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ABSTRACT

The mobility of the lipids contained in glassy bread was studied with low resolution 'H-NMR to
measure their relaxation times (T, and T,) and their translational diffusion coeflicient (D), as a
function of temperature and water content. The mobility of lipids detected with this method is
independent of the water content of the samples. The behaviour of lipids in bread is observed to be
comparable to that of lipids in bulk fat in the same temperature range. D measured for lipids is
much higher than the values for water soluble solutes in glasses as provided by the literature. It was
concluded that the lipids were distributed in globules which are dispersed in the glassy bread matrix

and within which they diffuse.
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INTRODUCTION

Most food products are rather complex systems
which can be either homogeneous or composed of
different phases, depending on their composition.
The contribution of ingredients, such as lipids, to
the material properties is dependent upon their
repartition 1i.e. either homogeneously distributed
and eventually interacting with the other in-
gredients, or organised in a dispersed phase. While
in a dispersed phase, the contribution depends on
the volume fraction' occupied by this phase and

ABBREVIATIONS USED: NMR =Nuclear Magnetic Res-
onance; GPMG = Carr Purcell Meiboom Gill; FID =
Free Induction Decay; T, = Transverse relaxation time;
T, =Longitudinal relaxation time; DMTA =Dynamic
Mechanical Thermal Analysis; D = translational diffu-
sion coeflicient; DSC =Differential Scanning Ca-
lorimetry; ESR =Electron Spin Resonance; CMC =
Carboxy Methyl Cellulose
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on the difference between the respective properties
(modulus, viscosity) of the continuous and dis-
persed phases. The overall stability of a food
product is known to be controlled by the physical
state of its constituent phases. From a chemical
point of view, when the dispersed phase is en-
trapped within a glassy matrix, it may be protected
from the outside environment. Indeed, stability is
often associated with the glassy and crystalline
states. The glassy state i3 a non-equilibrium state
stabilised by the reduced molecular mobility; how-
ever, some local movements of small molecules
such as water or oxygen may persist and affect
the stability”. Temperature and water activity are
among the most important parameters responsible
for changes in stability due to their effect on matrix
mobility. Whereas the effects of these parameters
are relatively well known for a continuous poly-
meric matrix’, in the case of multiphasic systems
the resulting behaviour of the dispersed phase is
much less known.

This work is aimed at the study of the mobility
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of lipid protons within a glassy bread matrix as a
function of temperature and for three different
moisture contents, using pulsed 'H-NMR. Re-
laxation time and diffusion coefficient meas-
urements were carried out in order to measure
the rotational and translational mobilities of lipids.
Use of Nuclear Magnetic Resonance (NMR) has
been extensively reported for the study of fat in
food products—i.e. in imaging experiments™’ to
study the distribution of the fat in different prod-
ucts, pulsed NMR studies for determination of
relaxation times of lipids®” or the solid/liquid fat
ratio’. Furthermore, NMR diffusion meas-
urements were also employed to measure diffusion
of lipids in cheese’.

In previous studies, performed on low moisture
bread using Dynamic Mechanical Thermal Ana-
lysis (DMTA) and Thermal Analysis'™", we dem-
onstrated that the samples studied were in the
glassy state with the exception of samples with a
moisture content of 9% and at high temperatures
(T>50 °C). No event assignable to lipid behaviour
was detected with these latter methods.

EXPERIMENTAL
TH-NMR methods
Theory

In NMR, there are two intrinsic parameters which
correlate to the rotational diffusion, namely the
relaxation times T; and T,. They each have a
characteristic dependence upon the rotational cor-
relation time t.; T, shows a minimum when 7.~
is comparable to the measuring frequency ®, and
increases linearly from this point with t. for
1.<0, ' and with 1.~ for t>m, . The T, on the
other hand is roughly proportional to t.~', but it
reaches a minimum when the T, is comparable
to T, itself. Furthermore, both relaxation times
are inversely proportional to r°, where r is the
proton—proton distance. This means that an ident-
ical rotational diffusion, the value of T, of fat is
longer than that of water, since r~ 16 A for water
and r~1-8 A for fat.

