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Starch is an important renewable resource in nature. In this paper, the recent research advances in
starch structure were systematically summarized from the granular and molecular levels. Meanwhile,
the changes in starch multi-scale structures under different conditions were discussed. Furthermore,
we redefine the growth ring structure of starch granule, and postulate a model for the fine structure of
starch granule. It may provide important insights for the research of starch.

Starch is one of the most important renewable resources in nature, with
extensive applications in various fields, including food, feed, biology,
medicine, materials, and chemicals'. The determination of its applications is
contingent upon its properties, which in turn are determined by the
underlying structure. An in-depth understanding of the intrinsic structure
of starch is thus important to understand the changes in its properties
during processing.

The fine structure of starch is one of the major challenges that have
plagued starch researchers in recent decades. Many researchers have been
devoted to the study of starch multi-scale structures, including granule
structure, growth ring structure, and molecular structure of starch, etc. In
addition, many scholars, such as Eric, Apriyanto, Seung, Wang, and
Copeland, etc. have summarized the progress of research on starch
structure’™. These studies and papers have contributed greatly to the elu-
cidation of the fine structure of starch.

With the continuous development of molecular simulation and var-
ious characterization techniques, the study of starch structure has been
taken to a new level in recent years. In this paper, the previous advances in
the study of starch structure were summarized. And the latest findings in the
study of starch structure were updated, including new insights in starch
molecular conformation, hydrogen bonding distribution, shell structure,
growth ring structure, etc. This paper will provide an important reference
for the complete elucidation of the fine structure of starch. Meanwhile, it
may provide important insights for the development and utilisation of
starch.

Molecular level

Molecular structure: average molecular weight and chain length
distribution

Starch molecules are classified into two types: amylose and amylopectin.
Amylose molecule is a linear polymer consisting of 2000-12000 glucose
units linked by a-1,4 glycosidic bonds, with few branches. It exhibits a
molecular weight of approximately 10° and has a single non-reducing end.
The Amylopectin molecule is a branch-like structure based on the amylose
molecule, comprising approximately 5% branches connected by a-1,6 gly-
cosidic bonds. Its molecular weight is approximately 10° (higher than that of

amylose), and it possesses numerous non-reducing ends, which makes it
more susceptible to hydrolysis by f-amylase compared to amylose®.

The molecular structure of starch is a primary determinant of its overall
structural characteristics, exerting a significant impact on its macroscopic
properties. For example, colour is a very easily observable property of starch
gel, after undergoing boiling water treatment, different starches were fully
gelatinised, resulting in different starch gels. As shown in Supplementary
Data Fig. 1, different starch gels have different colours’. The fundamental
reason why different starch gels exhibit different colours is the difference in
their average molecular weight and chain length distribution.

The molecular structures of different starches were analysed in our
prior studies. As shown in Supplementary Data Table 1, the molecular
structures (molecular weight and chain length distribution) of the different
starches vary considerably’. Among them, potato starch has the highest
average molecular weight at two to three times that of the other starches’. It
should be noted that the starch molecular weight also varies considerably
between different varieties. For example, the average molecular weights of
potato starches are 1.5 x 10%, 5.3 x 10" and 9.7 x 10’ in the studies of Rocha
et al., Chi et al. and Fang, respectively’”". The average molecular weights of
corn starches are respectively 4.8 x 107, 1.3 x 107 and 4.6 x 10 in different
studies”*"’. This is because different researchers used different starch
varieties.

In terms of chain length distribution, the side chains of amylopectin
can be classified into A-chains (DP < 12) and B-chains (DP > 12) according
to the difference in polymerisation degree, where chains with DP 13-24, DP
24-36,and DP > 36 are called B1, B2, and B3 chains, respectivehf . Asshown
in Supplementary Data Table 1, discernible variations can be seen in the
chain length distributions among different starches’. In addition, the B1
chain accounts for the largest share of approximately 30% to 50%. The A
chain, B2 chain and B3 chain each account for approximately 10% to
30007,] 1714.

Moreover, different processing and modification treatments have
significant effects on the molecular structure of starch, as summarised in
Supplementary Data Table 2. Irradiation treatment has the highest effect on
the molecular structure of starch and can reduce the average molecular
weight of corn starch by approximately 98.5%'*'°. This is due to the free
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radicals produced by irradiation attacking the glycosidic bonds and
breaking a large number of glycosidic bonds. Moist-heating treatment can
reduce the average molecular weight of starch by approximately 30%'*,
whereas high-pressure, dry-heat, and annealing treatments do not have a
significant effect on the molecular structure of starch™"**.

