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The amount and state of water play an important role in the preparaequence and the Carr-Purcell-Meibooith{ilse sequence were analyzed
tion and properties of wheat flour doughs and their products. A newsing a multizgponential discrete model and a continuum model. The dis-
method for presentation and analysis of relaxation time measurements @ete model produced three fractions of protons relaxing in three different
protons in dough is described in this article. This new method acknowtime domains. The continuum model produced spectra of spin-spin relax-
edges a continuous proliitly distribution of protons having different ation time vs. amplitude, from which two to five peaks, depending on the
relaxation times in heterogeneous systems such as dough, which is dmasisture content, could be identified. At moisture contents of 23 and
matically different from the conventional discrete methods that rely or85%, dramatic changes in relaxation time and amplitude were observed
prior assumptions of a number of discrete relaxation components. In theith both models. The continuum model provideditiicll information
present study, pulsed proton nuclear magnetic resonance was used to stabgut the homogeneity of the morphology and physical state of the dough
the relaxation characteristics of dough systems at moisture levels of 12ystems.
45%. The relaxation curves obtained using a 90-degree pulse (Onepulse)

Water is an indispensable component of dough and baked products.
It usually constitutes =40% (w/w) of bread dough and more than
35% (w/w) of baked bread. Water is added to flour during mixing,
which is essentially a hydration process. Water is necessary for
gluten development and plays an important role in al types of
interactions and chemical reactions that occur during mixing and
baking. The effect of water on dough rheology and handling and
on product qudity and stability has been well documented (Sidwell
and Hammerle 1970; Tschoegl et a 1970; Webb et al 1970;
Bushuk and Mehrotra 1977a; Dexter and Matsuo 1979; Sharma
and Hanna 1992; Sharma et a 1993ab; Sahi 1994). Under-
standing the properties of water in dough is of great interest and
vital to the bakery industry.

In dough, water interacts with gluten and starch to form the so-

T, has been used by many researchers, probably because of the
ease ofl, measurement. Observég for bulk water is=2 sec. It is
generally believed that water molecules in doughs are somehow
“bound” to different sites of the flour constituents or in exchange
with “bound” water and experience faster relaxation than in bulk
water; thus, they have a much shoifgthan bulk water. Earlier
studies of water-dough systems using NMR showed two fractions
of water molecules in doughs, namely “bound” or less mobile and
“free” or mobile water (Toledo et al 1968, Leung et al 1979).
Toledo et al (1968) found that the “bound” water content, defined
as that which remained liquid at —18°C, was 0.29 + 0.01 g of
water per gram of dry solid of the wheat flour dough; this value
was independent of total moisture content for doughs of the same
flour with moisture contents greater than 24.6%. Leung et9419)

caled “bicontinuous networks”—the continuous water-containingalso reported that the less-mobile water fraction in flour doughs
gluten phase that is interpenetrated by the continuous “free” watdnas aT, of =20 msec and accounts fe0.62 g of water per gram
starch mixture phase. Water is not evenly distributed among th&f dry solid; these values seem to be independent of flour strength
flour constituents in dough. Bushuk (1966) reported #4826 of = and mixing time. They also pointed out that staling of bread crumb
the water in dough is associated with starch, 31% with proteinyas accompanied by decreaggedandT, and that the decrease in
and 23% with pentosan gum, which is strongly influenced by th&; andT, (water mobility) of bread crumb with storage time was
amount of protein and damaged starch. Besides the variationsimdependent of reduction in moisture content. This suggests that
distribution of water among the flour constituents, the physicatelaxation is largely structure-dependent and that physiochemical
properties of dough water differ from those of bulk water becausehanges other than change in moisture content would cause relax-
of the interaction of water and these flour constituents. For examplation time to change, probably by altering the structure or morph-
the freezing point of water in dough is dramatically changed, andlogical characteristics of the systems. Recently, Hills et al (1990)
part of the water in dough becomes “unfreezable” as measured byggested that interpretation of NMR relaxation measurements of
differential scanning calorimetry (Bushuk and Mehrotra 1977b)food systems mustvolve chemical and diffusive exchanges between
Therefore, the study of water in dough is a very complex subjeetater protons and biopolymer protons. While the authors indicated
in which one must deal with the distribution of water among flourthat proton relaxation measurements could produce limited infor-
components as well as the variations in properties or state of wateation on bound water and the number of sites or states, they pro-
due to interactions between water and the flour constituents. posed that relaxation measurements might serve as a useful probe

