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The moisture content of a starch gel determines the extent to which that granular form, we concluded that the remnant of the granule structure did
starch will retrograde. Maximum crystallinity occurs in gels of 50-60% not affect retrogradation. Retrogradation in bread was also studied by
starch. In this study, the effects on recrystallization of adjusting the water differential scanning calorimetry. Bread baked with several antistaling
level during gelatinization and aging were examined. The degree of agents was aged at various moisture levels to determine if these agents act
recrystallization was measured by differential scanning calorimetry, by altering moisture availability to the starch and, thereby, the extent of
Retrogradation in wheat starch gels was controlled by the amount of water starch retrogradation in the bread. The effect of moisture on
present during aging, regardless of the amount present during recrystallization was not significantly different between the bread samples
gelatinization. It was also found that solubilized amylopectin did and the starch gels. It appears, therefore, that the action of these antistaling
retrograde, and as with starch, the extent of retrogradation was controlled agents in bread is brought about by another mechanism.
by the amount of water present. Because the amylopectin used was not in

The involvement of starch retrogradation in bread staling has MATERIALS AND METHODS
been a major focus of research since Katz (1928) showed by X-ray
diffraction that starch in bread returns to the semicrystalline state The effect of moisture on the retrogradation in bread crumb,
during staling. There is extensive work on the physical and starch gels, and isolated amylopectin was examined by DSC. The
chemical changes that occur in starch during baking and staling instrument used was a Perkin-Elmer DSC-2 with FTS Systems
(Willhoft 1973, Maga 1975, Knightly 1977, Kulp and Ponte 1981). Flexi-cooler and temperature controller. It was calibrated with
The semiquantitative method of X-ray diffraction was widely used indium, and enthalpy (,A H) was determined by measuring the area
as the most direct means of estimating the degree of of the endotherm, as described by Lund (1983), using a polar
recrystallization in starch (Zobel and Senti 1959, Dragsdorf and planimeter. In the calorimeter the temperature sensors are not in
Varriano-Marston 1982), but the more quantitative thermal direct contact with the sample; therefore, the recorded temperature
analysis techniques are now the preferred means of studying is that of the sample holders rather than the sample. The effect of
crystallinity. Differential scanning calorimetry (DSC) in particular this temperature lag can be corrected for, using the procedure
has proved to be a valuable tool to quantify crystallinity, both in described by Richardson (1972).
native starch and the retrograded starch of bread crumb and aged All samples were encapsulated in aluminum pans and
gels (Longton and LeGrys 1981, Fearn and Russell 1982). It hermetically sealed to prevent moisture loss. They were heated at
enables us to directly measure the influence of various factors on 10' C/min, using a sensitivity of 0.5 mcal/sec. The temperature
the thermal properties of starch during gelatinization and range of the scan was typically 7-127' C, but the upper limit was
recrystallization. Thermal analysis shows that storage time, adjusted according to the temperature necessary to allow
storage temperature, and reheating after storage, which are known gelatinization to be completed. All materials (starch, crumb, and
to influence the firming rate of bread, also affect the rate of starch water) were weighed directly into the calorimeter sample pan using
retrogradation (Axford and Colwell 1967, Colwell et al 1969, a Cahn 21 automatic electrobalance. Enthalpy, the energy required
Russell 1983, Ghiasi et al 1984). Longton and LeGrys (1981) to melt the crystalline material, was used as the index of
reported that recrystallization in starch gels is profoundly crystallinity in the samples. It is reported as A H in calories per
influenced by gel moisture. Using DSC enthalpy values as the gram. All samples were run in duplicate or more. The standard
index of crystallinity in aged gels, they noted that crystallinity deviation of A H values was 0.06 cal/ g.
reached maximum development in 50% gels and disappeared
altogether in very dilute (10%) or concentrated (80%) gels. This Preparation of Bread Crumb
DSC data supports the X-ray diffraction studies of Hellman et al The effect of sample moisture content on enthalpy values during
(1954), who found that 50% gels produce the most intense X-ray DSC heating was studied on aged bread crumb. Bread without
pattern but that pattern intensity decreases at higher or lower shortening was baked according to the standard pup loaf
concentrations. These studies indicate that water plays an integral procedure (Finney 1984). It was aged for five days in plastic bags at
role in controlling retrogradation, and its involvement in the 250°C, the crust was removed, and the crumb was frozen and
process bears closer scrutiny. lyophilized. The dried crumb was weighed into the calorimeter