Molecular conformation

Starch molecular conformation refers to the spatial arrangement of atoms or
groups in the starch molecule, which is dominated by non-bonding inter-
actions, such as hydrogen bonding, van der Waals, and electrostatic
interactions”. Based on the aforementioned observations, it is evident that
high-pressure and annealing treatments do not have a significant effect on
the molecular structure (average molecular weight and chain length dis-
tribution) of starch®*"*>. However, these treatments result in significant
changes in the starch properties”'*"*. It can be speculated that the changes
in starch properties after high-pressure or annealing treatments are closely
related to the changes in the molecular conformation of starch.

As shown in Fig. 1, the natural starch molecule is generally assumed to
have a left-hand helix conformation, according to the principle of lowest
energy”’. In this left-hand helical structure, each helix turn contains six
glucose residues with a pitch of approximately 2.3 nm. Additionally, the
angle C1-O4’-C4’ and dihedral angles O5-C1-O4’-C4’ and C1-O4’-C4-C5’
are 166.7°, 72.8°, and 209.3°, respectively23 . In an amylopectin molecule, the
angle C1-06’-C6’ and dihedral angles C1-O6’-C6’-C5’ and O5-C1-06’-C6’
are 115.1°% 179.1° and 95.2°, respectively**. In an aqueous solution, this left-
handed helical structure of starch is stable, with a molecular fluctuation
below 0.7 nm (calculated from RMSF values)™.

In addition, the molecular conformation of starch changes in response
to changes in its external environment. As shown in Fig. 2, previous studies
found that heat treatment at 100 °C bent starch molecules, shortened their
pitch, and increased the interchain distance of amylopectin molecules™.
High-pressure treatment at 900 MPa resulted in slight bending of the starch
molecules, slight shortening of the pitch, a decrease in the interchain dis-
tance of amylopectin molecules, and a decrease in the value of Rg™*.
Treatment with 4 mol/L NaCl and MgCl, caused starch molecules to
become thicker and shorter (but not curved), resulting in a significant

decrease in the pitch and Rg, increase in the internal cavity of the helix, and
tight intertwining of the side chains of amylopectin molecules’””. In an oil
bath, when a triglyceride molecule is close to an amylose molecule, the
amylose molecule wraps around the triglyceride molecule circle-by-circle
(eight glucose residues per circle with up to three circles) to form a stable
complex. After complexation, the amylose molecule changes its con-
formation from a left-hand helix to a V-helix, which has a small pitch and a
large internal cavity”’. And these conformational changes of starch mole-
cules in different environments are closely related to changes in starch
hydrogen bonding (See 2.4 Hydrogen bonding for details).

In conclusion, different environmental conditions cause significant
changes in the molecular conformation of starch. These conformational
changes may be closely related to changes in starch properties under these
different conditions.

Pyran ring conformation (glucose residue conformation)

As shown in Fig. 3, the glucose residues in starch molecules primarily exhibit
conformations such as 4Cl-chair, 1C4-chair, half-chair, boat type, and
envelope type”. Naturally, approximately 97.5% of the glucose residues in
starch molecules exist in the 4C1-chair conformation, which is the most
stable state with the lowest free energy (approximately 5 to 10 kJ/mol). The
free energy of the 1C4-chair conformation is usually approximately
10-30 kJ/mol, whereas that of others, such as chairs, boats, envelopes, or
half-chairs, is usually approximately 30-50 kJ/mol™.

