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Abstract
Starch is a major source of our daily diet and it is important to understand the molecular structure that plays a significant role in its
wide number of applications. In this review article, microscopic structures of starch granules from potato, corn, rice canna, tania,
wheat, sweet potato, and cassava are revealed using advanced microscopic techniques. Optical microscopy depicts the size and
shape, polarizationmicroscopy shows the anisotropy properties of starch granules, scanning electronmicroscopy (SEM) displays
surface topography, and confocal microscopy is used to observe the three-dimensional internal structure of starch granules. The
crystallinity of starch granules is revealed by second harmonic generation (SHG) microscopy and atomic force microscopy
(AFM) provides mechanical properties including strength, texture, and elasticity. These properties play an important role in
understanding the stability of starch granules under various processing conditions like heating, enzyme degradation, and hydra-
tion and determining its applications in various industries such as food packaging and textile industries.
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Introduction

Starch is an important polymeric carbohydrate, found in rice,
potato, maize, wheat, etc. It is stored as granules in the amy-
loplast and constitutes a major part of our diet (Buleon et al.
1998; Roy et al. 2013; Ong and Blanshard, 1995; Sunderram
and Murthy, 2014; Oostergetel and Van Bruggen, 1993). The
morphology of the granule depends on its biological origin;
for example, rice starch granules are polygonal in shape and
their diameter on average is usually < 5 μm, and potato starch
granules are elliptical in shape and are > 75 μm in diameter as
shown in Table 1 (Sunderram and Murthy, 2014; Pérez and
Bertoft, 2010; Perez-Rea et al. 2013). The granules may pres-
ent individually (simple) or as cluster (compound) composi-
tion. These granules contain growth rings comprising of amor-
phous and crystalline domains which are formed by a complex
network of amylose and amylopectin, organized in the form of

alternating concentric shell-like structures of 120–400 nm
thickness (Fig. 1). Amylose is a linear chain of glucose units
linked by α-1,4 glycosidic bonds whereas amylopectin is the
highly branched chain-like structure present at the α-1,6 po-
sition along the linear chain of glucose units (Buleon et al.
1998). Physiologically, starch is broken down by enzymes
into monomeric glucose units and utilized as an energy
source. The desired quality of starch-based foods can be ob-
tained only through a thorough understanding of starch-water,
starch-amylase interaction and by optimizing the processing
procedures (Roy et al. 2013; Gallant et al. 1992; Fannon et al.
2004).

Starches are divided into resistant, slowly degradable and
digestive starches. When the starch is undigested in the small
intestine, it is called resistant starch. This starch is indigestible
by the enzymes of the human body; however, in the large
intestine, it is fermented by the gut microbiota into metabolites
such as short chain fatty acids, gases, organic acids, and alco-
hols (Gallant et al. 1997). Generally, starches with high amy-
lose content have increased resistant starch content and are not
fully broken down because of its straight chains which limit
the amount of surface area exposed for digestion. Uncooked
food contains high amount of resistant starch. However, this
amount decreases when starch is cooked. Again, processed
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food is easily digested to release more glucose that can be
absorbed by human body. Consumption of easily digestible
starches increases the blood glucose levels which can lead to
metabolic disorders including obesity, diabetes, and also to
cell, tissue, and organ damage (Roy et al. 2013; Gallant
et al. 1997).

There are various biochemical tests, microscopy, and ana-
lytical techniques which reveal the molecular and structural
changes in hydrated starch granules upon interacting with am-
ylase (Pérez and Bertoft, 2010). The amylases from

microorganisms are an important source of industrial enzymes
as compared to other sources. This is due to the plasticity and
vast availability of microorganisms. Microbes are obtained
from cost-effective sources, require less space, are easy to
handle, and grow rapidly, which in turn speeds up the produc-
tion of the enzymes (Yamada et al. 1995; Sarko and Wu,
1978). Bacterial degradation of starch is one of the most im-
portant processes in the food and fermentation industries for
ethanol production and textile industries (Gallant et al. 1997;
Yamada et al. 1995; Sarko and Wu, 1978). Recently,

Table 1 Characteristics of starch
granules from different botanical
sources

Starch Type Shape Distribution Size (μm)

Maize (waxy and normal) Cereal Spherical/polyhedral Unimodal 2–30

Potato Tuber Lenticular Unimodal 5–100

Rice Cereal Polyhedral Unimodal 3–8 (single)

Wheat Cereal Lenticular (A-type) Bimodal 15–35

Spherical (B-type) 2–10

Pea Legume Rentiform (single) Unimodal 5–10

Fig. 1 Overview of starch
granule structure. Lowest level of
starch granule organization
(upper left) shows alternating
crystalline and semi-crystalline
shells. At a higher level of
structure, the blocklet structure is
shown. At the next highest level
of structure, one blocklet is shown
containing several amorphous
crystalline lamellae. In the next
diagram, the starch amylopectin
polymer in the lamellae is shown.
At the highest level of order, the
crystal structures of the starch
polymers are shown.
Figure reproduced from Gallant
et al. (1997) with kind permission
from Elsevier
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genetically modified organisms are used for industrial produc-
tion of enzymes. Amylases are classified into α-amylase
(endo-acting), β-amylase (exo-acting), and γ-amylase
(debranching enzymes) (Gallant et al. 1997; Alacazar-Alay
et al. 2015). In its most general role, amylase hydrolyzes
starch into sugars. Endo-amylases catalyze the hydrolysis in
a random manner in the starch molecule producing various
lengths of linear and branched oligosaccharide chains. Exo-
amylases act on the non-reducing end thereby producing short
end products (Gallant et al. 1997; Liu et al. 2015). Among
these enzymes, alpha-amylase is ubiquitously distributed
(found in plants, microorganisms, etc.). It is the major form
of amylase present in humans and is in increasing demand due
to its important role in starch hydrolysis and is faster acting
when compared to β-amylase as it can randomly cleave am-
ylase and amylopectin (Alcázar-Alay and Meireles, 2015). In
this review, we are reviewing the effect of α-amylase on var-
ious types of starch granules. There are several biochemical
tests, spectroscopic methods, to investigate the effect of α-
amylase on the starch granules (Qin et al., 2011; Souza,
2010; Ji et al. 2004). However, microscopic studies of starch
granules using advanced microscopic techniques provide
more insightful information.

