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This study evaluated the effects of bread baking temperature on tloking temperature greatly influences bread staling. The lower the
staling kinetics of crumb. Bread dough was leavened and baked in sealedoking temperature, the lower the staling rate, both in terms of crumb
molds. Cooking trials were performed at various temperatures rangirfgardening and of starch retrogradation. Starch and protein solubility was
from 90 to 110°C. The crumb samples were then stored at 20°C at coevaluated on crumb cooked at 90 and 110°C. An increase in cooking
stant moisture, and staling was evaluated by measuring crumb elastemperature resulted in an increase in protein insolubilization and starch
modulus (using an Instron dynamometer) and starch retrogradatiaggranule disruption.
degree (using differential scanning calorimetry). Results show that the

Bread staling has been extensively studied because of its Yasunaga et al (1968) evaluated the starch gelatinization degree
importance in determining product acceptability and shelf life. during bread baking by viscometry. Their results indicate that gel-
Studies on staling have mainly concerned starch modifications  atinization is higher near the crust than at the core of the loaf. This is
and starch-gluten interactions in bread crumb (Maga 1975, Kulp  a consequence of crumb heating occurring from the evaporation
and Ponte 1981). Various studies have shown that crumb firming ~ front at 100°C to the core of the loaf. During baking a temperature
is related to starch retrogradation during bread storage. The  gradient occurs in the loaf, which is consequently subjected to a
Avrami kinetic equation has been shown to fit crumb staling much more severe heat treatment near the surface than at the core.
kinetics, both in terms of starch retrogradation and crumb firming Martin et al (1991) used an electric resistance oven to bake
(Conford et al 1964, Kim and D’Appolonia 1977a, Kulp anddough at various temperatures <100°C, with minimum water
Ponte 1981). Besides starch retrogradation, other factors aewaporation. More swollen starch granules and more soluble
involved in determining staling extent and kinetics (Willhoft starch were detected in crumb cooked at 99°C than in crumb
1971a, Willhoft 1973, Maga 1975, Kim and D’Appolonia 1977b,cooked at 95°C. According to these authors, more interactions
Martin et al 1991). occur between starch and gluten when starch granules are more

Water diffusion and redistribution among the protein-starch andwollen. This results in harder crumb.
crumb-crust fractions of bread, and water loss by evaporation haveFaridi and Rubenthaler (1984) studied the effects of oven tem-
been related to staling, but the role of water has not been fullyerature and length of cooking on starch gelatinization degree and
explained (Willhoft 1971b, He and Hoseney 1990). After bakingstaling rate of Egyptian-type bread. They observed that a higher
water migrates from crumb to crust and some water evaporatestaling rate corresponded to a higher degree of starch gelatiniza-
This phenomenon is slowed a few hours after baking and stop®n. Bread was baked at various time-temperature profiles (1-6
after a few days (Zanoni et al 1993). Water loss causes crunmbin; 240-540°C oven temperature). The highest degree of starch
firming, but bread staling also occurs at constant moisture (He arglatinization was obtained in bread baked under intermediate
Hoseney 1990, Martin et al 1991). conditions (340°C for 3—4 min). This was ascribed to optimal

Little is known about the effects of operating conditions duringmoisture and temperature values for gelatinization. This bread was
the breadmaking process on bread staling (Lund 1984, MacRitchieitially harder than the others, and maintained this characteristic
1985). In particular, the effects of the severity of heat treatment afuring storage.
crumb characteristics have been scarcely investigated, due to thdt is worth noting that higher water evaporation occurs during
fact that crumb temperature during conventional oven baking dodmking at higher oven temperature. This is important for staling
not exceed 100°C, which is the temperature of the evaporatidrecause water content influences the rate of starch retrogradation
front at the crumb-crust interface (Zanoni et al 1993, 1994). in bread crumb (Zeleznak and Hoseney 1986).

The surface temperature of the loaf and the rate of water evapo-The aim of this research was to evaluate effects of baking
ration can be varied by varying the oven temperature, but the tetemperature on crumb staling kinetics. Suitable conditions were
perature of the evaporation front (i.e., 100°C) cannot be varied applied to obtain one experimental variable, crumb temperature
atmospheric pressure. As a result, crumb temperature alwagsiring baking, and to avoid variations in other characteristics, such
tends to 100°C, and the severity of heat treatment can be varied &y crumb moisture and crust thickeedue to water diffusion and
varying the baking time. evaporation.