The conformation of glucose residues changes in response to changes
in the external environment. It was found that heat treatment at 100 °C
decreased the proportion of 4C1-chair conformation from 97.5% to 92.7%"".
High-pressure treatment at a pressure of 900 MPa increased the proportion
of 4C1-chair conformation from 97.5% to 99.8%*. Treatment with 4 mol/L
of MgCl, decreased the proportion of 4C1-chair conformation from 97.5%
to 87.3%”. In an oil bath, the proportion of the 4C1-chair conformation of
glucose residues that did not complex with lipids decreased from 97.5% to
93.8%, whereas for glucose residues that complexed with lipids, the pro-
portion increased from 97.5% to 99.1%°. However, it’s hard to know why
the conformation of the pyran ring will be different in different environ-
ments. which may need to be followed up with more in-depth exploration.
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Fig. 1 | Left-hand helix amylose and glycosidic bond of starch molecules.
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Fig. 2 | Changes in starch molecular conformation
under different conditions.
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Fig. 3 | Changes in the conformation of glucose
residue under different conditions.
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In addition, pyran ring conformational distribution can indicate that
starch molecules are in different binding free energy states (molecular sta-
bility). Based on the above results, it can be understood that heating and salt
treatments will increase the binding free energy of starch molecules and
make starch molecules unstable. Whereas high pressure treatment and
complexation with lipids reduce the binding free energy of starch molecules.
However, the reason why these treatments change the binding free energy
remains unknown at present.

Hydrogen bonding

Based on the polyhydroxy structure of starch, hydrogen bonding is an
important secondary interaction in starch molecules, with a bond energy of
approximately 30 kJ/mol. On the one hand, because hydrogen bonding is
stronger than van der Waals and electrostatic interactions, it is crucial for the

maintenance of starch structure. On the other hand, because hydrogen
bonds are weaker than covalent bonds, they are more likely to break during
processing, facilitating changes in the properties of starch during processing.

The distribution of hydrogen bonds in starch molecules was analysed
in our previous studies’". As shown in Fig. 4, a single-chain starch molecule
has approximately 60.3% of O6-O6 hydrogen bonds, followed by 31.2% of
02-03 hydrogen bonds, 7.4% of O5-O6 hydrogen bonds, and only 1.1% of
other hydrogen bonds, such as 02-O2 and O5-O3”. Regarding the
hydrogen bonds formed between starch and water molecules, the number of
starch molecules that act as hydrogen donors accounted for approximately
59.4%, which is higher than that of starch molecules acting as hydrogen
acceptorszs. In starch molecules, 02, O3, and O6 can act as both hydrogen
donors and acceptors, whereas O5 can only act as a hydrogen acceptor™.
However, starch molecules still prefer to act as hydrogen donors when
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Fig. 4 | Distribution of the hydrogen bonds in starch
molecules.
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forming hydrogen bonds with water molecules. Deducing the reasons for
this may require more in-depth studies.

In addition, the -OH2 in the starch molecule was the most likely to
form hydrogen bonds with water molecules, accounting for approximately
33.7%, followed by -OH6 and -OH3, accounting for 30.8% and 29.1%,
respectively, whereas O5 was the least likely to form hydrogen bonds with
water molecules, accounting for only 6.4%'. Even when comparing only the
number of hydrogen bonds that starch molecules act as hydrogen acceptors,
the number of hydrogen bonds formed between O5 and water (6.4%) was
still lower than that for O2, O3, and 06 (14.4%, 9.3%, and 10.5%,
respectively)”', which may be attributed to the position of the oxygen atom
in O5 in the carbocyclic ring.

Moreover, the distribution of hydrogen bonds in the starch molecules
changes with the external environment. The essence of starch pasting is that
water molecules enter the interior of starch granules to form new hydrogen
bonds with the starch hydroxyl groups, destroying the original intramole-
cular hydrogen bonds and freeing the starch molecules from the granules.
High pressure breaks the intramolecular hydrogen bonds and promotes the
formation of hydrogen bonds between starch and water. At 900 MPa, the
hydration capacity of starch molecules is seen to be 165% of that at atmo-
spheric pressure”. In addition, heating treatment disrupted intramole-
cular hydrogen bonds and inhibited the formation of hydrogen bonds
between starch and water”. Furthermore, a high concentration of ions
slightly increased the number of intramolecular hydrogen bonds and sig-
nificantly improved the hydration capacity of starch”’. For example, 4 mol/L
of MgCl, increased the hydration capacity of starch molecules by 65.6 times,
which is the fundamental reason for MgCl, destroying starch granules and
gelatinising starch at room temperature”’.

In summary, the structural aspects of starch, including its molecular
structure, molecular and glucose residue conformations, and hydrogen
bonding, play a crucial role in determining the changes in properties that
occur during starch processing.

