granules as follows. Silver-
exchanged starch derivatives were re-suspended in deionized
water (35ml), shaken for 30 min on a Wrist Action Shaker, and
recovered by centrifugation (3000 x g, 15min); supernatants of
both washes were carefully decanted/discarded. After washing,
the silver-exchanged derivatives were re-suspended in 85% (v/v)
aqueous ethanol, recovered on a Biichner funnel, and allowed
to air-dry. Reaction controls were subjected to the same silver-
exchange and wash schemes as defined for the modified starch
products.

2.5. Reflectance confocal laser scanning microscopy (R-CLSM)

Small amounts of silver-exchanged starch derivatives were
evenly dusted onto glass slides that had been lightly coated with
wax, and slides were passed quickly over a flame to affix starch
granules to the glass surface. Mounted starch specimens were
exposed to UV light (254 nm, USG30T8, Bulbtronics Inc., Farming-
dale, NY, USA) for 48 h to reduce silver(I) ions to silver atoms and/or
atom clusters. Following UV irradiation, slides containing starch
derivatives received 2-3 drops of aqueous sucrose solution (20%,
w/v) to achieve a uniform refractive index throughout the starch

granules, and were overlaid with glass cover slips prior to viewing
with confocal laser scanning microscopy in the reflectance mode
(R-CLSM) (Gray & BeMiller, 2004).

Optical sections of modified starch granules were obtained
using a Zeiss LSM 510 CLSM system equipped with an inverted
microscope and a 63 x DIC objective lens (Thornwood, NY, USA).
The light source was an Argon laser (488 nm) operated at 30%
power, while light reflected from specimens was detected through
a LP 475 emission filter. An amplifier offset parameter was set to
—0.3 to minimize background noise. Starch granules were optically
sectioned at 0.5 or 1.0 pm thickness intervals to obtain serial cross-
section images. Obtained images were processed using Zeiss LSM
Image Examiner software.

2.6. Preparation of three dimensional (3D) anaglyph images

For construction of 3D images, optical cross-sections represent-
ing just the inner regions of the starch granule matrix were selected
from the full range of serial cross-sectional images obtained by
R-CLSM (Fig. 1). Select groups of optical sections were digitally
stacked on the y-axis in maximum transparency mode using Zeiss
LSM Image Examiner software; reconstructed 3D images consisted
of 64 projections with a 9° angle difference.

Starch granules

A/,—a

Focal Planes

\\_‘“)

Glass slide

Equatorial grooves

Fig. 1. Schematic diagram depicting, (A) a set of serial optical sections (slices)
obtained at regular thickness intervals (focal planes) through a starch granule, and
(B) a select series of optical cross-sections representing just the inner regions of the
starch granule matrix (dotted line rectangle).
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For creation of anaglyph images, selected cross-sectional images
were reconstructed according to 3D image reconstruction parame-
ters defined in the previous paragraph, and images were further
colored red and green (or cyan). The green-colored 3D granule
image was wrenched clockwise 7° against the y-axis of the red-
colored 3D granule image, followed by digitally superimposing
the twisted green-colored image onto the red-colored image. The
anaglyph image provides stereoscopic 3D effects when viewed with
3D glasses fitted with red (left eye) and green (right eye) lens filters.

3. Results and discussion
3.1. Specimen preparation and R-CLSM optimization

Granular reaction patterns of substituted A-type granules of
waxy and normal wheat starch were investigated using the scheme
outlined by Gray and BeMiller (2004). This technique involves
binding of silver(I) cations to anionic substituent groups (SO3~)
of starch derivatives, followed by reduction of silver(I) cations to
silver atoms via UV irradiation. Reaction locale is visualized via
CLSM based on light reflected from silver atoms and/or atom clus-
ters (bound at granular reaction sites). To reliably locate reaction
sites within modified starch granules, it is necessary to effectively
remove excess (unbound) silver(I) cations from silver-exchanged
derivatives prior to treatment with UV irradiation (to eliminate the
possibility of false positives).

