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Improving starch-containing materials, whether food, animal feed, high-tech biomaterials, or engineering plastics, is best
done by understanding how biosynthetic processes and any subsequent processing control starch structure, and how this
structure controls functional properties. Starch structural characterization is central to this. This review examines how
information on the three basic levels of the complex multi-scale structure of starch – individual chains, the branching

structure of isolated molecules, and the way these molecules form various crystalline and amorphous arrangements – can
be obtained from experiment. The techniques include fluorophore-assisted carbohydrate electrophoresis, multiple-
detector size-exclusion chromatography, and various scattering techniques (light, X-ray, and neutron). Some examples

are also given to show how these data providemechanistic insight into howbiosynthetic processes control the structure and
how the various structural levels control functional properties.
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Introduction

At the simplest level, starch is ‘simply’ a branched homopoly-

mer of glucose. Starch comprises glucose monomer units
(actually anhydroglucose) with both a-(1-4) (linear) and
a-(1-6) (branched) linkages. There is a single reducing end per

molecule and non-reducing ends at the terminus of each chain
from a branch point (Fig. 1). Two types of polymer with this
molecular structure are present in a typical starch sample:
amylopectin and amylose; see Fig. 2. Amylose has a few long-

chain branches and a broad distribution of molecular weights,

typically averaging ,106, and sizes; amylopectin also has a
broad distribution of molecular weights and sizes, but the

average molecular weight is about two orders of magnitude
higher than amylose, while the chains from a branch point are
much shorter and vast in number.

Branched polymers are inherently complex: a general math-
ematical description of the structure of a sample of branched
polymers requires an infinitely hierarchical function.[1] More-
over, the complexity does not end there. Overall, starch has

extraordinary structural complexity, with multiple hierarchical
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Fig. 1. The molecular structure of starch.
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levels of structure on many different distance scales.[2] While

there is no agreed terminology for the different structural
features, one such categorization is sketched in Fig. 3 (note that
this sketch is illustrative rather than quantitative: for example,

the branching frequency in amylose is,10�3–10�4, while there
are typically 3–5 chains per cluster – e.g. fig. 7 in Jane et al.[3]).
Level 1 comprises the individual chains. Level 2 comprises the
whole branched molecules, considered as individual (molecu-

larly dispersed) entities. Closely-linked branches of amylopec-
tin, known as clusters (Fig. 2), form crystalline lamellae, which
are found in layers with amorphous lamellae (formed from

amylose and sections of amylopectin chains not within a crystal-
line lamella); this is the Level 3 structure. Level 4 comprises
growth rings, perhaps created on a diurnal basis.[4] In turn,

these assemble as granules (Level 5). The final level, Level 6,
comprises the whole grain, which includes non-starch material
such as proteins, lipids, and non-starch polysaccharides.

This review looks at the ways information on Levels 1–3 are

obtained from experiment, as summarized in Fig. 4. Various
examples are provided illustrating how such structural

information is used to obtain relations between biosynthesis,

processing, structure, and functional properties. The experimental
techniques used for structural characterization of each level will
be considered, noting thatwithin a level, there is usually no simple

way to write down a full structural description; for example, as
noted above, Level 2 is fully specified only by an infinitely
hierarchical distribution function. As a result, one can obtain only
some average of the full structural description experimentally:

using Level 2 as an example, appropriate techniques (e.g. size-
exclusion chromatography) can yield an average weight of
molecules as a function of size. Obtaining such a quantity from

experiment in turn must perforce invoke certain assumptions,
which are considered on a case-by-case basis in the subsequent
sections.

As shown in Fig. 5, structural data are used to obtain informa-
tion on the relations between (i) the biosynthetic processes which
form the starch in the sample, (ii) any structural changes caused to
that starch by processing, and (iii) whatever functional properties

are of interest; these properties can include how the starch is
degraded by any further process, such as digestion of a food or
biodegradation of a starch-containing material.

In the following sections, the techniques used to characterize
structure at Levels 1–3 are examined, and the assumptions
involved in inferring structural information from the techniques

are considered. Examples are then given of the use of this
structural characterization, based on the paradigm of Fig. 5.

Level 1: Individual Chains

Techniques and Assumptions

The Level 1 distribution is expressed as the chain-length

distribution (CLD) of chains from a branch point: Nde(X),
the number of chains (obtained after enzymatic digestion of the
starch by the isoamylase-type debranching enzyme) with degree

of polymerization (DP) X, which is the number of glucose units
in the branch; see Fig. 4.

A series of pretreatment is required to obtain Nde(X) from

starch or starch-containing samples (i.e. flour). Starch is purified
(if starting from flour) and solubilized before the release of
oligosaccharides (or glucan chains) from debranching the

Amylopectin

Molecular weight ~107–108

Molecular weight ~106

Cluster

Amylose

Fig. 2. Amylose and amylopectin. The actual number of chains and

clusters in amylopectin is vastly greater than depicted here.
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starch. It is essential to check that the pretreatment does not
cause selective loss of glucan chains; e.g. a solubilization
procedure involving alkaline solution at elevated temperature

can cause systematic loss of longer glucan chains, compared
with solubilization using dimethyl sulfoxide solution. The long
glucan chains may be cleaved by hydrolysis of a-(1-4)
linkages. In principle, hydrolysis can be observed using NMR

spectroscopy to find the relative number of a- and b-glucose
reducing ends to the number of total a-(1-4) linkages in a
sample before and after the pretreatment.[5] This is limited in

practice because of the relatively small number of reducing ends
compared with the a-(1-4) linkages and the difficulty in

detecting the reducing ends quantitatively in whole starches.
Debranching of starch is done using an isoamylase-type deb-
ranching enzyme.[6] It is important to check that the debranching

technique used is quantitative (i.e. all a-(1-6) linkages are
hydrolyzed). NMR spectroscopy can be used to check for any
remnant a-(1-6) linkages.[7,8]

Three methods are commonly used to obtain Nde(X) from

the glucan chains: fluorophore-assisted carbohydrate electro-
phoresis (FACE),[9,10] high performance anion exchange
chromatography (HPAEC),[11–13] and size-exclusion chroma-

tography[14] (SEC, also sometimes termedGPC, gel-permeation
chromatography).

Experimental
tool

 1- and 2D
 projections

 such as
w(logVh)

Fractions of
A-type

crystallinity,
amorphous
regions, etc.

X-ray &
neutron

scattering;
X-ray

diffraction;
NMR; DSC

Level Distribution function Observable

2

3

1

N(X1, x1, X11, x11, X12, ..., X111, ..., x111, X12, ...)