Granular level

Granular structure

Starch granules are composed of amylose and amylopectin molecules that
are stacked according to specific laws. As shown in Supplementary Data
Fig. 2, the morphology and granular size of starch granules exhibit sig-
nificant differences depending on the plant source, with granular sizes
ranging from 0.5 to 120 pum™. Some starch granules have unique
morphologies. For example, wheat starch granules exhibit two morpholo-
gies: A-type with a granular size of approximately 20 um and B-type with a
granular size of approximately 5 um™. In addition, some starch granules,
such as those found in corn and buckwheat, possess a distinct channel
structure, as shown in Supplementary Data Fig. 2. Using laser confocal
microscopy, it was observed that this channel structure links the interior to

the surface of the granules, which may be closely related to starch
hydrolysis™.

The effects of different processing and modification methods on the
granular sizes of the four common starches are summarised in Supple-
mentary Data Table 3. Dry-heating, moist-heating, annealing, and high-
pressure treatments all resulted in an increase in the average granular size
of the starches™, where the moist-heating treatment had the most
pronounced effect on granular size'””™*". During moist-heating, anneal-
ing or high-pressure treatment, starch granules absorb water and swell
slightly (but are not fully pasted), which is an important reason for the
increase in granular size. Dry-heating treatment will increase the inter-
molecular distance (see 2.2 Molecular conformation), which may be an
important reason for the increase in starch granular size. In contrast,
irradiation treatment breaks up large granules, leading to a decrease in
average granular size**.

The granular structure of starch significantly affects the processing
properties of grain-based foods. For example, a close relationship exists
between the granular size and Carr index, which is closely related to the
flowability of the powder. This determines whether rice flour, starch, etc. will
stick to equipment such as conveyor belts during processing or easily clog
the processing equipment. In general, the larger the particle size, the lower
the Carr index, and the better the powder flowability"’. Starch granular size is
also related to packaging density. Thus, granular size is closely related to the
quality of extruded products, such as cookies, cereals, and buckwheat tea. In
addition, the granular size and degree of granule destruction (degree of
gelatinisation) are closely related to solubility, swelling, water absorption,
digestion rate, thermal properties, and gel texture. And these indices
determine the quality of the starch products.

Growth ring structure

As shown in Supplementary Data Fig. 3, the concentric ring-like structure
was found on the starch granule profile by using SEM (scanning electron
microscope), which is named the growth ring structure of starch®. And
researchers generally agree that the growth ring is composed of an alter-
nating amorphous ring and semi-crystalline ring, with a width of about
400 nm™. In one of our recent studies (Supplementary Data Fig. 4), the
buckwheat starch granule was observed by using a high-resolution 3D CT
with a resolution of 50 nm (Unpublished, see supplementary date). As
shown in Supplementary Data Fig. 4, it was found that, the starch granule is
an externally dense and internally loose (or even hollow) structure. In
addition, in the results of 3D CT, higher brightness indicates higher density.
And the density of the crystalline region would be significantly higher than
that of the amorphous region. However, no alternating light and dark bands
were found in the 3D CT (Supplementary Data Fig. 4), which suggests that
the growth rings in starch granule may be not alternately amorphous and
semi-crystalline, which may need more verification.
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Fig. 5 | Speculation on starch granule structure.
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In our previous study, it can be calculated that the starch molecule has a
pitch of 2.3 nm per 6 glucose residues through energy minimization prin-
ciple and molecular simulation™. Thus, the length of the main chain of an
amylopectin molecule (containing 1000 glucose residues) will be about
400 nm. It can be seen that, the size of the growth ring (200-500 nm) is very
close to that of an amylopectin molecule. This suggests that the growth ring
structure may be composed of a ring of amylopectin molecules.

Therefore, the starch granule structure was speculated according to the
above results. As shown in Fig. 5 (Each blue circle represents one amylopectin
molecule), the starch granule is composed of multiple growth rings arranged
layer by layer. Each growth ring measures approximately 400 nm. And the
gap between each growth ring is less than 50 nm, otherwise dark bands will be
observed in 3D CT scans. And the so-called “amorphous ring” observed in
Supplementary Data Fig. 3 may be the gap between the growth ring (amy-
lopectin ring). In the growth ring, neighbouring amylopectin molecules are
tightly cross-linked with each other by forming double helix structures. The
double helix structures ensure the relative stability of the growth ring struc-
ture. In this starch granule model, the amylopectin molecules are the key for
the formation of starch granule. It is well known that the amylopectin content
of waxy starches can be close to 100%, whereas the amylose content of high-
amylose starches can only go up to about 60% or else the granules cannot be
formed. This model of starch granule structure is also consistent with this
phenomenon. How the amylose molecule is involved in the stacking of starch
granules will be discussed later in the outer shell structure.