It is well known that starch gelatinization and protein denatura- A particular system with sealed molds was set up. Baking was
tion, which are the main modifications responsible for crumtdone at a product temperature of 90-110°C. Crumb firmness was
structure, depend on the severity and time of heat treatmedetermined on fresh crumb and during storage by compression
(Eliasson and Hoegg 1980, Schofield et al 1983, Dreese et tst. Starch retrogradation was measured by differential scanning
1988). The gelatinization degree usually detected in bread is abatalorimetry. The effects of baking temperature on starch and pro-
96% (Lineback and Wongsrikasem 1980, Dalla Rosa et al 1989).tein fractions were evaluated by solubility measurements.

MATERIALSAND METHODS
IDISTAM, Dept. of Food Science and Technology and Microbiology, University

2ofMilan, via Celoria2, 20133 Milano, Italy. o Common wheat flour type “00” (Molini di Vigevano SpA,
Corresponding athor. E-mail: tecalim@imiucca.csl.unimi it Vigevano, Italy) was used. Its composition was: moisture 14.5%,

0 ; .
Publication no. C-1997-1025-04R. ash 0.53%, and protein (N x 5.7) 10.06% on wet basis.
© 1997 by the American Association of Cereal Chemists, Inc. Compressed yeastSdccharomyces cerevisiae) (Vinal, Gist-

710 CEREAL CHEMISTRY



Brocades SpA, Casteggio, Italy) was used. The dough was baked
in tin-plate cylindricad molds (73 mm diameter, 58 mm height,
0.16 mm thickness) (Capolo SpA, Reggio Emilia, Italy).

metically packed in double-welded polyethylene bags under light
vacuum (absolute pressure inside the bags 430 mbar).
Packed samples were stored in a thermostated chamber at 20°C so
that staling occurred under constant moisture and temperature
Breadmaking conditions. This procedure allowed us to control and standardize
Ingredients mixed were: 100 g of flour, 57 g of water (at 30°C)the baking process, and to obtain the following results: 1) a crumb
3.5 g of yeast, 1.5 g of NaCl. Two kilograms of dough were presample without crust was obtained, thus avoiding evaporation and
pared each time. The dough was kneaded in a Hobart mixewerheating phenomena that characterize crust formation; 2) crumb
(model N-50) at speed 1 for 10 min. Dough portions (95 g) weréemperature during cooking was controlled; 3) constant density
placed into molds and allowed to stay in the leavening chambend porosity of the product were obtained; 4) moisture variations
(model HC0020, Heraeus-Votsch) at 30°C and 75% rh for 60 mirduring cooking and cooling were avoided.
After that time, dough portions had risen to the top of the mold.
The molds were then sealed (model Al, Bertuzzi SpA, BrugheridAnalytical M ethods
Italy) before cooking. Cooking was performed at 90 and 95°C in a Protein content is expressed as total nitrogen (N x 5.7). To
preheated waterbath, and at 100, 105, and 110°C in a retalttermine soluble protein, 10 g of crumb was homogenized with
(Fedegari SpA, Pavia, Italy). Temperature was monitored by tw80 g of NaHPQO, buffer (50 nM, pH 6.0) in an homogenizes
thermocouples during cooking. Type J thermocouple (1.6 mniUltra Turrax T25, Janke and Kunkle) at 10,000 rpm for 2 min.
diameter) was used to detect the temperature at the geometfihe suspension was then stirred for 2 hr (model 713, ASAL), and
center of the sample; it was fastened to the container by an agentrifuged at 10,000 rpm for 30 min (Centrikon T 42-K).
and water-tight system. Type T thermocouple (1.8 mm diameter) Soluble protein was determined on the supernatant by Bradford
was used to detect the temperature inside the waterbath and thethod, by measuring absorbance at 595 nm in a 10-mm optical path
retort. The cooking phase was stopped when the temperature catvette against a blank (phosphate buffer plus Bradford reagent). Pro-
the core of the sample was 2°C lower than the temperature in thein concentration was calculated against a calibration curve built
bath or in the retort. This required 30-35 min. The cooked sanwith soluble proteins extracted from the uncooked dough (from the
ples were immersed into cold water (20°C), until the temperaturieeze-dried and finely milled dough by phosphate buffer, pH 6.0).
at the geometric center had reach@&@°C (about 30 min). After Each determination was made in duplicate on the extract ob-
cooling, crumb samples were removed from the molds and hetained in duplicate from two different baking trials at the same

