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ABSTRACT: Chemical composition, molecular structure and organization, and thermal and pasting properties of maize and potato
starches fractionated on the basis of granule size were investigated to understand heterogeneity within granule populations. For both
starches, lipid, protein, and mineral contents decreased and apparent amylose contents increased with granule size. Fully branched
(whole) and debranched molecular size distributions in maize starch fractions were invariant with granule size. Higher amylose
contents and amylopectin hydrodynamic sizes were found for larger potato starch granules, although debranched molecular size
distributions did not vary. Larger granules had higher degrees of crystallinity and greater amounts of double and single helical
structures. Systematic differences in pasting and thermal properties were observed with granule size. Results suggest that branch
length distributions in both amylose and amylopectin fractions are under tighter biosynthetic control in potato starch than either
molecular size or amylose/amylopectin ratio, whereas all three parameters are controlled during the biosynthesis of maize starch.
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B INTRODUCTION

Starch is synthesized by plants in granular form with a wide
range of sizes (<1—100 ym in diameter) and shapes (spherical,
lenticular, polyhedral, irregular, etc.), characteristic of the bota-
nical origin.1 Wheat, barley, rye, and triticale starches have a
bimodal granule-size distribution consisting of large disk-shaped
granules (A-type granules) and small spherical granules (B-type
granules), which are readily separated.” These A- and B-type
granules have different chemical compositions (lipid, protein,
and minerals), functional properties (enzymatic digestion, past-
ing, and thermal), and molecular structures (amylose content
and amylopectin branch lengths).> ® The amylopectin mol-
ecules of the A-type granules consist of a slightly larger amount
of long chains that extend through two clusters and a lesser
amount of shorter chains that are confined to a single cluster
compared with the amylopectin molecules of B-type granules.>’

Maize and potato starch granules have a unimodal size distribu-
tion, covering a wide range of granule sizes (particularly for potato),
most likely due to the termination of starch granule synthesis at
different growth stages. The small granules have been postulated as
the immature granules that are unable to completely develop into
full-size granules, whereas the large granules are suggested to be the
fully developed granules.*” In maize starch, smaller granules reflect
the characteristics of unfractionated starch isolated from whole
endosperms earlier in kernel development, supporting the hypoth-
esis that these small granules were derived from physiologically
younger cells."” On top of this, there is a gradient in endosperm cell
development in maize starch; for example, the youngest endosperm
cell (thus smaller granules) is positioned in the peripheral part of the
endosperm.' > Study of the physicochemical properties of starch
granules fractionated on the basis of differences in granule size
can provide insights into the role that granule size plays in
determining structural and functional properties of starches
as well as identifying relationships among structural features
at different length scales as a function of granule maturity.
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Compared with the bimodal size distribution starches, only
limited studies have been reported on the physicochemical
properties of granule-size-fractionated unimodal starches, parti-
cularly maize. This might be due to the practical difficulty of
separating maize starch granules, which have a narrow granule-
size distribution (2—30 um). Some differences in physicochem-
ical properties between starch granules of different sizes have
been observed previously for both maize and potato starches.
Larger maize starch granules contain more amylose than smaller
granules.*"'* Similarly, the larger granules of potato starch
also have significantly higher amounts of amylose along with
lower amounts of proteins and minerals than their smaller
counterparts.">'® Pasting properties differ for potato starches
of different granule size, with the smaller granules showmg lower
peak, trough, and final viscosities than the larger granules.'” The
gelatinization temperature of the smaller granules of potato
starch was significantly higher than that of the larger granules.'®
On the molecular level, the branch chain length distributions of
amylopectins from potato starch have been reported to be similar
for granules of different sizes."

In a previous study, we successfully applied Stokes’ law of
sedimentation to separate maize and potato starch granules into
predictable size fractions and conducted a comparative study on
the amylase digestibility of these fractions.'” The results showed
that the relative accessible surface area of starch granules was the
major determinant for amylase diffusivity into starch granules.
In this study, we analyze the chemical composition, molecular
structure, supramolecular structure (crystallinity and double and
single helices), and thermal and pasting properties of granule
fractions of maize and potato starches. The use of a greater
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Table 1. Chemical Composition of Native and Granule-Size-Fractionated Maize and Potato Starches”

fraction rel yield® (%) av size” (um) lipid (% db)
MS 13.6 0.79 (0.05) b
MS-VS 17.2 92 0.96 (0.08) c
MS-S 314 136 0.76 (0.08) b
MS-M 406 165 0.67(0.19) b
MS-L 10.8 20.3 0.33(0.06) a
LSD* 0.27

PS 304 0.13 (0.02) xy
PS-VS 12.2 15.9 0.20(0.03)y
Ps-s 264 28.1 0.16 (0.04) xy
PS-M 325 402 0.13 (0.09) xy
PS-L 19.8 50.5 0.10 (0.03) xy
PS-VL 9.1 675 0.06 (0.04) x
LsD" 0.11

protein (% db) ash (% db) amylose (% db)

0.42(0.01) b 0.09 (0.01) ab 27.6 (1.81) ab
046 (0.01) b 0.12(0.02) a 26.0 (1.46) a
0.31(0.01)a 0.08 (0.03) ab 28.9(0.62) be
0.31(0.01)a 0.07 (0.01) b 29.5 (1.46) be
0.27(0.05) a 0.07 (0.01) b 30.1(0.62) ¢
0.06 0.0 2.0

0.08 (0.00) x 0.16 (0.06) x—z 367 (1.6) x
0.09 (0.00) x 025 (0.01) x 33.8 (0.5)y
0.03(0.01)y 021 (0.04) xy 35.4(1.0) xy
0.02(0.01)y 0.15(0.01) yz 36.5(0.5) x
0.02 (0.00) y 0.13 (0.04) yz 37.0(2.1) xz
0.03(0.01)y 0.11 (0.02) z 38.8(12)z
0.01 0.09 19

“ Different letters in the same column (for lipid, protein, ash, and apparent amylose contents) indicate significant difference at p < 0.05. Numbers in
parentheses are standard deviations. ” Cited from Dhital et al."®. “LSD, least significant difference.

number of granule-size fractions (four for maize and five for
potato) and a wider range of physicochemical probes than in any
previous studies®'®'® of granule-size effects allows a more
detailed mechanistic understanding of granule-size effects than
has so far been reported. In addition to testing specific structure—
function hypotheses, a correlation matrix was generated to
elicit relationships among the physicochemical properties
of starch granule size fractions to further understand the
nature and consequences of heterogeneity within native maize
and potato starch granules.

