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ABSTRACT

The effect of starch crystallinity and phosphorus on starch gelatiniza-
tion and retrogradation were studied using wide-angle X-ray powder diffrac-
tion, cross polarization/magic angle s;ai nning (CPIMAS) *C nuclear magnetic
resonance (NMR) spectroscopy, P NMR spectroscopy, Rapid Visco
Anayzer (RVA) and differential scanning calorimetry (DSC). Two starches
differing significantly in peak viscosity (cv. Stephens, 283 BU; cv. Crew,
560 BU) were comparable in amylose content and starch crystdlinity, while
differing significantly in phospholipids content. Starch of lower peak vis-
cosity had a higher phospholipids content and showed a slower rate of retro-
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gradation. Starch from Stephens (0.098% phosphorus) had an enthalpy
vaue of retrograded starch of 2.2 Jg after 14 days of storage, while starch
from Crew (0.062% phosphorus) had an enthalpy value as high as 4.4 Jg.
Defatting with a hot n-propanol and water (3:1) mixture caused substan-
tia changes in peak viscosity. Pesk viscosity for starch from Crew decreased
by 75 RVU due to defatting, while starch from Stephens decreased by as
much as 125 RVU. After defatting with the hot n-propanol water mixture,
the rate and extent of starch retrogradation were comparable between the
prime starches, which differed significantly in peak viscosity.

Starch is the major component of the wheat kernel, comprising
=80% in soft wheat flour (Lin and Czuchajowska 1997). Starch
gelatinization and retrogradation are two important starch func-
tional properties. Starch functional properties may vary due to the
ratio of amylose to amylopectin, starch crystallinity, granule size
distribution, and the amount of minor constituents (e.g., phos-
phorus, lipids, proteins, and enzymes). Both dough rheology
and end-use of flour are greatly affected by the starch func-
tional properties (Eliasson 1989, Baik et a 1994, Lin and Czu-
chajowska 1997).

Amylose content in a starch is mainly dependent on its origin. In
wheat starch, amylose content is =28% (Morrison and Laignelet
1983). Besides amylose-to-amylopectin ratio, starch crystalinity dso
plays an important role in starch functional properties. The starch
granule crystallinity mainly resides in the amylopectin component
(Zobd and Stephen 1995). Miles et a (1985) studied retrograda-
tion of starch gel using X-ray diffraction and concluded that amy-
lose was responsible for short-term irreversible development of gel
structure and crystallinity in a starch gel, while amylopectin was
involved in development of long-term reversible crystdlization dur-
ing storage.

X-ray diffraction is a widely used nondestructive technique for
studying starch granule organization (Zobel 1988a,b). X-ray diffrac-
tion reports the regularly repesting nature of double helical molecu-
lar structures, but it does not detect irregularly packed structures.
Muhrbeck et a (1991) studied potato starches differing in degree of
phosphorylation and concluded that crystallinity decreased linearly
with an increased degree of phosphorylation.

High-resolution solid-state nuclear magnetic resonance (NMR)
spectroscopy is sensitive to structural organization at the molecu-
lar level and should therefore complement information obtained
from X-ray diffraction (Gidley and Bociek 1985). *C cross polar-
ization/magic angle spinning (CP/IMAS) NMR spectroscopy of
native and acid modified starches from different origins have been
studied by Vasudeva et a (1993). They found that cered starches
exhibit atriplet signd for anomeric carbons, while pulse, tuber, and
root starches show doublets. Veregin et a (1987), using °C CPIMAS
NMR, confirmed that A and B starches consist of right-handed heli-
ces, while V-amylose complexes and starch in noncrystalline re-
gions consist of left-handed helices.

1 Research associate and associate professor, respectively, Department of Food Science
and Human Nutrition, Washington State University, Pullman, WA 99164-6376.

2 Present address: Caravan Products, Co., Inc. Totowa, NJ 07511-1004.

3 Corresponding author. E-mail: czuza@mail.wsu.edu

Publication no. C-1998-0806-05R.
© 1998 American Association of Cereal Chemists, Inc.