TABLE |
Variation in Elastic Modulus and Retrograded StarchAH) During
Storage of Crumb Cooked at 90°C
Storage Time (hr) Elastic Modulus (g/mn?) AH (J/9)
= 0.5 3.36 (0.31) 0.445
g 5 3.61 (0.50) 0.317
g 12 5.45 (0.70) ND
K 15 NDP 0.480
‘é 24 7.58 (0.44) 0.936
8 37 9.05 (0.60) 0.989
48 7.96 (0.61) ND
71 14.30 (1.48) 1.266
93 13.78 (1.95) ND
96 14.45 (1.24) 1.181
144 15.32 (1.55) ND
; ) 168 ND 1.447
0 10 20 30 40 50 60 ) 231 15.11 (1.07) ND
time {min) a Standard deviations in parentheses.
b -
Fig. 1. Heat penetration curves at the geometric core of crumb samples Not determined
during cooking at 90 (J), 100 (m), and 110°C Q).
TABLE I
Avrami Equation Coefficients? for the Variation in Elastic M odulus of
50 Crumb Cooked at Various Temper atures
Temperature Eq E.
o (°C) (@/mm?)  (g/mm?) k/hr n r2
. 35min
% 90 3.03 15.55 0.006 127 0.962
ol 90°C for 70 min (0.73)b (0.99) (0.008) (0.31)
§ 95 3.00 25.61 0.003 1.36 0.991
E; (0.92) (0.78) (0.003) (0.25)
g 100 392 42.35 0.008 0.97 0.983
227 (1.29) (4.57) (0.005) (0.15)
E 105 2.85 50.52 0.009 0.99 0.995
® (1.09) 2.79) (0.004) (0.10)
wt g 110 3.42 45.46 0.002 1.40 0.991
(1.32) (1.27) (0.001) (0.18)
70 min
0l ' ' ; ; e} 90 2.50 31.54 0.023 0.85 0.996
0 50 100 150 200 250 300 350 (0.65) (1.25) (0.006) (0.07)

storage time (h) a Egy isthe elastic modulus at time O (fresh sample); E,, is the elastic modulus

at equilibrium; k and n are equation constants; r? is the determination

Fig. 2. Variation in elastic modulus during storage of crumb samples
cooked at various temperatures.

coefficient.
b Standard error in parentheses.
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temperature. Results, as the average of eight determinations, are
expressed as milligrams of soluble protein per gram of sample.
Soluble starch was determined colorimetrically by adding iodine
solution to a water extract of crumb. Crumb (2 g) was homoge-
nized (2 min in an Omni Mixer) with 100 mL of deionized water.
The suspension was centrifuged (1,008 fer 10 min), and 1 mL

loading cell 10 kg, ram diameter 80 mm, rate 20 mm/ min, maxi-
mum deformation 25%. Five replicates were made for each
experimental point. Data of stress versus strain were plotted, and
the tangent to the linear segment of the curve, which corresponded
to the elastic modulus, was calculated by linear regression
(Quattro-Pro 123). The five replicates were mediated and

of clear supernatant was mixed with 10 mL of water and 1 mL oftatistically evaluated (relative standard deviation was 3-15%).

iodine solution (2 g of KI + 0.2 g of bisublimatedin 100 mL of

Elastic modulus values are expressed as §/rirata were col-

water). Absorbance at 590 nm, which represents the maximubacted periodically during 14 days of storage time.

absorbance wavelength of the starch-iodine complex, was measured

after 10 min in a 10-mm optic path cuvette against a blank (11 mRetrograded Starch

of water + 1 mL of iodine solution). Soluble starch concentration Retrograded starch after various storage times was determined
was calculated against a calibration curve built with a standard solby measuring th&H corresponding to the melting of retrograded
tion of soluble starch (Merck). Soluble starch determinations werstarch. Calorimetric analyses were made using a differential scan-
performed as for soluble protein. Results, as the average of eighihg calorimeter (Mettler DSC20). The procedure defined by
determinations, are expressed as milligrams of soluble starch pgchiraldi et al (1996) was followed. The endothermic peak corre-

gram of sample.

Elastic Modulus

sponding to recrystallized starch fusion was subtracted from the
baseline, and the area of the peak was calculétddwas then
obtained and related to the sample weight. This value was defined

Compression tests were made with an Instron universal testirap “retrograded starchH”. Two replicates were made for each
machine (model 4310) connected to a data processing computaralysis. Average results are expressed as J/g. Calorimetric analyses
(program series IX Automated Materials Testing System, release 4vtere performed periodically until the asymptotic value was reached.
Instron Corporation, 1992). A crumb cylinder (25 mm diameter
and 30 mm height) was obtained from the center of a crumb lo&f odeling of Staling Kinetics
by an electric knife and a cylindrical sampler. Each crumb cylin- Elastic modulus andH values were processed according to the
der was subjected to compression under the following conditiong&inetic Avrami model by nonlinear regression by the Table Curve

25 ¢

110°C

100°
90°C

0 + + t t + + + + i
0 20 40 60 80 100 120 140 160 180
storage time {h}

Fig. 3. Starch retrogradation kinetics of crumb cooked at 90, 100, and
110°C, measured as retrograded stawsH)(by differential scanning
calorimetry.
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Fig. 4. Relationship between elastic modulus and AH values of crumb
cooked at 90 (), 100 (m), and 110°C 4).
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program (Jandel Scientific, release 1.0, 1993).