FACE; SEC;
HPAEC

Nde(X ) Nde(X)

Multiple-
detector

SEC; MALLS
without size
separation

Ncryst(RA, RB, RF, Ramorph, R�A, R�B, R�F, R�amorph)
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Fig. 3. The six structural levels of starch, from that of the individual chains to the whole grain.
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FACE involves derivatizing the glucan chains at the reducing
end (Fig. 1; there is exactly one reducing end per glucan chain)

with a charged fluorophore through reductive amination. The
fluorophore APTS, 8-amino-1,3,6,pyrenetrisulfonic acid, is
well suited because its absorption and emission characteristics

are ideal for many standard laser-induced fluoresence (LIF)
detectors.[6] Other labels have also been tested with some
advantages under various circumstances.[15] It is essential to

ensure that the radiolabelling technique has a consistent label-
ling efficiency regardless of chain length (evaluation has been
carried out for APTS up to a DP of 135[10]). The radiolabelled
glucans chains are then separated using capillary electrophoresis

(CE), and the relative fluorosence intensity (RFI)measured with
a LIF detector. The RFI as a function ofmigration time is the raw
signal, the electropherogram. FACE has the great advantage

that individual glucan chains appear as separated peaks in
the electropherogram (e.g. O’Shea andMorell[6]). Such baseline
resolution, up to the 100th peak or higher, depending on the

pretreament of the sample and the condition of the CE, is ideal
for analyzing amylopectin CLD. Calibration is simple: one adds
a marker of known DP, such as maltohexaose (DP6); because

eachDP is baseline-resolved, theDP corresponding to each peak
in the sample is obtainedmerely by counting, because each peak
corresponds to a sequential DP.

The area under the peaks in the electropherogram gives

Nde(X) directly. Some FACE CLD data are shown in Fig. 6.
These unpublished data fromour laboratorywere obtainedwith a
PA800plus PharmaceuticalAnalysis System (BeckmanCoulter,

China) and cover a muchmore extended range of DP (6 and up to
165) than is usually found in the literature (which typically range
over 6 to 50–60 (e.g. O’Shea et al.[10]). The data are presented

both asNde(X) and as log10Nde(X).
[16] While the former is what is

frequently used for presenting CLD data in the literature, the
logarithmic representation of the same data brings out features at
higher DPs which are not obvious in the conventional presenta-

tion (CLDof higherDPs is at least one to twoorders ofmagnitude
less than of the lowest DPs), as well as being a form based on
mechanistic precepts.[1,16–18] The conventional treatment of

Nde(X) is the difference plot, where one CLD is subtracted from
another. However, difference plots require particular care not to
introduce artefacts from incorrect normalization.[16] A quantita-

tive treatment of Nde(X) has been shown to provide in-depth
understanding of starch biosynthesis (see below).

Like FACE, HPAEC also offers baseline resolution of

individual peaks and yields Nde(X) directly. CLD data from

HPAEC are more common in the literature than those from
FACE, because the instrumentation is more widely available.

However, a problem with HPAEC is that the detector used,
pulsed amperometric detection (PAD), gives a different
response for chains of different length. Therefore, the peak area
in a HPAEC chromatogram does not directly reflect the

CLD,[19] and thus data are only semiquantitative. Wong
et al.[20] devised a method that can potentially overcome the
detection problemwith PAD.An additional postcolumn enzyme

reactor with immobilized amyloglucosidase (AMG) converts
HPAEC-separated glucan chains to glucose before analysing
with PAD. This HPAEC-ENZ-PAD systemwas shown to detect

glucan chains with a DP up to 77. However, the disadvantage of
the system is that the conversion of glucan chains into glucose
may not be quantitative, because short glucan chains such as

maltose and maltotriose are more resistant to AMG hydrolysis.
SEC is also more common than FACE. It is essential to

ensure that the SEC eluent and operating conditions used do not
induce artefacts caused by retrogradation (partial crystallization

of linear glucan chains from debranching of starch before or
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Fig. 5. The paradigm relating (a) the control of structure by biosynthetic

processes, and by any processing of the native starch, (b) how mechanistic

information on biosynthesis and processing is obtained from structural data,

and (c) how the (modified) structure controls properties.
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during the separation and detection steps); see for example

Hernandez et al.[21] SEC has the great advantage over FACE
andHPAEC that the signal of themost common type of detector,
differential refractive index (DRI), is proportional to molecular

weight for linear glucans, and thus SEC can detect DPs orders
of magnitude greater than is possible with FACE or HPAEC;
however, SEC data suffer from band broadening and thus
cannot reveal the fine structure apparent in both FACE and

HPAEC (see below). The signal obtained using a DRI detector
in SEC is not Nde(X) itself, but instead is given by the corre-
sponding SEC weight distribution, wde(logX). The two are

related by Eqn 1:[22,23]

SEC signal ðDRI detectorÞ ¼ wdeðlogX Þ ¼ X 2NdeðX Þ ð1Þ

For a linear glucan, the relation between molecular weight
and DP is:

M ¼ 162:2X þ 18:0 ð2Þ

Here 162.2 is the molar mass of the anhydroglucose mono-
meric unit and 18.0 that of the additional water in the end groups.

The actual relation between DRI signal SDRI(Vel) at a given
elution volume Vel and wde(logX) requires some data
processing:[22–24]

wdeðlogMÞ ¼ �SDRIðVelÞ dVel

dlogM
ð3Þ

and is usually performed by the SEC software. The dependence
of elution volume (which depends on the experimental set-up and
operating conditions) onmolecular weight (which is a molecular

quantity, independent of running conditions), is the calibration
curve, Vel(logM). This is obtained using a range of narrowly
dispersed molecular weight samples. The factor of X2 in Eqn 1
arises from two effects. The first is, as stated, that the DRI signal

is proportional to mass, which accounts for one of the factors of
X in Eqn 1. The second is because the calibration curve Vel(M) is
approximately linear in logM over a significant range, and the

second factor of M (or X) in Eqn 1 comes from the dVel/dlogM
term in Eqn 3, this term then being proportional toM.

The standards used for calibration of SEC for starch are not

highly monodisperse linear glucans from debranching of starch,
as these are unavailable. Instead pullulan standards are usually
employed. This means that the molecular weight axis is in fact

that of the standard, not of the starch. There are twoways around
this problem.

The first is to measure the molecular weight of the eluting
sample at a given elution volumedirectly, using amultiple-angle

laser light scattering (MALLS) detector. This in turn requires the
value of the variation of refractive index with polymer concen-
tration in the eluent, dn/dc. While a good MALLS signal is hard

to obtain at low molecular weights, recent advances in MALLS
detectors make this possible in systems in which the value of
dn/dc is not too low, such as aqueous eluents[25] (note however

that the value of dn/dc used in this reference was found with an
amylodextrin of low DP obtained by degrading starch with HCl;
this is a branched molecule, and because the value of dn/dc

depends on the branching structure, the value is incorrect for the
analyte, which is unbranched).

