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The Use of Laser Differential Interference Contrast
Microscopy for the Characterization of Starch
Granule Ring Structure

A laser differential interference contrast (DIC) microscopy protocol was developed for
the visualization of starch growth rings in an optical section series. Potato and maize
starches were observed with this new technique. Partial lintnerization was necessary
to visualize the rings. The best image contrast was obtained using a blue laser and
image deconvolution. For native starches, growth rings were evident in potato starch,
but not as much as in native normal and waxy maize starches. Lintnerization enhanced
the visualization of growth rings until granule integrity became compromised (by 48 h
for waxy maize and by 96 h for normal maize and potato starches). Density of growth
rings was not different for normal and waxy maize starches (11.3 and 12.1 rings/10 um)
but was lower for potato starch (7.5 rings/10 um). Compared to other techniques for
visualization of growth rings such as SEM and TEM, this protocol is fast and simple

with minimum sample preparation and little possibility of artifacts.
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1 Introduction

Microscopy is an important visualization tool to charac-
terize the morphology and internal structure of starch
granules. Among microscopic techniques, bright field
microscopy is commonly used to study aspects of starch
granule morphology such as granule shape, granule size
and size distribution, morphological changes during
gelatinization, and acid and enzyme hydrolysis [1, 2].
Scanning electron microscopy (SEM) has been exten-
sively used to study not only starch granule morphology
but also granule ultrastructure after fracture or partial
hydrolysis [3, 4]. SEM normally requires coating with
heavy metals (e.g.; gold) to decrease sample charging and
improve image quality. Transmission electron microscopy
(TEM) has been used for ultrastructural study of starch
granules [3-6]. This technique involves a complex multi-
step preparation including fixation, staining, washing,
dehydration, embedding, and sectioning steps, which
may introduce artifacts. Atomic force microscopy (AFM)
is a relatively new technique to study starch granule sur-
face features (topography) [7-9] and internal structure [10,
11] on a small total sampling area. Confocal laser scan-
ning microscopy (CLSM) has been used as an advanced
light microscopic technique for three-dimensional visual-
ization of starch granules, granule channels, cavities
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inside starch granules, and the reaction between starch
and other components [12-16]. However, fluorescent
staining of optical sections using CLSM does not reveal
the so-called “growth rings.” Thus, each microscopic
technique allows visualization of different starch struc-
tural features, and each has its own advantages and lim-
itations.

Differential interference contrast (DIC) microscopy was
introduced in the mid-1960s after the method was
described by Nomarski in 1952. It is now widely used for
biological research to study live cells and tissues [17]. In a
standard configuration, a DIC microscope contains a pair
of polarizing elements (a polarizer and an analyzer) and
two crystalline beam-splitting devices (termed modified
Wollaston prisms) for detecting gradients in optical path
length within specimens and converting them into light
intensity differences [17]. A light beam passes through a
polarizer, producing a beam of linearly polarized light in
the same plane, just as in polarized light microscopy.
When the polarized light beam enters a Wollaston prism,
each incident ray is split into two spatially separated par-
allel rays, named ordinary and extraordinary rays, vibrat-
ing at 90° relative to each other. The dual beams of parallel
rays are then focused by a condenser lens and travel
through a transparent specimen. In any part of the speci-
men in which adjacent regions differ either in refractive
index or thickness, the two beams of rays are delayed or
refracted differently resulting in slight optical path differ-
ence and a shift in phase. When recombined into ellipti-
cally polarized light by a second prism after the objective

i, PWILEY .
‘J@gﬂ;& InterScience® www.starch-journal.com

% DISCOVER SOMETHING GREAT

Research Paper



2 J.-H. Lietal

lens, these phase-shifted paired rays partially pass
through the second polarizer, and subsequently generate
an amplitude image of the specimen through interference
at the image plane. Therefore, the difference in optical
path is translated into a change in amplitude visualized as
intensity in the final image observed in the eyepieces or
captured by a digital video imaging system [17]. What is
visualized by confocal DIC microscopy when the depth of
focus is narrow is a virtual slice (an optical section) of the
specimen, but without the need for fluorescent labeling,
as commonly required in CLSM. This application of DIC
microscopy for starch ultrastructure analysis has not
been reported.