Outer shell structure

In our previous study, numerous undamaged outer shells of starch granules
were obtained after thermal treatment at temperatures lower than the
pasting temperature in an acetic acid system™. At this point, the starch
granule structure no longer exists, and the internal molecules separate from
the granules and participate in the formation of starch gel. As shown in
Supplementary Data Fig. 5, the thicknesses of the outer shells of different
starches are all within 1 pm, and the interior is hollow with almost no
adherents. It can be hypothesised that the outer shell of starch granules is
denser than the inner shell, which makes it easier to maintain its original
morphology when subjected to external forces".

In the starch granule model (Fig. 5), the amylose molecules may tra-
verse multiple growth rings, distributed throughout the starch granules.
Studies showed that the higher the amylose content, the higher the gelati-
nization temperature of starch**’. This suggests that amylose molecules can
cross-link with the amylopectin molecules from different growth rings (like
a rope binding multiple growth rings), which in turn prevents the granules
from expanding. That is, the amount of amylose determines the stability
between different growth rings.

The outer shells of starch granules were obtained and the amylose
content was detected by Yang et al.””. It was found that the amylose content
in outer shells was higher than in the whole granule™. Thus, it can explain
why the outer shell of granule is more stable than the inner structure. A large
number of amylose molecules are distributed at the outer shell of the granule
and making the growth rings at the periphery of the granule more tightly
cross-linked with each other.

Crystalline structure

Crystalline type and relative crystallinity. The relative crystallinities of
different starches generally range from 10 to 45%’. Based on X-ray dif-
fraction results, starch can be classified into four crystalline types: A, B, C,
and V type. Crystalline diffraction peaks for A type appeared at 15°, 17°,
18°, and 23°. Crystalline diffraction peaks for B type appeared at 5.6°, 17°,
22°,and 24°. C-type crystals were a mixture of the A and B types. The V
type exhibited special diffraction peaks formed after the interactions of
starch molecules with lipids, iodine, or other small molecules.

The effects of different processing and modification methods on the
relative crystallinity and crystalline type of starch are summarised in Sup-
plementary Data Table 4. It can be seen that the moist-heating treatment
decreased the relative crystallinity of starch and could change the B type to C
type'”™". The high-pressure treatment caused a significant decrease in the
relative crystallinity and changed the A-type to B type’™“*. In contrast,
irradiation, annealing, and dry heating treatments had less effect on the
relative crystallinity and no effect on the crystalline type’ ™.

Both the crystalline type and relative crystallinity significantly affect the
macroscopic properties of starch. For example, with little difference in
relative crystallinity, B-type crystals (e.g., potato starch) are more resistant to
high pressure than A-type crystals (e.g., corn starch)®. The reason why
B-type crystal is more resistant to high pressure than A-type crystal is that,
the structure of A-type crystal is denser than the structure of B-type crystal
(Supplementary Data Fig. 6). The key to high-pressure induced starch
gelatinisation is the pressure difference between the inside and outside.
During high-pressure treatment of starch, high-pressure treatment pro-
motes starch hydration. And the dense A type crystals are more likely to be
clogged by water molecules entering the granules, then the structure dis-
integrates under the pressure difference between the inside and outside™. In
contrast, A-type crystals are more resistant to heat, acids, and bases than
B-type crystals™. Starches with high relative crystallinity are generally
accepted to be more resistant and exhibit slower digestion rates.

Crystalline lamellae. As mentioned above, it suggests that the growth
rings in starch granule are not alternately amorphous and semi-
crystalline. It is important to note that this result does not contradict
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the theory of crystalline lamellae. Crystalline lamellae are composed of
regularly arranged double helices formed by the side chains of amylo-
pectin molecules. The repeat distance of semi-crystalline lamellae was
calculated using small-angle X-ray diffraction to be approximately
9-10 nm. The thicknesses of the amorphous and crystalline lamellae
were approximately 3 and 6 nm, respectively™. Using molecular simu-
lations, it was calculated that the head-to-tail distance of a double-helix
structure consisting of two amylose molecules containing 18 glucose
residues is approximately 6 nm when fully extended™, which suggests
that the double-helix structure in the crystalline lamellae needs to consist
of two side chains with 18 (or more) glucose residues. In addition, the
results of the chain length distribution showed that the proportion of the
side chains with DP > 18 was approximately 50%’.