The second is to use the universal calibration assump-
tion[26,27] that the SEC separation is solely a function of the

analyte’s hydrodynamic volume (Vh), not its composition or

structure. For SEC, Vh is proportional to the product of the

weight-average intrinsic viscosity and the number-average
molecular weight[26–29] of a given sample:

Vh ¼ 2

5

½�Z�WðVhÞMnðVhÞ
NA

ð4Þ

For linear polymers, one has:

Vh ¼ 2

5

KM1þa

NA

ð5Þ

where K and a are the Mark–Houwink parameters for the
particular type of polymer, solvent, and temperature in question.

These in turn can be found by viscositymeasurements, including
use of an in-line viscometric detector in the SEC.

SEC suffers a major disadvantage compared with FACE and

HPAEC: band broadening. This is an unavoidable effect arising
because, no matter how good the column, an eluted sample in a
narrow slice of elution volume will always contain a narrow but
significant range of hydrodynamic volumes, due to diffusion.

While this does not have much effect on average quantities such
as the weight-average molecular weight (MW), it significantly
affects the actual distributions, as illustrated for example in

Castro et al.[30] and in van Berkel et al.[31] While methods for
overcoming this problem have been developed,[30,32–36] these
have yet to be routinely implemented for starch CLD. It is also

important to be aware that the extent of band broadening varies
with the SEC set-up and indeed can vary from day to day within
a given set-up.

Two common averages of the CLD are the degree of
branching (DB) and amylose content. The DB is given by

DB ¼
P

X

NdeðX Þ
P

X

XNdeðX Þ ð6Þ

This quantity can also be measured directly by NMR
spectroscopy.[5,8]

Amylose content can be measured by several techniques,

including debranched SEC,[37] concanavalin A precipita-
tion,[38,39] iodine colourimetry,[40] and a new 2D SEC� SEC
method.[41] The debranched SEC method involves a somewhat

arbitrary definition of DP 100 as the lower limit for amylose
chains, which is most applicable for rice CLDs.[41,42]

Some Structure–Property Relations

The CLD shows several features, as illustrated by the letters on
the data for a Nipponbare rice starch shown in Fig. 6 (unpub-
lished data, extraction and sample preparation using the method

of Li et al.[43]). These features are as follows.
Feature A is a small shoulder, or sometimes just a change in

slope at very low DP, which arises from the way that starch

branching enzymes (SBEs) act.[17,18] An SBE cleaves a branch
into two segments; the donor segment is transferred to an a-(1,6)
position, forming a new branch on the same or another branch.

Both the donor and residual segments continue to elongate
(through a starch synthase). There is a minimal chain-length
requirement on both the donor and the residual segments,
denoted Xmin and X0, respectively.

[17,44–46] Thus SBE cannot

cleave chains with a DP less than Xminþ X0. Feature A is due to
theminimumchain-length requirement for the residual segment.
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Feature B is the global maximum, which lies between Xmin

andXminþX0,
[17] followed by a decreasing slope, typically over

DP 13–33. Features A and B correspond to typical branch
lengths that are confined to a single lamella. DPs around the
global maximum are predominantly formed by an action of a set

of starch-biosynthesis enzymes, denoted enzyme set (i).[17,18]

An ‘enzyme set’ comprises one particular type of starch
synthase (one of SSI, SSII, SSIII, and SSIV), one particular

type of branching enzyme (SBEIIa, SBEIIb, y), and one
particular type of debranching enzyme.

A small shoulder after the global maximum in this range
(Feature C, at DP 15 to 18) is frequently apparent, which is

where chains formed from a second enzyme set become signifi-
cant. The small change in the shape of log10Nde(X) after this
small shoulder suggests that this enzyme set (ii) acts similarly to

enzyme set (i).
For DPs 32–34, there is a second maximum or shoulder with

distinctly different shape (made up of Features D and E),

corresponding to chains which span two crystalline lamellae.[18]

Features D and E for these crystalline-lamella spanning chains
are likely to arise from similar enzymatic mechanisms to those

that gave Features B and C for single-lamella ones (see above).
In the example shown in Fig. 6, Features F and G show the
chains that span three crystalline lamellae. Again, it is expected

that the enzymatic mechanisms for Features F and G are similar

to that for Features B and C. Feature H appears as a monotoni-
cally decreasing slope and is approaching the chain length for
that of amylose, where there is no apparent feature (e.g. Fig. 7).

Features F and beyond are only apparent because the data
of Fig. 6 span a significantly larger range of DP than is normal
for FACE.

Fig. 7 showsCLDdata (a different rice starch to that of Fig. 6;

the experimental details are the same as those in Syahariza
et al.[47]) obtained using SEC; these data are shown both as
log10Nde(X) with a linear X axis, and as the corresponding

weight distribution wde(logX) with a logarithmic X axis. These
are obtained from the experimental SEC distribution using
Eqns 1, 3, and 4. One sees that a monotonically decreasing

Nde(X) will have a maximum as wde(logX): e.g. the common
form Nde(X)¼ exp(–aX) (found in free-radical polymeriza-
tion[22]) becomes wde(logX)¼X2exp(–aX).

The following features are apparent in Fig. 7. The amylopec-

tin CLD is seen at low DP; this is similar to the FACE data in
Fig. 6, but the band broadening inherent in SEC means that fine
structural features apparent from FACE data are not seen. At

DPs above 100, one sees the amylose chains. A feature which is
seen in published data but has only been commented on
recently[47] is the presence of at least three separate maxima in

the amylose chains, at X ,250, 1� 103, and 5� 103, on the
wde(logX) plot. This suggests more than one set of enzymatic
processes for the amylose biosynthetic process.

CLDs have been studied extensively to understand the
functions and mechanisms of biosynthetic enzymes. Various
studies on different types of soluble starch synthases (SSs)
suggest they have specific roles in amylopectin synthesis.[48,49]

Granule-bound starch synthase (GBSS) is the enzyme responsi-
ble for the synthesis of amylose chains. Loss of GBSS in waxy
varieties results in a large decrease or disappearing of

amylose.[50,51] Mutation in rice starch branching enzyme IIb
(SBEIIb), referred to as the amylose extender, showed a
decrease in the short amylopectin chains with 6#X# 36

together with an excess of long amylopectin chains with
X$ 37,[52] and as such it seems that rice SBEIIb is responsible
for short amylopectin branch production. The debranching
enzymes isoamylase 3 and pullulanase are most likely to be

involved in removal of short chains during degradation, since
the removal of both enzymes resulted in an excess of chains
with 3#X# 5 in Arabidopsis.[53,54] Mutations in isoamylase

debranching enzymes (ISA1 and ISA2) resulted in decreased or
abolished starch synthesis and is replaced by a water-soluble
polysaccharide, phytoglycogen.