B MATERIALS AND METHODS

Potato starch (PS, S4251) was purchased from Sigma-Aldrich, Castle
Hill, NSW, Australia, and maize starch (MS) was purchased from
Penford Australia Ltd., Lane Cove, NSW, Australia. Both starches
were fractionated by a repeating sedimentation process as described
previously'® using Stokes’ law of sedimentation to predict the sedimen-
tation time for desired granule size. The surface-weighted mean dia-
meters of separated granules were previously determined using a
Malvern Mastersizer Hydro 2000MU (Malvern Instruments Ltd.,
Malvern, UK.) as described previously."” MS granules were separated
into very small (MS-VS), small (MS-S), medium (MS-M), and large
(MS-L) fractions with surface-weighted mean diameters of 9.2, 13.6,
16.5, and 20.3 um, respectively (Table 1). Similarly, PS granules were
separated into very small (PS-VS), small (PS-S), medium (PS-M), large
(PS-L), and very large (PS-VL) fractions with surface-weighted mean
diameters of 15.9, 28.1, 40.2, 50.5, and 67.5 um, respectively (Table 1).
The native (unfractionated) MS and PS had mean diameters of 13.6 and
30.4 um, respectively. The relative yield of the separated starch granules
is summarized in Table 1. The moisture contents of all starch samples
were adjusted via vapor phase isopiestic equilibration over saturated
K,COj salt solution at 20 °C for 1 week, providing an environment with
a relative humidity of 44% to minimize the effect of moisture variation.
The resulting moisture content was in the range of 9—11% for all
conditioned starch samples as determined by vacuum oven drying
overnight at 100 °C.

Lipid contents of starch samples were determined by an acid hydrolysis
method.*® Protein contents (625 X N) were determined using a LECO
CNS 2000 autoanalyzer (LECO Corp., St. Joseph, MI) following the
method of Jung et al.”" Apparent amylose contents were determined using
an iodine colorimetric method™* without prior defatting of starch samples

using Sigma A-0512 and S-9679 as amylose and amylopectin calibration
standards, respectively. Mineral contents were determined by dry ashing at
550 °C.>* Mineral compositions of starch samples were analyzed by
inductively coupled plasma optical emission spectrometry (Vista Pro
ICP-OES, Varian Pty. Ltd, Mulgrave, VIC, Australia) at spectral wave-
lengths of 422, 327, 238, 766, 279, 257, 588, 213, and 181 nm for calcium,
copper, iron, potassium, magnesium, manganese, sodium, phosphorus, and
sulfur, respectively.

The size distributions of fully branched (whole) and debranched mole-
cules in the native and granule-size-fractionated starches were analyzed
using a size exclusion chromatography (SEC) system (Agilent 1100 Series
SEC system, Agilent Technologies, Waldbronn, Germany) equipped
with a refractive index detector (PN3140, PostNova Analytics, Lands-
berg, Germany) following the methods of Cave et al.** and Dhital et al.>®
for fully branched (whole) and debranched molecules, respectively. The
hydrodynamic radius (Ry,) was converted from the SEC elution volume
following the method of Cave et al.”* using a series of pullulan standards
(Polymer Standard Services, Mainz, Germany) with molecular weights
(M,) ranging from 342 to 2.35 x 10° Da. The Ry of the pullulan
standards was calculated from the molecular weight (M,) using the
Mark—Houwink equation, V}, = ZKZ\/I,,(IW)/SNA, with Vi, = */3 T R3,
N, is Avogadro’s constant, and the K and o values for pullulan in DMSO
with 0.5% w/w LiBr are 2.427 x 10 *dL g~ ' and 0.6804, respectively.
The mass recovery after SEC is essentially 100% within experimental
error as reported by Tizzotti et al,*® who used the same SEC setup and
conditions as used in the present experiments. SEC separates molecules
by hydrodynamic size, not by molecular weight. Although there is a
unique relationship between hydrodynamic size and molecular weight
for linear polymers, that is, the Mark—Houwink equation, there
is no such relationship for highly branched molecules, including
starch. Hence, the molecular size distributions of fully branched and
debranched starch molecules were plotted as SEC weight distribution, w
(log V), against the logarithm of hydrodynamic radius (log Ry,/nm).

X-ray diffraction (XRD) analysis was performed using an X-ray
diffractometer (D8 Advance, Bruker AXS GmbH, Karlsruhe, Germany)
operating at 40 kV and 30 mA with Cu Ka 1 radiation (4) at 0.15405 nm.
The scanning region was set from 3 to 40° of the diffraction angle 26,
which covers all of the significant diffraction peaks of starch crystallites. A
step interval of 0.02° and a scan rate of 0.5°/min were employed for all
samples. Crystallinity was calculated as the ratio of the total peak area to
the total diffraction area”” The diffractograms were smoothed by 13
points using Traces software (version 3.01, Diffraction Technology Pty
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Table 2. Mineral Compositions of Native and Granule-Size-Fractionated Maize and Potato Starches”