In this review, we describe starches from potato, corn, rice
canna, tania, wheat, sweet potato, and cassava. Common pu-
rification strategies were used for particular sources of starch.
As the purification strategy can influence the subsequently
observed properties here, we describe the canonical protocols
used throughout the reviewed material for isolation of starch
from the three most common starting source materials rice,
potato, and corn. Starch isolated from rice was gotten using
the method of Qin et al. (2011). Characterization of the starch
granules using compound microscope, polarization micro-
scope, scanning electron microscope (SEM), confocal micro-
scope, atomic force microscope (AFM), and second harmonic
generation (SHG) microscope. The microscopic structures
play a key role in starch digestion. The abovementioned mi-
croscopy techniques provide various information complimen-
tary to each other.

Sample preparation

In this review, starches from potato, corn, rice, yam, edible can-
na, tania, wheat, sweet potato, cassava, etc. are used. We are
describing the starch isolation from rice, potato, and corn for
reference. Starch was isolated according to the method of Qin
et al. (2011). Commercially available milled rice was purchased
from a local store and used in the experiment. Ten grams of rice
flour was added in 20 mL 0.1%NaOH and incubated for 18 h at
4 °C. The slurry was homogenized at high speed for 2 min and
centrifuged at 176g for 10 min. Then, the bottom layer of starch
was washed with 0.1% NaOH followed by water and

neutralized with 1.0 N HCl to pH 6.5 and centrifuged. The
starch was then washed with distilled water and lyophilized
(Qin et al. 2011). The potato starch granules were extracted from
commercially available potatoes by suspending freshly cut
pieces inMilli-Qwater at room temperature for 24 h. The potato
pieces were discarded once the starch grains settle to the bottom
of the beaker. The liquid was centrifuged 3–4 times at 806g for
15 min at 4 °C. The starch was then washed with distilled water
and lyophilized (Chen et al., 2011a).

Whole corn kernels were collected, cleaned, and soaked in
5 mL of 1% sodium metabisulfite solution (0.67% SO2) at
45 °C for 1–3 days. The pericarp and germ were manually
removed using forceps. The separated endosperm was put in a
50 mL centrifuge tube containing 10 mL of distilled water and
homogenized using a vortex type tissue homogenizer (Ultra-
Turrax T25, 600W, Tekmar, Cincinnati, OH) at 560g for 30 s.
The slurry obtained was filtered using a 30 μm nylon filter
under vacuum with several washes, to obtain a total wash
water volume of 500 mL. The coarse and fine fibres and parts
of the protein were filtered out during this step. The protein-
starch mixture present in the filtrate was further separated by
either centrifugation or sedimentation. Each sample was sep-
arated three times, with 250 mL of distilled water being used
for each separation. All treatments were performed 5 times,
and the results were averaged (Murphy 2002). These starch
samples were lyophilized and stored for microscopic analysis.

Optical microscopy of starch granules

The optical microscope uses visible light and lenses to magnify
the image of small specimens which, in the modern era, can be
recorded digitally. An optical microscope can be used to deter-
mine the size and shape of a specimen precisely and for live cell
imaging with minimum photodamage (Murphy 2002; Shaw
2006). The effect of α-amylase on starch granules was observed
under optical microscope through the disruption of morphology
of the starch. Samples were prepared by dissolution in a solution
[0.1 M acetate buffer (100 mL, pH 5.6), 300 L-Novozymes
(Denmark)] which contains Aspergillus oryzae α-amylase that
was added to 25 g of starch (Canna, Cassava, Tania) and stirred
at 32 g for 8 h at 60 °C, and the remaining starch was washed
after hydrolysis and dried at 40.8 °C for microscopic observa-
tions. A drop of the starch-water mixture was placed on a cov-
erslip and after this mixture adhered to it, it was covered with
another cover slip. The prepared samples were mounted upside
down on the stage of the optical microscope for observation.
Native Manihot esculenta starch granules had smooth surfaces
but after the enzymatic action, irregular surfaces were observed.
Figure 2 shows very little changes in the starch granules of
Xanthosoma sagittifolium before and after hydrolysis but some
granules displayed molten appearance. Thus, starch morphology
and enzymatic effects were investigated and analysed in
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transmitted optical microscopy (Perez-Rea et al., 2013).
However, optical microscope limits its imaging contrast. The
contrast can be improved using polarization microscopy.

In another study, twelve starch granules were used from
sweet potato, rhizome of lotus and yam, tuber of potato, corm
of water chestnut, and seeds of pea, bean, barley, wheat, lotus,
water caltrop, and ginkgo (Cai and Wei, 2013). Hilum is the
core of the granules from where the growth rings arise. Based
on the type of hilum, there are 2 types of starch granules:
central hilum and eccentric hilum. When starch granules were
heated in the presence of water, the amorphous regions
absorbed water resulting in gelatinization. This process can
be viewed in situ using a polarization microscope and a hot
stage. This process is economically important and exploited in
food industries (Fonseca-Florido et al., 2017). The morpholo-
gy of the starch granules was studied using a normal optical
microscope. As shown in Fig. 3, potato starch granules were
either large ovals or small spheres with an eccentric hilum.
Lotus rhizome starch showed heterogeneous shapes with an
eccentric hilum. Yam starches were slightly oval with an ec-
centric hilum. Pea and bean starches were observed to be oval
containing a central hilum. Wheat and barley starches had
bimodal size distribution, i.e. large granules were disc shaped

and smaller ones spherical, both with central hilum. Lotus
seed, water caltrop, and water chestnut were mostly oval with
a central hilum. Sweet potato starches were mostly spherical
with a central hilum and their sizes varied significantly. The
effect of gelatinization can be studied using a polarization
microscope (Cai and Wei, 2013).

To summarize, optical microscopy is the basic imaging
technique for morphological analysis of starch granules. It is
simple and cost effective compared to other advanced micros-
copy techniques such as scanning electron microscope (SEM)
and confocal microscope. However, it does not give informa-
tion about finer structures. The image contrast can be increased
using polarization microscope, iodine staining (Jacobson et al.
1997). It is generally used to determine the birefringence prop-
erty of the starch granules, growth rings, and hilum and also to
analyse the structural changes before and after hydrolysis.