A quantitative model for amylopectin CLD has been devel-
oped,[17,18] based on the conclusions from the studies summa-
rized in the preceding paragraphs. The model provides in-depth

understanding of starch biosynthesis. It is the first tool for
parameterizing starch CLD with mechanistically based enzy-
matic rate ratios which can replace the current empirical
treatment of starch CLD. Themodel also shows that only certain

enzyme rate ratios can result in normal starch formation, and
thus only limited changes in the starch biosynthetic pathway are
viable for starch synthesis. The model has potential in exploring

newways to alter the structure of starch to produce starches with
altered properties and functionality for food, human health, or
industrial applications

Various uses of Level 1 data for obtaining structure–property
relations are now exemplified. The property and functionality
of starch in the food manufacturing and health industries
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are intimately related to its CLD. One important nutritional

quality is enzyme digestion rate; a slow rate of glucose
release and absorption is important for avoiding and managing
health complications, especially obesity, diabetes, and colo-rectal

cancers.[55,56] A general consensus is that starches with long
branches display this nutritional quality due to the ability of long
chains to form double helices (a type of recrystallization and
retrogradation),which slows down the rate of digestion.[57,58] The

amylose-extender mutant, defective in SBEIIa, produced high
amylose starch.[59] Down-regulation of rice SBEIIb caused an
increase in both long amylopectin chains and amylose chains,[52]

and starch containing these long chains can undergo retrograda-
tion during digestion. Retrograded starch inhibits susceptibility
to further enzyme attack, which can also reduce the rate of

digestion.[60,61] Starch with a higher proportion of long chains
is usually termed a ‘high-amylose’ starch. High amylose starches
are correlated with a type of resistant starch (RS).[62] RS is not
digested in the small intestine and instead reaches the large

intestine, where it is fermented to produce short-chain fatty acids,
which have a role in maintaining bowel health and can assist in
the prevention and treatment of colonic disease.[63,64]

The starch gelatinization temperature (GT) is an important
trait affecting the rate of the processes required to drive the
transition from flour to gel (e.g. in cooking). Rices are classified

as either having a high or low GT.[65] The difference in GT can
be explained by their differences in the amylopectin CLD.
Starch with a CLD containing a lower portion of DP of 6 to 12

and higher portion of DP of 12 to 24 exhibits high GT.[66]

Mutations in SSIIa have been associated with these differ-
ences:[67] e.g. a plant with inactive SSIIa produces starch with
a lower GT.

In general, waxy cereal starches (i.e. with very low amylose
content) have lower pasting temperatures. Waxy starch has a
greater swelling power, because these short chains have weak

interactions and are thus more readily hydrated.[68] Waxy
mutants, defective in GBSSI, produce starch with a low
amylose content (reviewd in Ball et al.[50]). It has been sug-

gested that GBSSI is involved in the extension of long amylo-
pectin chains.[69]

Level 2: Whole Branched Molecules

Complete specification of Level 2 structure requires a compli-
cated distribution function which expresses the number of
molecules in which a branch is found at DPX1 from the reducing
end, and then after x1 monomer units there starts a secondary

branch of DP X11, fromwhich there is a branch x11 units from its
end ofDPX111, etc., while the original chain has a second branch
point x2 units from the previous branch, the new branch having

DP X12, and so ad infinitum.[1] This infinitely hierarchical
distribution is denoted N(X1, x1, X11, x11, X12,y, X111,y, x111,
X12, y; B), where B is the total number of chains in that mol-

ecule; see Fig. 4.
While the Level 1 distribution function can be measured

directly experimentally (except for artefacts such as band

broadening or mass bias), the complete distribution function
for Level 2 cannot. Instead, various experimentally measurable
‘projections’ of this can be obtained, all of which can be written
as appropriate integrals of the complete distribution function.[1]

Techniques and Assumptions

An essential requirement for characterizing the whole-molecule
(fully branched) structure of a starchy material is that one
has complete molecular dissolution without aggregation or

degradation. This is not trivial: for example, starch from a grain

is easy to dissolve fully in basic aqueous solution, but this can
readily cause degradation, to a degree which depends on the pH.
This problem has been considered in detail by several

authors.[70–72] In brief, the initial extraction needs to use a sol-
vent system which is effective at breaking hydrogen bonding
while unlikely to cause chemical degradation; dimethyl sulf-
oxide with a small amount of lithium bromide is held to be

optimal in this regard.Multi-step procedures are then required to
remove lipids, proteins, and non-starch polysaccharides. The
basic procedure given in these references needs to be tested and

usually modified for a given type of substrate (e.g. lightly
ground grains), always checking for loss of starch, aggregation
etc., as described for example by Syahariza et al.[72]

The simplest measurable Level 2 quantities are the weight-
average molecular weight and the z-average radius of gyration
(Rg,z), both of which are obtained from MALLS (also termed
static light scattering, or SLS) of molecularly dispersed starch,

e.g. using Zimm or Berry plots.[73–75] A Berry plot is better for
the high-molecular-weight component (amylopectin) while a
Zimm plot is preferred for amylose.[76] Another technique is

dynamic light scattering (DLS, also called photon correlation
spectroscopy, PCS), which yields an effective size (usually
termed hydrodynamic radius, although the same term is used

in different contexts with a meaning that depends on the
measurement method[77]). It is essential to be wary of experi-
mental artefacts which can invalidate such measurements. The

scattered light intensity varies approximately as the sixth power
of the size, and thus measurements are highly sensitive to
impurities such as aggregates. Thus it is important to check
the reproducibility of values of MW and Rg,z by repeating the

measurements on different days with replicate samples. The
same holds for DLS, for which it is essential to carry out
measurements at as low an angle as possible. This is because

deducing an average size from the technique involves assuming
that the ‘twinkling’ of scattered intensity is due to Brownian
motion of the whole molecule (centre-of-mass motion, i.e. as if

the molecule were rigid). In actuality, there are many dynamical
modes of a molecule such as starch, from centre-of-mass motion
through to motions of individual chains, clusters, etc. The DLS
signal is only dominated by centre-of-mass motion at low angles

(say, below 358);[78,79] there are several commercial DLS
devices which use back scattering, where the angle is large,
and such devices can never yield a reliable value for an average

size of starch without additional data. Another essential point to
be aware of is that many commercial light-scattering devices
report a size distribution. These are obtained from the scattering

data making various assumptions, such as the form of the
distribution. These reported distributions require additional
information before they can be deemed even qualitatively

reliable: for example, testing the assumed form of the distribu-
tion and the integration range used by the manufacturer’s
software, if that is possible (for example, what is termed
‘research mode’ in one commercial package). Otherwise the

technique can all too easily lead to artificial results for
starch.[80,81] Let the buyer beware (‘Caveat emptor’)!