Starch is synthesized in plants as granules with char-
acteristic size and shape that varies according to the
plant source. Thus, the source of starch is commonly
identified from its microscopic features [18]. However,
not all starches can be easily identified based on exter-
nal starch morphology. A convenient microscopic tech-
nique to explore aspects of granule ultrastructure (e.g.,
granule, growth rings, lamellae/crystallites, helices and
molecules) would be useful. The objective of this study
was to develop a protocol to apply laser DIC microscopy
in the characterization of the internal structure of starch
granules. We used this protocol to try to distinguish
among growth ring patterns for maize and potato
starches.

2 Materials and Methods

2.1 Starch sources

Normal maize starch (Melojel®) and waxy maize starch
(Amioca®) were obtained from National Starch Co.
(Bridgewater, NJ). Potato starch (S-4251) was purchased
from Sigma Chemical Co. (St. Louis, MO).

2.2 Lintnerization of starch

Starch treated with hydrochloric acid (2.2 M, v/v) is refer-
red to as lintnerized starch. A 50 mg starch sample was
hydrolyzed with 2 mL, 2.2 M aqueous HCI at 37°C for up
to 4 days in a shaking water bath. A 0.4 mL sample of the
partially hydrolyzed suspension was taken at 12, 24, 48,
and 96 h, then centrifuged (Eppendorf Centrifuge 5415C)
at 2000 x g for 3 min and washed three times with deio-
nized water. Finally, the volume of each sample was
adjusted with deionized water to 0.2 mL for microscopic
examination. Starch suspensions without acid hydrolysis
(10 mg in 0.2 mL water hydrated for 30 min) were used as
control (0 h hydrolysis). All starch hydrolyses were per-
formed in duplicate.
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2.3 Laser differential interference contrast
microscopy

After vortexing, a 5 pL portion of starch suspension was
immediately placed on a slide and covered by a cover slip.
The starch preparations were visualized within 5 min using a
confocal laser scanning microscopic system (Olympus
Fluoview 300, Olympus America Inc., Melville, NY). The
microscopic system consisted of an IX70 microscope with
differential interference contrast optics, a laser source, con-
focal scanning, and a monitor. A blue argon laser was set to
excitation wavelength of 488 nm and a red helium-neon
laser was set to excitation wavelength of 633 nm. Because it
led to better resolution, the blue laser was used for much of
this study. A starch granule from a non-clumpy area of the
slide was randomly selected. Focus was determined based
on what gave the maximum contrast in the plane, using an
objective PlanApo 60X/1.4 oil and an optical zoom (up to
10 x magnification). The settings were as follows: three-di-
mension (x-y-z) scanning mode, imaging rates of 3 frames/s,
512 x 512 pixel array size, and image depth resolution of
4096 gray levels (12-bit). With these settings, x, y-resolution
is 0.24 um and z-resolution is 0.28 um according to the
instrument configuration from the manufacturer. Sequential
images of 20 optical sections per granule were taken at a
continuous step size of 0.25 pm. For calculation of ring den-
sity, about 25 starch granules from each sample were pho-
tographed. Images were processed using deconvolution
software (AutoDeblur and AutoVisualization Version 9.1,
AutoQuant Imaging Inc., Waterliet, NY) to remove out-of-
focus haze and blur from stacks of optical slide/sections.
The brightness and darkness were adjusted using Adobe
Photoshop CS software. Quantification of ring structure of
starch granules was performed using analytical software of
Fluoview and Image-Pro Plus (version 5.0, Media Cyber-
netics Inc., Silver Spring, MD). Density of granule rings was
defined as the average number of rings per 10 um along the
long radius from the granule hilum to the exterior.