fraction calcium copper iron potassium
(ppm) (ppm) (ppm) (ppm)
MS 54.9 (12.59) a 1.1(0.17)ab  1.4(0.38)a 74.0(16.52)ab
MS-VS  57.3(325)a 1.5(033)a  3.5(0.17)b 883(17.03)a
MS-S  222(1.64)b 1.0(027)b  1.5(0.38)a 60.8(3.60)b
MS-M  27.5(0.78)b 0.8(0.11)b  1.1(0.40)a 49.8(5.60) bc
MS-L  213(321)b 0.8(0.06)b 0.8 (0.44)a 35.5(12.00)c
LSD® 110 0.4 0.7 22.3
PS 248.0(225)wz  84(291)wx 5.1(0.64)  60.2(16.90)w
PS-VS  409.5(1721)x  10.8(1.00)w 6.5 (0.19)  86.8(0.39)x
PSS 293.1(1.02)y 55(0.14)wx 4.8 (1.83)  63.7(4.25)w
PS-M  274.6(23.85)wy 7.9 (451)wx 3.0(0.10)  62.0(16.03)w
PS-L  2322(944)wz  7.7(0.62) wx 3.6(031)  $9.7(8.10)w
PS-VL 2302(31.09)z  4.9(0.80)x 4.7(272)  79.9(10.23) wx
LSD 439 5.5 33 224

magnesium manganese sodium phosphorus sulfur

(ppm) (ppm) (ppm) (ppm) (ppm)
448(404)a  05(023)a  1324(2558)a 1480(1604)a 52.0(7.73)ac
43.5(236)a  09(0.17)a  137.1(631)a  158.6 (10.08)a 62.6(14.71)a
255(136)b  02(0.16)b  74.0(2125)b 1259 (5.00)b  36.4(2.92)b
190(1.07)c  0.1(0.03)b  69.3(12.42)b 1204 (629)b  37.2(4.87) bc
204(037)c  01(003)b  60.4(12.65)b 1236 (6.06)b  38.8(6.49) abc
4.0 0.3 31.1 17.4 15.2
62.8(428)wy 131(0.07)w  37.0(7.07)w  629.0 (53.65)w 59 (2.16)w
1221(11.57)x  1.50(0.18)x  45.6(6.13)x 8188 (11.64)x 83 (023)w
74.5(0.06)w  123(0.00)wz 161(2.03)y 647.3 (0.05)w  8.1(1.56)w
64.6(0.87) wy 1.09(0.00)y  161(246)y 568.1(21.73)y  2.6(039)x
646(0.77)wy 1.13(0.06)yz  7.8(201)z $358(327)y  24(0.87)x
542(543)wy 1.16(0.10)yz 112 (124)yz 4882(24.64)z  1.5(1.70)x
13.4 0.2 7.5 64.0 33

“ Different letters in the same column indicate significant difference at p < 0.05. Numbers in parentheses are standard deviations. "LSD, least significant

difference.

Ltd., Mitchell, ACT, Australia) before the percentage of crystallinity was
calculated.

Starch samples were analyzed by solid-state '*C nuclear magnetic
resonance (NMR) spectroscopy using a Bruker MSL-300 spectrometer
(Bruker, Karlsruhe, Germany). Spectral acquisition and interpretation
methodology as described elsewhere®® was used to quantify the double
helices, single helices, and amorphous conformational features.

The gelatinization properties of starch samples were analyzed using
a differential scanning calorimeter (DSC) (DSC 1, Mettler Toledo,
Schwerzenbach, Switzerland). Each sample (~4 mg) was mixed with
~12 mg of deionized water in a DSC pan (aluminum low pressure,
40 uL), which was then hermetically sealed. The pans were held at 10 °C
for S min and then heated to 120 at 5 °C/min. The onset (T,,), peak
(Tp), and conclusion temperatures (T¢) and the enthalpy of gelatinization
(AH) were determined using the built-in software (STARe System,
Mettler Toledo).

Pasting properties of starch samples (8% w/w in distilled deionized
water) were analyzed using a Rapid Visco Analyzer (RVA) (Newport
Scientific, Warriewood, NSW, Australia) following the method of Dhital
et al.* Peak viscosity (PV), trough viscosity (TV), final viscosity (FV),
and pasting temperature (PT) were determined from the pasting curve
using Thermocline version 2.2 software (Newport Scientific).

Results were expressed as means with standard deviations in par-
entheses from at least duplicate measurements, except for XRD and
NMR, for which only single experiments were performed. Analysis of
variance (ANOVA) was used to determine the least significance at p <
0.05 using Genstat S (release 3.2, Lawes Agricultural Trust, Harpenden,
Hertfordshire, U.K.), and correlation coefficients were determined by
using Microsoft Office Excel 2007 (Microsoft Corp., Redmond, WA).

B RESULTS AND DISCUSSION

Chemical Composition of Starches. The lipid, protein,
amylose, and ash contents of native and granule-size-fractionated
MS and PS are presented in Table 1, and specific inorganic
element contents are presented in Table 2. MS contained
greater amounts of lipids (0.79%) and proteins (0.42%) than
PS (0.13 and 0.08%, respectively), consistent with previous
results.’”>' MS lipids are essentially monoacyl lipids (free
fatty and lysophospholipids) and are present inside the granules
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(internal lipids)** either independently or as amylose—lipid
complexes.” On the other hand, the majority of PS lipids are
surface lipids®* probably derived from the amyloplast membrane
covering the starch granule. PS had a greater amount of minerals
(ash) (0.16%) than MS (0.09%). Phosphorus, calcium, potas-
sium, magnesium, and sodium were the major minerals in both
starches. Among them, phosphorus was the most abundant at
629 and 148 ppm in PS and MS, respectively. Cereal starches,
such as MS, contain phosphorus mainly in the form of phospholipids,
whereas, in PS, phosphorus is bound to the amylopectin molecule as
phosphate monoesters.>* Elevated levels of cations in PS compared
with maize starch may be related to the negatively charged phosphate
groups. It is also noted that the level of magnesium is greater in the
native (unfractionated) starches than in the fractionated starches,
suggesting that minerals might be dissolved during the multiple
aqueous treatments involved in fractionation.