The goal of this study was to investigate how and when moisture sample pan, and distilled water was added with a microsyringe to
content becomes influential in retrogradation. Does the amount of obtain 56, 39, 30, and 25% starch (determined by weighing pan plus
water present during granule swelling and gelatinization influence sample) in the final mixture. The samples were equilibrated for 1-2
subsequent recrystallization? Or does water exert its effect only by hr before heating in the calorimeter. Enthalpy calculations were
mediating the formation and growth of crystallites during based on the weight of starch (in milligrams) in the crumb sample.
retrogradation? A starch model system was chosen for the main Crumb was estimated to contain approximately 65% starch.
portion of this study, but the influence of water on retrogradation DSC was also performed on bread to study the combined effect
of starch in bread was also examined. DSC was used because it of moisture and various antistaling agents on starch
provides a reproducible means to quantify crystallinity in both retrogradation. Bread was baked with each of the following: 3%
starch gels and bread. shortening (Crisco or Durkee D-10) and 0.5% monoglyceride

(Dur-Em, Durkee). The control loaf contained none of these. Once
cooled, the crumb was promptly frozen and lyophilized. A small

'C o tr but on 86- 03 , K ns s A ri ult ra Ex er m en S ati n, M an at an 65 6. sa m p le (• 5 .0 m g ) o f ly o p h ilized , fresh cru m b w a s w eig h ed in to a• C o n t r i bc a l o r i m e t er3p a naa nds t heid e s i r e d m o i s t u r est ( 1 5,i2 0 , 3 0,h4 0,a5 0,66 0 ,2Research associate and professor, Department of Grain Science and Industry, cando7%)m erer obainea d ase descibed abovsu e. All, samples were0,60
Kansas State University, Manhattan.an70)wrobandadecidaov.Alsmesee

prepared in duplicate, stored for 10 days at 250 C in the sealed
©1986 American Association of Cereal Chemists, Inc. calorimeter pans, and scanned. Both the concentration and
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enthalpy calculations were based on the estimated weight of starch Samples of 60, 40, and 20% starch content were heated through

in the crumb. gelatinization and then adjusted to the same moisture level (50%)
before aging.

Preparation of Starch Gels
Wheat starch (Midwest Solvent, Atchison, KS, 11.3% moisture) Preparation of Amylopectin

was weighed directly into aluminum sample pans. Water was Amylopectin was isolated from starch according to the

added using a microsyringe, and the desired concentration was procedure of Schoch (1957). This solubilized amylopectin was

obtained by weighing the pan plus the starch/water suspension. examined microscopically under polarized light and in the

Three series of samples were prepared in this manner. The protocol calorimeter with excess water to determine if any crystallinity

for post-gelatinization moisture adjustment in each of the series is remained. There were no recognizable granules, birefringence, or

described below. After aging, the effects of the moisture phase transition to indicate the presence of crystallinity. Two

adjustments on the DSC thermogram of each gel of the three series mixtures of amylopectin and water were prepared at 30 and 50%

were compared. solids. They were aged at 250 C for 14 days and examined by DSC.