RESULTSAND DISCUSSION

Staling Kinetics

Experimental temperature profiles for cooking trials at 90, 100,
and 110°C are shown in Fig. 1. Elastic modulus/sddsariations
were evaluated as an index of progressive crumb staling for the
cooking trials at 90, 100, and 110°C. In the other trials, only elas-
tic modulus variations were determined. Table | shows the varia-
tion of elastic modulus amiiH during storage of crumb cooked at
90°C during storage. For the sake of brevity, data related to this
trial only are shown. Experimental values were similarly collected
for the other cooking temperatures.

Experimental points of elastic modulus were processed accord-
ing to the Avrami equatiork, = E,, — [(E.. — Ep) exp (kt")], where

TABLE I11
Staling Rate Constants (Evaluated as Crumb Hardening) During the
First 24 hr of Storage of Crumb Cooked at Various Temperatures

Temperature (°C) Staling Rate Constank' (g/mm?hr) ra

90 0.165 0.997
95 0.233 0.999
100 0.253 0.999
105 0.367 0.999
110 0.330 0.989

a Correlation coefficient.

TABLE IV
Avrami Equation Coefficients? for the Variation in Starch
Retrogradation of Crumb Cooked at Various Temperatures

Temperature AH, AH,,

(°C) (J/g) (J/g) k/hr n r2

90 0.36 1.30 1.70x10° 186 0933
(0.12)>  (0.09) (6.00 x 10%  (1.06)

100 0.42 1.45 0.04x10° 283 0980
(0.06)  (0.05) (0.12x10%  (0.93)

110 0.27 2.12 400x10° 160  0.980
(0.13)  (0.10) (6.02 x 10%  (0.44)

a AHgisthe value at time O (fresh sample); AH,, is the value at equilibrium; k
and n are equation constants; r2 is the determination coefficient.
b Standard error in parentheses.



E; is the elastic modulus at time t, E., is the elastic modulus at cooked at 110°C. As expected, the soluble protein content
equilibrium (corresponding to the asymptote), E, is the elastic decreases after cooking due to protein denaturation and polymeri-
modulus at time O (fresh sample), t isthetime, and k and n arethe  zation and to larger interactions between proteins and starch
equation constants. Curves obtained by nonlinear regression are (Eliasson and Hoegg 1980, Schofield et al 1983, Hoseney et al
shown in Fig. 2, and the Avrami equation coefficients Ey, E., k, 1988, Weegels et al 1994).

and n are reported in Table I1, together with the curve correlation Soluble starch contents show that the amount of soluble starch
coefficient r2. is greater after a more severe heat treatment (standard deviations
in parentheses). The uncooked dough contained 3.1 (0.13) mg/g of
Conclusions soluble starch, while values raised to 5.3 (0.17) mg/g in crumb
The high value of correation coefficient confirms that the  cooked at 90°C and to 9.7 (0.43) mgygrumb cooked at 110°C.
Avrami equation is agood model of elastic modulus variation. A larger granule modification and disruption occurs at higher
E,, the initial elastic modulus, is similar for al samples, indi- temperature. As a result, a larger starch amount expelled from the
cating that different heat trestments do not cause substantial dif- granule is available for solubilization (Faridi and Rubenthaler
ferences in fresh crumb firmness. 1984, Martin et al 1991). Since starch molecules interact with

On the contrary, the asymptote value E,, is strongly dependent protein molecules, it can be assumed that this interaction is
on the severity of heat trestment. An increase in the maximum stronger in bread cooked at higher temperature. This results in
elastic modulus value reached by the crumb is observed when the  differences in the behavior of crumb during staling. Protein
cooking temperature is increased. This does not hold for samples  denaturation may cause a reduction in water affinity due to protein
cooked at 110°C. compacting and loss of hydrophilic sites. Water lost from the pro-

Bread cooked at 90°C for 70 min shows staling kinetics intertein fraction would promote starch mobility and crystallization.
mediate between those observed in bread cooked at 95 and 100°An conclusion, crumb staling extent and kinetics are strongly
This demonstrates that the effects of cooking on staling depend oelated to the severity of thermal treatment. From a technical point
both time and temperature, that is on the severity of heat treatmentof view, it can be suggested that bread be baked under slight vac-

In agreement with published datayalue is close to 1 (Rhonda uum to obtain crumb cooking at temperatures <100°C. This may

et al 1968; Kim and D’Appolonia 1977a,b). enhance the shelf life of bread.
In a previous work (Giovanelli and Pagliarini 1996), sensory
tests on the same type of bread demonstrated that the first percep- ACKNOWLEDGMENTS
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