The proportions of lipids, proteins, and minerals decreased
significantly with increasing granule size for both MS and PS
(Tables 1 and 2). Noncarbohydrate materials including lipids,
proteins, and minerals have been reported to be more concen-
trated at the surface of starch granules.>>*” The higher contents
of noncarbohydrate materials in smaller granules are therefore
attributed to their larger surface area per unit volume compared
with larger granules. The apparent amylose, amylose measured in
the presence of native lipids, increased with granule size for both
MS and PS (Table 1) as previously reported.'>'*'73% As the
types of lipids found in maize and potato are different in
nature,>>** defatting prior to amylose content analysis by iodine
colorimetry using 75% propanol as mentioned in standard
protocol®” might be able to completely remove surface lipids in
potato starch granules, but is not likely to remove all internally
bound lipids in maize starch granules. Hence, to avoid this
inconsistency, the apparent amylose content without prior
defatting is deemed to be more appropriate to represent the
different starch granule fractions rather than the absolute amy-
lose content after defatting. In the storage organs of maize and
potato, the apparent amylose content increases with starch
granule size and the radial distance from the hilum.*** This is
mainly due to the activity of granule-bound starch synthase

dx.doi.org/10.1021/jf202293s |J. Agric. Food Chem. 2011, 59, 1015110161
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Figure 1. Fully branched size distributions (area normalized) of granule-size-fractionated maize starch (A) and potato starch (B). Debranched size
distributions (area normalized) of granule-size-fractionated maize starch (C) and potato starch (D).

(GBSS-I), the enzyme responsible for synthesizing amylose,
which is higher at the later stage of starch synthesis."**”
Apparent Size Distribution of Starch Molecules. The size
distributions of fully branched molecules (normalized to the total
peak areas) of the native and granule-size-fractionated MS and
PS showed two well-resolved peaks (R, < 100 nm and 100—
10000 nm) assigned to amylose-rich and amylopectin-rich
molecules, respectively (Figure 1A,B). However, the ratio of
amylose and amylopectin peaks should not be used to quantify
the actual amylose content as there are different specific refrac-
tive index increment dn/dc (change in refractive index with
polymer concentration) values for amylose and amylopectin in
DMSO containing 0.5% w/w LiBr (0.0929 and 0.0717 mL gfl,
respectively) and band broadening of SEC peaks causing the
overlapping (or incomplete separation) of amylose-rich and
amylopectin-rich peaks. Size distributions of fully branched MS
fractions were almost similar, although their apparent amylose
contents were different (Table 1). This suggests that the lower
apparent amylose content in the smaller MS granules is pre-
dominantly due to the higher amount of lipids in these granules
that might have complexed with amylose and thereby reduces the
amount of free amylose available to form a complex with iodine.
In contrast, the peak area of amylose and the hydrodynamic size
of amylopectin molecules observed from the size distributions of
fully branched PS fractions (Figure 1B) increased with increase in
granule size. The trend observed in the peak areas of amylose of
the PS fractions is in agreement with their apparent amylose
contents (Table 1), with the larger granules containing more

10154

amylose than the smaller granules. As the lipid content in PS is
much lower than that in MS (Table 1), amylose/lipid complexa-
tion is not expected to cause a major difference between apparent
and true amylose contents for PS.

The size distribution of debranched starches (normalized to
the total peak areas) (Figure 1C,D) can be divided into amylo-
pectin branches (Ry, < 4 nm) and amylose branches (R}, between
4and 100 nm). The amylopectin branches can be further divided
into two groups: the smaller outer branches that are confined to
one lamella (A and B1 chains, Ry, < 2 nm) and the longer inner
branches that span more than one lamellae (B2, B3, .., R,
between 2 and 4 nm).* In agreement with the size distributions
of fully branched starch (Figure 1A), the size distributions of
debranched starch of MS fractions (Figure 1C) were almost
identical, whereas the size distributions of debranched starch of
PS fractions (Figure 1D) showed an increase in the proportion of
amylose branches to amylopectin branches with increasing
granule size. However, the size distributions of amylopectin
branches among the PS fractions (Figure 1D) were almost
identical despite the difference in the hydrodynamic size of the
fully branched amylopectin from these fractions, which is in
agreement with observations reported by Noda et al."® Thus,
branch chain lengths of amylose and amylopectin do not vary
with granule size (for both MS and PS) or the size of fully
branched molecules (for PS). This implies a tight biosynthetic
control of branch chain lengths for both amylose and amylo-
pectin in maize and potato starches. In contrast, for PS, the
whole amylopectin molecular size and the relative proportions

dx.doi.org/10.1021/jf202293s |J. Agric. Food Chem. 2011, 59, 1015110161
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Figure 2. X-ray diffractograms for granule-size-fractionated maize starch (A) and potato starch (B). Direction of arrow denotes the sequence of graphs,

starting from top.

Table 3. Crystallinity (Quantified by XRD”) and Molecular Order (Measured by NMR") of Native and Granule-Size-Fractionated

Maize and Potato Starches

NMR
V-type polymorph double helix amorphous noncrystalline
fraction XRD (crystallinity, %) (single helix, %) (%) (%) double helix” (%)
MS 23.5 2.7 28.6 68.6 S.1
MS-VS 22.2 3.5 24.3 72.1 2.1
MS-S 23.3 3.3 25.8 70.8 2.5
MS-M 23.5 2.7 28.5 68.7 5.0
MS-L 24.1 2.4 29.2 68.3 S.1
PS 25.9 1.7 272 70.9 13
PS-VS 23.2 2.3 26.8 70.8 3.6
PS-S 24.5 2.0 272 70.7 2.7
PS-M 28.5 1.6 27.5 70.7 2.0
PS-L 26.1 14 284 70.1 2.3
PS-VL 28.3 1.1 28.8 70.0 0.5

“XRD and NMR calculations are within CV of 5%. ® Noncrystalline double helix (%) = double helix (%) — crystallinity (%).

of amylose and amylopectin do not appear to be as tightly
controlled.