Gray and BeMiller (2004) effectively removed excess silver(I)
cations from granules by washing silver-exchanged starch deriva-
tives with hot (~65 °C) aqueous ethanol (85%, v/v), as previously
described by Huber and BeMiller (2001). In applying this washing
procedure within our study, virtually all POA derivatives expe-
rienced irreversible granule swelling, gelatinization and rupture.
The temperature (65 °C) of the aqueous ethanol wash medium
was destructive to the granule structures of wheat starch POA
derivatives, which exhibited gelatinization onset and peak tem-
peratures of approximately 55 and 65°C, respectively (Kim &
Huber, 2010a). The intra- and/or intermolecular repulsion of like-
charged substituent groups covalently bound to starch molecules
within granules led to partial or complete gelatinization of POA-
derivatized starch granules during washing in hot 85% (v/v)
aqueous ethanol. Consequently, the hot 85% (v/v) aqueous ethanol
wash medium of Huber and BeMiller (2001) was not appropri-
ate for removal of excess silver(I) cations from wheat starch POA
derivatives.

Further study was devoted to establishing an appropriate
method for removal of excess silver(l) cations from POA starch
derivatives, wherewith granule integrity could be retained. Varying
concentrations (50-85%, v/v) of aqueous ethanol used in conjunc-
tion with a variety of wash medium temperatures (<50 °C) proved
unsuccessful. A50% (v/v) aqueous ethanol wash medium employed
at 40°C was unable to remove unbound silver(l) cations from
unmodified POA reaction controls (Fig. 2A). In contrast, the same
unmodified POA reaction control, when washed with deionized
water at ambient temperature (~22 °C), exhibited a much reduced
reflected light signal from granules (Fig. 2B), indicating that the
majority of unbound silver(l) ions had been removed from gran-
ules. Using a deionized water wash medium (~22 °C), no perceived
irreversible granule swelling and only a very minimal amount
of starch leaching from granules (0.02-0.05%, s.b.) was observed
for POA starch derivatives during washing. Thus, deionized water
appeared to be an appropriate and effective wash medium for
removal of unbound silver(I) cations from silver-exchanged POA
reaction controls and derivatives of waxy and normal wheat starch.

Though the deionized water medium removed the majority of
excess silver(I) cations from granules of starch reaction controls,

Fig. 2. R-CLSM optical cross-sections of waxy wheat starch A-type granules (reac-
tion control) treated with 0.25 M silver nitrate, followed by washing with, (A) 50%
(v/v) aqueous ethanol at 40°C, (B) deionized water at ambient temperature, or
(C) deionized water at ambient temperature in conjunction with adjustment of
microscope parameters (detector gain, offset) to reduce background signal (scale
bars=10 pm).
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Granule interior

Granule surface

Fig. 3. Reconstructed 3D R-CLSM images of waxy wheat starch A-type granules derivatized with POA (2%, s.b.) representing, (A) all serial sections comprising a starch granule
(refer to Fig. 1A), (B) select serial sections comprising the inner regions of the starch granule matrix (refer to Fig. 1B), or (C) the anaglyphic representation of Fig. 3B. Both,
(B-1 and C-1) standard (normal front-facing), and (B-2 and C-2) partial side (slightly rotated) views of granules are presented for added perspective (scale bars =10 wm). For
visualization of images C-1 and C-2 in 3D, the reader is referred to the web version of the article for access to full color images that require 3D glasses (red and green lenses

on left and right eyes, respectively).

some residual silver(I) cations still remained within the granules
(Fig. 2B). To establish whether the residual silver atoms within
granules of the unmodified reaction controls resulted from insuf-
ficient washing of unbound silver(I) cations, a silver-exchanged

reaction control (i.e., waxy starch) was subjected to five additional
wash cycles (beyond the two cycles normally used in the present
study). No significant decrease in either the reflected signal inten-
sity or pattern, due to the residual silver within granules, was
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Fig.4. Anaglyphicimages representing, (A and B) standard, and (C and D) partial side views of, (A and C) waxy, and (B and D) normal wheat starch A-type granules derivatized
with a low level of POA (Table 1; Molar substitution, MS=0.0023 and 0.0028 for waxy and normal starch granules, respectively) (scale bars=10 pwm). For visualization of
images in 3D, the reader is referred to the web version of the article for access to full color images that require 3D glasses (red and green lenses on left and right eyes,

respectively).