Polarization microscopy of starch granules

Polarization microscopy is one of the simple techniques to
investigate the local anisotropy of the optical properties of
the specimen such as refraction and absorption (Carlton
2011). Any specimen whose refractive index depends on

Fig. 2 Optical microscopy of
native and hydrolyzed starch
granules. The (a), (b), (c), and
(a1), (b1), (c1) micrographs show
untreated and treated starch
granules with enzyme
respectively. (a) Canna indica
(edible canna). (b) Manihot
esculenta (cassava). (c)
Xanthosoma sagittifolium (tania).
Scale bar in images (a), (a1) is
50 μm; (b), (b1), (c), (c1) is
20 μm. Figure reproduced from
Perez-Rea et al. (2013) with kind
permission from Wiley
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polarization propagation direction of light is said to be birefrin-
gent that shows a characteristic variation of intensity of light.
An optical microscope can be modified into a polarization
microscope by addition of a polarizer before the sample and
an analyzer before the detector which results in a double re-
fractive index. Polarization light microscopy is a contrast-
enhancing technique for optical anisotropic materials such as
starch, cellulose, and live cell imaging. Optical anisotropy is a
consequence of molecular order in crystals which provides a
sensitive tool to analyse the molecular orientation or fine struc-
tural form in a specimen (Shalin et al. 2013). By its very nature,
polarizing microscope provides structural information at a sub-
microscopic level. In native starch granules, the principle com-
ponent of the amorphous region is made up of amylose and the
branching points of amylopectin, and the linear branches of
amylopectin and some amylose association in crystalline dou-
ble helixes that arrange in parallel fashion, forming the crystal-
line structure. Due to the orderly arrangement of the crystalline
areas, these starch granules show birefringence, with an inter-
ference pattern seen as Maltese cross under polarized light.

Cai et al. (2013) investigated the morphology of starch gran-
ules and identified the disruption of this pattern upon gelatini-
zation. Starches from different sources were taken and imaged
using a polarization microscope. Photomicrographs of starch
granules taken under polarized light are shown in Fig. 4. It
was observed that hilum positions of potato oval and spherical

starches were at one end of the granules (Fig. 4a). The hilum
positions of lotus rhizome and yam starch were at one end of the
granules (Fig. 4b, c) and that of pea, bean, barley, wheat, lotus
seed, water chestnut, and ginkgo starches were centre of the
granules (Fig. 4d–k). Most sweet potato granules had central
hila and some of them had hila at one end of the granule (Fig.
4i) (Cai and Wei, 2013).

Perez-Rea et al. (2013) investigated the effect of α-amylase
on starch granules (canna, cassava, tania) with regard to molec-
ular crystallinity using a polarization microscope. It was ob-
served that on hydrolyzing the starch granules for 8 h at
60 °C by the commercial enzyme Fungamyl 800 L which
contained Aspergillus oryzaeα-amylase, the native starch gran-
ules showed birefringencewith the typical “Maltese cross”. The
destruction of starch granules was observed after hydrolysis and
this process occurred with concomitant loss of the birefringence
signal from semi-crystalline areas. A gradual decrease of bire-
fringence of starch may be observed in concentration-
dependent α-amylase (Fig. 5). Since the spatial resolution of
the polarization microscope was a few microns, the molecular
resolution was achieved using an electron microscope.

Tapia et al. (2012) investigated the properties of starch and
starch-edible films form under-utilized roots and tubers from
Venezuelan Amazons. The determination of granular shape and
Maltese crosses of starch were done using polarization micro-
scope (here, optical microscope was fitted with polarized light

Fig. 3 Morphology of starch granules under normal light microscope. a
Potato. b Lotus rhizome. cYam. d Pea. eBean. fBarley. gWheat. h Lotus
seeds. i Water chestnut. j Water caltrop. k Ginkgo. l Sweet potato. Scale

bar = 20 μm. Figure reproduced from Cai and Wei (2013) with kind
permission from Elsevier
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filters). It was observed that the polarized light micrographs of
starch isolated from Ipomoea batatas, Arracacia xanthorrhiza,
Colocasia esculenta, X. sagittifolium, and Dioscorea trifida
(grown in Venezuelan Amazons) showed granular shape and
typical Maltese crosses. Variable granule size and shape were
observed, such as shells, rounded, egg-truncated, and bells.

A study by Wang et al. (2018) investigated the physio-
chemical properties of C-type of starch from root tuber of
Apios fortunei and compared it with the maize, potato, and
pea starches. Polarized light microscope was used to observe
the morphology of starch granules. The results showed that
A. fortunei starch exhibited a spherical, polygonal, and ellip-
tical shape with central hila. The starch granules of maize had
polygonal shape with central hila; potato starch had small

spherical granules with central hila and large ellipsoidal gran-
ules with eccentric hila; and pea starch had elliptical granules
with central hila. It was also observed that A. fortunei showed
unimodal size distribution and its granule size was smaller
than the maize and potato starch granule sizes. Maize, potato,
and pea starch had bimodal size distribution and their sizes
varied in small and large granules.

In summary, polarization microscopy is a technique used to
visualize specimens exhibiting birefringence. Native starch
shows birefringence in the form of maltese cross structures
and observed with high contrast under a polarization micro-
scope. Starch gelatinization is a process of breaking down the
intermolecular bonds of starch molecules in the presence of
water and heat, allowing the hydrogen bonding sites to be

Fig. 5 Polarization microscopy of
native and hydrolyzed starch
granules by commercial enzyme,
Fungamyl 800 L. The (a), (b) and
(a1), (b1) micrographs show
untreated and treated starch
granules with enzyme
respectively. (a) Canna indica
(edible canna) and (b) Manihot
esculenta (cassava) showing
hilum location in the starch
granules. Figure reproduced from
Perez-Rea et al. (2013) with kind
permission from Wiley

Fig. 4 Morphology of starch granule under polarization microscope. a
Potato. b Lotus rhizome. cYam. d Pea. eBean. fBarley. gWheat. h Lotus
seed. i Water chestnut. j Water caltrop. k Ginkgo. l Sweet potato. Scale

bar = 20 μm. Figure reproduced from Cai and Wei (2013), with kind
permission from Elsevier
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occupied hence causing starch to lose its order and hence also
its birefringence property. This can be clearly investigated
using a polarization microscope. Hence, it is an efficient tech-
nique to detect changes in the structure of the birefringent
samples after any treatment.

Confocal scanning laser microscopy of starch granules

Confocal scanning laser microscopy (CSLM) is a type of opti-
cal microscopy which allows the acquisition of images from
the primary focal plane by eliminating out of focus light using
an aperture diaphragm (pinhole). During the imaging of the
specimen, the primary focal plane of the objective lens is con-
verted into a “conjugate” focal plane close to the detection
system. Opening the aperture diaphragm allows more planes
to contribute to the image formed. Starch imaging using CSLM
allows for examination of the different cross-sections of starch
without the use of any sectioning techniques. It provides high-
resolution images of different sections of starch which can be
stacked together to obtain a three dimension (3D) image of the
starch granule. CSLM is used to visualise starch granules from
various botanical sources (Velde, Riel and Tromp, 2002).

