Paste Properties of Modified Starches from Partial Waxy Wheats
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Properties of modified starches from partial waxy wheats have not begively). Wheat starches were modified with hydroxypropyl (HP) groups to
examined. Protease digestion of cracked kernels of three hard winter whebdw (1.5-2.5%) and mediun=4.0%) levels, and the HP starches were
varying in amylose content led to 82—-85% recovery of starch, whereasoss-linked with phosphoryl chloride at levels of 0.003—0.075%. Pasting
kneading of the flour-water doughs gave 75-83% recovery. All starchesurves (amylograms) showed that Ike starch substituted with a low level
had a protein content of <0.3% and ash content of <0.01%. Granule sip€ HP and optimally cross-linked with 0.025% phosphoryl chloride (starch
distributions showed that starch from Ike kernels contained 86% A-typbasis) had a greater paste consistency than low HP cross-linked Karl-92,
granules with a peak size sil8um, and Karl-92 starch contained 77% and Rio Blanco starches. At 4% HP and optimum cross-linking (0.003%
A-type granules with a peak size =f6um. The A-type granules (82%) phosphoryl chloride), the paste consistencies of the modified starches were
from Rio Blanco starch were intermediate in size. The amylose conteniearly the same. The clarity of unmodified Ike starch paste was higher than
of Karl-92 starch, determined by concanavalin-A precipitation of amylthat of Karl-92 or Rio Blanco starch pastes, and the clarity of all three
pectin, was 28%, which was 17% higher than that of ke starch (23%j}astes decreased as cross-linking was increased. Unmodified lke starch
The amylose content of Rio Blanco starch was 26%. The lipid content dérmed a stronger gel than unmodified Karl-92 and Rio Blanco starches,
Karl-92 starch, determined as fatty acid methyl esters, also was 18Btit gel properties largely converged as the starches were modified.
higher than that of lke starch (601 vs. 488 mg/100 g of starch, respec-

The swelling of wheat starch granules and any leaching of
amylose during cooking are important in establishing the eating
texture of wheat foods. Wheat starch swells and solubilizes to
different extents in various foods. Upon cooling, packaging, and
storing of food products like crackers, cookies, breads, cakes, and
soups, hydrated starch molecules interact with themselves and
other components to generate a variety of textures including fria-
bility, chewiness, softness, and consistency (Hoseney et a 1977).
Cereal scientists have attributed the variable swelling of wheat
starch in foods to differences in ingredients and their concentra-
tions including water, monoacyl lipids, sugars, and salts. Now,
however, we are beginning to understand that inherent differences
exist in the swelling of wheat starches and these differences are
governed by genetic mutations (Nakamura et a 1993).

bimodal granule-size distribution, but most commercial wheat
starch has predominantly large granules because of the low sedimen-
tation rate of small granules. However, small-granule wheat starch
is available in Germany and Holland.

Commercially modified wheat starches incliyelroxypropylated,
hydroxypropylated and cross-linked, acetylated and cross-linked,
and octenylsuccinylated starches. Cross-linking of starch reduces
the swelling and solubility of the granules and increases the
rigidity, whereas hydroxypropylation increases swelling but inhibits
gelling and improves cold-temperature storage stability. A combin-
ation of cross-linking and hydroxypropylating produces starches
that generate a high paste consistency with stability to shear,
acidic pH, and low temperature. Such starches are used widely in
salad dressings, canned foods, frozen foods, and puddingsxifydr

In the early to mid-60's, amylose synthesis in corn and ric@ropylated starches that are not cross-linked are not used as

starches was associated with granule-bound starch synthase (GB8&#3keners because the high degree oflswegives an undesirable
also known as waxy protein (Nelson and Rines 1962, Murata et siringy paste. Hydroxypropylating a starch with propylene oxide
1965, Shannon and Garwood 1984). Wheat breeders in Japan examd cross-linking with phosphoryl chloride both are done in an
ined 31 Japanese wheat starches for levels of GBSS and amyl@sgieous slurry at 35-45% starch solids and alkaline pH in the pre-
(Nakamura et al 1993). They discovered that starches from 86&#nce of a salt, most often sodium sulfate (Rutenberg and Solarek
of the wheats had 27-30% amylose, starches from 7% of tH84, Tuschoff 1986). Because the swelling power of partial waxy
wheats contained22% amylose, and starches from the remainingvheat starches is elevated (Wang and Seib 1996, Morris et al 1997),
7% of the wheats had intermediate levels. In wild-type hexaploithey might have more thickening power than the wild-type wheat
wheats, three waxy protein bands were resolved by SDS-PAGEtarches when they are doubly modified by hydrogplation and
Wx-Al, Wx-B1, and Wx-D1 proteins. The Japanese cultivars Kantaross-linking.
107 and Kanto 79 were null for two of the three waxy proteins; The objectives of this investigation were: 1) to isolate starches
they contained only Wx-D1 protein and were called partial waxyirom three hard winter wheats with different amylose levels using
mutant wheats. The hard red winter wheat Ike also was found nyltotease digestion of kernels and dough-washing of flours; 2) to
for Wx-Al and Wx-B1 proteins, whereas Karl 92 showed all threeletermine amylose levels, lipid levels, and granule size distribu-
waxy proteins, and the hard white winter wheat Rio Blanco lacketlons of the starches; and 3) to hydroxypropylate the starches with
Wx-B1 protein (Demeke et al 1997, Graybosch et al 1998). Two 3% propylene oxide in the presence of sodium sulféteof 10%)
63 Canadian wheats examined were null for Wx-B1 proteirand then determine the level of cross-linking with phosphoryl
(Chibbar et al 1997). chloride that produced doubly modified wheat starches giving a high
Wheat starch is among commonly available starches of commergegste consistency with low stringiness.
along with corn, potato, cassava, and waxy corn. It is isolated by
wet-milling of flour by several processes (Fellers 1973, Seib 1994,
Witt 1997, Cornell and Hoveling 1998). Its production has grown,
particularly in Europe, during the past 10 years. Wheat starch has\gaterials