From the combination of branched and debranched distribu-
tions, it is evident that there are different reasons for the similar
increases of apparent amylose content with granule size for both
PS and MS (Table 1). For PS, this is due to a greater proportion
of linear and sparsely branched chains with R}, > 4 nm, whereas
for MS, neither branched nor debranched molecular size dis-
tributions vary with granule size; therefore, the variation of the
apparent amylose content with granule size (Table 1) is most
likely a reflection of the extent of lipid binding.

Crystallinity and Molecular Order in Starch Granules. The
crystalline polymorphs of native starch granules, as revealed by
X-ray diffractometry, are classified into A-, B-, and C-type poly-
morphs. As expected, all MS samples displayed the A-type diffrac-
tion pattern with major diffraction peaks at ~15, 17, 18, and 23°
20, and all PS samples had the B-type pattern with major peaks at
17, 22, and 24° 20 (Figure 2)."' However, the nonoverlapping
peak at 5° 20 was observed only for larger and unfractionated PS.
The relative crystallinity (Table 3) increased with the size of starch
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granules from 22.2 (MS-VS) to 24.1% (MS-L) and from 23.2 (PS-
VS) to 28.3% (PS-VL). The granule size showed a strong positive
correlation with relative crystallinity (R = 0.98, p < 0.05) for
both MS and PS. The crystallinity results agree with qualitative
results previously reported for granule-size-fractionated waxy
maize, normal maize, and cassava starch.'>** The lower crystal-
linity in smaller granules of MS and PS suggests that molecules
closer to the hilum are less able to align into crystallites than those
closer to the surface. However, the results from MS suggest that
the inability of the molecules closer to hilum to form crystalline
structures is not due to differences in branch chain lengths, as
these do not vary with granule size.

The X-ray diffractograms did not show any obvious differences
among the MS fractions, indicating that the nature of individual
crystallites is similar in all MS granules regardless of the granule
size. However, for PS, the peak intensity at 5.4° 26 (Figure 2B)
increased markedly with granule size; minor peaks around 15—
16° 20 also appeared to sharpen with increasing granule size,
whereas other peaks at higher angles (lower d-spacings) did not
show such obvious differences. The small granules have been

dx.doi.org/10.1021/jf202293s |J. Agric. Food Chem. 2011, 59, 1015110161
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Figure 3. 3C NMR spectra: granule-size-fractionated maize starch (A) and potato starch (B). Separation of 3C NMR spectra into ordered and
amorphous subspectra: granule-size fractionated maize starch (C) and potato starch (D). Direction of arrow (in A and B) denotes the sequence of

graphs, starting from top.

postulated as those that have not reached full maturity;* ' thus,
the increase of the peak at 5.4° 20 with granule size suggests that
crystals with larger interplanar spacing (d-spacing) as repre-
sented by peaks at lower diffraction angles are developed in the
later stage of granule growth. The implication is that crystallinity
in potato starches is developed (annealed) slowly during the
course of granule deposition.

Panels A and B of Figure 3 show the solid-state "*C NMR
spectra of MS and PS size fractions, respectively. The subspectra
representing the contributions from amorphous and ordered
phases of MS and PS are illustrated in panels C and D of Figure 3,
respectively. The results from quantitative analysis of ordered
subspectra (by peak fitting to known spectra for double-helical
and single-helical polymorphs®®) are summarized in Table 3.
Similar to the relative crystallinity, the amount of double helices
increases with increase of granule size for MS and PS. The
amount of double helices in MS-VS fraction was 24.3%, ~5%
lower than for the MS-L fraction, whereas only ~2% difference
was observed between PS-VS and PS-VL fractions. The crystal-
line structure of granular starch is attributed to the regular
arrangement of double helices formed by amylopectin branches.
However, not all double helices of amylopectin branches are
involved in forming crystalline regions, as the amount of double
helices is typically greater than the amount of crystallites.* This
phenomenon was observed in all MS and PS fractions (Table 3).
Furthermore, the difference between the amount of double
helices and the relative crystallinity in the MS-VS fraction was
~3% lower than that of the MS-L fractions, whereas that of the
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PS-VS fraction was ~3% higher than the PS-VL fraction
(Table 3). This suggests that the larger granules of MS have
more double helices in the noncrystalline regions, and the
opposite is true for larger granules of PS. The decrease in
the noncrystalline double-helix content with the increase in
granule size for PS (Table 3) shows that the major difference
in the diffraction patterns (Figure 2) of PS fractions is due to
less perfect alignment of helices rather than different amounts
of helices, consistent with steric constraints on helix packing near
the hilum.

The percentage of single helices decreased with increasing
granule size for MS and PS (Table 3), and the amount of single
helices was positively correlated (R = 0.95, p < 0.05) with the
lipid content, suggesting that lipids in both MS and PS granules
participate in single-helical complexes with amylose. However, as
a significant negative relationship was obtained in PS between
apparent amylose content and single-helix content, the formation
of helical complexes appears to be affected by both the content
and location of lipid and amylose in the starch granules and is not
necessarily related to apparent amylose content. The difference
in the amount of single helices among the fractions as observed
by NMR (Table 3) did not lead to any distinct difference in the
intensity of the peak at 20.2° 20 (the major peak in the V-type
diffraction pattern*') in the X-ray diffractograms (Figure 2),
indicating that the relatively low levels of single helices in the MS
and PS fractions are insufficient to generate V-type crystallinity.

Thermal Properties. Starch gelatinization is a complex phe-
nomenon involving dissociation of amylopectin double helices in
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Table 4. Thermal Properties of Native and Granule-Size-Fractionated Maize and Potato Starches”

fraction T, (°C) 1, (C)
MS 64.0(0.01)a 67.9(0.01)
MS-VS 63.2(0.05)b 68.5 (0.06)
MS-S 64.4(0.20) ¢ 68.3(0.16)
Ms-M 64.3(0.25) ¢ 67.8(0.16)
MS-L 64.2(0.11) ¢ 66.4 (2.06)
LSD’ 0.4 23

PS 58.6 (1.03) 63.7(0.37) w
PS-VS 57.9(0.16) 63.5(0.12) w
PS-S 58.0 (0.03) 63.0 (0.28) wx
PS-M 57.8(0.07) 62.9(0.18) wx
PS-L 57.6(0.07) 62.6(0.11)x
PS-VL 57.9(0.40) 62.2(0.50) x
LSD 11 0.8

“ Different letters in the same column indicate significant difference at p < 0.05.

difference.

