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The effects of drying and storage on white bread was investigated
using dynamic mechanical analysis (DMA), and the means for quantify-
ing the results were explored. The "freezable" water content was
obtained from differential scanning calorimetry (DSC) endotherm in ice
melting region. A typical DMA thermogram of a high-moisture bread
(>30%, w/w) resulted in a broad transition region, as evidenced by the
tan 8 curve and E' drop spanning a temperature range of 50'C in the ice
melting region. DSC results show that freezable water was present at
>33% moisture. With lower moisture, the observed transition appeared
to move to a higher temperature range, and the tan 8 curve decreased in
height and broadened while the E'descending slope decreased. At <30%

Bread staling is a much studied phenomenon involving a con-
siderable deterioration of flavor, texture, and color. From a
rheological standpoint, the increase in bread firmness is the most
important indication of staling (Roewe et al 1982) To this end,
factors such as gluten functionality changes (LeMeste et al 1992),
and notably amylopectin crystallization or starch retrogradation
(Longton et al 1981, Zeleznak and Hoseney 1987, Marsh and
Blanshard 1988, Krog et al 1989, Cameron and Donald 1991,
Slade and Levine 1991), have been most often implicated in
bread staling. For example, Russell (1987) followed the staling of
bread using differential scanning calorimetry (DSC) by observing
an increase in the starch retrogradation or the so-called staling
endotherm =60OC with storage, a phenomenon similarly observed
in aging starch gels. Rogers et al (1988) have shown that retro-
gradation (due to amylopectin) could be influenced by the pres-
ence of water, which would result in varying firming rate. It was
also suggested that bread firming increased as water migrated
from crumb to crust in aging samples (Bushuk and Mehrotra
1977, Leung et al 1983, Ablett et al 1986, He and Hoseney 1990).
Wynne-Jones and Blanshard (1986) showed that "bound" water
slightly increased while "free" water decreased upon aging of
bread. It has been proposed that as the bread ages, moisture from
gluten is incorporated into the crystalline starch structure (Leung
et al 1983, Wynne-Jones and Blanshard 1986, Slade and Levine
1991). Kim Shin et al (1991) using o07 NMR contested this the-
ory, proposing instead that the redistribution of water occurs in
the amorphous phase.

Recently, the cause of bread staling and the role of water have
been attributed to the changes in molecular motion of polymer
chains from a glassy (rigid) state to a rubbery (flexible) one char-
acterized by a single temperature, the glass transition temperature,
(Tg) (Slade and Levine 1991). The Tg of bread has been measured
by various methods such as DSC (Slade and Levine 1991), a
modified thermomechanical analysis (TMA) (LeMeste et al
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moisture, the tan 8 curves were best fitted with a single Gaussian curve,
while at >30% moisture, best fit was obtained with a Gaussian overlap-
ping with an asymmetric sigmoidal curve. Some broadening of the tan S
peak was observed in staled bread (seven months), but the temperature,
in general, remained in the same range as fresh bread. The results also
indicated that only extensive staling of bread (19 months) lead to a broad
tan 8 distribution (-70 to 100 0C) of transitions which could be deconvo-
luted into at least two major, overlapping curves; while drying out of a
fresh bread would only result in one major (-25 to 25 0C) transition
(although each of these major thermal events could arise from a distri-
bution of multiple domains).

1992), and dynamic mechanical analysis (DMA) (Hallberg and
Chinachoti 1992). In each case, the Tg of the bread decreased with
moisture because water was acting as a plasticizer. In addition, a
single temperature was used to designate the transition region (tan
S peak in DMA, DSC peak temperature, and initial softening
temperature in TMA). However, the transition region for bread
spans a range of temperatures (which may indicate more than one
transition) and, therefore, a single temperature is not adequate to
describe the event taking place. In addition, as Hallberg and
Chinachoti (1992) pointed out, the tan 8 curve of fresh bread
occurs concurrently with ice melting, thus the contribution of
water to the transition needs to be ascertained.

In this work, DMA was used because it monitors textural
changes and is theoretically 1,OOOx more sensitive in observing
thermal transitions than is DSC (Wetton 1986, Rotter and Ishida
1992). The tan 5 is often followed when using DMA because E'
and E" are highly sensitive to sample geometry (Hallberg and
Chinachoti 1992, Rotter and Ishida 1992). Unfortunately, like
other thermal analysis data interpretation, indication of the onset,
midpoint, and final temperatures can be subjective, particularly in
the case of DMA. The use of the tan 6 peak temperature as the
designation of Tg, for instance, has been suggested to be errone-
ous, particularly for biomaterials with a great degree of heteroge-
neity (Peleg 1995) when the entire transition is composed of a
distribution of Tg values. To circumvent these problems, the entire
thermal event should be accounted for and characterized. Charles-
worth (1993) and Rotter and Ishida (1992) have used different
curve-fitting models to describe the tan 5 curve. When utilizing
these techniques, some previous knowledge of the possible events
that contribute to the curves is required (Charlesworth 1993),
especially when dealing with complex heterogeneous systems
such as bread. In addition, the designation of the number of de-
convolution curves to be used must be done carefully (Rotter and
Ishida 1992) because it is intuitively evident that a greater number
of curves will improve the "goodness of fit" but may have no
tangible meaning. The parameters obtained from these curves can
be used to compare different treatments such as storage time or
moisture contents.