Nuclear magnetic resonance (NMR) relaxation times (i.e., spimef morphology and the state of the biopolymers or other species
lattice relaxation timeT; and spin-spin relaxation tim®) have  having exchangeable protons. They further concluded that the
been used to indicate the state of water in doughs (Toledo et @bundant water protons might act as an “amplifier” of the relatively
1968, Leung et al 1979, 1983, Richardson et al 1986, Belton et f&w polymer protons and that therefore relaxation measurement could
1995). A shorteiT; or T, of water usually means lower mobility. be used to study the state of biopolymers.

Interpretation of NMR relaxation measurements has been model
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dependent. Because of the complex or heterogeneous characteris-
tics of food systems, many researchers use multiexponential models
to analyze NMR relaxation data. Most of these models predict
relaxation decay data based on specific model assumptions, for
example, certain small integral numbers of discrete exponential
decay components of different mobility (Leung et al 1979,
Schmidt and Lai 1990). This does simplify the analysis; however,

it may not produce satisfactory solutions to very complex, hetero-
geneous systems because the factors affecting spin-lattice and
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spin-spin relaxation behaviors are not yet well understood. In a
heterogeneous system, spins exist in a wide variety of environ-
ments, giving rise to a spectrum of relaxation times. In addition,
chemica and diffusive exchange, an important factor affecting
spin-spin relaxation, would also give rise to a variety of T, vaues,
assuming there is a wide range of exchange rates within the hetero-
geneous system (Zimmerman and Brittin 1957, Lillford et al 1980,
Belton and Hills 1987). Therefore, the measured relaxation decay
is asum of the contributions from al spins, which may have sampled
many different environments or exchanged with other spins at
different rates during the course of the NMR experiment (Kroeker
and Henkelman 1986). It is thus reasonable to assume that a contin-
uum of relaxation times would arise from a continuum of different
environments in which spins exist and different exchange rates.
Some researchers have used continuum models to follow the relax-
aion behavior in various systems, athough they focused on the
state of water instead of on that of biopolymers that interacted
with water (Lillford et a 1980, Kroeker and Henkelman 1986,
Whittall and MacKay 1989, Newcomb et a 1990, Menon and
Allen 1991, Araujo et a 1992, Tellier et a 1993). Lillford et d
(1980) claimed that the continuous distribution of relaxation times
is a better representation of the information content in relaxation
experiments.

The continuum approach seeks a continuous distribution of relax-
ation times and effectively adjusts a continuous variable number of
degrees of freedom to the minimum value necessary for a given data
set. The CONTIN computer program of Provencher (1982a,b) has
been used by researchers to process noisy data including NMR rel ax-
ation decay data (Lee 1993, Labadie et al 1994). It can produce
relaxation time (e.g., T,) spectra that can be regarded as a prob-
ability distribution of spins at various relaxation times. One of the
advantages of the continuum approach is that it is consistent with
the continuum nature of food systems. Furthermore, additional
information may be obtained from continuum models. There are often
several peaks on a T, spectrum. A larger number of peaks or
broader peaks would be expected for heterogeneous samples than for
more homogeneous samples. Therefore, the number and degree of
variation of the peaks could be used to indicate the homogeneity
of the sample under anaysis.

The objectives of this study were to compare the continuum
method with the discrete method in the analysis of NMR spin-spin
relaxation measurements of flour dough systems of different moisture
contents and to corroborate the occurrence and magnitudes of such
measurements with existing theories of water-flour and water-dough
molecular behavior.

METHODSAND MATERIALS

M athematical M odel

Proton relaxation is normaly in exponential form, and the
relaxation time constants can be determined from the decay
curves. For a 90-degree pulse, the resultant free induction decay
curve can be expressed as:

At = A, exp(—Ti) @

where A isthe amplitude at delay timet, and A, is the amplitude at
equilibrium.

Usualy, for heterogeneous systems like dough, a multicom-
ponent model is used (Ruan and Chen 1998):

AD= 3 A eP(-2) @

Equations 1 and 2 work well with simple systems. Both models
must make several assumptions, such as some predetermined
number of discrete components in the decay curve (Schmidt and
Lai 1990).