T. (°C) T.— T, (°C) AH (J/g)
71.9 (0.05) a 7.9 (0.06) a 11.4 (0.30)
72.7 (0.06) b 9.5(0.11) b 10.8 (0.35)
72.0(0.13) a 7.6 (0.06) ¢ 10.8 (0.25)
71.6(0.13) ¢ 7.3(0.11)d 114 (0.04)
71.6 (0.08) ¢ 7.3(0.04) d 11.4(0.49)

02 02 0.8
69.3(0.37) w 10.7 (0.65) w 16.5 (0.59) wy
70.8(0.01) x 14.0 (0.17) x 14.9 (0.13) x
69.7 (0.01) w 12.0 (0.04)y 14.9 (0.57) x
69.2(0.17)w 11.4(0.10) yz 15.8 (0.03)y
68.4(0.17)y 10.8 (0.13) wz 15.9(0.13) yz
68.3 (0.06) y 104 (0.17) w 16.7 (0.13) wz

0.4 0.7 0.8

Numbers in parentheses are standard deviations. "LSD, least significant

2000 1 100
1500 -

1000 -

Viscosty (c)

i

o

o
1

Temperature (MC)

Viscosily (cl”)

6000 1

5000 +

4000 4

3000 -

2000 +

Tem perature (MC)

1000 4

10 15
Time (min)

20

Figure 4. Rapid Visco Analyzer pasting plots of granule-size-fractionated maize starch (A) and potato starch (B). Direction of arrow denotes the

sequence of graphs, starting from top.

the crystalline regions of starch granules.*’ The gelatinization
properties of granule-size-fractionated MS and PS are summar-
ized in Table 4. T}, and T. decreased slightly with increasing
granule size, whereas T, was almost constant (apart from the MS-
VS fraction). Consequently, the larger granules had a narrower
gelatinization temperature range (AT = T. — T,) than the
smaller ones. The AH increased from 10.8 to 11.4J g~ ' and from
149 to 16.7 J g17 with increasing granule size for MS and PS
fractions, respectively. The gelatinization temperature reflects
the heat stability of the crystalline structure, whereas the AH
reflects the degree of crystallinity. Although PS has a higher AH
than MS, it is likely that the higher amount of phosphate
monoester in PS causes instability of the starch crystalline
structure, thereby lowering the gelatinization temperature. The
increase of AH in parallel with increases in crystallinity and
double-helix content and the decrease in AT with increase in
granule size for both MS and PS suggest that larger granules have
more uniform crystallites than smaller granules,** reflecting the
smaller relative amount of the less organized hilum in larger
granules. An alternative explanation that a greater amount of
internal lipids in smaller granules might contribute to lowering
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endothermic energy and increase in gelatinization peak
temperature” seems less likely, given the similar DSC property
changes (Table 4) but different levels of lipids present (Table 1)
in the MS and PS fractions. The variation of AH with granule size
of PS and MS is in agreement with results reported by Singh and
Kaur.'® However, Utrilla-Cello et al."* found the opposite trend,
with smaller (MS) granules having higher AH values, possibly
due to their use of a grinding process to isolate starch from the
kernels. During grinding, it is likely that the larger granules will
suffer more shear damage than the smaller granules, lowering the
AH value for larger granules.

Pasting Properties. The pasting curves of native and granule-
size-fractionated MS and PS are shown in Figure 4, with
parameter values summarized in Table S. All starch samples
displayed shear thinning behaviors, with PS being more shear
sensitive than MS. Shear thinning in RVA is observed if the
viscosity breakdown ratio (BDR; the ratio of trough to peak
viscosity) is lower than unity.* The BDR of MS (including size
fractions) is almost constant at 0.6, whereas values ranged from
0.2 to 0.5 for PS, decreasing with increase in granule size, larger
granules being more shear sensitive than smaller granules in PS.
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The relatively high peak viscosity (PV) and low pasting tem-
perature (PT) of PS followed by rapid thinning are attributed to a
relatively high concentration of phosphorus (Table 2) as 4»phos-
phate monoester derivatives on amylopectin branches.>* The
negatively charged phosphate groups cause charge—charge
repulsion and reduce the tendency for interchain associations,
facilitating the hydration of starch granules during heating. The
high PV of highly swollen granules is therefore followed by a
subsequent sharp decline in viscosity due to the shear-induced
breakdown of these fragile swollen structures. On the other hand,
MS contains only a trace amount of phosphate monoester, as
most of the phosphorus in MS is in the form of phospho-
lipids.*"** Furthermore, the greater amounts of surface lipids and
proteins in MS compared with PS (Table 1) restrict granule
swelling, unless they are first removed by, for example, sodium

Table 5. Pasting Properties of Native and Granule-Size-
Fractionated Maize and Potato Starches”

fraction PT (°C) PV (cP) TV (cP) FV (cP)
MS 83.6(0.0) a 1463 (28) a 956 (7) a 1475 (25) a
MS-VS  86.1(0.5)b 1281 (2)b 896 (23) b 1412 (16) b
MS-S 82.8(0.1) ¢ 1565 (12) ¢ 970 (15)ac 1574 (4)c
MS-M 80.6 (0.2)d 1569 (8) ¢ 990 (12) ¢ 1619 (21)d
MS-L 784(0.2) e 1655(7)d 1054 (12)d 1727 (7) e
LSDY 0.7 37 39 40