A number of minor noncarbohydrate constituents (lipids, pro-
teins, phosphorus, and endogenous enzymes) may also be present in
wheat starch. Although present in small quantities, they can affect
the properties and behavior of the starch (Lineback and Rasper
1988, Deffenbaugh and Walker 1989). Among these minor starch
constituents, phosphorus has gained a great deal of attention. Phos-
phorus, although existing at a very low concentration, plays an
important role in starch functional properties (Jane et a 1996). Phos-
phorus in starch is found in three major forms: phosphate mono-
ester, phospholipids, and inorganic phosphate. Lim et al (1994)
reported that phosphorus content in normal cereal starchesis 0.02—
0.06%, mainly in the form of phospholipids. Phosphate monoester
increases paste clarity and viscosity, whereas phospholipids make
starch paste opaque and decrease viscosity (Kasemsuwan and Jane
1996, Jane et al 1996)P nuclear magnetic resonance (NMR) spec-
troscopy can determine phosphorus chemical structures and individ-
ual components (Kasemsuwan and Jane 1996).

Differential thermal analysis techniques provide quantitative
measurement of heat flow during phase transition, a very useful tech-
nique for following starch gelatinization and retrogradation. Roulet
et al (1988) studied the retrogradation kinetics of gelatinized wheat
starch in gel and powder form using X-ray and differential scan-
ning calorimetry (DSC) and concluded that X-ray and DSC appear
to respond to the amylopectin crystallization at a molecular level.
Yuan et al (1993) studied the fine structure of amylopectin in
relation to gelatinization and retrogradation behavior of maize starch.
They observed that a higher proportion of longer chains in amylo-
pectins is associated with higher temperature and enthalpy for both
gelatinization and retrogradation. Vasanthan and Hoover (1992)
found that wheat starch defatted with hgiropanol and water (3:1,

vlv) results in almost complete removal of lipids. The relative
crystallinity of wheat starch remains unchanged. They also reported
that defatting eliminates the pasting peak of cereal starches, increases
thermal stability, and reduces the hot paste consistency. The gelatini-
zation temperatures of native and defatted wheat starches were similar.

Zeng et al (1997) reported that higher peak, greater breakdown,
lower final viscosity, negative setback, and less total setback are asso-
ciated with lower amylose content. In our recent study (Lin and Czu-
chajowska 1997), we found that several soft wheat starches had
similar amylose content and amylopectin fine structure, while differing
significantly in viscosity. These results indicate that minor compo-
nents might be responsible for the large differences in viscosity, while
information related to the effects of minor starch components on
starch viscosity is still very limited. Therefore, the objective of this
study was to investigate the effect of starch crystallinity and phospho-
rus content on gelatinization and retrogradation of soft wheat starches.
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MATERIALSAND METHODS

Two soft wheat prime starches were used in this study. Amylose
content and amylograph peak viscosity of these prime starches are
listed in Table I. The prime starches were isolated from flour accord-
ing to the method of Czuchajowska and Pomeranz (1993) and purified

an NMR spectrometer (ASX 300, USA Bruker Instruments, Billerica,
MA). Prime starch samples were packed into 7-mm ceramic rotors
and spun at about 3,500 Hz at MAS to eliminate chemical shift
anisotropy.

SIPNMR

two times with deionized water. Protein content (N x 5.7) in the The phosphorus content and its form in prime starches were
prime starches was <0.5%, indicating highly purified starchesdetermined by usingfP NMR following the procedure of Kasem-
Amylose content of the prime starch was determined by iodoasuwan and Jane (1996), with modification as described below. Prime
metric method as described by Knutson and Grove (1994). Firstarch (100 mg, dwb) was solubilized in 5 mL of deuterium di-
structure of isoamylase debranched amylopectin was described methyl sulfoxide (DMSO) without enzyme treatment. Nicotin-
Lin and Czuchajowska (1997). Pasting property of prime starch wasnide adenine dinucleotide (NAD) was used as an internal standard
evaluated using a Brabender Visco/amylograph (Shuey and Tipplas a concentration proportional to the phosphorus content in the
1980). Prime starch (40 g, dwb) was suspended in 450 mL of distarch analyzed.
tilled water, and peak viscosity was obtained from the amylogram.
Star ch Paste Viscosity Analysis

Wide-Angle X-Ray Powder Diffraction The prime starches were used as-is or defatted withn-pod-