Two hard red winter wheats, Ike and Karl-92, were obtained
from T. J. Martin and Vernon Schaffer, Kansas State University,
Manhattan, KS. Hard white winter wheat, Rio Blanco, was obtained
from the American White Wheat Producers Association (Atchison,

MATERIALSAND METHODS

1 Contribution 99-105-J of the Kansas Agricultural Experiment Station.
2 Graduate research assistant and professor, respectively. Dept. of Grain Science
and Industry, Shellenberger Hall, Kansas State University, Manhattan, KS 66506.

KS). Straight-grade flour was milled from tempered whe&6%
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© 1999 American Association of Cereal Chemists, Inc.

Vol. 76, No. 3, 1999 341



oxide, and thiomersal were from Sigma Chemica Co. (St. Louis,
MO). A standard mixture of fatty acid methyl esters (FAME) was
from Sigma, as was the heptadecanoic acid methyl ester (>99% purity)
used as internal standard. All other chemicals were reagent-grade

(model PCA |, Coulter Corp., Hialeah, FL). Starch samples (100 mg)
were soaked for 16 hr at 25°C in distilled water (10 mL) before

particle-size analysis. Hydrogen ion concentration was measured
with a high pH electrode (55510-02 JJ6, Cole-Palmer) and a pH

meter. Standard pH 7 and 10 buffers (SB116-500, Fisher Scientific)
were used to calibrate the electrode.
General Methods Hydroxypropyl content was determined by high resolutién

All analyses were done in duplicate unless otherwise stated. NMR spectroscopy of the starchdslimit dextrin (Xu and Seib
Moisture was assayed by oven-drying a sample for 1 hr at 130°C997). The integrated intensities were measured for the HP methyl
(AACC 1995), Protein was assayed by the Dumas combustiosignals (l) and for the total methine and methylene signals on
method (LECO Corp., St. Joseph, MI). Total starch and amylosexygenated carbonsyf), except for the anomeric proton. The
contents were determined by enzyme digestion and concanavalinlével of hydroxypropylation was calculated by this equation, which
methods, respectively (Megazyme Pty, Sydney, Australia). Fallingssumes the absence of polyhydroxypropylated chains on starch:
number was determined by Approved Method 56-81B (AACC 1995HP (wt %) = (59) (100)/[81(ko/lne) — 23].
Lipid in starch was determined as FAME by the method of Morri- All data were analyzed using statistical software (SAS Institute,
son et al (1975), where lipid was estimated by the formula: StardBary, NC). Means were compared using Fisher’s protected least
lipid = total FAME x 1.7. significant differences method.

Gas-liquid chromatography was done on a Varian gas chromato-
graph (model 3600, Walnut Creek, CA) equipped with a flameDifferential Scanning Calorimetry
ionization detector and a capillary column SP-2340 (60 m x 0.25 All samples were prepared by sealing starch in aluminum pans
mm) with a stationary phase of cyanosilicone at a film thicknes&.5 mg, db) with water at a starch-to-water ratio of 1:3 (w/w).
of 0.20 um (Supelco, Bellefonte, PA). The column temperatureSamples were heated at 10°C/min to 130°C at a sensitivity of 0.5
was programmed from 60 to 220°C at a rate of 15°C/min, injeancal/sec in a Perkin-Elmer DSC Pyris-1 instrument equipped with
tion temperature was 220°C, and detection temperature was 240 FTS Systems flexicooler and temperature controller. Indium was
The flow rate was2.4 mL/min, and injection volume was}i. used to calibrate the instrument. OnsEf) @nd completion T(.)
Response factors of the standard methyl esters to the interriamperatures of the gelatinization endotherm were determined by
standard (C17:0) were determined. In unknown samples, responsetersection of the extrapolated baseline and peak edges.
of the methyl esters were summed in a chromatogram to calculate
the total fatty ester level. Corrections for losses of unsaturated fat8tarch Isolation
acids were determined by adding known concentrations of standardStarch was isolated by a modification (X. Liapgrsonal com-
methyl esters to potato starch and then determining their recovemunication) of the protease method of Morrison et al (1984).
in the assay procedure. Losses were not observed for saturaiéheat grains were cracked by roller-milling through a 0.9-mm gap,
FAME, but amounted to 15% for methyl oleate and linoleate andnd the cracked wheat (240 g) was added td\W0 €I (2.4 L) at
30% for methyl linolenate. 4°C. After 8-10 min, sodium metabisulphite (0.5%, based on wheat,