observed over the course of extended washing (data not shown).
The background signal caused by the presence of residual sil-
ver atoms after exhaustive washing appeared to be due to the
binding of silver ions by trace anionic components within the gran-
ules (e.g., lysophospholipids, starch granule-associated proteins).
Gray and BeMiller (2004) reported the same phenomenon in their
experiments with corn, potato and sorghum starch substrates. Nev-
ertheless, this unwanted signal contributed background noise to
R-CLSM images, and had potential to interfere with or even com-
promise visualization of granular reaction patterns within modified
starch derivatives.

To eliminate and/or minimize the background noise, microscope
conditions were optimized using unmodified reaction controls,
which had been subjected to the complete R-CLSM specimen
preparation protocol (i.e., silver cation exchange, washing with
deionized water at ambient temperature, and reduction of silver(I)
ions to silver atoms by UV irradiation). Optimization was achieved
by manually manipulating microscope parameters (e.g., detector
gain, offset) to reduce the background signal in the reaction con-
trol specimen. Microscope conditions for each derivative/genotype
combination were individually optimized using its own respec-
tive reaction control, and were held constant while viewing all
specimens of a common derivative/genotype series. Using the

optimized microscope conditions, the background noise was very
effectively minimized in granules of the various reaction control
starches (Fig. 2C), though some very weak (minor) background
signals were infrequently observed in a minority of granules.
Using the noted microscope parameter adjustments (developed
using the unmodified reaction control starches), R-CLSM images
of the modified starch granule derivatives generated under opti-
mized microscope conditions more effectively highlighted true
granular reaction sites, and depicted valid granular reaction pat-
terns.

Nevertheless, it is necessary to point out that granular reaction
patterns visualized in this study might not reveal all possible
reaction sites within derivatized starch granules. This limitation
results from the fact that: (1) it is not known whether the degree
of resolution possible with R-CLSM is be capable of resolving a
single silver atom or reaction site (but might require clusters of
silver atoms, representing multiple reaction sites, for detection)
(Gray & BeMiller, 2004), and (2) a slight reduction in R-CLSM
gain was required to eliminate background noise within reaction
controls (could slightly reduce overall sensitivity in determining
granular reaction patterns of starch derivatives). Despite the noted
limitations, the R-CLSM method utilized here provides a valid and
useful approach for visualizing the predominant granular locale of
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Fig.5. Anaglyphicimages representing, (A and B) standard, and (C and D) partial side views of, (A and C) waxy, and (B and D) normal wheat starch A-type granules derivatized
with a medium level of POA (Table 1; MS=0.0124 and 0.0119 for waxy and normal starch granules, respectively) (scale bars=10 wm). For visualization of images in 3D, the
reader is referred to the web version of the article for access to full color images that require 3D glasses (red and green lenses on left and right eyes, respectively).

reaction and for elucidating paths of reagent flow within modified
starch granules.

3.2. Three dimensional (3D) and anaglyph imaging of granular
reaction patterns

Gray and BeMiller (2004) presented individual optical sections
from the central regions of derivatized corn and potato starch gran-
ules to elucidate the locale of reaction sites within granules. In our
study, however, it was not always possible to select a single rep-
resentative optical section (from a set of serial cross-sections) that
fully depicted the composite granular reaction pattern, as reaction
patterns of individual serial sections differed slightly depending on
their granular origin.