All NMR measurements were carried out on a
20 MHz spectrometer consisting of an electro-
magnet (Bruker, Karlsruhe, Germany), a SMIS
imaging console (SMIS, Guildford, U.K.) and a
30 mm diameter probe (Doty Scientific Inc. Co-
lumbia, U.S.A). 3g (+/— 0-1g) of sample were
packed in a 15 mm external diameter tube, closed
and placed in a dewar. The samples were cooled

down to —25°C, and then heated at 1°C per
min. The NMR measurements were performed at
5°C intervals. A 5 min-waiting time was set at
each 5 °C step before the experiment was started,
and measurements were repeated twice per tem-
perature step. The sample temperature was meas-
ured with a thermocouple which was located above
the sample in the NMR tube, and adjusted such
that the signal to noise ratio was not deterioriated
by the presence of the thermocouple.

Relaxation time studies

T, measurements were performed with the Carr
Purcell Meiboom Gill (CPMG) sequence'”, which
consists of a 90° pulse followed by a train of 180°
pulses to refocus the NMR signal. At the beginning
of the CPMG pulse train we also sampled the FID
(Free Induction Decay) with 200 data points. The
decay of the echo train (excluding the FID) was
fitted with a multi-exponential NLLS (Non Linear
Least Square) fitting routine by which mean values
for the T, are obtained. The magnetisation decay
of the FID was fitted to a two-exponential-model.
By combination of the fits of the FID and the
echo train, three different components could be
discriminated, two of which were both present in
the FID and the echo train.

The above mentioned sequence was also com-
bined with a traditional'® inversion recovery ex-
periment to measure the T, using a 180°-13-90°
sequence with variable Tp.

In this way, a two dimensional data set was
obtained. This set was analysed as a whole (2D data
analysis), thereby obtaining much more accurate
values for both the T, and the T,. This approach
is identical to the one used for combined diffusion
and T, measurements'”.

In our experiments, we used a 90° pulse of 8 ps.
A dead time of 20 pus was taken before data of the
FID could be sampled. In the CPMG echo train,
the echoes (in total 48) were sampled each 3-2 ms.

Diffusion coefficient measurements

Translational diffusion cannot be extracted dir-
ectly from pulsed NMR experiments. However,
NMR can be made extremely sensitive to motion
by the use of magnetic field gradients. In a field
gradient, the frequency at which spins resonate is
dependent on their position. Spins resonating at
different frequencies cause an extra dephasing of
the NMR signal on top of T, relaxation, which
results in an attenuated signal. The CPMG
sequence 1s used to reduce the effect of this often
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unwanted attenuation. Motions of spins in these
gradient fields, however, still causes additional
signal attenuation. The magnitude of this at-
tenuation is related to the diffusion constant and
the strength of the magnetic field gradient. By
using controlled pulsed field gradients, this effect
can be accurately exploited. The basis of this
experiment'* is the use of two identical pulsed field
gradients sandwiched around a 180° pulse.
The signal attenuation is given by:

A(G)/A(0)=exp(—Dy’G(A—58/3)) (1)

where A(G) and A(0) are the amplitudes re-
spectively in the presence and absence of field
gradient, G the magnitude of the gradient in the
polarising field, D the self diffusion coeflicient of
the nuclear spins, y the gyromagnetic ratio of the
protons, the time interval A between the field
gradient pulses and 6 the duration of the gradient
pulse. D is obtained by exponentially fitting the
signal attenuation as a function of G* and rep-
resents the value along the direction of the gra-
dient. In case of restricted or hindered diffusion,
the root mean square displacement (D=2z"/2t)
is obtained and an effective diffusion constant,
dependent on the observation time A, can be
calculated. In our case, we used a special sequence
which combines diffusion and T, measurements
in one experiment, in order to increase the ac-
curacy and resolution of the diffusion measure-
ment'”. In our experimental conditions, A=
10-3ms, 6=9ms and Gmax=0-390 T/m.

Standard deviation values of the different para-
meters were determined from four repetitions (two
samples per water content and two repetitions per
temperature and per sample). An average value
was calculated for each sample per water content
and for the temperature range studied.