Swelling power of starch was determined at 92°C by a slight, 200 mg) and thiomersal (0.01%, 24 mg) were added to the
modification of the method of Crosbie (1991). Starch concentraslurry, and the pH was buffered to 7.6 (M)%y the addition of
tion was 1.67%, and the hot paste was centrifuged soon after heatitgs(hydroxymethyl)aminomethane (29 g) followed by adjustment
instead of cooling the paste and then centrifuging. Granule size dig4ith 1M HCI. Protease (type XIV, Sigma, 0.5%, based on wheat,
tributions were determined on a Coulter Counter with 16 channelk 200 mg) was dissolved in 0M2HCI (100 mL), and the solution

unless otherwise specified.
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Fig. 1. Size distributions of starch granules isolated from Ike, Rio Blanco, and Karl-92 wheats by protease digestion (Group 1).
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was held for 3-5 min at 25°C to denature-amylase and then the side arm was sealed with a stopper, and the reaction mixture
added to the slurry of cracked grain. The mixture was digested ptaced in a constant temperature bath at 45°C with continuous agita-
4°C for 30 hr with continuous stirring. The digest was placed atofion. Glycerol was used to lubricate the stir rod fitting, which helped
a 75um wire mesh sieve, and the softened grain was rubbed do retain volatiles in the flask. After 24 hr, the reaction mixture
the sieve and washed with water (2 x 200 mL). The throughs wemas cooled to room temperature, and phosphoryl chloride (0.025
collected and centrifuged at 2,50@%or 10 min. The overs were or 0.075% based on starch, equal to 12 oul3¢ was added with
placed in a Waring blender with water (200 mL) and ground astirring at 25°C. After 60 min, the slurry was adjusted to pH 5.5
low speed for 30 sec. The resulting slurry was placed atop then75- with 1M hydrochloric acid, and the hydroxypropylated and cross-
mesh sieve, and the throughs and overs were collected. The grindiintked starch was isolated by centrifuging (15,00@,>0 min),
procedure was repeated twice more and the overs were discardegshing with water (4 x 100 mL), and air-drying overnight. Pieces
All throughs were combined§00 mL) and centrifuged at 2,500gx  of dried starch gels, which indicated that some starch granules
for 10 min. The supernatant was discarded, and the sedimented stanare gelatinized during modification but which amounted to <5%,
was washed with water (3 x 200 mL) and centrifuged, and the dawkere removed by hand. The remaining dried mate#ar.5 g)
tailings layer was removed with a spatula. The tailings fractionsvas ground gently to a fine powder with a mortar and pestle. The
were combined, slurried in water, and centrifuged to recover addstarch then was ground for 10 sec in a high-speed impact mill (Tek-
tional starch, which was combined with the other starch. The conmar, IKA-LaborTechnik, Germany).
bined starch then was washed with 1% sodium chloride solution Modification of Group Il starches was done with a higher level
(200 mL) and water (3 x 100 mL) and air-dried for 48 hr. The(=8% starch basis, 5.96 g) of sodium sulfate in the starch slurry before
isolated starches from the three wheats conta#l@86 moisture raising to pH 11.5 with the mixture of Mbsodium hydroxide and
and <0.3% protein, and the average yield was 130 g (54%). 0.75M sodium sulfate, which gave a total level of sodium sulfate of
Starch was also isolated as described by Shogren et al (196910%. Hydroxypropylated (8% propylene oxide) starches in this group
wherein a wheat flour-water slurry was prepared at 4°C. The slurmyere cross-linked at five different levels of phosphoryl chloride
was centrifuged, and the sediment was worked into a dough mass tf@&003, 0.006, 0.013, 0.025, and 0.075%).
was washed repeatedly with water to remove the starch-rich aqueous
phase. The starch was purified as described above. Starches isol&&at ch Paste Properties
by protease digestion of wheat kernels and dough washing wereThe pasting of a starch sample was examined in a Brabender

assigned to Group | and Group I, respectively. Viscograph-E (C. W. Brabender Instruments, Hackensack, NJ) equip-
ped with a 700 cm-g torque sensor. Starch (33.75 or 28.2 g, db)
Hydroxypropylating and Cross-Linking of Wheat Starch was slurried in water (416.25 or 421.8 mL), which equals a starch