In a study, starch granules were tagged with APTS (8-ami-
no-1,3,6-pyrenetrisulfonic acid) and analysed using CSLM
(Glaring et al. 2000). SEM images were also used to find the
detailed information on the external structure of the granules.
APTS specifically reacts with the reducing ends of sugar mol-
ecules in starch granule and since amylose is smaller in size, it
has a higher molar ratio of reducing ends resulting in higher
by-weight labelling of amylose. Images of APTS-tagged
starch showed specific internal structures such as growth
rings, channels, and distribution of amylose and amylopectin
within the molecule. In pea, the hilum appears to be diffused
and elongated and the growth rings are formed around it. This
could explain its irregular shape (Fig. 6 c, d). In maize, growth
rings were observed to be cut off at the surface. This could be
due to the formation of the granules; the growth was enhanced

or stopped in certain regions (Fig. 6k). A possible explanation
for this irregularity in growth pattern is the interaction of the
surface with external environment. High amylose maize starch
showed smooth and round granules. Potato (Fig. 6a, b), wheat
(Fig. 6e, f), and barley (Fig. 6 g, h) starch granules were found
to have regular round structures. In the rice starch granules,
the growth rings were not visible. This could be due to their
smaller size and more uniform distribution of amylose (Fig.
6i, j). A unique feature of rice starch was the observation of
triangular regions with intense APTS staining. It had one cor-
ner anchored to the hilum and the other to the opposite flat
face located at the granule edge. Altered distribution of the
amylose chain in relation to the proposed growth ring struc-
ture gave an idea about the starch granule deposition. Integrity
of the starch granule was found to be closely related to the
amylose content (Glaring et al. 2000).

In another study, CLSM cross-sections of different corn
starches, with and without APTS, were studied and it was
observed that the intensity of APTS fluorescence was greater
in amylose-rich starch. Internal cavities and channels of starch
were also seen by CLSM after labelling with APTS. These
channel structures vary in different starch granules depending
on the amylose content. The higher the content of amylose
present in starch, the higher is the number of channels present
within the granule. In maize starch with low amylose concen-
tration (Fig. 7 a, b), these channels can be visualized as dark
lines running from the outer surface towards the hilum.
Whereas in high-amylose starch granules (Fig. 7c, d), it is seen
as concentric rings. CLSM imaging showed that the growth
rings were not visible without any treatment. Acid treatment is
an ideal method to image this structure. On treatment with
dilute hydrochloric acid, the growth rings become discernible
because of the difference in susceptibility of each layer to
hydrolysis (Chen et al., 2011b).

The amylose content of banana starch granules was deter-
mined using APTS staining followed by CLSM imaging by
Peroni-Okita et al. (2013) (Fig. 8). In the images obtained

Fig. 6 CLSM optical images of the following: a normal potato starch
granule; b high-amylose potato starch granule; c, d pea starch granule;
e, fwheat starch granule; g, h barley starch granule; i rice starch granule; j

maize starch granule; k high-amylose rice starch granule; l high-amylose
maize starch granule. Figure reproduced from Glaring et al. (2006),
Biomacromolecules, with kind permission from ACS publications
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(Fig. 8a), growth rings were clearly visible around the hilum.
In a previous study, it was found that amylose is present be-
tween amylopectin molecules within the starch granule and
near the surface of the granule. The results of this study re-
vealed that amylose was concentrated between the growth
rings in the amorphous region of the granule. The confocal
images also showed that the format of the starch in ripe, cold-
stored banana is different from that of the control group
(Peroni-Okita et al. 2013).

The starch molecules of transgenic, hydrated, and native
APTS-labelled starch granules were also visualized using con-
focal microscopy (Fig. 8b) (Blennow et al. 2003). Combined
analysis of molecular, structural, and bioimaging of transgenic
starch granules has helped us understand several processes
behind starch granule morphogenesis. Normal and low-level
amylose starch granules show an intense, 1 μm (approx.),
fluorescence dot at the hilum indicating a high amylose con-
centration at the centre of the granule. The presence of several
surface protrusions indicates the irregular packaging of the
molecules in these regions. With the help of CLSM and
SEM imaging techniques, some rough areas were observed

whose position was localized to the opposite side of the hilum.
Starch with suppressed starch-branching enzyme (SBE;
transgenically modified variety) was found to have a high
concentration of phosphate, amylose, and long amylopectin
side chains. On observation using CLSM microscopy, they
were observed to have rough outer surfaces with deep internal
cracks. Even though the native starch obtained from Curcuma
zedoaria has a high phosphate and amylose concentration, it
does not show any fissures and has a smooth surface. In an-
other transgenically modified plant, presence of antisense of
the GWD enzyme within the starch granules resulted in re-
duced phosphate concentration. However, there was an in-
crease in the number of fissures and low molecular weight
amylopectin. These fissures did not appear to be very severe
when compared to those of SBE starch granules but some-
times they appeared to protrude at the surface of the granule
(Blennow et al. 2003). It is known that in the presence of
ligands like iodine and linear alcohol, the amylose present
within the starch granules tend to adopt a compact helical
conformation and form a complex with the ligand, which
gives rise to “V-amylose”. In a study, the formation of this

Fig. 8 CLSM optical sections of a starch granules isolated from banana
showing concentric growth rings around the hilum. Figure reproduced
from Peroni-Okita et al. (2013), with kind permission from Elsevier Ltd.

b Transgenically modified potato starch showing growth rings, rough
surface, and deep fissures. Figure reproduced from Blennow et al.
(2003), with kind permission from Elsevier

Fig. 7 Internal structure of a waxy maize (low amylose); b normal maize (low amylose); c G50 maize starch granule (high amylose); and d G80 maize
starch granule observed under CLSM optical imaging. Figure reproduced from Chen et al. (2011a) with kind permission from Elsevier
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inclusion complex between amylose of starch from different
sources and lipophilic molecules labelled with fluorescein was
studied. CLSM images were obtained below the gelatinization
temperature to study this interaction. By analyzing the images
of waxy and not-waxy starch granules, it was observed that
the amylose present at the periphery of these granules interacts
with aliphatic chains of the lipophilic molecules specifically
and forms inclusion complexes. It was also confirmed that
long-chain amylopectin could also form complexes with the
ligand (Manca et al., 2015).

To summarize, CLSM is a powerful tool for imaging starch
granules. It is not limited to native starch granules and can also
be used to image gelatinization of starch paste, observe cross-
sections of granules, and even obtain images of optically
dense specimen. It allows us to observe starch in its natural
environment. This lets us study the structure of starch granules
from their sources, through the processing steps, to the final
(food) product.