To provide a more comprehensive view of granular reaction
patterns, serial cross-sections (obtained via CLSM; Fig. 1A) of sub-
stituted starch granules were reconstructed into three-dimensional
(3D) images. For constructed 3D images of POA starch derivatives
at even the lowest derivatization level (2% POA, s.b.) (Fig. 3A), high
intensities of reflection were observed throughout the granules,
but more particularly from granule surfaces. Gray and BeMiller
(2004) likewise reported heavy reaction at external granule sur-
faces of POA- and POCl3-derivatized starches (corn, sorghum,
potato) viewed by R-CLSM. This same challenge was encountered

for constructed 3D images of all starch derivatives, regardless of
the reagent addition level (images not shown). Thus, it was not
possible to discern differences in either the degree or pattern of
reaction within granule interiors (which were of primary interest
in this study) due to the high extent of reaction at or near granule
surfaces.

For viewing reaction patterns within the granule matrix,
3D images were constructed using only a limited number of
serial cross-sections encompassing exclusively the internal granule
regions of A-type granules (Fig. 1B) comprising the granule equato-
rial groove (image thickness ~3-5 wm). Examples illustrating both
the standard and slightly rotated side views of the same 3D image
are provided in Fig. 3B-1 and B-2, respectively. The standard view
(Fig. 3B-1) of the 3D granule image depicts reaction within the con-
centric ring structures of granules and also as short tiny dots or
clusters in the peripheral regions of granules. The partial side view
of the same 3D image (Fig. 3B-2, simply a slightly rotated view of the
image depicted in Fig. 3B-1) depicts the tiny dots observed in the
standard view of the 3D image as short lines or streaks, likely rep-
resenting short channels penetrating into the granule matrix from
the granule surface. Thus, the adapted 3D images of exclusively the
inner granular regions provided a more discerning perspective of
granular reaction patterns within granules compared to either indi-
vidual cross-sections or 3D images of entire granules (constructed
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Fig. 6. Anaglyphicimages representing, (A and B) standard, and (C and D) partial side views of, (A and C) waxy, and (B and D) normal wheat starch A-type granules derivatized
with a high level of POA (Table 1; MS=0.0235 and 0.0230 for waxy and normal starch granules, respectively) (scale bars =10 wm). For visualization of images in 3D, the reader
is referred to the web version of the article for access to full color images that require 3D glasses (red and green lenses on left and right eyes, respectively).

from all serial sections of a granule). Nevertheless, these 3D images
(Fig. 3B-1 and B-2) of inner granular regions still suffered from the
limitation of being depicted as 2D (flat) images, which did not allow
full differentiation of topography within granules.

This shortcoming was overcome by creating anaglyph images,
which provided stereoscopic 3D effects with the aid of 3D glasses.
Anaglyphic images reconstructed from the same set of serial cross-
sections previously used to construct the 3D images (Fig. 3B-1
and B-2) are provided in Fig. 3C-1 and C-2 for comparison. In the
standard view (Fig. 3C-1) of the anaglyphic image, the true topogra-
phy of the tiny dots or dot clusters, which were elevated to varying
depths above the highlighted concentric ring structures, could be
visualized, in contrast to the standard 3D image (Fig. 3B-1), where
the entire signal was depicted within a single flat 2D plane. In
the partial side view of the anaglyph image (Fig. 3C-2, simply the
slightly rotated view of the same image depicted in Fig. 3C-1), it
became clear that the tiny dots (observed in Fig. 3C-1) were actually
cross-sections of short channels penetrating toward the granule
interior from the granule surfaces (Fig. 3C-1, noted by arrows). The
partial side view (Fig. 3C-2) of the anaglyphic granule image fur-
ther clarified that the highlighted concentric ring structures were
confined to the equatorial groove regions of the granule matrix.
Thus, because of the enhanced perspective provided, anaglyphic

granule images were used to investigate internal reaction patterns
within wheat starch A-type granules for all starch derivatives of the
study.