PS 66.6(0.1)u 5272(21)u 1901 (17)u 2299 (2)u
PS-VS 67.2(0.1)v 3958 (43)v  2041(0)v 2444 (6) v
PS-S 669(0.1)uv  4915(35)w  1888(49)w  2258(65)u
PS-M 66.7 (0.0) u 5142(51)x 1630 (13)x 2011 (12) w
PS-L 67.1(0.1) v 5328 (2)u 1552 (2)y 1937 (12) x
PS-VL  66.7(02)u 5462 (96)y  1447(103)z 1904 (4)x
LSD 0.3 124 54 67

“ Different letters in the same column indicate significant difference at p
< 0.05. Numbers in parentheses are standard deviations. " LSD, least

significant difference.

dodecyl sulfate extraction.*” The single-helical complexes be-
tween amylose and lipid as suggested by NMR spectral analysis
(Table 3) can also retard the swelling of starch granules.*® Thus,
MS showed higher PT and lower PV than PS (Figure 4), even
though PS contained less amylopectin, which is responsible for
the swelling of starch granules, than MS (Table 1).

Significant differences in the pasting profiles and parameters
(PT, PV, TV, and FV) among the starch fractions of different
granule sizes, in general, were observed for both PS and MS
(Table S; Figure 4). PV increased significantly with the increase
in the granule size of both MS and PS (Table S), which is in
agreement with previously reported results for potato, canna,
wheat, triticale, and barley starches.”'>'7*® At PV, the rate of
granule swelling (and, therefore, the increase in viscosity) is
considered to be equal to the rate of breakdown of the granules.*’
During initial swelling, (swollen) granule integrity is largely
maintained, and viscosity is mostly due to space-filling effects.
In this regime, it is expected that larger swollen granules would be
more effective at viscosity generation as they can form inter-
granular contacts at a lower concentration than smaller swollen
granules. An alternative explanation for the effect of granule size
on PV can be derived from molecular considerations. The
swelling behavior of starch granules is driven by amylopectin at
temperatures above that required for melting of crystallites
(Table 4); the presence of amylose reduces the concentration
of amylopectin, and the presence of amylose—lipid complexes
and surfactant-extractable lipid and protein inhibits the swelling
of starch granules.46’47 The increase in PV (Table 5) correlated
significantly with the decrease in lipid contents, although the
apparent amylose contents were increasing (Table 1), suggesting
that PV was affected more by the lipid content than by the
apparent amylose content. The higher lipid content associated
with amylose—lipid complexes (Table 3) and the higher amount
of surface-associated lipid and protein could have inhibited
granule swelling and lowered PV to greater extents in smaller
granules compared to larger granules of both starches (Table S).
Although significant negative correlation was observed between
mineral content and PV, this is very unlikely because the higher

Table 6. Pearson’s Correlation Matrix of Different Parameters of Granule-Size-Fractionated Maize Starch”

parameter  size lipid  protein minerals amylose PV FV PT AH T, 1 T. Crys SH DH
size 1

lipid —097* 1

protein ~ —0.9 0.84 1

minerals  —0.89 0.78 0.97* 1

amylose 093 —09  —099* —0.99* 1

PV 0.92 —0.9 —-0.99**  —0.97* 0.99** 1

vV 0.99** —0.98* —0.93 —0.89 0.94* 0.94% 1

FvV 099" —0.96* —095* —0.92 0.96* 0.96* 0.99** 1

PT —0.99** 0.95* 0.92 0.91 —0.95* —093 —0.98 —0.99** 1

AH 0.9 —0.8 —-0.72 —0.78 0.8 0.73 0.84 0.84 —091 1

T, 0.71 —0.6 —0.93 —0.94* 0.91 0.92 0.75 0.79 —0.74 0.53 1

T, —0.91 0.97* 0.7 0.63 —0.73 —-0.73 —091 —0.88 0.89 —0.8 —0.41 1

T, —0.93 0.83 0.95* 098* —0.98* —0.95° —0.92 —0.94* 0.95* —0.88 —0.87 0.71 1

Crys 098 —0.9 —0.97*  —0.95* 0.98* 0.97* 098" 0.99*  —0.98* 0.83 0.83 —0.84 —0.96* 1

SH —0.97* 0.95* 0.81 0.81 —0.86 —0.82 —0.94* —0.94* 0.97¢ —0.96* —0.58 092 089 —092 1

DH 097*  —0.9 —0.84 —0.87 0.9 0.85 0.92 0.93 -0.97* —0.97* 0.66 —0.85 —0.94* 093 —098* 1

“ PV, peak viscosity; TV, trough viscosity; FV, final viscosity; PT, pasting temperature; AH, gelatinization enthalpy, T,, onset gelatinization temperature;
T}, peak gelatinization temperature; T, end gelatinization temperature; Crys, crystallinity; SH, single helix; DH, double helix. *, significance difference at
p = 0.05; ™, significance difference at p < 0.01.
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Table 7. Pearson’s Correlation Matrix of Different Parameters of Granule-Size Fractionated Potato Starch”

parameter  size lipid protein minerals amylose PV TV
size 1
lipid —099 1
protein  —0.66 0.7 1
minerals  —0.96*  0.97**  0.78 1
amylose 0.99* —0.99* —0.71 —096" 1
PV 0.89* —091* —0.93* —0.93* 0.91* 1
vV —0.97** 097  0.76 0.99* —0.96" —0.92* 1
Fv —0.93* 0.97* 0.82 0.99* —0.93* —0.94* 0.99**
PT —0.58 0.59 0.63 0.6 —0.67 —0.66 0.6
AH 0.97** —0.96 —0.58 —0.95* 096" 081 —0.96**
T, 0.06 —0.01 0.52 0.03 005 —03 0
T, —0.98* 098  0.74 0.94*  —0.98"* —0.93* 0.94*
T —0.94* 0.96"*  0.83 097 —0.94* —097** 096"
Crys 0.99** —0.98* —0.64 —0.93* 099 087 —0.94*
SH —0.98* 099  0.72 0.98* —0.97** —091* 0.99**
DH 0.98 —0.98" —0.64 —0.94" 0.95* 0.86  —0.94*