Scanning electron microscopy of starch granules

The scanning electron microscope (SEM) scans the sample
with a focused beam of electrons to produce a reflected image
of higher magnification than is capable through use of an
optical microscope (Egerton, 2005). The sample is prepared
by first coating it with a very thin layer of a suitable metal
coating such as silver or gold (Sujka and Jamroz, 2009).
Detection of the secondary electrons produced by the metal
adlayer coating on the specimen is used to generate a reflected
image containing surface topology and composition (Egerton,
2005). Spatial resolution of optical microscope is limited due
to the visible light diffraction; this problem is resolved by
decreasing the wavelength of incident light. In SEM, the elec-
trons are accelerated to produce a high-energy beam, and
hence, the wavelength created is much shorter than that of
visible light (Pérez and Bertoft, 2010). SEM provides high-
resolution images, but these images lack contrast when com-
pared to polarization images. SEM is widely used to study the
organization of shells in granules, but very limited information
can be obtained on the molecular structure and arrangement of
lamellae (Pilling and Smith 2003).

A growing appreciation of the importance in the food and
starch industries is occurring due to the topic’s high economic
and industrial relevance. In one study, AmyBS-I (a raw-starch-
digesting amylase gene) from Bacillus subtilis strain AS01a was
cloned and expressed inEscherichia coliBL21 cell. The purified
enzymewas obtainedwhich showed an optimum activity at 7 °C
and pH 6.0 (Roy et al. 2013) and glucosewas able to hydrolyze a
wide range of raw starches (wheat, rice, and potato) to produce
mainlymaltose and glucose. The samplewas prepared by adding
5.0 mL of 2% (w/v) starch to 50 mM sodium phosphate buffer
(pH 6.0) with a concentration of 10 g/mL AmyBS-I and was
incubated at 60 °C for 6 h. The efficiency of raw starch digestion

due to AmyBS-I was observed under SEM. Figure 9 compares
the SEM images of starch granules before and after hydrolysis
with the enzymes with the enzyme, AmyBS-I. Starch granules
after degradation showed shallow and deep cavities on its sur-
face. Potato, rice, and wheat starches were 61%, 58%, and 44%
hydrolyzed respectively. Only a limited number of bacterial am-
ylases can degrade raw potato starch. Hence, AmyBS-I has a
potential application in food and fermentation industries with
relation to potato starch hydrolysis (Roy et al. 2013).

In another study, the effects of α-amylase obtained from a
mutant type of Bacillus amyloliquefaciens on raw wheat, po-
tato, corn, sweet potato, and rice starches were observed under
SEM (Demirkan et al. 2005). To prepare sample, first, starch
was washed with Milli-Q water and dried, then 5% of each
type of starch was suspended in 400 mL of 50 mM acetate
buffer (pH 5.5) containing 10 mM 2-ME (mercaptoethanol),
5 mM CaCl2. The reaction began by the addition of 100 mL
enzyme solution to it. Enzyme substrate mixtures were incu-
bated for 24 h and then centrifuged. The supernatants were
used to determine amount of released sugars using
dinitrosalicylic acid method with maltose as the standard.
The starch grains were washed twice with pure ethanol/t-
butyl alcohol and lyophilized for obtaining SEM images.
Degradation patterns of raw starch granules were observed
by SEM (Fig. 10). The degradation begins on the surface
and proceeds towards the centre. The enzyme activity is
higher in the case of corn, rice, and wheat starches, while
potato and sweet potato starches are resistant to degradation.
The effect of enzyme is clearly observed in SEMmicrographs
(Demirkan et al. 2005).

In a study by Li et al. (2011), they investigated the effect of
α-amylase on yam starch granules at various time points of
incubation (12, 24 h). A starch-α-amylase mixture was pre-
pared using 20 g of native yam starch, 75 mL of 20 mmol/L of
phosphate buffer at pH 6.9, and 200 U enzyme/g α-amylase.
The morphology of the native starch granule was large, oval to
small, irregular in shape. With the increase in incubation time,
small starch granules were broken down along with some
integrated granules. After 12 h of hydrolysis, the inner struc-
tures of the starch granules were degraded, whereas the starch
surface remained smooth with the presence of a few fissures.
After 24 h of incubation, the granules were completely broken
down into small pieces when observed under SEM. In this
study, it was concluded that the core of the granule is easily
attacked by the α-amylase and that it hydrolyzes internal α-
1,4-glycoside bonds of amylose which is amorphous and the
crystalline part on the surface of starch granules. Mu et al.
(2015) investigated the susceptibility of starch granules to
different concentrations of α-amylase at different levels of
high hydrostatic pressure (HHP) and the extent of starch hy-
drolysis. The molecular structure of native, HHP-treated, hy-
drolyzed native and hydrolyzed HHP600-treated potato
starches were observed using SEM micrographs as shown in
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Fig. 11. Native potato starch shows a smooth granule surface,
a typical elliptical and spherical shape without any cavities or
fissures. The extent of degradation increases at higher enzyme
concentrations. HPP treatment gelatinizes the starch granules
partially, thus increasing their susceptibility to enzymatic deg-
radation when compared to native forms (Mu et al. 2015).

In another study, the morphologies of normal and high-
amylose maize starches were compared. SEM images of nor-
mal maize starch showed homogenous polygonal granules.
Magnified images displayed several cavities on the granule
surface (Fig. 12). High-amylose starch showed significant het-
erogeneity and consisted of three different types of granules:
individual granules, aggregated granules, and elongated gran-
ules. The individual granules had smoother surfaces, smaller
size, and were rounder in shape than normal maize.
Aggregated and elongated granules were significantly differ-
ent from the individual granules, showing rough and lumpy
shapes. Pores were absent on the surfaces of all these granules
(Cai and Wei, 2013).