3.3. Reaction patterns of POA derivatives of waxy and normal
wheat starch A-type granules

Granular reaction patterns of POA-derivatized wheat starch A-
type granules were tracked across three reagent addition levels,
providing variable levels of MS for each genotype (Table 2). Because
microscope settings and the level of digital zoom (2x) were held
constant for all modification levels of a given starch genotype, sig-
nal intensity differences between images representing the various
modification levels of the study are attributable to actual differ-
ences in the relative concentrations of silver atoms and/or atom
clusters within granules, reflecting true differences in degree of
derivatization. However, it was not possible to directly compare
signal intensities of granular reaction patterns across genotypes,
as microscope conditions for viewing granular reaction patterns
were individually optimized for each starch genotype. In general,
an increase in reagent addition level increased homogeneity of
reaction for all derivatives, with granular reaction pattern details
discussed below in the order of increasing reagent addition levels.
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Anaglyphic images for POA-derivatized A-type granules of waxy
and normal wheat starch are depicted in Figs. 4-6, correspond-
ing to low (2%), medium (6%), and high (10%) POA substitution
levels, respectively. Overall, observed granular reaction patterns
for POA derivatization did not differ between waxy and normal
wheat starches. For the low level of POA substitution, central gran-
ule regions (e.g., cavities) were most heavily highlighted or reacted
(reagent effectively reached granule central regions even at low
addition levels), though minimal reaction was generally observed
within the granule matrix (Fig. 4A and B). Partial side (rotated)
views (Fig. 4C and D) also revealed fine channels connecting the
highlighted granule hilum region to the external granule surface,
as well as the presence of short channels, penetrating inward into
the granule matrix from varying directions. These results sug-
gest that reagent reached the granule hilum region rather rapidly
through channels, which connect the inner regions of granules to
the extra-granular environment and provide granular access to
reagent.

For the medium POA substitution level, intense reaction contin-
ued within the central granule region, around cavities, and within
the granule matrix near channels (Fig. 5). Multiple channel struc-
tures within granules were visualized originating from external
granule surfaces of the equatorial groove region (Fig. 5A) and from
other surfaces of granules at random (Fig. 5C and D). Perceived
boundaries of channel structures within granules appeared to
broaden or enlarge as reagent diffused from channels into the gran-
ule matrix. The predominant path of POA flow into the granule
matrix occurred via lateral diffusion at channel surfaces. Though
reagent was able to access the granule hilum region of granules
via channels for even the lowest level of POA addition (Fig. 4), an
inside-out pattern of reagent flow from inner cavity surfaces out-
ward toward external granule surfaces was less prevalent in wheat
starch granules than previously reported for corn starch granules
reacted with the same reagent (Gray & BeMiller, 2004; Huber &
BeMiller, 1997, 2001). At the highest POA substitution level, reac-
tions became increasingly homogeneous throughout the granule
matrix (Fig. 6), though some variation was observed amongst gran-
ules. Channel boundaries became much less discernable as reaction
homogeneity increased, and reagent flow continued from channels
surfaces into the granule matrix (Fig. 6 arrows), whereas concentric
rings within granules became clearly visible, most likely due to the
differential reaction of starch chains associated with amorphous
versus semi-crystalline growth rings, providing evidence that reac-
tion was not completely homogeneous. This observation parallels
that of Chen, Schols, and Voragen (2004 ), who concluded that sub-
stitution of potato and sweet potato starches with acetic anhydride
occurred mainly within amorphous regions and only in the outer
lamellae of crystalline regions. However, the progression of reac-
tion from the external granule surfaces into the granule matrix was
not observed, even though derivatization was heavy at the external
granule surfaces, as previously reported for waxy maize starch by
both Huber and BeMiller (2001) and Gray and BeMiller (2004).

Maximum POA MS levels in this study were limited due to
the intermolecular strain imposed on granules by addition of
charged substituent groups to starch chains (higher MS values
resulted in gelatinization during reaction). In extrapolating to
industrial modification levels, an even greater degree of reaction
homogeneity within granules would be expected for commercial

hydroxypropylated starches (MS~ 0.1-0.2) relative to those of this
study (MS ~ 0.025).
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