Other experimentally observable Level 2 distribution func-

tions are the various one-dimensional ones that are obtained
from multiple-detector size separation, such as SEC or
asymmetric-flow field-flow fractionation (AF4). The ‘universal

calibration’ assumption[26,27] is that these techniques separate
by a size parameter, which by the IUPAC definition[77] is always
termed hydrodynamic volume, Vh (or the corresponding
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hydrodynamic radius Rh, with Vh¼ 4/3pRh
3), which is not the

same as Rg. For SEC, the Vh is given by Eqn 4.
For AF4, different modes of separation are possible,[82] and it

is essential to ensure that the AF4 flow parameters used are such

that separation is actually by size (which in this case is that
inferred from the centre-of-mass diffusion using the Stokes–
Einstein relation[82]). Unfortunately, it has been shown[70] that
the conditions whereby size separation can be achieved with

AF4 for amylopectin are such that the signal-to-noise ratio from
amass-sensitive detector is very poor, so AF4 cannot be used for
amylopectin without major technical advances. However, it has

been used correctly for amylose and for degraded amylopectin
(e.g. Rolland-Sabaté[83]). A potential way around the AF4

problem for amylopectin has recently been developed.[84]

For complex branched polymers such as starch, it is essential
to be aware that there is no unique relation between size (the
separation parameter Vh) and molecular weight (M). This is
because there are an infinite number of branching structures that

a complex branched polymer with a given molecular weight
could exhibit, and it is these branching structures that determine
the size. This is not the case for a linear polymer, where there is

obviously only a single unique branch for a given molecular
weight.

In size separation, one obtains a signal from a detector

(see below) as a function of elution volume Vel (or equivalently
elution time). The relation between the separation parameter Vh,
which is a molecular property and thus independent of the

characterization device, and Vel (which depends on the experi-
mental set-up) is found by calibration. For SEC, the universal
calibration assumption means that this can be done using a
linear polymer, as follows. One takes a monodisperse sample of

a linear polymer with molecular weightMlinear polymer, measures
its viscosity and thus finds the corresponding Vh, using Eqn 4.
Then one determines the elution volume for each of a series of

such monodisperse linear polymers, and thus constructs the
calibration curve Vel(Mlinear polymer) and thus Vel(Vh). This must
be done for the particular eluent and temperature at which SEC

characterization is performed. There are significant limitations
on this for Level 2 distributions of starch,[85] particularly the
absence of linear standards of high molecular weight of a
polymer (typically pullulan) which is soluble in the eluent of

choice for starch (e.g. DMSO/LiBr), and also the impossibility
of avoiding shear scission for polymers in the amylopectin size
range. These currently put an upper boundary of,50 nm on the

sizes of starch molecules which can be characterized by SEC
without significant technical advances.[85]

Multiple detection following size separation is usually with

three types of detectors: viscometric, differential refractive
index (DRI), and MALLS.

(i) The viscometric detector yields the number distribution of
the fully branched starch,[1,86]N(Vh), the (relative) number
of molecules with hydrodynamic radius Rh. One has the

following relation between the signal, which is the specific
viscosity (Zsp) of the eluting polymer solution, and the
number distribution:[1,86]

NðVhÞ ¼
ZspðVelÞ
V 2
h

dVelðVhÞ
dlogVh

ð7Þ

(ii) The DRI detector yields the ‘SEC weight distribution’
w(logVh), which is the (relative) weight of molecules
with a hydrodynamic radius in the range logVh to

logVh þ d(logVh). The reason for this apparently strange

definition is that w(logVh) is the DRI signal that would
be obtained using an ideal SEC where there is no
band broadening and where the calibration curve of

Vel(Mlinear polymer) is linear in logMlinear polymer. The rela-
tion between DRI signal and weight distribution is given
by the equivalent of Eqn 3:

wðlogVhÞ ¼ �SDRIðVelÞ dVelðVhÞ
dlogðVhÞ ð8Þ

(iii) MALLS detection, together with dn/dc, gives the Rh

dependence of both weight-average molecular weight
and z-average radius of gyration: MW(Rh) and Rg,z(Rh).

Thewell knownmethod for going from the light-scattering
signals at different angles and MW and Rg,z is given, for
example, in a recent review.[14] It is noted that an accurate

determination of dn/dc is essential in this regard; this
is best done using differential refractometry, for which
commercial instruments are available.

While for linear (homo)polymers, these four distributions –
N(Vh), w(logVh), MW(Vh), and Rg,z(Vh) – are trivially related,

that is not the case for a complex branched polymer such as
starch. For complex branched polymers, each type of distribu-
tion provides independent information which could be used to
learn about the biosynthesis–processing–structure–properties

relations of Fig. 5.
In addition to these four one-dimensional distributions, it has

recently become possible to obtain (with considerable effort)

two-dimensional distributions, where one dimension is the
length of individual chains and the other is the total size of
the branched molecule.[41,87,88] This involves size separation

of the fully branched molecule using preparative SEC, followed
by collection of fractions with different (relatively narrow) Vh

ranges, debranching these fractions, and then performing further

SEC on these debranched fractions.

Some Structure–Property Relations

To date, there have been relatively few applications of Level 2

structural characterization to starch biosynthesis–processing–
structure–properties relations. Some examples from the authors’
group are summarised here.

Fig. 8 (unpublished data, with experimental details of the
multi-detector SEC set-up the same as those of Sullivan
et al.[89]) shows the four independent one-dimensional distribu-

tions for a sample of barley starch. One sees the following
features, as indicated by letters in this figure. Note that the size
ranges shown for the four distributions given in this figure
exclude data from the ranges with poor signal-to-noise ratios.

Furthermore, problems with both size calibration (lack of large
standards) and shear scission in the systemmean that the Rh axis
is only semiquantitative for sizes above ,50 nm.

The SEC weight distribution w(logVh) shows an artefact
due to the presence of unremoved protein at low Rh, Feature A.
Feature B is the amylose peak, while Feature C is that for

amylopectin. It is noted that it is hard to obtain good size
separation for both of the features with the same set of
columns, because of band broadening. It is for this reason
that it is far better to use debranched SEC data to obtain the

amylose-to-amylopectin ratio, rather than the fully branched
distribution as in Fig. 8. The size distribution of MW (which is
of course an increasing function of Rh), Feature D, shows an
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approximate power-law behaviour, from which one can obtain
the de Gennes exponent ng:

[90]

Rg;z ¼ KgðMWÞvg ð9Þ

if it is assumed that Rh,Rg, which will be seen to be a
reasonable approximation for amylopectin. This exponent gives
information on polymer architecture and conformation.[91]

The number distribution, Feature E, is monotonically
decreasing. It can be fitted to an approximate exponent n of 6 in:

NðVhÞ ¼ ðRhÞ�n ð10Þ

The reason for the value of 6 for this exponent is the presence
of Vh

2, Rh
6 in the denominator of the relation between viscomet-

ric signal and N(Vh), Eqn 7; the other terms in this relation vary
much less strongly with size. Number distribution data have
only been exploited in a handful of cases (e.g. Sullivan et al.[92])

but have considerable potential to yield new knowledge. The
form of N(Vh) is controlled by the events which stop growth of a

whole starch molecule (not just individual chains), about which

there is very little knowledge (there seems to be only one
exploration of this in the literature[93]). The lack of a maximum
or shoulder in the N(Vh) shows that whatever the growth-

stopping event(s) is (are), there is no size specificity over the
size range shown.