Hydroxypropylating and cross-linking of wheat starch were doneoncentration of 7.5 or 6.25% (w/w). The slurry was heated from
by the procedure of Tuschoff et al (1969). Group | (isolated fron25 to 95°C at the rate of 1.5°C/min, and the paste was held at 95°C
wheat kernels) starches were modified in the presence of 2% sodidor 30 min, then cooled to 50°C at 1.5°C/min, and held at 50°C for
sulfate. Wheat starch (79.5 g, db) was slurried in water (122.0 mL30 min. Consistency was recorded in BU by a chart recorder.
and a mixture (11-12 mL) of IVbsodium hydroxide and 0.K6 Stringiness of a starch paste was determined subjectively by com-
sodium sulfate (total ot2%, starch basis) was added to bring toparing an unknown to a 5% potato starch paste and a 7.5% wheat
pH 11.5 at 25°C. The alkaline slurry was placed in a three-neckestarch paste. Stringiness was rated on a scale of 1-5, where 5 was
round-bottom flask (500 mL) equipped with a ground-glasghe highest stringiness (equal to that of the potato starch paste), and 1
stirring rod and adapter. Propylene oxide (7.5 mL, 6.4 g) was addedas the lowest stringiness (equal to that of the wheat starch paste).
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Fig. 2. Size distributions of starch granules isolated from straight-grade flours from lke and Karl-92 by dough washing (Group Il) compared to
commercia starch.
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To determine paste clarity, starch (0.05 g, db) was pasted in water each cycle, duplicate tubes were centrifuged for 15 min at 1,500 x
(5.0 mL) in a glass-stoppered tube at 95°C for 30 min with shaking, and the amount of liquid separated was determined by weight.
every 5 min. After cooling, clarity was measured on a spectrophoto-
meter (Spectronic 601) at 650 hm against water as a blank (Créditynamic Rheological Properties of Starch Pastes and Gels
et al 1989). The highly cross-linked starches with low swelling power The viscoelastic properties of starch pastes and gels were
tended to sediment during measurement of absorbance, so readidgsermined by the method of X. Liangg(sonal communication).
had to be taken quickly after agitation. Freeze-thaw stability oStarch (7.5%, 0.375 g, db) was weighed into a 50-mL polycar-
starch pastes was tested according to Wu and Seib (1990). Padiesate centrifuge tube, and water was added to bring the weight
were prepared in the amylograph and transferree2® poly-  of the contents to 5 g. The slurry was stirred and placed in a water
propylene centrifuge tubes (20 g each), which were tightly cappdahath maintained at 70°C. The contents were stirred manually for 7
and stored at 4°C for 24 hr. The tubes then were put in the freezemain, then=3 g of slurry was transferred into the concentric cylin-
—20°C and subjected ter—8 freeze-thaw cycles. Each cycle con-der cell (C14), (gap 3 mm) of a rheometer (VOR, Bohlin Rheologi,
sisted of 22 hr in the freezer and 2 hr at 30°C in a waterbath. Aftédison, NJ), which had been preheated in the instrument to 70°C.

A thin layer of mineral oil was used to cover the exposed surface
of the warm paste. The rheological measurements were made at
1800 A 100 an applied strain of 2% and a frequency of 1 Hz as the paste was
heated at 2°C/min from 70 to 95°C, cooled at 1°C /min from 95 to
80 25°C, and then aged at 25°C for 12 hr in the cell.

1500

1200 RESULTSAND DISCUSSION

60

Isolation of Wheat Starches
The protease digestions of Karl-92 and Ike wheats, both of which
RioBlanco contained 64% starch, gave 85% recovery of their starches. Recov-
ery was 82% for Rio Blanco, which contained 65% starch. Isolation
@ 20 losses in Group | starches may have been due to incomplete
release of starch from cells in the digested cracked kernels and to
0 occlusion of starch in the thick tailings fraction. Starch recoveries
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Time (min) made from straight-grade flours milled from lke, Rio Blanco, and
Karl-92 wheats, respectively, which amounted to 66, 69, and 74%
recoveries of the starch in the grain. The Group | starches with
82-85% recoveries better represent the starch in a wheat, and they
were isolated without exposure to a-amylase. The Group |l starches
better represent commercial wheat starch produced by the Martin
process and, in this work, the three flours containedditdenylase,
as indicated by falling numbers of 348, 384, and >400 sec, respec-
tively, for Ike, Rio Blanco, and Karl-92.
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The granule size distributions of Group | (protease digestion)
wheat starches (Fig. 1) showed that Karl-92 starch contained more
small granules<10 um diameter) than Ike starch. Rio Blanco
starch was intermediate. Most of the small granules in lke wheat
flour were lost when starch was isolated by dough washing (Group

0 II) (Fig 2), and its granule size distribution resembled that of a
00 30 60 9% 120 commercial wheat starch. On the other hand, small granules were

Time (min) retained in Karl-92 starch isolated by dough washing, probably

Fig. 3. A, Amylograms (7.5% starch solids) of unmodified starches from because th.e 83.% rec%very was almost the same as the_recovery by
Karl-92, Rio Blanco, and Ike isolated by protease method (Group 1). B, Amy- protease digestion (85%). Gen(_arally, wheat contains a bimodal dis-
lograms (7.5% starch solids) of low (=2%) hydroxypropylated crosslinked ~ tribution of starch granules with the A-type granuleg06 of
starches from Karl, Rio Blanco, and Ike prepared by reaction of starchwith ~ weight of starch) ranging in size from 10—ffh and the B-type
8.0% (starch basis) propylene oxide at pH 11.5 and 25°C for 24 hr in thegranules from 1-10Qm in size (Seib 1994).
presence of 2.0% sodium sulfate (starch basis) followed by reaction with The diameters of A-type granules for Ike from dough-washing
phosphoryl chloride (0.025%, starch basis). ranged from 10-3%m; =86 wt% were=10 pm in diameter and
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TABLE I
Properties and Components of Wheat Starches | solated by Protease Digestion (Group 1)?2

Differential Scanning Calorimetry®

Sample Amylose (%) FAMEP (mg/100g) BlueValue® Protein (%)  SPgd(g/g) T, (°C) T, (°C) T. (°C) AH (J/9)
Karl-92 28.0 60la 0.690a <0.3 14.2a 57.8 63.0a 67.5 11.0a
lke 230 488b 0.627b <0.3 20.1b 58.3 64.0b 68.8 12.2b
Rio Blanco 26.0 562c s <0.3 16.0c 58.5 63.6b 68.3 11.7c

a Each value is amean of duplicate measurements. Mean values followed by different lettersin the same column are significantly different ( o = 0.05).
b Fatty acid methyl ester produced from lipidsin the starch.