The objective of this study was twofold: 1) to characterize the
white bread thermal transitions depicted by the tan 8 curve in
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DMA using a deconvolution curve fitting program; 2) to examine
the thermal transition arising from drying and aging and compar-
ing the DMA results.

MATERIALS AND METHODS

Materials
White bread was formulated according to the straight-dough

formula (Table I). The rapid bake method (Bread Bakery model
SD-BT51P, Panasonic, Secaucus, NJ) was used. The mixing time
was 20 min, the rest time was 5 min, and the knead period was 5
min. The dough was allowed to rise for 50 min, followed by a
second rise period of 40 min, and then it was baked at 160'C for
45 min. For storage experiments, bread was made by a straight-
dough method (Nussinovitch et al 1991) with 0.25% potassium
sorbate and 0.15% calcium propionate, both on flour basis (added
as mold inhibitors). All loaves were left to cool for 1 hr before
further analysis. The bread showed moisture content of 38 ± 1%.
Because the two methods were somewhat different in time and
temperature used during preparation, the two breads might be
different. The greatest concern was the degree of starch gelatini-
zation. DSC runs after baking showed no sign of crystalline
starch present, indicating that all the starch was gelatinized. The
DMA thermograms were similar.

Methods
Each loaf of bread was sliced to 1.3 cm thickness with a rotary

meat slicer. The three center slices were used for analysis. After
removing the crust, the crumb was compressed with a Carver
press at room temperature to 1.5 mm thickness using a metal
guide or spacer. For the storage experiments, the bread was stored
in polyethylene bags at 25 0C for up to 19 months before slicing.
At least three replicate samples were used for each analysis and
the data were averaged as described below.

DMA Analysis
DMA applies stress in a sinusoidal wave pattern as the sample

temperature is increased. The responding strain frequency is
either in phase with the stress (ideal elastic material) or out of
phase (viscous material). For viscoelastic material, stress and
strain are out of phase by a sinusoidal angle delta (5); tan 8 can be
calculated as the ratio between the loss modulus (E') and storage
modulus (E).

The pressed sample (1.5 mm thick) was cut with a die into a
50- x 12-mm rectangle. The moisture content of the bread sam-
ples was adjusted with a desiccant (Drierite) for 0, 1, 4, 8, 12, and
24 hr at ambient temperature. For some samples of higher mois-
ture content (28-38%), the moisture content was adjusted by
placing the sample in a vacuum oven (3.05 KPa absolute or 98.25
KPa vacuum) for 0-2 hr at room temperature. For samples with
lower moisture content, adjustment of moisture was done slowly
by placing them in a desiccator (with Drierite) to avoid drying in
a vacuum oven, which resulted in case hardening and easily
cracked samples. The samples were immediately placed in her-
metically sealed glass cylinders until testing (=2 hr) to avoid
moisture loss.

TABLE I
Straight-Dough Bread Formula

Ingredients Added %Wet Basis
Flour 55 9a
Water 34.9
Sugar 4.59
Shortening 2.6
Yeast 1.06
Salt 0.95

a 12% Moisture.

A sample (50- x 12- x 1.5-mm) was inserted into the sample
holder with a three-point bending head of a DMA instrument
(DMA 110, Seiko Instruments, Torrance, CA) and locked down
with thumb screws. Cooling rate was 10C/min. When the
sample reached =-40'C, the screws were tightened only to suffi-
ciently hold the sample in place. The sample was then further
cooled to -80'C before it was heated to 180'C at a rate of
20C/min. During the heating process, a sinusoidal force was
applied to the bar over a range of preselected frequencies (1, 5,
10, 50, and 100 Hz). The results were recorded as the storage
modulus (E), the loss modulus (E'), and the tan 8 (E/E'). A
more detailed description of this analysis for bread can be found
elsewhere (Hallberg and Chinachoti 1992). At least three repli-
cates were tested.

Characterization of DMA Transitions
The tan 8 curve obtained (1 Hz) showed the possibility of mul-

tiple transitions and thus was deconvoluted using PeakFit (Jandel
Scientific, San Rafael, CA). The peak height, width at half height,
and % area were recorded and compared for the different mois-
ture contents. The degree of fit was determined by i2. Average
thermogram of the replicates was obtained manually from E' and
tan 8 at a given temperature. Standard deviations for a value of
tan 8 and E'were 0.018 and 337 Pa, respectively.

DSC Analysis
The moisture content of the samples was adjusted as for the

DMA samples. Eight to ten milligrams of sample were placed in a
stainless steel hermetic sample pan (Perkin Elmer, Somerset, NJ).
The sample and an empty reference pan were positioned in the
DSC4 (Perkin Elmer, Norwalk, CT), and the chamber was cooled
to -300C at =25 0C/min. The chamber was then heated to 1000C
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Fig. 1. Dynamic mechanical analysis (DMA) and differential scanning
calorimetry (DSC) thermograms of fresh white bread conditioned to 11,
38, and 46% mc, indicating a broadening of the transition (DMA) once
freezable water has been removed (11 1% mc).
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