Sample preparation

The white bread was purchased from a local
supermarket. The composition as provided by the
manufacturer was: wheat flour, sugar, honey, milk
powder, milk fat, salt, yeast, lecithin, calcium pro-
pionate and water (37%). The chemical analysis
of the bread gives, on a dry basis, the following
values: 13-5% protein, 6% fat and 74:6% carbo-
hydrates. The slices were cut into pieces (ap-
proximately 30 x 15 x 10 mm) after removing the
crust. The samples were dried for 90 mins in an

oven at 80°C, then stored in desiccators over
saturated solutions of MgNQO,;, MgCl, and P,O;
at an ambient temperature of 25°C. This cor-
responds to water activity levels of about 0-52,
0-33 and 0 respectively”. The samples were tested
after at least 21 days; a time sufficient to reach a
constant weight and hence practical equilibrium.

The moisture content of the samples was de-
termined by weighing samples before and after
drying for 5 hat 103 °C. The values were expressed
as percent water on a wet basis (w/w). The final
water contents of the bread samples were 2, 6 and
9%.

Defatting treatment

The defatting of the crushed bread was carried out
at room temperature by two successive chloroform
extractions for 2 h with an excess of chloroform.
The bread sample was dried for several hours
under a vacuum desiccator at room temperature
until the residual solvent was evaporated.

RESULTS

Identification of the fractions

The amplitude of the decaying NMR signal reflects
the amount of protons relaxing during the ac-
quisition time. Protons with very low mobility
(.~ 10 ps) normally relax within the dead time of
the experiment (<20 ps) and do not take part into
the observed signal.

For all the bread samples studied (normal bread
with 2, 6 or 9% moisture, and defatted bread with
2% of water), the data could be described by three
components: one with a T, lower than 0-2 ms
(fraction 1), and two others with Ty’s between 5
to 300 ms (fraction 2 and 3). The signal amplitude
corresponding to fraction 1 increased with mois-
ture content over the range studied [Fig. 1(a)] due
to an increase of the pool of protons with a T,
higher than the dead time.

On the opposite, for all the water contents
studied, the amplitude of fraction 2 increased from
—25 to 15°C and decreased up to 85°C [Fig.
1(b)]; it is however noticeable that for the 9%
water sample, the amplitude exhibits a second
maximum between 50 and 75 °C. The amplitude
of fraction 3 increased from — 15 to about 40 °C,
and then levelled off [Fig. 1(c)]. The amplitudes
of these two latter fractions are insensitive to the
water content.



150 G. Roudaut et al.

14 000
(@) '
T
12 000 — +
+
o+ 7 Ty
.
10 000 — L4t + *
+
+ +
X
8000 Lok X x
X
X x X * *
6000 xooxoxoox o XX
X
% X
X
4000 —
* * k% * *
* * % w x T wo ok o+ ¥ R
2000 —
| | | | |
-30 -10 10 30 50 70 90
2500
(b) *
* X
*
< 2000 . = L
=1 *
h-1 x
e X * + * v +
1500 —
S . + + * N +
X * +
* X
1000 - . ek +
« * x *
* x * % X x
500*}6 . % t * . ¥
| | | | |
-30 -10 10 30 50 70 90
4000
(©
* * *
x é i % Xk
3000 (- .« 7 Ty
o+ "
*
2000 — ¥
¥
1000 — :
x
+ Xy
L4 * e ¥
ol % \ ‘ \ \ \ \
-30 -10 10 30 50 70 90

Temperature (° C)

Figure 1 Temperature dependence of the signal amplitude of fraction 1(a), fraction 2(b) and fraction 3(c) for bread with
(+) 9%, (x) 6% and (*) 2% of water. The standard deviations for the amplitude of fraction 1, 2 and 3 are 6:7%, 13-8% and
14% respectively.
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The chloroform extraction modified the amp-
litudes of the three fractions, but the 2"*and 3™
fractions were most affected by the extraction. For
example, at 35 °C, the summed signal amplitude
of fractions 2 and 3 was reduced to 27% of the
initial value (results not shown). On lipid removal,
the overall amplitude loss is greater than that
attributable to extracted lipid protons. Indeed total
amplitude loss is 57% whereas the chemical ana-
lysis indicates that after the chloroform treatment
the sample has lost 38% of its initial lipid content.
Such a difference was also observed by Belton et
al.’ upon gluten defatting, and could result from
the difference in sensitivity of these methods. A
small part of the less mobile fat might be un-
detected by NMR, but could be detected by the
chemical analysis. On the basis of both their sensi-
tivity to chloroform extraction and the insensitivity
of their amplitude to moisture content, we assumed
that the slower relaxing protons (2" and 3" frac-
tions) are associated with the lipids contained in
the bread. Furthermore, it seems that the fast
relaxing fraction should be mainly associated with
the water contained in the bread, perhaps with
only a minor contribution of lipids. Due to very
broad and overlapping signals, no chemical shift
could be accurately measured for the different
fractions, and thus could not help in the iden-
tification of the fractions. In the following work,
we will focus mainly on the lipid fractions, that is
the protons sampled as the 2" and 3" components
of the decay. The behaviour of the water protons
will be described in a separate article.