Starch crystallinity of the prime starch was evaluated usinganol and water (3:1) mixture (Sievert and Wirsch 1993). Wheat
wide-angle X-ray powder diffraction (Sievert et al 1991). X-raystarch was defatted with hotpropanol and water mixture, re-
powder diffraction was performed at three moisture levels (2, 1Z&ulting in almost complete removal of lipids (Vasanthan and Hoover
and 16%) for each prime starch. Starch samples were packed in H92). The pasting properties of starches and defatted starches were
aluminum frame. X-ray diffraction patterns of the prime starchesnalyzed using a Rapid ViscoAnalyser (RVA) (Newport Scientific,
were recorded on a diffractometer (D 500, Siemens, Madison, WNarrabeen, Australia). Starch sample (3 g, dwb) and 25 mL of water
operating at 35 kV, 30 mA. Diffractograms were obtained from 4were heated in an RVA (held 2 min at 60°C, heated to 93°C in 6
26 to 30° B with a step size of 0.0582with 4 sec on each step.

CP/MASC NMR
13C spectra of prime starches were obtained using the method of
Li et al (1996). Spectra were acquired at ambient temperature with

TABLE |
Amylose Content and Amylograph Peak Viscosity of Prime Starches C1
I solated from Cultivars Crew and Stephens?

Amylose Content Amylograph Peak Viscosity

Cultivar (%) (BU)

Crew 31.04a 560a

Stephens 31.93a 283b

2 Values are means of at least two replicates. Means followed by the same letter Stephens
in the same column are not significantly different (P < 0.05). 110 100 90 80 70 60 50

Crew
_ I Stephens

Fig. 2. Cross polarization/magic angle spinning *C nuclear magnetic
resonance spectra of starchesisolated from cvs. Crew and Stephens.

Stephens
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Fig. 3. 3P nuclear magnetic resonance spectra of starches isolated from

Fig. 1. Wide-angle X-ray powder diffraction patterns of prime starches at
three moisture levels (2, 12, and 16%) and flours (12%) from cvs. Crew
and Stephens.
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cvs. Crew and Stephens. Signal between 0 to 5 ppm indicated phospho-
lipids. Signal at —10.5 ppm represented internal reference standard (Nicotin-
amide adenine dinucleotide, 1 n



min, held at 93°C for 20 min, cooled to 50°C in 6 min, and finallyX-ray diffraction patterns of prime starches (12% moisture) exhibited
held 6 min at 50°C). Peak viscosity, breakdown, and setback weeepattern similar to that of original flours (12% moisture), indica-

calculated. ting that isolation of starch is not necessary for X-ray diffraction
measurement, especially for soft wheat flour, which cont086
DSC starch.

DSC (Pyris 1, Perkin-Elmer Corp., Norwalk, CT) was used to The results of X-ray diffraction were further confirmed by using
follow gelatinization and retrogradation of starches and defatted relatively new technique, CP/MASC NMR. The CP/MAS®C
starches. The method for DSC determination was described Ispectra from prime starch isolated from cvs. Stephens and Crew
Czuchajowska and Pomeranz (1989). Thirty samples of 10 mg afe shown in Fig. 2. The resonance at 95-103 ppm represented the
starch or defatted starch and |20 of water were sealed in a DSC C1 position, the resonance at 60 ppm corresponded to the C6
pan and scanned from 20 to 180°C at a heating rate of 10°C/miposition, and the strong signals at around 71 ppm represented the
Next, the samples were divided into 10 sets of three and scannexonance from C2—C5 positions in starch. The amorphous C4 res-
after storage. Each set was rescanned only one time after storiogance appeared as a weak peak at 79 ppm (Veregin et al 1986). A
at 4°C for 2, 4, 6, 8, 10, 12, 14, 18, 22, and 30 days. Onget ( triplet splitting in the C1 position after resolution enhancement
and peak T,) temperatures, enthalpies of starch gelatinizatior(data not shown) indicated an A-type crystalline structure (Gidley
(AHy) and melting of the amylose-lipid complexesH(,) were  and Bociek 1985, 1988; Vasudeva et al 1993; Li et al 1996). Prime

calculated from DSC thermogram. starch isolated from Crew (peak viscosity 560 BU) exhibited a
similar ®C NMR spectrum to prime starch isolated from Stephens
RESULTSAND DISCUSSION (peak viscosity 283 BU), indicating no detectable difference in

starch crystallinity between prime starch samples.