Previous studies suggest that the growth ring formation is
under the control of two biological mechanisms: diurnal rhythm
(day/night variations in the environment) and circadian rhythm
(persists in the absence of environmental cycles). These theories
were tested in a study conducted by Pilling and Smith (2003). A
plant was subjected to constant conditions with altered photo-
periods. They also examinedwhether formation of growth rings
was influenced by the structure of starch polymers, i.e. by var-
iation in starch-synthesizing enzymes. Growth rings were stud-
ied after mechanical damage and treatment with α-amylase.
Starch granules of potato (Solanum tuberosum) plant grown
under 16 h of light and 8 h of darkness showed formation of
uniform growth rings and a decrease in width from hilum to
periphery. The effect of these constant conditions was investi-
gated in plants from the time of planting and also on
microtubers developed on stem explants at high sucrose con-
centrations. There were prominent major rings alternating with
minor rings, but that was also seen under normal conditions. To
investigate the diurnal effect, two transgenic types were taken in

Fig. 9 SEM images of starch
granules before and after
hydrolysis with AmyBS-I. a Raw
potato starch. b Hydrolyzed
potato starch. c Raw rice starch. d
Hydrolyzed rice starch. e Raw
wheat starch. f Hydrolyzed wheat
starch. Figure reproduced from
Roy et al. (2013), with kind
permission from Elsevier
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which the diurnal pattern of supply of sucrose to the tuber was
altered. One of the plants had an altered FBPase (fructose-1,6-
bisphosphtase) and the other had an altered SPS (sucrose phos-
phate synthase). Both showed growth rings similar to the con-
trol, indicating that the formation of growth rings is not affected
by diurnal variation. Overall, the data raise the possibility that
the growth ring formation is influenced by circadian rhythms
and physical mechanisms. It is possible that diurnal rhythms
could also have contributed to the growth ring formation in
potato (Pilling and Smith 2003).

To summarize, SEM provides higher magnification images
as compared to optical microscopy which helps us differenti-
ate between various genetic varieties of starches even though
the phase contrast is not comparable to polarization microsco-
py. It provides detailed information about surface topology
and composition. Thus, it is used for investigating/
monitoring the degradative effect of amylase under various
conditions. Formation of growth rings can be analysed which
gives us more information about starch synthesis.

Atomic force microscopy of starch granules

Since the invention of atomic force microscope (AFM) in
1986, it had been widely used to identify the surfaces of
nano-scale resolution objects (Chang et al. 2012). AFM is a
type of scanning probe microscope which provides 3D topo-
graphical and textural information of the sample on the basis
of force of interaction between the crystal tip of the cantilever
and the sample. Initially, it was used to observe the surface
structures of micro- and nano-scaled non-biological materials.
Later on, it was applied to the observation of biological
engineered samples (Yang 2011; Ridout et al. 2002). High-
speed atomic force microscopy (HSAFM) has been utilized
recently to continuously evaluate the structure and dynamics
of protein molecules (Ando 2018). AFM is preferred over the
conventional microscopic techniques due to its ease in sample
preparation as it does not require complicated procedures such
as metal coating, and freezing or drying the samples. It can
image samples in aqueous or atmospheric conditions and has
high resolution (Chang et al., 2012).

The basic components of an AFM include a cantilever with
a sharp tip, a piezo scanner that drives the cantilever, a laser
diode, and a sensitive detector (Ando 2018; Chang et al.
2012). The cantilever, generally made up of silicon or silicon
nitride, touches the surface of the specimen through means of
a sharp tip also referred to as AFM probe (Engel et al. 1999).
Depending on the type of force (attractive or repulsive) acting
between the probe and the sample surface, the cantilever at-
tached to the probe gets deflected. This deflection is detected
generally using an optical laser beam detection system
(Vahabi et al 2013). Displacement is measured by detecting
the deflections in the laser light on the photosensitive detector
(Chang et al. 2012). AFM has several modes of operation
among which the commonly used ones are contact and non-
contact modes (Dufrêne et al. 2017). The conventional micro-
scopic techniques made significant contributions in under-
standing the features of starch such as physical nature, struc-
tural orientation, chemical nature, and molecular organiza-
tions. Using advanced techniques, it is revealed that around
90–95% of the starch granule surface is primarily carbohy-
drate in nature (Chang et al., 2012). SEM requires sample
preparation which can induce changes in the starch structure,
thus hindering the observation. Ayoub et al. (2006) revealed

Fig. 10 SEM images of starch granules before and after hydrolysis with
enzyme (a) untreated rice starch, (a1) treated rice starch, (b) untreated
corn starch, (b1) treated corn starch, (c) untreated wheat starch, (c1)
treated wheat starch, (d) untreated potato starch, (d1) treated potato
starch, (e) untreated sweet potato starch, and (e1) treated sweet potato
starch. Figure reproduced from Demirkan et al. (2005) with kind
permission from Elsevier
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that multiple cycles of freeze thawing processes involved dur-
ing sample preparations influenced the potato starch granule
by disrupting its crystalline order. Additionally, the structure
of starch granules can be disturbed on introducing water or
any plasticizers like glycerol. Hence, AFM can be used to
observe the actual structure of starch without inducing any
error due to sample preparations. A study (Ayoub et al.
2006) reveals how the surface topography of native starch
changes on using plasticizer/lyophilizing procedure to

introduce disorder in the structure of rice starch (here, by
mixing a plasticizer glycerol with rice starch and lyophilizing
the sample). The results indicated that the surfaces of the na-
tive starch granule were robust, hence providing sufficiently
high-resolution image in AFM. It was observed that the image
showed globular structures on the surface of the native starch
with a diameter of approximately 70 nm (Fig. 13a). An en-
larged view of size 500 × 500 nm2 (Fig. 13b) shows that the
granules are arranged in series and look like beaded chain

Fig. 12 SEM images of starch granules. a, cNormal maize. b, d–gHigh-
amylose maize. c Individual granule showing many pores on the granule
surface. d–g The morphologies of individual, aggregate, and elongated

granules, respectively. Scale bar = 10 μm. Figure reproduced from Cai
and Wei (2013) with kind permission from Elsevier

Fig. 11 SEM micrographs for
native potato starch (NPS),
hydrolyzed native potato starch
(hNPS), and 600 MPa-treated
potato starches (PS) with 0.06%
(w/v) α-amylase: a NPS, b
600 MPa, 0.02% (w/v), c
600 MPa, 0.04% (w/ v), d
600 MPa, 0.06% (w/v).
Figure reproduced from Mu et al.
(2015) with kind permission from
PLoS ONE
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bundled together into a cylindrical shape with the varying
sizes of these granule structures. Figure 13c shows the AFM
image of starch after its treatment with plasticizer and lyoph-
ilization process. The diameter of the processed starch showed
globular structures with diameter between 10 and 70 nm, with
average size almost half of that of blocklet structure of native
starch.

Baldwin et al. (1998) investigated the structure of wheat
and potato starch using AFM and low-voltage scanning elec-
tron microscope (LVSEM) as these techniques do not require
sample coating, hence reducing the errors. It was observed
that wheat granule surface showed structures ranging between
10 and 50 nm and some elevated regions (raised nodules)
showing larger sized structures of size 50–300 nm
(Fig. 14a). Potato starch granule surfaces contained larger
number of elevated regions (Fig. 14b). The raised nodules in
potato starch were more frequent than in that of wheat starch.
It was observed that the sizes of these raised nodules were
comparable with the size of “blocklet” described by Gallant
et al. (1997); hence, it was concluded that “blocklet” and
“raised nodules” were the same structures and that they are
carbohydrate in nature.