Whittall and MacKay (1989) proposed a method called “non-

to analyze this type of data. The general integral equation
describing multiexponential relaxation is:
t\

yt)=y :J':S(T)erT, i=1 2 3..N ®)
wherey(t) ory; is the observed amplitude measured at time
ST) is the unknown amplitude of the spectral component at
relaxation timeT, which could beT; or T,. The limitsa andb are
chosen to contain the valuesToéxpected for the physical system
being analyzed.

A linear inverse method has been developed to solve this equa-
tion. Assuming a large number of known relaxation tinfes
solved from the corresponding amplitudgsit is assumed that
the spectrum is a sum bf & functions with unknown are&$ at
known relaxation time$;:

S(T) = MZSJS(T -T)) @

Substitution of equation 4 into equation 3 results in:
Yi = %S' eXp(_t*i) i=12, ®)
= : T

This is an equation of linear systems whose general form is:

: . ®)
Y=Y AST),  i=1 2 3..N

whereA; is a matrix with elements exg(;), and M is set large
enough so as not to bias the solution into a small number of
relaxation times. Because of the noise contamination, equation 6
cannot be solved exactly.

A non-negative least-squares algorithm has been developed for
this kind of relaxation time analysis, in which extra constraints are
incorporated into the matrid of equation 6 to alter the discrete
character of the basic least-squares solution. A general form is to
minimize

N

M K M
Y3 AST) -y F Y HSTH~FIF (@)
=1 j=1 k=1 j=1
for fixed u > 0, a trade-off paramete. is a matrix representing
additional constraints, arfg is the corresponding vector of right-
hand side values. The least square solution is obtainedwhén
(Whittall and MacKay 1989).

The computer program CONTIN, developed by Provencher
(1982a,b) was used to analyze the data collected in the NMR experi-
ments. CONTIN is a Fortran program for inverting noisy linear
operator equations. This program uses the NNLS method, but even
more, it is a general-purpose constrained regularization method,
which finds the simplest solution that is consistent with prior
knowledge and the experimental data. CONTIN has been proven as
a favorable approach compared with conventional NNLS and linear
programming approaches (Overloop and Van Gerven 1992), or the
Pade-LaPlace method (Labadie et al 1994). The degree of success-
fulness of this program is dependent on the number of temporal data
points, the time range of the measured data, and the signal-to-noise
ratio (Lee 1993, Labadie et al 1994). These issues had been
considered when this program was run on a UNIX workstation.

Preparation of Dough Samples

The general-purpose flour provided by a local milling company
contained=12.5% protein and 0.45% ash. The moisture level of
this flour was 12%, determined using Approved Method 44-15A
(AACC 1995).

A set of dough samples with different moisture contents (12, 18,
23, 28, 35, 40, and 45%) was prepared for the study. At the low