Starches have comparable amylose content (Table 1), while dif-
fering significantly in peak viscosity, ranging from 283 to 560 BU.Phosphor us Content and Form
There was no detectable difference in amylopectin fine structure From®P NMR, wheat starch showed the signals mainly at chem-
between starch samples (Lin and Czuchajowska 1997). These residd shifts between 0.0 and 1.5 ppm, indicating phospholipids
indicate that other factors (e.g., starch crystallinity, phosphorus coiikasemsuwan and Jane 1994, 1996; Lim et al 1994)*PhdMR
tent and form, protein, and enzyme content), rather than amylospectra for starch isolated from Stephens and Crew are shown in
content and amylopectin fine structure, are responsible for the largég. 3. Phosphorus exists in the form of phospholipids in these

differences in starch viscosity. prime starch samples, which is consistent with findings of Lim et
al (1994). Phosphorus content in Stephens=0a397%, while Crew
Starch Crystallinity had=0.062% phosphorus content. Starch isolated from Stephens

Starch crystallinity of the prime starch samples was evaluated Had significantly higher phospholipids content than starch isolated
wide-angle X-ray powder diffraction at 2, 12, and 16% moisturérom Crew. This result can explain the large differences in starch
levels. Both prime starches exhibited typical A pattern, as showpeak viscosity.
in Fig. 1. Both prime starches showed a similar X-ray pattern at each
moisture level, indicating no difference in starch crystallinity Effect of PhosphorusLipidson Starch Gelatinization and
between prime starches, although there were large differences in stalR#tr ogradation
peak viscosity (283 to 560 BU). An increase in peak sharpness wasResults from RVA for starches and defatted starches are shown
observed with increased moisture content (Fig. 1). Similar phen Fig. 4. Defatting with hob-propanol and water mixture resulted
nomena have been reported by Nara et al (1978) with potato starchesa decrease in peak temperature and peak viscosity. The peak

viscosity for Crew, which is low in phospholipids, decreased from

Crew defatted 240 to 165 RVU after defatting. A substantial decrease in viscosity
was observed in Stephens, which is high in phospholipids. The
viscosity at 93°C dropped from 175 to 50 RVU, and no peak could
be seen in Stephens after defatting. Vasanthan and Hoover (1992)
reported that defatting with hat-propanol and water mixture
eliminated the pasting peak of cereal starches. This was found to
be true for Stephens; however, a clear peak was visible in defatted
Crew starch. An increase in setback was observed in both starches
after defatting. These results confirm that phospholipids have a
strong influence on starch viscosity and retrogradation.

The gelatinization and retrogradation of starches and defatted
i starches were evaluated by DSC. The results for starches and de-
T 16 2 2 m fatted starches subjected to first heating in DSC are summarized in
Table II. Defatting caused a significant increase in starch gelatin-
ization onset and peak temperatures and a significant decrease in
Fig. 4. Rapid ViscoAnalyzer pasting curve of starches and defatted starches gelatinization enthalpies in both cultivars. Melting of amylose-lipid

320

240

160

Viscosity RVU

80

Time (minutes)

isolated from cvs. Crew and Stephens. complexes disappeared completely after starches were defatted
TABLE Il
Differential Scanning Calorimetry of Native and Defatted Starches?
Starch Gelatinization Melting of Amylose-Lipid Complexes
To (°C) Tp (°C) AHg (J/9) To (°C) Tp (°C) AH, (J/9)
Crew 59.2b 63.7c 12.32a 98.2a 103.5a 1.35a
Crew (defatted) 61.5a 65.8b 11.04c e e 0.00b
Stephens 57.2c 62.5d 11.56b 97.6b 103.3a 1.15a
Stephens (defatted) 61.6a 66.7a 9.04d B s 0.00b

a Values are means of at least three replicates. Means followed by the same etter in the same column are not significantly different (P < 0.05).
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with hot n-propanol and water mixture. The DSC thermograms  starch crystallinity on starch gelatinization and retrogradation. The
representing starch retrogradation after the first heating from 20 to results indicate that phospholipids bound to starch slow retrograda-
180°C and storage at 4°C from 0 to 30 days are shown in Fig. Bon of amylopectin. Removal of phospholipids by defatting makes
Prime starch isolated from Crew (high in viscosity and low in phosthe hydroxyl group of glucose units available for the formation of
pholipids) retrograded at a much faster rate than prime starch isnew hydrogen bonds, which results in the increase of retrogradation.
lated from Stephens (low in viscosity and high in phospholipids).
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