Ridout et al. (2003) investigated the internal structure of
potato and maize starch granules using AFM. It was conclud-
ed that it is possible to visualize the internal structure of starch

using AFM after going through the embedding and sectioning
processes. Despite the flatness of the sample, a difference in
the elastic modulus across the sample is said to increase con-
trast in the image. Figure 15 shows the imaging of maize
starch fixed in rapidly setting Araldite, imaged in air. The
image shows a radial crack and a central hole (Fig. 15a).
The error signal mode (Fig. 15b) and force modulation (Fig.
15c) images give a clear view of the growth rings. Further
evidences for globular structures within and across the growth
rings can be seen in the high magnification force resolution
image (Fig. 15d). These globular structures existed in size
ranging between 45 and 85 nm are identifiably as true features
of a starch granule. The internal structure of banana granules
was also investigated through AFM (Peroni-Okita et al. 2015).
The banana starch was embedded in rapid-fast Araldite and
was placed in resin block and polished until mirror-like sur-
face was obtained and then AFM imaging was done to ob-
serve the internal structure of the granule. At low resolution,
the growth rings were clearly visualized with a radial crack
existing mainly due to the variation of height across the gran-
ule because of absorption of water and permanent swelling of
amorphous regions. To observe the internal structure, AFM
was used in force modulation mode to create further contrast
in imaging. Images taken by AFM displayed several details of
the internal structure of starch granule. It revealed that in

Fig. 14 AFM image of a typical
surface region of a Wheat starch
granule (scan size 1000 nm2, z
height difference (representing
the difference between the highest
and the lowest points measured in
the scan) of 52.6 nm. b Potato
starch granule (scan size
1000 nm2, z height difference of
73.8 nm) showing elevated
regions. Figure reproduced from
Baldwin et al. (1998) with kind
permission from permission of
Elsevier

Fig. 13 Topographical image of surface region of a native starch, scan
size 1.5 μm× 1.3 μm, height range 400 nm; b native starch, scan size
500 μm× 500 μm, height range 250 nm; and c rice starch after treatment

with plasticizer and lyophilization, scan size 500 μm× 500 μm, height
range 10 nm. Figure reproduced from Ayoub et al. (2006) with kind
permission from Wiley
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banana starch granules, the central region was composed of
different materials with different viscoelastic properties when
compared to the other regions of the granule. Also, the central
region is predominantly composed of blocklet structures of
larger size (80–200 nm) and few blocklet structures of smaller
size (15–50 nm).

To summarize, AFM imaging provides information at near-
molecular resolution of the granule surfaces. The contrast in
image is obtained due to sample topography and differences in
sample elasticity. Despite the flatness in the samples, the differ-
ence in elastic modulus can enhance contrast, hence attaining a
fairly high-contrast image for sampling internal structures. AFM
provides a novel method for observation of samples in a native,
unstained, and unmodified system. This technique can also be
used to identify structural modifications in mutated or processed
specimen from different botanical sources.

Second harmonic generation microscopy of starch
granules

Second harmonic generation (SHG) microscopy has emerged
as a powerful nonlinear optical imaging technique in the last
decade (Cox 2011). SHG is a nonlinear optical effect observed

in non-centrosymmetric molecules, where two photons with
the same frequency “combine” to produce a single photon
with twice the frequency (Cox 2011). This process has been
used to obtain images of SHG active molecules by subjecting
the specimen to highly focused, short pulse of radiation and
recording the emitted signal. SHG microscopy is now com-
monly used for collagen imaging and is becoming popular for
myosin and starch imaging (Cox 2011). SHG imaging is done
by analyzing the contrast in the signals obtained from different
parts of the specimen. Furthermore, on enhancing the resonant
SH signals with respect to different electronic levels, we can
pick up signals from specific molecules which allow us tomap
the distribution of these molecules across a biological sample
(Mizutani et al. 2000).

Starch is a semi-crystalline, water-insoluble polysaccharide
present in plants in the form of macroscopic granules and as
such starch shows a very intense SH response making SHG
microscopy an ideal tool for starch imaging. The molecular
origin of SHG signals in starch is amylopectin. This has been
confirmed by quantitative analysis of the SHG signals obtain-
ed from different types and varieties of rice with known
amylose:amylopectin ratio. This experiment concluded that
the orientation and structural arrangement of amylopectin

Fig. 15 AFM image of sectioned
maize starch embedded in rapid-
set Araldite. a Topographical
image. b Error signal image. c
Force modulation image. d High
magnification force modulation
image. Figure reproduced from
Ridout et al. (2003) with kind
permission from permission of
Elsevier
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within the starch granule affects the resulting SHG signal. In
fact, upon studying the SHG signal variations in relation to the
axial direction, the 3D orientation of amylopectin in starch can
be obtained (Zhuo et al. 2010).

Starch images are captured using polarization second har-
monic generation (PSHG) microscopy, i.e. the light incident on
the specimen is polarized light. Images of wheat starch
(Fig. 16a) and potato starch (Fig. 16b) were obtained using light
of different incident polarization states. On using a polarized
beam of light on a single-starch granule, the anisotropic nature
of starch is observed. Due to its anisotropy, the SHG signals
obtained vary with different incident polarization states. This
can be used for imaging of the starch granule by calculating the
mean intensity of these signals (Fig. 16c) and for estimating the
helical pitch angle of the amylopectin by optical slicing.
Representation of the angle φ parameter of the obtained SHG
signal in the form of a 2D image (Fig. 16d) shows the radial
orientation of amylopectin within the starch granule
(Psilodimitrakopoulos et al. 2010; Zhuo et al. 2010).

In a study, the effect of hydration on the structure of wheat
starch granules was studied using SHG microscopy
(Psilodimitrakopoulos et al. 2010). Upon embedding starch in
water, the amylopectin present in the outer layer of starch reor-
ganizes into a more uniform spherical shape or crystalline la-
mellae. Movement of water within the granule is also observed
indicating channelling of water into the granule. The SHG im-
ages of hydrated and dry starch showed that a better response

was obtained from the hydrated starch sample. However, on
superposing the forward and backward SHG signals detected
from the hydrated starch sample, it was noted that at the equator
region, there was no overlap and a dark region was obtained.
This is due to the hard, heterogenous, amylopectin-rich outer
envelope of starch known as a “ghost”. After almost 3 h of
embedding the starch in water, the outer envelope separated
from the rest of the starch. At this stage, SHG imaging was done
and it was observed that the signals were only generated in the
backward direction. This was suggested to be due to backscat-
tering of light by the hard outer envelope of starch granules
(Psilodimitrakopoulos et al. 2010).