negative least squares” (NNLS), which uses a continuum approaetoisture contents of 18, 23, and 28%, it was very difficult to form
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a homogenous mixture of flour and water. Therefore a method content. The experiment began with the dry flour, which had a
from Davis et a (1969) was used to prepare the low-moisture ~ moisture content of 12% and approximately two monolayers of
samples. In preparation of these low-moisture samples, dry flour of water molecules (Lee 1970). Figure 1 shows that region | is domin-
known weight was well mixed with ice powder whose weight was ated by the relatively immobile fractiongy(and A;) with few
also known, in the presence of liquid nitrogen. After the nitrogen “free” protons fs;). When the moisture content increased to 23%,
vaporized, the mixtures were sealed in a glass container and equil- the solidlike fraction A,) decreased slightly, while the second
ibrated at 5°C for 24 hr before use. The samples of 35, 40, affichiction ;) increased. As the overall moisture content was further
45% moisture contents were prepared by using a bread makiecreased, fractio®, gradually decreased to a very low level.
(Chefmate bakery oven, model cm725, MK Seiko Co. Ltd., Korea).This indicates that when more moisture was added to the system,
some of the proton fraction that originally had a spin-spin relaxation
NMR M easurements time of=11 usec relaxed more slowly, with much longer spin-spin
A 20-MHz PCT NMR analyzer (Process Control Technologyrelaxation times, causing it to fall into tig fraction. The effect
Corp., Ft. Collins, CO) with a vertical bore of 16-mm diameterof added moisture on the relaxation rate of protons close to the
was used to measure the proton spin-spin relaxation TigheA(l flour solids may be due to some morphological changes caused by
the samples were measured in duplicate at room temperatutbe added water and to interactions between the water protons
Samples, eachl5 g, were weighed and placed in NMR test tubeslose to the flour solids and protons of added water that were two
of 12-mm diameter. The total dry weight of all samples was keptr more layers away from the flour solids, which may weaken the
the same so that the data were comparable. A 90-degree pubsehange between the exchangeable flour solid protons and water
(Onepulse) and the Carr-Purcell-Meiboom-Gill (CPMG) pulseprotons close to the solids. The continuous increase in the second
sequences were used to acquire relaxation curves. The pulse wiélthction of water £&;) in region 1l suggests that the flour was
and sequence repetition time for both pulses were 20 usec and 1 dacther hydrated by one or two additional monolayers (Lee 1970),
respectively; the dwell time between data was 0.7 psec for thgrobably because of the increase in the number of available water-
Onepulse and 100 psec for the CPMG; the number of data poirtigding sites uncovered by the additional water (Bushuk and Mehrotra
acquired was 120 for the Onepulse and 60 for the CPMG. Sixted®77b). This fraction of waterAf) was then saturated with a
scans were accumulated to increase the signal-to-noise ratio. The daidher increase in moisture content >35%, as indicated by the plateau
were analyzed using both the discrete multiexponential curven region lll. At a moisture content of 35%, the flour had sufficient
fitting model (equations 1 and 2) and the continuous distributiomvater to mobilize the flour constituents and allow rapid develop-
model (CONTIN). From the multiexponential model, hevalues  ment of gluten, distribution of lipids, and consequently formation
and corresponding amplitudes of three discrete components wesEa dough of minimum extensibility (Daniels 1975). The liquid
determined for each sample. From the CONTIN program, spectighase or “free” waterA;) began to appear when the moisture

illustrating T, amplitude were determined for each sample. content exceeded 23% and rose rapidly until the moisture content
reached 35%. Sorption isotherm studies (Lee 1970, Daniels 1975)
RESULTSAND DISCUSSION showed several distinguished regions of water molecules in dough
in the moisture content range of 0-40%. They are first monolayer
Discrete M odel (0-6.5% or 0.2a,), second monolayer (up to 14% or @&y),

The NMR relaxation data, fitted into the discrete model (equationsapillary condensation (up to 23% or 0.8, and free water
1 and 2), were resolved into three exponential components repre23%). A “free” water phase was attained at a moisture level of
senting three fractions of protons having distinct spin-spin relax35% or 1.0a,. The latter three regions appeared in a moisture
ation times in the dough samples. The spin-spin relaxation timeange similar to that used in the present study, indicating good
and amplitudes of the three components are labBled ,, Tos, agreement between our NMR study and the sorption isotherm
Ay, Ay, andAg, respectively. For all samples, thg value was=11  study.
psec,T,, was 1 + 0.5 msec, afid; was 7.5 + 2.5 msec.

The changes in amplitudes of the samples as a function &@ontinuum Model
overall moisture content are shown in Fig. 1. The curves can be Analysis of the data obtained from the Onepulse and CPMG
divided into three distinct regions (I-Ill) based on the moistureexperiments using the CONTIN package resulted in spectra

3000 ——— . —_— — T
2500
g 7.00E+06
%2000 : 6.00E+061
= 5.00E+06
<
5 1500 g 400E+06+
< 2 3.00E406]
é 1000 - 2 2008406
< so0 | 1.00E+06 “ 23% Moisture
0.00E+00+ content
3
0 -
10 15 20 25 30 35 40 45 50
Moisture content (%) Fig. 2. Continuous distribution of spin-spin relaxation tim@g) (deter-
mined by the Onepulse experiment as a function of moisture content. Peaks
Fig. 1. Changes in proton amplitudes for three flour fractions (A1—As), on each curve at moisture contents of 12, 18 and 23% are labeled P1 and
determined with the discrete model as a function of moisture content®2 from left to right. Above a moisture content of 23%, the single peak
Region | is<23% moisture content; Il 823 and<35%; IlI is >35%. on the curve is labeled P2.
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(continuous distribution) of T, (Figs. 2and 3). Thex, y, and zaxes  system. Calculation of the coefficient of variation (cv) of individual
are moisture content, T, value, and amplitude, respectively. Figure peaks would thus provide information about the homogeneity of
2 shows the T, spectra computed from data obtained from the  the systems under analysis. The following equations were used to
Onepul se experiment. At moisture contents of 12—28%, two peaks compute the coefficients of variation of spin-spin relaxation times
appear on each spectrum. Water molecules covered by these t({@evore 1982):