3 Results and Discussion

3.1 Effect of light source

Differential Interference Contrast micrographs of native
and lintnerized starches were constructed using blue
laser, red laser and normal bright light. Laser light is
monochromatic and coherent (single-phase), and con-
sists of directional waves with strong intensity, whereas
normal bright light is a range of diffuse (non-coherent)
wave lengths (400-750 nm) with weak intensity. Intense
illumination with narrow and shorter wavelength generally
results in higher image resolution. Fig. 1 shows the struc-
ture of an optical section of the same granule revealed
using the blue and the red laser. Alternate dark and light
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Fig. 1. Laser DIC micrographs of an optical section from
a lintnerized normal maize starch granule hydrolyzed for
24 h at 37°C using red (A and B) and blue laser (C and D).
A and C, before deconvolution; B and D, after deconvo-
lution. Scale bar =5 pm.

rings showed a symmetrical ring pattern. The blue laser
revealed clearer granule internal structure with less blurring
(Fig. 1 C) than either red laser (Fig. 1 A) or normal light (data not
shown). The blue laser was used for subsequent visualization.

3.2 Image deconvolution

Image deconvolution is a computational technique to
improve the contrast and resolution of digital images
obtained. A suite of methods are designed to remove or
reverse the out-of-focus blurring [19]. Individual images and
those collected from a series of optical sections are suitable
for improvement by deconvolution. The laser DIC micro-
graphs of an optical section of a granule from lintnerized
normal maize starch with and without deconvolution analy-
sis are shown in Fig. 1. Compared to the original image
(Fig. 1 A, C), the deconvolved image (Fig. 1 B, D) more
clearly revealed the internal ring structure of the starch
granule. The contrast of the deconvolved image using the
blue laser (Fig. 1 D) was also better than that using the red
laser (Fig. 1 B). Consequently this deconvolution method
was applied for subsequent images reported below.

3.3 Optical sectioning

The optical sectioning ability of the DIC system enables
high-resolution images to be obtained from focal planes,
effectively allowing visualization of thin sections, within a
relatively thick specimen. Laser DIC micrographs of an opti-
cal section series of a single lintnerized starch granule from
normal maize starch at the step size of 1.25 um are shown in
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Fig. 2. The optical sections were focused at each step size
and the thickness of the optical section is limited by the
z-resolution. The diameter of the section increased from the
two uppermost section planes (z=1, z=2) to the central
section planes (z=3-6). The central section planes showed a
constantring density in the central region of the granule. Our
interpretation is schematically illustrated in Fig. 3, indicating
a continuous internal ring structure within starch granules.
Although some interference pattern outside granules is evi-
dent, the rings internal to the granule are either only evident
after acid hydrolysis (for maize) or highly asymmetrical (for
potato). Thus these rings are not artefactual. Moreover, the
growth rings for normal maize starch bear a striking resem-
blance to those described by Ridout et al. [20] for lightly
iodine-stained maize starch that is physically sectioned.
One advantage of laser DIC microscopy compared to
CLSM is that there is no photo-bleaching (rapid loss of flu-
orescent signal with time) effect during the observation for
developing stacks of images by series sectioning.

z=5

Fig. 2. Laser DIC micrographs of optical section series (at
z-step size of 1.25 pm) of a single lintnerized normal maize
starch granule hydrolyzed for24 hat 37°C. Scale bar =5 um.

Diameter (=15 pm)

Z-step size
(1.25 pm)

NN B W N —

Fig. 3. Schematic optical sectioning of a single starch
granule by a laser DIC microscopy. The position of sec-
tions from1 to 6 corresponded to z=1 to z=6 in Fig. 2.
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3.4 Laser DIC microscopy of native starches

In the laser DIC micrographs of native maize starch gran-
ules, growth rings around the hilum were not clearly
observed; however, a central cavity with internal chan-
nels/cracks was frequently observed (labeled as arrows in
Fig. 4 C, E). For native potato starch granules, a number of
layers of ring structure around the hilum and polarized
crosses were evident even in the native starches (Fig. 4
A). Symmetrical rings were often off center for potato
granules and ring density was highly variable with granule
direction (Fig. 4 A). There is little evidence of rings for the
native maize starches.