¢ Blue value determined on 1 mg of starch/mL.

d Swelling power of starch corrected for solubles lost during heating at 92°C.

¢ Starch-to-water ratio of 1:3 (w/wJ,, T,, andT. = gelatinization temperatures at onset, peak, and completion.
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=22% were 221 um. By contrast, A-type granules for Karl-92 had Enthalpies of gelatinization of the modified starches with low
diameters ranging from 10-32 um; =78 wt% were=10 pm and  and medium HP levels were 5.7-8.9 J/g and 4.8—-7.8 J/g, respectively,
=10% were>21 um. Mean granule diameters for the Ike and Karl-compared to 11.0-12.2 J/g for the unmodified starches (Tables Il and
92 wheat starches were 15.9 and 18riwhen isolated by dough IlI), which calculated to a maximum enthalpy loss of 49-59%. Gel-
washing or 2-7% higher than the mean diameters (14.8 anrt2.8 atinization enthalpies increased with the degree of cross-linking
for the starches isolated by protease digestion where increased (€able Ill) but decreased with increasing levels of hydroxypropyla-
covery of small granules occurred. Wet processors prefer whetion (Table IV). Temperatures of gelatinization also decreased with
flours with large starch granules because they sediment rapidly froimcreasing levels of hydroxypropylation (Table 1V). Decreases in
water and are recovered readily. melting enthalpy and temperature are consistent with fewer crystals
Table | gives a comparison of some properties of Group | starchdseing present after modification (Rutenberg and Sola884) and
The amylose content of Karl-92 starch was 28%, 18% higher thamith a cooperative melting process (gelatinization) enhanced by
that of lke starch (23%). The lipid in Karl-92 starch determined asdded swelling (Jenkins and Donald 1998).
FAME was 18% higher than that in Ike starch. These results are inIn both low- and medium-HP wheat starches, increasing the level of
agreement with Morrison et al (1984), who showed a positive correross-linking decreased clarity (Rutenberg and Solarek 1984, Woo and
lation between amylose and lipid contents in starches from maiz8gib 1997) (Tables Il and Ill). In addition, because the stringiness
barley, or rice. The swelling power of lke starch at a concentratioaf a starch paste increases with the swelling power of a starch, in-
of 1.66% in water at 92°C was 20.1 g/g, which was 40% greata@reasing levels of cross-linking generated ever shorter-textured pastes.
than that for Karl-92 starch (14.2 g/g). The swelling power of Rio
Blanco starch under the same conditions was 16.0 g/g. The ordeasting Curves of Starcheswith aLow Level of HP
of the swelling power is the one expected from its inverse relation to Amylograms of the unmodified and modified (low HP) wheat
amylose and lipid levels (Morrison et al 1993). The temperatures arsarches at 7.5% starch solids are shown in Figs. 3 and 4. Ike
enthalpies of gelatinization of the three starches showed that lletarch gave a paste with a higher consistency when compared to
had a somewhat elevated peak temperature and enthalpy of meltidgrl-92 starch, but its paste showed lower shear stability as evi-

because of its higher amylopectin content (Table 1). denced by the reduction in consistency during stirring at 95°C for
30 min (Fig. 3a). The difference in paste consistencies was main-
M odified Starches tained when the two starches were hydroxypropylated to 1.5-1.7%

Although there was a 10-20% difference in the recoveries adnd cross-linked to a low degree (Fig. 3b). On the other hand, Rio
starches from Groups | and Il, their swelling powers and gelatirBlanco-LHP250, for some unknown reason, gave a low paste consis-
ization properties were not different (data not shown). The hydroxytency. The final paste consistency at 50°C of the daublyified Ike-
propylation reactions on Group | starches with 8% propylene oxideHP250 was >300 BU higher than that of Karl-LHP250 (Fig. 3b).
gave low levels (1.6—2.4%) of hydroxypropyl groups because dbtringiness of the low HP wheat starches was rated at 1-2 (low).
the use of a low level of sodium sulfate (2% starch basis). In addi- The low HP lke, Rio Blanco, and Karl-92 starches also were
tion, the cross-linking of Group | starches also was done in 2% sattross-linked to a high extent to give lke-LHP750, Karl-LHP750,
On the other hand, starches in Group Il were modified to a mediuand Rio-LHP750. All three starch pastes became stable against
level &4%) of hydroxypropyl groups with 8% propylene oxide becauséreakdown at 95°C and generally decreased in consistency (Fig. 4a)
of the presence of 10% sodium sulfate. Cross-linking of Group ltkompared to those at the low level of cross-linking (Fig. 3b). Still,
also was done in 10% salt. Modification of Group | and Il starches tthe doubly modified Ike-LHP750 had almost twice the consistency
the same extent probably would result in the same paste propertie®f the doubly modified Karl-LHP750, whereas doubly modified

Modified starches are abbreviated by a shorthand. For examplRjo Blanco-LHP750 showed the lowest consistency (Fig. 4a).