Onemight wonderwhyN(Vh) does not show some noticeable
change over the range where w(logVh) shows the change from

amylose to amylopectin. This is because N(Vh) is the number

distribution while w(logVh) is the weight distribution. The
weight distributions of amylopectin and amylose have maxima

at very different sizes, and therefore the sum of these, i.e. the
observed weight distribution w(logVh), has two separate maxi-
ma. The number distribution of each as a function of size is not

known, but probably both are monotonically decreasing, and the
sum, i.e. the observed number distribution N(Vh), will thus not
show separate maxima or a shoulder.

Finally, Feature F is the dependence of (z-average) radius of

gyration on hydrodynamic radius (note that the range of this
distribution where there is a good signal-to-noise is relatively
small with the particular set-up used for obtaining these data).

While there is no a priori reason for the twomeasures of size, Rg

and Rh, to be related (the former is the square root of the mass
average of the square of position, whileRh is found throughVh in

Eqn 4, and is related to viscosity), it is seen that the two are close
over the size range for which data are available, which is
essentially that of amylopectin.[14]

Some structure–property relations from Level 2 data are
now given. Processing of starch-related materials by both
milling (as in flour-making) and extrusion (as in making pasta
and, in combination with appropriate additional substances, in

making biomaterials) involves significant changes in Level 2
structural features. Themost straightforward is simple reduction
in size of the whole molecule. Studies on the evolution of both

Level 2 and Level 1 structures during these processes[94,95] show
first that amylopectin is preferentially degraded compared with
amylose, which is unsurprising because of its larger size. In

addition, it is found that this degradation brings the starch down
to a maximum stable size (which depends on the mechanical
conditions). This is qualitatively and quantitatively similar to
the maximum droplet size achieved when an emulsion (e.g. of

oil in water) is subjected to high shear. The resulting high-shear
size distribution is around amaximum sizewhich is a function of
shear rate, interfacial tension, and viscosity of the discrete

phase.[85,96] The maximum size of degraded amylopectin is
often in the amylose size region, but the branching structure of
these two components (relatively undegraded amylose and

degraded amylopectin) is quite different, and thus their func-
tional properties, such as rheological ones and digestibility, are
also very different.

Another example is in degradation during enzymatic diges-
tion which, as discussed above, is of considerable importance in
the amelioration of some human health problems due to the
desirability of a reduced digestion rate. A reduced digestion rate

is found in foods which contain resistant starch in significant
quantities, and so-called high-amylose starches are advanta-
geous in this regard. Examination of the evolution of Level 1 and

2 structures during in vitro digestion[97] shows that this RS is
,2.5 nm in size, and formed by the breaking of longer chains
from both amylose and potentially the longer chains of

amylopectin.
It is also important to be aware that some structural

characteristics may have no effect on certain functional
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Fig. 8. The four independent distributions from viscometric, differential

refractive index, and multiple-angle laser light scattering detection with size

exclusion chromatography (SEC) separation on a barley starch sample

(Schooner, sample taken four days after germination; unpublished data

obtained by Dr Francisco Vilaplana and Shang Chu in the authors’ group).

The four distributions are the SEC weight distribution w(logVh) and the

(fully branched) number distribution N(Vh), both in arbitrary units, the

weight-average molecular weight (MW) and the average radius of gyration

Rg,z(Vh). The diagonal broken line in the lower panel shows the hypothetical

case where Rg,z(Vh)¼Rh. Data above ,50 nm involves size extrapolation

and shear scission[85] and are therefore only semiquantitative. Letters are

various features explained in the text.
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properties. Just to give one of many examples, overall MW

has negligible effect on in vitro digestibility,[98] simply
because digestibility is influenced by structural characteris-
tics such as the CLD (Level 1) and crystallinity (Level 3),

which are not influenced by this particular Level 2 structural
characteristic (i.e MW).

Level 3: Crystalline and Amorphous Lamellae

Level 3 starch structure encompasses many different structural

features that are related to the aggregation of starch chains with
one another. The structures can be seen as increasing in the
hierarchy of order in the following manner: starch chains

aggregate into pairs of starchmoleculeswhich become entwined
in a helical structure; the helices aggregate to form crystallites;
finally the crystallites form layered crystalline-amorphous
lamella.

The helical structures of starch can be described in two ways:
the type of helix, i.e. double or single helices, can be defined
as well as the proportion of starch chains that are involved

in helices. The double helices are left handed parallel
stranded helices that include six glucose units per turn;[99] the
single helices are left handed and the number of glucose units per

turn varies with the complexing agent used in the production of
the single helices. Native starch is typically complexed with
lipids and displays six glucose unit turns.[100,101] The single
helices form V-type crystallites while the double helices can

produce A- or B-type crystallites. V-type crystallites involve
lipid complexes.[99,102] A-type crystallites have a monoclinic
unit cell[103,104] and B-type crystallites are formed by a hexago-

nal unit cell which contains a largewater channel.[105,106] C-type
crystallinity is a mixture of both A- and B-type crystallites, with
A-type crystallites typically localized at the granule periphery

and B-type closer to the centre.[107]

The full distribution function describing Level 3 structure is
Ncryst(RA, RB, RF, Ramorph, R

0
A, R

0
B, R

0
F, R

0
amorph): the probability of

being at a point, RA, where there is A-type crystallinity and
finding A-type crystallinity at a point R, B-type crystallinity at
R, etc. Various experimental techniques give different averages
of this distribution, as shown in Fig. 4.