Moreover, two hypotheses exist regarding the stacking forms of the
crystalline lamellae: the cluster model and the building block backbone
model”. As shown in Supplementary Data Fig. 6, the biggest difference
between the two models is the orientation of the side chains in the amylo-
pectin molecules (or a-1,6-glycosidic bond angles). In our previous study,
amylopectin was energetically minimised until its conformation was sta-
bilised. Subsequently, it was found that the angle C1-O6’-C6’ and dihedral
angles C1-06™-C6™-C5” and O5-C1-0O6-C6’ of the amylopectin molecule
were 115.1°, 179.1° and 95.2°, respectively’***. The conformations with
these angles are more consistent with those of the cluster model.

Double-helix structure. The double-helix structure is the most basic
unit of starch crystallisation. As shown in Fig. 6, in the double-helix
structure, the average distance between the two chains is approximately
0.7 nm. The double helix is in a stable conformation, and its structural
stability is maintained mainly by hydrogen bonding (mainly O2-O6
hydrogen bonding of the corresponding residues) and van der Waals
forces (each pair of residues can contribute van der Waals forces of
approximately 30 k]/mol)*. For example, as previously demonstrated,
MgCl, treatment reduced the 4Cl-chair conformation from 97.5% to
87.4% in amylose molecules, whereas in the double-helix structure, the
proportion of 4C1-chair conformation was reduced to only 96.0% after
MgCl, treatment”.

In addition, it was found that the 900 MPa high-pressure treatment
could not directly destroy the double-helix structure, while the 100 °C

heating could make the double-helix structure begin to deconvolute (Fig.
6)”. As shown in Supplementary Data Table 4, the relative crystallinity of
starch was significantly reduced after high-pressure treatment, while the
double-helix structure could not be destroyed, suggesting that the key to
disrupting starch crystallisation by high pressure is to disrupt the regular
arrangement of the double helix rather than directly disrupting the double-
helix structure™.

Moreover, the double-helix structure in an oil bath can form complexes
with triglyceride molecules. As shown in Fig. 6, in a previous study, the
complexation process between a double-helix molecule and a triglyceride
molecule was analysed using molecular simulations™. First, the interchain
distance of the double helix increased in the presence of high temperatures;
then, the double-helix structure bent; and finally, the triglyceride molecules
were inserted into the interior of the helix at the bend to form a stable
complex. This suggests that the crystalline region of starch granules can also
adsorb lipids™.

Furthermore, in a previous study, molecular docking between a-
amylase and a double-helix molecule was performed. It was found that the
double-helix molecule could not dock to the active centre of a-amylase due
to the spatial site-blocking effect (Fig. 6), indicating that the enzymatic
efficiency of the double-helix structure would be extremely low™. This also
proved that the higher the relative crystallinity of starch, the higher the
content of resistant starch.

Conclusion
In this paper, the recent research advances in starch structure were sys-
tematically summarized from the granular (granular structure, outer shell
structure, growth ring structure, crystalline structure, and double-helix
structure) and molecular (molecular structure, molecular conformation,
pyran ring conformation, and hydrogen bonding) levels. Meanwhile, the
changes in starch multi-scale structures under different conditions were
discussed. Furthermore, in this paper, we redefine the growth ring structure
of starch granule, and postulate a model for the fine structure of starch
granule. It may provide important insights for the development and utili-
sation of starch.

However, owing to the limitations of characterisation, several ques-
tions regarding the fine structure of starch still remain, necessitating further
investigation and validation. For example, the formation of the channel
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structure and its physiological function; whether amylose molecules are
involved in the construction of crystalline regions. In addition, the model of
starch granule proposed in this paper also needs to be validated in sub-
sequent studies.

In recent years, with the advancement of technology, more and more
new technologies can be used for the study of starch granule structure, such
as molecular dynamics simulation, high-resolution 3D CT, cryo-electron
microscopy. It is believed that, in the near future, the fine structure of starch
and its changes in different environments will be fully elucidated.

Data availability
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