Ike starch hydroxypropylated to a low level of HP (1.7%) and cross-

linked with 0.025% phosphorus oxychloride, is designated lke- TABLE 111

LHP250. Low HP wheat starches contained levels of 1.5-2.4% HP and [Properties of Modified Wheat Starches

were cross-linked with two levels (0.025 and 0.075%) of phos- with Medium Hydroxypropyl (HP) Content

phoryl chloride (Table Il), whereas the medium HP starches corsamples HP(%) AH (J/g)® SPg(a/g)P PasteClarity (% T )

tained levels of 3.6_—4.5% HP and were cross-linked at five leve'éross-linked a1 0.0%

of phosphoryl chloride (0.003-0.075%). Karl-92 40 4.8 49.4 48.1

lke 4.2 7.2 48.9 48.1
Rio Blanco 4.0 4.8 50.8 54.9
TABLE I Cross-linked at 0.003%
Properties of Unmodified and Modified Wheat Starches Karl-92 4.3 5.8 32.0 17.4
with Low Hydroxypropyl (HP) Content ke 4.2 78 29.6 18.3

Samples HP(%) OH(J/g?  SPou(ggP PesteClarity %Te)  croniee oot 0 828 195

Unmodified Karl-92 4.0 6.1 22.2 12.1
Karl-92 s 11.0 14.2 16.4 ke 4.1 6.7 20.8 13.8
ke e 12.2 20.1 25.3 Rio Blanco 4.2 6.2 26.4 15.2
Rio Blanco s 11.7 16.0 222 Cross-linked at 0.013%

Low HP cross-linked® Karl-92 4.5 4.9 195 6.9
Karl-92 15 8.9 20.7 12.8 ke 4.2 6.2 20.2 8.4
lke 1.7 8.8 21.8 119 Rio Blanco 4.1 6.5 18.0 8.8
Rio Blanco 2.3 8.0 14.4 8.7 Cross-linked at 0.025%

Low HP cross-linkedd Karl-92 4.1 5.9 12.9 5.0
Karl-92 15 8.9 12.6 10.4 ke 4.3 6.3 14.1 5.8
ke 1.8 5.7 134 11.8 Rio Blanco 4.3 6.2 13.3 6.2
Rio Blanco 24 6.5 10.4 7.0 Cross-linked at 0.075%

LSD (a =0.05) e 0.6 1.0 2.1 Karl-92 4.1 6.8 10.0 s

. lke 3.9 7.4 9.3 3.9

Zgﬁgﬁ'ﬂgz?:gweremhalpy' Rio Blanco 3.6 7.1 9.5 3.6

¢ Cross-linked at 25°C with 0.025% phosphoryl chloride (starch basis) inLSD (@=005) 0.5 0.6 1.6
aqueous slurry at pH 11.5 with 2% sodium sulfate (starch basis). a Gelatinization enthalpy.

d Cross-linked with 0.075% phosphoryl chloride. b Swelling power.
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The peak and final consistencies of unmodified Rio Blanco
starch were higher than those of Karl-92 starch but lower than
those of Ike starch (Fig. 3a). Yet the peak and final consistencies
of doubly modified low HP Rio Blanco starches were lower than
those of both Karl-92 and ke (Figs. 3b and 4a). The pastes of Rio
Blanco-LHP starches remained fluid at room temperature for
several hours, wheress the LHP derivatives of the other two starches
formed gels. The efficiency of reactions of Rio Blanco starch with
propylene oxide and phosphoryl chloride may have been elevated
compared to those of Karl-92 and Ike as indicated, respectively,
by its increased level of HP substitution and its decreased clarity
(Table 11). The reason for the difference in reactivity of Rio Blanco
starch is not known, but its amylopectin may have shorter chains
with a more highly branched structure compared to that of the
other two wheat starches.

Pasting temperature of Ike starch in the amylograms was 2-3°C

Surprisingly, Karl-MHP60 gave an amylogram at 6.25% starch
solids that almost matched that of lke-MHP60, as did that of Rio
Blanco-MHP60 (data not given), even though the swelling powers
of those doubly modified starches measured at low concentration
(1.67%) showed some differences (Table Ill). The pasting curves
of Karl-MHP130 and Rio Blanco-MHP130 matched that of
Midsol 4 in Fig. 5a, whereas Ike-MHP130 gave a somewhat higher
pasting curve. All three starches with medium HP and cross-linked
with 0.025% phosphoryl chloride gave low pasting curves (Fig. 5b).