peaks can be regarded as two groups having distinctly different _

mobility. Because thes;lvalues of these two groups range from 1 251, (T, -T,)°

to 66 psec, proton signals falling into these two groups can be SD = TS .1 8
regarded as from the solids (proteins and carbohydrates) or water Z i

molecules very close to the solids. Below 23% moisture content,
the increase in the area of the second p&ak (20 psec) and
decrease in averag€, values of individual peaks could be
attributed to the increased available binding sites of the swollen
flour substrates as a result of addition of water (Bushuk an@here T, and S are spin-spin relaxation time and amplitude,
Mehrotra 1977b). The disappearance of the first peak at moisturespectively;SD is the standard deviation Bf andT,- 2T,S/2§

>23% may be due to the same reasons explained earlier. Tigethe weighted average ©f. The results are shown in Fig. 4.
increase in both peak area afiga moisture content of >23% Figure 4 shows that the coefficient of variationTefvalues in
suggests that, at the 23% moisture level, all the water-bindingje range of 5-60 usec (the two peaks shown in Fig. 2) remained
sites on the flour solids have been hydrated. Any additional wat@most constant as the moisture content was increased, suggesting
would be two or three layers away from the flour binding sites anthat the environments with which the solidlike and tightly
would therefore exchange and relax more slowly than the watébound” water protons were associated did not change very much
molecules in the inner sites. while the moisture content increased substantially.

The CPMG experiment was intended to detect proton signals The coefficients of variation of those longgrvalues (the three
having relatively longer spin-spin relaxation times than thepeaks shown in Fig. 3) show a gradual and slow increase up to a
Onepulse experiment. The analysis of the data obtained from ti@oisture content of 40%, which may be a result of the gradual
CPMG experiments indicated that, at moisture contents belof@rmation of the bicontinuous network structure of dough and
18%, no signal was detected, suggesting that the dry flour hatheven distribution of water among the flour constituents, as
little mobile water. At=18% level, there were one to three peaksdiscussed earlier. Upon reaching a moisture content of 40%,
in the spectra (Fig. 3), values shown in Fig. 3 range from?16  which is more than the normal dough moisture level, the coeffi-
1P usec, suggesting that the detected signals were from wateients of variation rose sharply, suggesting that the excess water
molecules with relatively high mobility. The number and size of peak§1ay have created a very unhomogeneous dough morphology.
increased and the me@nvalues shifted to the right (increasihg
value) with moisture contents increasing up to 28%. The appearance CONCLUSIONS
of new peaks suggests that new physical and chemical environ-
ments were formed within the system as a result of addition of The spin-spin relaxation time$;j of flour dough samples with
water to the system. This coincides with the beginning of dougHifferent moisture contents were determined using pulsed NMR
formation at the moisture levels >23%. and analyzed using two different models, a discrete model and a

It is apparent that the moisture content of the dough samp|@§ntinuum model. With the discrete model, three fractions of
affects the shape of the spectra. A broader distribution could indprotons relaxing at three different rates were identified. The frac-
cate greater variation in the chemical and physical properties of tfi@n with T, =10 msec was considered to contain the exchangeable
protons of flour constituents and water protons close to the flour
constituentsT, of this fraction did not change much as moisture
content was increased. However, the slight decrease in the
amplitude of this fraction may be caused by the “shifting” of the
T, value of some of the protons in the fraction due to mor-
phological change and interactions between water protons. The
intermediate fraction with spin-spin relaxation times of 1 + 0.5
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Fig. 3. Continuous distribution of spin-spin relaxation time (T,) determined
by the Carr-Purcell-Meiboom-Gill experiment as a function of moisture
content. At and above moisture content of 23%, peaks on each curve are Fig. 4. Coefficient of variation of spin-spin relaxation times determined
labeled P3-P5, respectively, from left to right. using the continuum model. See Figs. 2 and 3 for labels of P1-P5.

Moisture content (%)
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