In the first gel series, each suspension was gelatinized and aged at
the same moisture level. These suspensions of 80, 75, 70, 60, 50, 40, RESULTS AND DISCUSSION
30, and 20% starch were heated from 7 to 100 0 C in the calorimeter.
The more concentrated samples (60-80%) were not completely A valid interpretation of the results of this study must be based

gelatinized at 1000 C; therefore, they were heated to the on the prior knowledge that DSC accurately measures the degree

temperature of the completion of the endothermic transition. After of crystallinity in a given sample by recording the energy required

this initial heating, the gels were cooled, stored at 25' C for seven to melt the crystals. A concern at the outset of this study was

days and heated once again in the calorimeter from 7 to 127' C to whether the amount of water present during melting of the

observe the melting of the recrystallized starch. All gels were retrograded starch in the calorimeter could alter the resulting

heated, aged, and reheated in this manner. enthalpy. In other words, when water is limited, will crystallite

In the second series of gels, the amount of moisture present in melting be complete and thus give an enthalpy representing the

each sample during the initial heating (gelatinization) was 50% but total crystallinity? To answer this question, a lyophilized crumb

was adjusted to five levels (70, 60, 50, 40, and 30% starch) for the sample was prepared at several water-to-crumb ratios that were

seven-day aging period. The water content of the gels was changed scanned in the calorimeter. It was found that, although endotherm

by opening the sealed pan, lifting out the gel intact, and shape was affected by moisture content, the enthalpy of melting

transferring it to a new, tared pan. Water was then added or was not significantly altered (Fig. 1). The same experiment was

allowed to evaporate until the desired concentration was obtained, performed on aged starch gels at low water levels. Mixtures of 50,

The pans then were sealed and aged. 60, 70, and 75% starch content were gelatinized by DSC and aged

This procedure was reversed to prepare the third series of gels. for seven days, at which time water was added in excess. The DSC
scans showed that the enthalpy values of these gels aged in limited
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Fig. 1. Differential scanning calorimetry thermograms of bread crumb Fig. 2. Differential scanning calorimetry thermograms of aged starch gels
aged five days at 250 C, lyophilized, and heated in the calorimeter at several in which the concentration (percent starch) of each was maintained at one
moisture levels, reported as percent starch. Enthalpy (A~H) of the starch level throughout the first heating, aging, and second heating in the
recrystallization peak is in calories per gram of starch. calorimeter. A H is in calories per gram of starch.
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water did not increase in the presence of excess water. This at three concentrations but were brought to one level (50%) before
evidence was convincing that enthalpy values obtained at the levels aging. The second heating of these aged gels produced endotherms
of moisture used in this study are an accurate measure of (Fig. 5) similar to all previous 50% gels, despite the differences in
crystallinity. Therefore, the differences in enthalpy could be gelatinization moisture. Using all the data from the three series, the
interpreted as resulting from variability in the gelatinization effect on enthalpy of aging-period moisture resulted in a bell-
moisture or the aging-period moisture of the sample. shaped curve (Fig. 3). This curve clearly illustrates that enthalpy is

strongly dependent on moisture during aging only. This study
Aging of Wheat Starch Gels confirms that the magnitude of the amylopectin melting peak, i.e.,

Three series of starch gels were examined to determine the effect its crystallinity, is controlled by the water present during retro-
of moisture during gelatinization and aging on recrystallization, gradation and that gelatinization moisture has little or no effect.
The energy required to melt the retrograded crystals, AH, was
calculated from the DSC thermograms and compared. In the first Aging of Amylopectin
series, samples at eight concentrations were gelatinized and aged at The concentration of a starch and water suspension during
the same moisture level. The endotherms obtained from heating gelatinization does not control the degree of recrystallization, but
the aged gels (Fig. 2) indicated that the enthalpy values and the it may still exert some influence through an effect on granule
shape of the peak changed as water level changed. There was little remnant structure. Thus, the possible role of granule structure in
crystallinity present in the dilute or very concentrated gels. The A H this water-mediated control of recrystallization was examined
values were greatest in the 50-60% starch gels. Figure 3 shows the further using solubilized amylopectin, in which granule structure
bell-shaped response of enthalpy to moisture of the gels. These had been destroyed. The amylopectin exhibited no crystallinity
results are similar to those of Longton and LeGrys (1981). In order after solubilization. However, after aging for 14 days, at 50% and
to identify whether this observed effect was because of the water ater b oth Hadererystalizd The 10 aysopet pea
present during gelatinization or during aging, two additional series clearly had a much larger melting enthalpy (Fig. 6) than the sample