EFvV PT AH T, 1

) i Crys SH DH

1

0.59 1

—091* —061 1

0.1 —=0.19 025 1

0.91* 0.61 —0.92* 006 1

0.97**  0.53 —0.88* 023 096" 1

—0.90* —0.65 097 012 —0.98* —091* 1

097 0.54 —0.96™ 001 096 097 —096 1

—091* —043 093* —0.03 —0.96 —0.95* 095 —0.98* 1

“ PV, peak viscosity; TV, trough viscosity; FV, final viscosity; PT, pasting temperature; AH, gelatinization enthalpy, T, onset gelatinization temperature;
Ty, peak gelatinization temperature; T, end gelatinization temperature; Crys, crystallinity; SH, single helix; DH, double helix. * significance difference at

p = 0.05; ™, significance difference at p < 0.01.

amount of mineral should promote greater charge—charge
repulsion and increase the PV. The mineral content is highly
correlated with the granule size, which is also correlated with the
lipid, protein, and amylose content of the granule. The results
suggest that the difference in the mineral contents of the fractions
might not have a causal effect on PV as it is a minor component in
the starch granules compared with lipid, protein, and starch.

PT showed a significant negative correlation (R > —0.99, p <
0.01) with granule size in MS, which is consistent with the higher
lipid content in smaller MS granules (Table 1) inhibiting granule
swelling to a greater extent as observed in the reduction of PV,
resulting in a higher PT (Table S). On the other hand, PT of PS
fractions did not vary with granule size, which could be attributed
to the smaller lipid contents of PS fractions compared with those
of MS fractions (Table 1) and the high amount of phosphate
groups in PS amylopectin (Table 2) promoting granule swelling,
thus counteracting any inhibition effect of lipids.

In parallel with PV, the larger granules of MS had higher TV
and FV than the smaller granules (Table S). In contrast, the
opposite trend was observed for PS fractions. This suggests that
the exceptionally high PV of larger PS granule fractions caused
the swollen granules to be more susceptible to shearing, thus
displaying a lower TV than smaller granule fractions. In contrast,
maize granules are less swollen (lower PV) and therefore less
susceptible to shear-induced breakdown with consequent reten-
tion of the same order of viscosity in the TV and at the end of the
test (FV) as at the peak (PV) (Figure 4; Table 5).

The increase in viscosity of starch paste during cooling has
been associated with entanglement (retrogradation) of leached
amylose.” FV increased significantly with increase in granule size
of MS (R = 099, p < 0.01), which is in agreement with the
amylose content of MS fractions (Table 1). The difference in FV
of PS fractions was likely to be carried from the TV as the setback
(FV-TV ~ 400) was similar for all fractions. It is often assumed
that FV in pasting tests reflects molecular parameters, as
most granule-level structuring is considered to have been lost.
Although this argument could be made for MS, for which the
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larger granules with the higher amylose and lowest lipid contents
have the higher FV, the opposite is true for PS. The smaller PS
granules with high FV also had lower amylose contents, lower
molecular size amylopectin, and higher levels of phosphorus, all
factors that would be argued from a molecular perspective to
generate lower FV values. The evidence from this study is that
effects of granular features during the swelling phase dominate
subsequent rheological properties during a pasting profile. This is
analogous to the behavior of particles of gelling polysaccharides
on hydration from an amorphous state,** in which properties are
determined by a balance between hydration-driven swelling
(as influenced here by, for example, phosphate substituents)
and cross-linking within particles (as a major determinant
of final viscosity). Similar considerations also apply to the
stability of granule “ghosts”,>" the recoverable form of swollen
granules.

Pearson’s Correlation Matrix. The correlations among dif-
ferent parameters of MS and PS granule size fractions are
presented in matrix form in Tables 6 and 7, respectively. As
discussed above, the lipid contents in both starches showed a
significant negative correlation with granule size; minerals in
both starches tended to decrease with the increase in granule size;
amylose showed the opposite trend (significant for PS, but not
significant for MS). Compared with the protein and mineral
contents, lipid contents showed a strong correlation with mo-
lecular structure and viscosity parameters in both starches. Simi-
larly, gelatinization enthalpy was significantly correlated to single
and double helices in both starches, whereas other gelatinization
parameters (T,, Ty, and T.) showed mixed relationships with
molecular structure. In conclusion, strong relationships were
obtained linking granule size, lipid, supramolecular structure, and
viscosity parameters in MS. Similarly, additional parameters such
as amylose, AH, T}, and T also showed strong correlations in PS,
suggesting that chemical composition, supramolecular structure,
pasting, and thermal properties are more closely related in PS
fractions than in MS fractions; this might also be a reflection of
the wider range of granule sizes in PS compared with MS.

dx.doi.org/10.1021/jf202293s |J. Agric. Food Chem. 2011, 59, 1015110161
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Overall, the results show that the chemical composition of
starch granules, such as lipid, protein, mineral, and apparent
amylose contents, vary with granule size in both MS and PS.
There is no obvious difference in amylose and amylopectin
molecular structure in MS granules of different sizes. For PS,
the hydrodynamic size of amylopectin and the amount of
amylose increase with granule size, but the branch-chain length
profiles of amylose and amylopectin do not vary. The smaller
granules of both starches have lower crystallinity, suggesting that
molecules closer to the hilum have more space constraint to align
into crystallites than those closer to the surface, particularly for
longer repeat distances within the B-type crystallites. The results
have shown that it is possible to separate starch on the basis of
granule size to produce fractions with more uniform and different
structures and properties. Assuming that granule size reflects
biosynthetic age, this study has demonstrated tight control of all
glucan molecular parameters in MS as well as of branch length
distributions in potato starch. In contrast, for PS, the relative
amount of amylose and particularly the size of amylopectin
molecules are shown to increase with granule size and presumed
biosynthetic age.
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