£ =%

Yo\ ) e
Fig. 4. Laser DIC micrographs of native (A, C, E) and
lintnerized starch granules hydrolyzed for 12 h at 37°C (B,
D, F). A and B, potato starch; C and D, normal maize
starch; E and F, waxy maize starch. Scale bar = 10 pm.
Arrows indicate central cavity with internal channels/
cracks. Note: The scale was chosen to illustrate structural
variation among granules.

3.5 Laser DIC microscopy of lintnerized
starches

Acid causes scission of the most susceptible glucosidic
linkages of starch. A mild acid hydrolysis is introduced to
remove the amorphous and poorly crystalline regions of
the granule without substantially changing the granular
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shape. The hydrolysis pattern, extent, and rate of hydro-
lysis depend on starch origin, acid type and concentra-
tion, and hydrolysis duration [21, 22].

Ring structures were evident in the central region of all the
starch granules at 12 h hydrolysis (Fig. 4 B, D, F); at 24 h
and 48 h hydrolysis, rings were apparent increasingly
closer to the granule periphery (Fig. 5), indicating that the
central region of the granule may be most susceptible to
acid attack, perhaps because it is least well organized at
the molecular level. At 96 h hydrolysis (data not shown),
residual granules rapidly fragmented or cracked during
observation, most likely due to increased fragility of the
granules because of the removal of the more ductile con-
necting amorphous zones.

The hydrolysis pattern differed between potato and maize
starches (Fig. 5). A number of main layers of ring structure
with sub-layers around the hilum were more clear in
potato starch granules at 24 h to 48 h hydrolysis (Fig. 5 A,
B) than at 12 h hydrolysis (Fig. 4 B) and fragmented into
several layers with rings after 96 h hydrolysis under the

Fig. 5. Laser DIC micrographs of lintnerized starch gran-
ules hydrolyzed for24 h (A, C, E)and 48 h (B, D, F) at 37°C.
A and B, potato starch; C and D, normal maize starch; E
and F, waxy maize starch. Scale bar = 5 um. Note: After
treatment, little variation was observed among granules.
The scale was chosen to show granule detail.
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high-intensity laser beam (data not shown). In normal
maize and waxy maize starch, the hydrolysis started from
the central region of the granule toward the periphery
region of the starch granules indicated by increasing ring
density (Fig. 5 C, D, E, F), but the hydrolysis of waxy starch
seemed to be faster than that of normal maize starch and
frequently resulted in cracks crossing the central region of
the granule (Fig. 5 F). At 48 h hydrolysis, the granule integ-
rity of the waxy maize starch appeared compromised.

3.6 Quantification of ring structure

Density of rings (defined as the number of visible rings per
10 pm along the maximum granule radius from the hilum)
was measured when granule rings were clearly visualized
and granules were mechanically intact (24-48 h hydro-
lysis). Potato starch granules had a lower ring density
(7.5+1.2) than did maize starch granules at the same
length of radius. Ring density in waxy maize (12.1+1.6)
was similar to that in normal maize starches (11.3+1.6).

4 Conclusions

In combination with acid hydrolysis, laser DIC microscopy
may be used to visualize starch granule growth rings. It is
a fast technique with minimum sample preparation.
Compared to SEM and TEM, there is little possibility of
artifacts caused by coating, fixation, dehydration,
embedding, or sectioning. The pattern of the appearance
of growth rings after limited hydrolysis and the loss of
granule integrity after extensive hydrolysis may provide
insight into the differences in the ultrastructure of starch
granules from different sources.
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