were examined.clalhaamuhlremetnenhly(i.6tanhesmwereexamned.in 70% water. Both occurred at a temperature typical of granular
In the second series, each suspension of starch and water was starch.wSeera concusion ma bemdrawfro these findg

gelatinized at a starch concentration of 50% but then adjusted to
five different levels for aging. The thermograms (Fig. 4) obtained 1) Amylopectin will retrograde when not in the granular form.
after aging showed enthalpy values and peak shapes to be 2) The major endotherm observed in both bread crumb andessentially identical to those obtained in the first series of gels, starch gels does represent the melting of retrograded amylopectin.

despite differences in gelatinization moisture. The moisture 3) The retrogradation is controlled by the water present during
present during aging was the same in both treatments and thus aging.
seemed to be the factor determining the enthalpy. One further step 4) The remnant of the granule has no influence on
was necessary to clarify whether variation in gelatinization retrogradation.
moisture was contributing to differences in enthalpy. This was
accomplished in the third series.

In this series, the starch and water suspensions were gelatinized

T300 pcal/°C

2.0- % AH

1.8 70 1.56
1.6- Q

_ -J
U.1.4 - 60 1.93(D - <:

1.2- U

0,•1.0 (,

r'r" 5"-• ! 1.57
10.8 WJ

, -I-

0.6 0

04-Z 40 0.80

0.2 -30 0.21

10 20 30 40 50 60 70 80 , I I I I I I I I I

% STARCH 30 50 70 90 110 130
Fig. 3. Effect of the moisture present during aging on the enthalpy (AnH in TEMPERATURE - 0
calories per gram of starch) of retrograded starch in starch gels and in bread
baked with antistaling agents. Starch gels (0__.), control bread (*-*-), Fig. 4. Differential scanning calorimetry thermograms of aged starch gels
bread with Crisco shortening (o--o), bread with Durkee D-10 shortening in which the concentration at gelatinization was 50% but adjusted to 30, 40,
(A--A), bread with Durkee, Dur-em monoglyceride (X-X×). 60, and 70% starch before aging. A H is in calories per gram of starch.
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Aging of Bread Crumb with Antistaling Agents
Starch retrogradation is thought to be involved in the

300 pcal/°C mechanism of bread staling. In light of this and the findings
presented here, it was postulated that the agents that retard staling
in bread do so by altering moisture relationships during aging and
thereby decrease the rate of recrystallization. The moisture level in

% AH bread (35-40%) provides what we now recognize as optimum
conditions for starch recrystallization. Antistaling agents may

o retard starch recrystallization by either raising or lowering water
.J availability to a level outside the optimum range. To test this, bread

LL 60 1.48 was baked with various agents, lyophilized, and aged for 10 days at
1-- several moisture levels, ranging from dilute to concentrated. The

enthalpy of the amylopectin endotherm at each moisture level for
W each agent and the control were compared (Fig. 3). The effect of
I" moisture level on retrogradation was the same as that found in

starch gels. Maximum crystallinity developed in the intermediate
range (50-60%) just as in the gels. The curve was shifted only

401 .62 slightly in the bread samples compared to the starch gels. This
c "indicated that the mechanism by which these agents retard staling

LU does not alter moisture availability during the retrogradation of
starch. These results also confirmed that the characteristics of
starch revealed by studying a simple model system are an accurateo reflection of the behavior of starch in the more complex bread

a .system.
Z 20 1.64w
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