Techniques and Assumptions

Solid-state 13C cross-polarized magic angle-spinning (13C CP/
MAS) NMR spectroscopy can be used to observe the different

helical polymorphs (A-, B- and V-types).[108–110] When used
with an amorphous starch reference spectrum that is subtracted
from the total spectra, it is possible to produce spectra which

represent the order in a starch sample. The results from these
methods are averaged over the entire sample set, so theremay be
a great deal of hidden variation between granules as well as

within granules. For example, it is impossible to determine the
difference between a population of granules which each contain
2.5% single helices, compared with a population of granules,
half of which contain 5% single helices. Themethod is sensitive

to the subtraction of the amorphous signal to avoid underesti-
mation of the helical content, which can be strongly influenced
by starch ageing.[111]

Fourier transform infrared (FTIR) spectroscopy is a tech-
nique which can be used to examine some of the same properties
as those observed by 13C CP/MAS NMR spectroscopy, such as

the helical order within the starch sample. FTIR can be used to
observe the relative height of peaks related to ordered and
amorphous starch resulting in a measure of the samples’ helical

content; these peaks are at 1000 and 1022 cm�1 respec-

tively.[112,113] However, the ratios of these peaks are quite
sensitive to water content, as there is a large overlap between
water peaks and the peaks of interest.[112,114] This makes the

production of absolute values using FTIR quite difficult, as the
positioning of the baseline for analysis is crucial. Finally the
technique is unable to distinguish between the different crystal-
line polymorphs of starch.[115] Despite these downsides, FTIR

can, unlike 13CCP/MASNMR spectroscopy, be used to observe
changes due to the gelatinization of starch in water,[114] as well
as potentially observe the surface, rather than bulk, of the starch

sample.[115]

X-Ray diffraction (XRD), frequently used interchangeably
with the similar wide-angle X-ray scattering (WAXS),measures

the type and average proportion of crystallinity within a starch
sample. Traditionally themethod used to determine crystallinity
with XRD has been to use a two-phase concept that assumes that
relatively perfect crystalline areas are interspersed in amorphous

regions. This model is not compatible with more complex
structures possible in a polymeric system, such as lamellar
crystalline growths, lattice dislocations, and chain folding.

The crystalline-defect model takes into account the fact that
a portion of the X-ray scattering from crystalline domains
is diffuse and contributes to the amorphous background of

the two-phase model.[116] A further refinement of this model
separates the poorly formed crystallites from perfectly formed
ones, in an attempt to define the whole crystallite structure more

thoroughly.[117] Aswith the proportion of helices, the proportion
of crystallinity is an average value of the whole sample and, as
such, is unable to differentiate between different distributions of
crystallites in different locations. This is particularly important

for C-type crystallites, as it has been shown that there is a
tendency for a greater amount of B-type crystallites to be in the
interior of the granule than the exterior.[107] This raises the

question about the consistency of crystallites throughout single
crystallite type granules.

The next level of the structural hierarchy is the aggregation of

the starch crystallites into crystalline-amorphous lamellae. The
lamellae can only be observed using small-angle X-ray or
neutron scattering (SAXS or SANS). The analyses of SAXS
and SANS data are similar. The major difference in treatment

between the two techniques is due to the differences in their
scattering. X-rays scatter by interacting with electron density,
which increases with atomic number, while neutrons scatter

when they interact with nuclei, which change with isotopic
content. The smaller chance of scattering against nuclei, as
opposed to electron density, results in a dramatically worse

signal-to-noise ratio for SANS, although this effect also gives
neutrons amore penetrating power, which allows them to be used
to perform in situ experiments that are not possible with X-rays.

The observation of the in situ changes of the crystalline-
amorphous lamella properties of starch in a rapid visco analyser
are made possible by the greater penetrative power of a neutron
beam.[118] The use of contrast matching in neutron experiments

by altering the isotopic content of the sample, usually done using
H2O and D2O, allows a more thorough probing of the scattering
density differences of different starch structures, such as the

differences in water content in the different lamellar regions.[119]

The data treatment of both techniques is, however, broadly
similar, so from this point forward only SAXSwill be considered.

SAXS patterns of starches typically display a broad scatter-
ing peak, which represents the repeating crystalline-amorphous
lamella structure found in native starch. This broad scattering
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peak is reciprocally related to the average thickness of the

crystalline-amorphous lamella repeat,[120] which is typically
9–10 nm in size.[121–125] There are several different modelling
methods to analyse SAXS data that can provide more informa-

tion than just this average repeat distance. There is a variety of
different paracrystalline models that differ in the number of
parameters they attempt to fit. The model of Cameron et al.[126]

treats the lamellar structure of starch as arising from three

contrast differences: crystalline and amorphous lamellae in a
finite stack embedded in an infinite amorphous background.
Daniels et al. refined this model in an attempt to take into

account the differences in scattering that arise from changes
in ideally formed lamellae caused by layer bending and
non-smooth lamellar layers.[127] While much is to be learned

from these fitting methods, there are significant levels of
uncertainty in the individual parameters because of the increase
in the number of parameters.[120]

Another method is based on the application of correlation

functions to the Fourier transform of SAXS intensity data. This
can be interpreted to produce structural parameters that describe
the repeat distance, crystalline and soft amorphous block thick-

nesses, the width of the transition layer, and electron density
contrast.[120] The repeat distance as measured by correlation
functions has been noted to be consistently smaller than that

from intensity profile analysis. This is attributed to the assump-
tion that there is a well defined Guinier region that can describe
the low q regions of the scattering data. In reality this area is

affected by larger granule structures such as growth rings and
surface scattering.[120]

Another method that can be used is an empirical method that
fits the data to equations that describe the SAXS peak and any

underlying diffuse and interfacial scattering. This approach fits
the peak data with a Gaussian or Lorentzian curve while
accounting for the diffuse background scattering using a power

law function.[128] In this way the Gaussian curve describing the
peak can provide information on the repeat distance (the inverse
of the q-space position of the peak), lamellar dispersity

(the width of the peak), and amount of order and difference in
electron density (the height of the peak).

The direct examination of the crystalline portion of the
crystalline-amorphous lamellae is possible under appropriate

conditions when using differential scanning calorimetry (DSC).
DSC measures the amount of energy that is required to increase
the temperature of a sample with reference to a material with

known temperature change. In the case of starch in excess water,
there are two endothermic peaks apparent in the DSC thermo-
gram. The first is attributed to the melting of the crystalline-

amorphous lamellae, while the second is attributed to the
melting of amylose-lipid complexes. The endotherm that repre-
sents the melting of the crystalline-amorphous lamellae can be

interpreted using the van’t Hoff equation to infer structural
information on the cooperative unit of the crystallites within the
starch. The properties of the crystallite within the crystalline-
amorphous lamellae can then be inferred. The van’t Hoff

equation requires that there is a low starch concentration to
avoid the effect of polymer aggregation, and a low rate of
temperature change to avoid any kind of thermal lag effect.[129]

This provides an estimate of the length of crystalline lamellae,
and allows a direct comparison with the paracrystalline model-
ling results from SAXS. Yuryev et al. found that the values

provided by the two different methods were within the same
range, but there was no direct correlation between the
parameters.[130]

As with all of the other methods discussed thus far, both

SAXS andDSC produce results that are averaged over the entire
sample. Any significant variation within a sample will not
be seen unless separation occurs before analysis. With any kind

of separation it is necessary to check that no artefacts are
introduced into the results by the separation process.