Rheology of Unmodified Starches

The storage modulu$s() and tand values of unmodified Karl-
92, Rio Blanco, and lke starches were recorded at 7.5% starch
solids during heating=(2.5 min), cooling #70 min), and aging
(=12 hr), all inside the measurement cell of the Bohlin rheometer.
Among the unmodified starches, Ike starch exhibited the highest

below that of Karl £85°C, Fig. 3a). That difference was main- G' at all three stages. Only the data on the gels during aging at
tained in the doubly modified low HP starches that were cross-linke26°C are given in Fig. 6a; the tarvalues were 0.1, 0.2, and 0.4
to a low extent (Fig. 3b) but not in those cross-linked to a higlfor lke, Rio Blanco, and Karl-92, respectively. When tars

extent (Fig. 4a).

Pasting Curves of Starcheswith a Medium Level of HP
The pasting curves of starches substituteedi4®% hydroxy-

>0.1-0.2, viscous forces add to elastic forces to give the com-
posite force vector. Viscous forces occurred in the aged gels of
unmodified Karl-92 starch at 7.5% solids. The high swelling of lke

wheat starch appeared to release more amylose into the contin-

propylation are shown in Figs. 4b and 5b. Surprisingly, peak andous aqueous phase of its paste than swelling of Karl-92 starch, in
final consistencies of the medium HP starches cross-linked at 0.08pite of the 17% higher amylose content in Karl-92. The higher
and 0.075% levels of phosphoryl chloride were dramatically loweamylose in the continuous phase of the lke wheat starch paste
than their low HP counterparts. This phenomenon was caused by thenerated a stronger continuous gel phase.
presence of increased levels (2-10%) of sodium sulfate iredwe r
tion mixture, which increased the efficiency of the cross-linking reacRheology of HP Starches
tion and dramatically decreased paste viscosity for the starches, afhe rheologies of cooked and cooled pastes of the modified
shown previously (Rutenberg and Solarek 1984, Wu and Seib 1990)heat starches also were followed in the Bohlin instrument at
The differences in the paste viscosities of the HP 4.0% whedt5% starch solids. Ike-LHP250 gave a maxin®hauring heating
starches depended on cross-linking because the pasting curves ofahé7.7°C, and then it decreased in magnitude upon heating to
HP starches without cross-linking were identical (not shown). Th85°C (data not shown). The value @f continued to drop during
HP 4.0% increased swelling of the wheat starches such that théye cooling cycle until a temperature of 88°C was reached, after
all swelled to about the same extent, which at 95°C was 49-51 g¥ghich it increased and continued to rise further as cooling was
(Table II). Substituting medium level HP in the wheat starchegontinued to 25°C, at which tan= 0.08. Karl-LHP250 (ta® =
apparently modified the amylose sufficiently so that the differenc€.06 at 25°C) and Rio Blanco-LHP250 (& 0.09) gave profiles
in levels of amylose was discounted. Cross-linking of the HP 4.0%imilar to that of ke with similar values & (data not shown).
starches led to some differences in swelling power (Table IlI). The values of5' for the various gels of low HP wheat starches
Ike-MHP30, -MHP60, and -MHP130 starches had paste consisss they were stored for 24 hr at 25°C are shown in Fig. 6b. At the
tencies higher than those of Midsol 4 (Fig. 4b). The latter is éow level of cross-linking, Fig. 6b shows tt® values of modified
medium HP wheat starch presumably made from a diverse mixtuRio Blanco-LHP250 and lke-LHP250 were separatee130 Pa,
of hard winter wheats, most of which contain all three waxy proteinsand they remained constant from 2 to 24 hr. However, the lightly
The final consistency of 7.5% lke-MHP30 was >2,000 BU, whichmodified Karl-92 behaved differently, and i& value increased
was=800 BU greater than the final consistency of Midsol 4, butsteadily during storage at 25°C up to 12 hr. The amylopectin in
its paste was stringy with a rating of 4. The paste of lke-MHP60 wasarl-LHP25 may have retrograded slowly and stiffened the gran-
rated slightly less stringy at 3, whereas the paste of Ike-MHP13@es, which translated into a strengthening of the solid phase (Elias-
was rated at 2. son and Bohlin 1982, Ring 1985).

TABLE IV
Gelatinization Temper atures? and Enthalpies of Unmodified Wheat Starchesand L ow and Medium Hydroxypropylated (HP)/Cross-Linked Modified Forms

Starch Base T, (°C) T.(°C) T,(°C) AHY (J/g)
Karl-92

Unmodified 57.8 67.5 63.0 11.0

Low HP cross-linked 56.1 64.5 60.2 89

Medium HP cross-linked 49.4 60.1 54.6 4.9
ke

Unmodified 58.3 68.8 64.0 12.2

Low HP cross-linked 56.1 65.9 60.9 8.8

Medium HP cross-linked 50.1 61.7 55.7 6.2
Rio Blanco

Unmodified 58.5 68.3 63.6 11.7

Low HP cross-linked 56.1 65.3 60.6 8.0

Medium HP cross-linked 49.8 60.3 54.8 6.5
LSD¢ (a = 0.05) 0.3 0.7 05 s

a Determined at starch-to-water ratio of 1:3 (w/w) in differential scanning calorimeter. T,, T, and T, = gelatinization temperatures at onset, peak, and conclusion.