During SHG imaging of starch granule with linearly polar-
ized light, it was observed that there is a region perpendicular
to the axis of polarization that is devoid of any signal. This
indicates the radial distribution of SHG-active molecule
(amylopectin) in starch. The more orthogonal the dark region,
the more radial the organization of amylopectin within the
granule. On summation of the images of starch obtained using
incident light of different polarization states, a central dark
region was observed. This is the hilum. It is comparatively
less organized than the rest of the starch granule (Mazumder
et al. 2018).

In another study, both SHG and coherent anti-Stokes scat-
tering (CARS) imaging of rice starch were performed and it
was observed that both signals were complementary to each
other. While SHG mainly focuses on crystallinity, CARS

Fig. 16 a Images of potato starch granules obtained using a PSHG
microscope at different polarization states. Figure reproduced from
Zhuo et al. (2010) with kind permission from Elsevier. b Images of
wheat starch granules obtained using a PSHG microscope at different
polarization states. c Image obtained by calculating mean of SHG

intensities. d Representation of angle φ (angle between the region of
starch under study and incident polarized light) parameter depicting the
radial orientation of amylopectin in starch. Figure reproduced from
Psilodimitrakopoulos et al. (2010) with kind permission from IOP
Publishing
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signal described on the local density of resonant bonds
(Slepkov et al. 2010). Both CARS and SHG images were
obtained and analysed. Both signals showed striations, but
the striations of CARS image were more intense when com-
pared to those of SHG. This suggests that crystalline shells of
starch are less dense than the amorphous shells. The hilum is
also visible as a dark dimple in CARS imaging. The images
obtained by CARS and SHGmicroscopywere merged togeth-
er to obtain a single image in which the striations of both the
images were anti-correlated with each other (Fig. 17a).
Swelling of rice starch was also observed using combined
CARS and SHG imaging. It was concluded that water pene-
trates the starch granule and disrupts its structure from inside-
out. However, it was observed that SHG signal dropped sig-
nificantly faster when compared to CARS signal indicating
that the structure is more affected than the bond concentration
(Slepkov et al. 2010).

To summarize, a Stokes vector-based polarization SHG
microscopy has been developed that measures the different
Stokes vector intensities of SHG signals produced, in four
different channels, for a fixed polarization state. There are 4
Stokes vectors: S0, S1, S2, and S3. S0 denotes the total intensity
of emitted SHG signal, S1 gives the difference between the
intensities of horizontal and vertical linearly polarized light at
0° and 90°, S2 is the difference in intensities of the polarization
states of linearly polarized light at 45° and − 45o, and S3 is the
intensity difference between right and left circularly polarized
light. The SHG technique allows one to obtain the complete
polarization states of the resulting SHG signal and gives sig-
nificant molecular orientation information on further analysis
of the Stokes parameter. For example, analysis of the S3 pa-
rameter depicts chirality of the amylopectin in starch. Images
of starch acquired using a regular PSHG and a Stokes vector-
based PSHG were compared (Mazumder et al. 2018). This
study also concluded that linearly polarized light can be used
to find out the right or left handedness of helical structures like
amylopectin (Mazumder et al. 2013). On heating dry starch

and analyzing it using Stokes vector-based microscopy, not
much change was observed in the properties of SHG signals
at high temperature. However, hydrated starch granules
showed changes in the Stokes parameters of the SHG signals
at high temperatures indicating disruption of the orientation of
the crystalline molecules, amylopectin (Mazumder et al.
2017). SHG provides a powerful, non-destructive, and label-
free method for starch visualization. Imaging of starch using
SHG gives information not only on the structure of starch but
also on the organization of molecules within the starch gran-
ule. 3D imaging of starch can also be done using SHG mi-
croscopy. The use of SHG microscopy for imaging of starch
has offered us a lot more information about its structure and
molecular properties. Further development of SHG signal pro-
cessing techniques and combined use of SHG microscopy
with other microscopy techniques will provide highly detailed
information of the specimen in the future.

Conclusion

Microscopy has been a fundamental tool of science for nearly
400 years and it is still to this day one of the most frequently
used techniques in the material and life sciences. Advancement
in microscopic techniques has allowed us to obtain detailed
information of the specimen being examined. This review de-
scribes the use of microscopic techniques such as optical mi-
croscopy, polarizationmicroscopy, scanning electronmicrosco-
py (SEM), confocal microscopy, atomic force microscopy
(AFM), and second harmonic generation (SHG) microscopy
to characterize starch molecules obtained from different biolog-
ical sources. The average size of starch ranges from 1 to
100 μm and therefore can be observed using optical microsco-
py. Polarization microscopy visualizes the destruction of bire-
fringence and characteristic Maltese cross which indicates that
the starch granules are semi-crystalline. SEM images provide a
much higher magnification clearly depicting the surface

Fig. 17 a Overlaid CARS (red) and SHG (green) images of potato starch
grains in which striations associated with alternating crystalline and
amorphous layers are clearly visible. Figure reproduced from Slepkov
et al. (2010) with kind permission from The Optical Society. b

Polarization-resolved SHG images of starch granule showing a stack of
images of 4 different polarization inputs. c 2D reconstruction of Stokes
image (S0) of starch granule. Figure reproduced from Mazumder et al.
(2018) with kind permission from IOP Publishing
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topography of the granules before and after enzymatic hydro-
lysis that elucidates the process of degradation. This helps to
understand the mechanism of action of various starch-
degrading enzymes. The alpha-amylase digests raw starch from
various sources (wheat, potato, rice, etc.) very effectively which
makes the enzyme a better candidate for industrial application
in food, production of ethanol, sugar syrups, biofuel, and fer-
mentation industries. Confocal imaging allows visualization of
cross-section of starch granules in its natural environment.
AFM enables imaging of native, unstained, and unmodified
starch granules. SHG microscopy imaging gives a detailed un-
derstanding of the internal structure and molecular organization
of starch granules. The basic understanding of the physiochem-
ical properties of starch granules will provide a valid basis for
further studies in food science technology. For example, slowly
digestible or resistant starch derived from uncooked food,
whole grains, legumes, tubers, and vegetables can be used as
an appropriate source of carbohydrates to reduce the risk of
various conditions/diseases such as cardiovascular diseases,
obesity, and diabetes.
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