Some Structure–Property Relations

The most significant uses of the understanding of Level 3
structures have been found in gelatinization, annealing, and
hydrothermal treatment of starches and digestion of starches.

Gelatinization and annealing are the most common type of
non-chemical structural modification performed on starch.
Gelatinization removes all or most native Level 3 structure.

Annealing produces a sharper crystalline peak inWAXS and an
increase in the gelatinization temperature of the native starch
without any structure loss.[131] The behaviour of starch in water
with the application of heat is explained largely by the applica-

tion of these Level 3 structural elucidation techniques.
Cameron et al. used SAXS to observe the change in electron
densities in the amorphous growth region, crystalline lamellae,

and amorphous lamellae. They found that as gelatinization
progressed, the amorphous growth region rapidly absorbed
water, followed by the amorphous lamellae, and finally a

disruption to crystallites was seen.[126] The further removal of
structural order is explained by the side-chain liquid-crystalline
polymer model.[132] In situations with excess water, there is a

single transition during gelatinization. This is because in excess
water, the helix–helix dissociation is the rate-determining step,
after which the helix unwinding is rapid. In limiting water a
greater amount of energy is required to cause helix unwinding

than to disrupt helix–helix interactions; for this reason two
transitions are seen in DSC. This is applicable in limited water
as the loss of the SAXS peak is observed during the first

transition; the loss of helical order as determined by the loss
of birefringence occurs during the second DSC transition.[132]

Annealing and hydrothermal treatment are both methods of

processing granular starch in the presence of heat and water that
increase its gelatinization temperature. Annealing occurs in
excess water and at temperatures below the gelatinization onset,
while heat moisture treatment is at limitingwater concentrations

and much higher temperatures. The effect of annealing and heat
moisture treatment was studied by Vermeylen et al.[133] using
WAXS, SAXS, andDSC. It was found that annealing resulted in

no change in crystallinity, while a sharpening of the crystalline-
amorphous lamella peak occurred; this indicates that the
increase in gelatinization temperature was related to more

efficient packing of crystallites in the crystalline-amorphous
lamellae. In contrast, heat moisture treatment results in
the production of diffuse background scattering in the SAXS

plot, indicating a disruption of the normal lamellar stacking.
Combined with the increases in crystallinity being largely of
A-type rather than the native potato starch B-type crystallites,
this indicates that the change in crystallite type was most

relevant for this starch treatment. A general example of the
utility of the analysis of the Level 3 structures is that it provides a
tool to discriminate between starches in relation to their process-

ing properties. For example, if an application requires a starch
that is not cooked until it reaches a relatively high temperature,
the gelatinization temperatures can be measured and a starch

with crystallites that melt at an appropriately high temperature
could be chosen. In addition, if an improvement in the amount of
crystallinity for a process is required, the starch with the greatest
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crystallinity after annealing could be chosen. While making

these selection processes, it is important to ensure that a proper
mechanistic explanation exists to underpin any decisions that
are made.

Application of SAXS, WAXS, and DSC to the in vitro
digestion of starch[134] showed that the process of digestion is
similar to that of water entry into granules: first the amorphous
growth regions are digested, followed by digestion of the

amorphous lamella. These changeswere observed as an increase
in the proportion of crystallinity and an increase in the onset
temperature of gelatinization with small decreases in the inten-

sity of the small-angle scattering peak. The loss of intensity was
ascribed to the freeing of starch crystallites from the crystalline-
amorphous lamellae, which remain intact.

Together with the results from annealing and water absorp-
tion, a framework to select starches for applications related to
starch digestion is now provided. Two potential examples are:
(1) Two granular starches can have different digestion proper-

ties due to the rate of water transfer into each of them, so
attempted improvements to this water transfer rate could be
monitored by SAXS. (2) The production of highly crystalline

starch by enzyme or acid hydrolysis could be accomplished by
selecting a starch with greater crystallinity and crystalline-
amorphous lamellar content, as measured by SAXS peak inten-

sity, or by altering a starch so that these properties are more
strongly exhibited.

Due to the averaging effect of the Level 3 analysis techni-

ques, using other methods of separation can lead to interesting
results. This is exemplified by Vermeylen et al.[135] who
produced two separate wheat starch granules from single popu-
lations, one with large granules and the other small. These

granules displayed different Level 3 structural properties. The
larger granules had a higher proportion of B-type crystallites as
well as an increase in crystallinity, while the smaller starch

granules had more intense SAXS scattering patterns with
decreased lamellar repeat distances. This was attributed to an
increased crystalline lamellar density, containing longer double

helices with shorter branching connectors inhabiting the amor-
phous lamellae. These results were supported by the increased
gelatinization temperatures and narrower helix–coil transitions
exhibited by the small granules. This serves as an example that

the characterization of the Level 3 properties of starch contain
significant potential for the advancement of the understanding
of the biosynthesis, properties, and processability of starches.

Conclusions and Perspectives

Producing starch-containing materials (whether they be for

human food, animal feed, biomedical polymers, or engineering
plastics) with improved properties is best done following the
paradigm of Fig. 5: understanding what structural character-

istics are needed for the desired property, then seeing how these
can be produced through choice (or breeding) of the starch-
producing plant, and choosing optimal processing conditions.
This review looks at the central plank in this platform: charac-

terization of the three lowest structural levels (Fig. 3).
The characterization methods for Level 1 are well estab-

lished, although some technical improvements are needed for

amylose chains. There is a wealth of data and inferences on
structure–property relations for this level for many functional
properties, although effects of amylose chains have been

neglected and offer considerable potential for new understand-
ing. There is also a lot to be learnt by applying detailed
biosynthesis models to extant and new data.

The methods for Level 2 are still under development,

although the basic techniques have been well established.
Obtaining systematic data on this structural level and using it
in the biosynthesis–processing–structure–properties paradigm

is still in its infancy, and offers considerable potential for future
applications. Indeed, there is very little knowledge or under-
standing of just what functional properties depend on Level 2
structural characteristics.

The methods for Level 3 structural characterization are also
well established, although there is considerable dependence on
model assumptions in interpreting the raw data. There is a

considerable literature on the corresponding structure–property
relations. While there is a significant number of papers on how
processing affects this structural level, there is very little

knowledge as to how this structural level in native starch is
determined by the underlying biosynthetic processes.

Unquestionably, the greatest advances in making starch-
containing substances with improved functional properties

will be when a unified, mechanistically based, biosynthesis–
processing–structure–properties picture emerges, incorporating
all three levels together.
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