b Gelatinization enthal py.
¢ Least significant difference.
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At the high level of cross-linking, Ike-LHP750 showed max- MHP130 gave a slightly highe®' than the other medium HP
imum G’ at 91.6°C, and the@' decreased during heating to 95°C wheat starches cross-linked with 0.013% phosphoryl chloride.
and cooling to 82°C, after which it increased as cooling continued The complex modulus values of cooked starches with a medium
to 25°C. Karl-LHP750 and Rio-LHP750 displayed similar profiles,level of HP but a high level of cross-linking, lke-MHP250, Karl-
but the heating, cooling, and aging maximaGomwere lower than MHP250, and Rio-MHP250, showed considerable viscost}) (
those of the corresponding lke derivative (Ike-LHP750). Fig. 6lafter cooling to 25°C as evidenced by tamalues of 0.26, 0.28,
shows that lke-LHP750 had the highest valu&ofipon storage and 0.59, respectively (data not shown). These results indicate that
at 25°C when compared to that of Karl-LHP750 and Rio Blancothe high level of cross-linking inhibited leaching of amylose from
LHP750. the granules during pasting. The continuous phase of the 7.5% starch

Heating aqueous slurries (7.5% starch solids) of medium-levedastes contained too low a concentration of amylose to form a
HP starches with a low level of cross-linking, Ike-MHP130, Karl-strong gel embedded with swollen granules.
MHP130, and Rio-MHP130, in the rheometer showed maximum Unmaodified lke starch swelled more than unmodified Karl-92 and
G' at=80°C, followed by a decrease @i during heating to 95°C Rio Blanco starches in hot water (<10% starch solids), and more
(data not shown)G' increased for all three starches as coolingamylose apparently leached out of its granules to form a strong gel
commenced and continued to increase to 25°C. Midsol 4 had a simietwork (Fig. 6a). As the starches were hydroxypropylated to a low
lar profile, with tand values of 0.09 during cooling and 0.06 during degree, their swelling powers increased, and their behaviors began
aging, both of which were nearly identical to those obtained foto be more similar. As HP content was increased to the medium
Karl-MHP130 and Rio-MHP130. Ike-MHP130 gave tawalues level of =4%, the gel properties of the cross-linked starches largely
of 0.1 and 0.13, respectively. Figure 7a showsGhealue of the  converged, as shown in Fig. 7.
starch gels from this set as they were aged for 1&'memained Cross-linking is important in determining gel strength, as illus-
constant at 2—12 hr for all medium HP wheat starches, but Kartrated by Rio Blanco LHP starches in Fig. 6b. Rio-LHP750 gave a

much lower storage modulus100 Pa) when compared to Rio-
LHP250 &600 Pa), apparentlyebause the granules of Rio-LHP750

1800 100 did not swell fully and less amylose was leached from them. This
A
1500 %0
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< 1200 =
a 60 2 1500
5 g 80
£ 900 g
g 0 2 g 1200 o
S 600 S} < 60 %
5 900 &
300 Karl-9, 20 g 40 i
Rio Blanco © 600 a
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Fig. 4. A, Amylograms (7.5% starch solids) of low (=2%) hydroxypropy- 0 0
lated cross-linked starches (LHP), Karl-LHP750, Rio Blanco-LHP750, and 0 30 60 90 120
Ike-LHP750. B, Amylograms (7.5% starch solids) of medium (=4%) Time (min)

hydroxypropylated (MHP) Ike starch cross-linked with different levels of

phosphoryl chloride prepared by reaction of starch with 8% (starch basis) Fig. 5. A, Amylograms (7.5% starch solids) of mediund%) hydroxy-
propylene oxide at pH 11.5 and 25°C for 24 hr in the presens&086 propylated (MHP) crss-linked (0.013% phosphoryl chloride) starches from
sodium sulfate (starch basis) followed by reaction with phosphoryl chloridéke, Karl-92, and Rio Blanc®, Amylograms (7.5% starch solids) of MHP
(starch basis). Midsol 4 is a commercial hydroxypropylatedsclioked cross-linked (0.025% phosphoryl chloride) starches. Midsol 4 is a commercial
wheat starch. hydroxypropylated css-linked wheat starch.
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Fig. 6. Storage modulus of gels (7.5% solids) of unmodifiéYl gnd low
hydroxypropylated css-linked starches (LHP250 and LHP75B) (luring
aging for 12 hr at 25°C.

also can be seen in medium-HP starches cross-linked with 0.025%
versus 0.013% phosphoryl chloride (Fig. 7a and b); the latter
starches all showed alarger storage modulus and lower tan d.
Each rheologica experiment was repeated three times. The trend
was aways the same, but the exact G' vaues varied and were some-
what unstable during the hesting stage, especidly for the unmodified
starches. At low concentrations of =7.5% gtarch, the variability tended
to be high. Sample preparation dso may have introduced some errors.
The curves reported here are those that are nearest to the mean.

Freeze-Thaw Stability

After Ike-LHP250 paste was subjected to the five freeze-thaw
cycles, it formed a spongy mass that releasead water when squeezed
between the fingers, but not when centrifuged a 1,500 x g. Un-
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Fig. 7. Storage modulus of gels (7.5% solids) of medhydroxypropy-
lated starches cross-linked with 0.013% PQO®HP130) @A) and cross-
linked with 0.025% POGI(MHP250) B8) during aging for 12 hr at 25°C.
Midsol 4 is a commercial hydroxypropylatedssdinked wheat starch.
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