Mobility of the lipids

From —25 to 5 °C, the detectable T,’s of fractions
2 and 3 were rather constant (~5 and 15 ms
respectively). The difference in T,’s between the
two lipid fractions becomes more pronounced
above 10 °C. Above 10 °C, the T, values of fraction
2 [Fig. 2(a)] increase and reach a maximum at 35,
45 and 50 °C with the 9%, 6% and 2% water
samples respectively. The maximum value of T, for
fraction 2 (especially in bread with 2% moisture) is
comparable to the one obtained by Callaghan et
al® for fat in pure milk fat at 30 °C (36 x 10~ 75).
The T,’s of fraction 3 exhibits a regular increase
above 10 °C, characterised by an activation energy
of 15 kJ/mol. As can be clearly seen, the T, values
of fraction 2 and 3 were insensitive to the changes
in moisture content, except above 35 °C for frac-

tion 2. The T,’s of both fraction 2 and 3 were
not affected by the defatting treatment (data not
shown).

The inversion recovery data were analysed with
a similar fitting routine as the T,’s data, thus the
amplitudes are the same for both T, and T, results.
From —25 to 80 °C, the T, for both fractions 2
and 3 increased from 70 ms at —25 °C to 700 ms
at 80°C for bread with 2% of water, with an
apparent activation energy of 19 kJ/mol. Similar
results were obtained with bread containing 6 and
9% of water.

The variation of the translational diffusion co-
efficient D with temperature is presented in Figure
3 for bread samples with 6 and 9% of water. No
diffusion could be precisely detected below 0 °C,
because of insufficient signal amplitude. The tem-
perature effect on the diffusion coefficient is char-
acterised by an activation energy of ~ 20 kJ/mol.

DISCUSSION

The bread studied contains intrinsic lipids i.e. the
flour lipids. Previous studies have been performed
on flour lipids®’. Belton et al.® have carried out
pulsed "H-NMR measurements on dry gluten and
defatted gluten. A fraction characterised with a
T,* of 23 ms at 20 °C was attributed to the lipids.
Thus, in the present case, the protons of the gluten
lipids might be fitted in fraction 2. However, since
gluten represents only 12% of the bread and
contains only 4 to 7% lipids by weight (equivalent
to 6-10% of the protons in gluten), these protons
may only contribute to a small extent to the signal
of fraction 2 of bread (the lipids protons represent
approximately 6% of the total protons amount).
Similarly, due to the very low lipid content of the
starch (less than 1% per weight), the intrinsic lipids
of the starch are expected to represent a very
limited pool of protons. Moreover, they are ex-
pected to have a very low mobility” and to con-
tribute to the signal amplitude of fraction 1 or
even to relax within the dead time.

According to the composition provided by the
manufacturer, milk fat is the main fat added to
the bread. The thermal behaviour of bulk milk
fat studied by Differential Scanning Calorimetry®
exhibits an endothermic event associated with
crystal melting spreading from —30 to 35°C.
Figure 4 illustrates the evolution of the summed
amplitudes of fractions 2 and 3, as compared to
the variation with temperature of the solid/liquid
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Figure 2 Temperature dependence of the T, of fraction 2(a) and fraction 3(b) for bread with (+) 9%, (x) 6% and (*) 2%
of water. The standard deviations are 19:6% and 15-3% respectively for fraction 2 and 3.

fat ratio (measured by NMR) in milk fat®. Tt is
noticeable that the signal amplitude of the sum of
fractions 1 and 2 and the liquid fat index (Fig. 4)
exhibits a similar temperature sensitivity. Thus it

can be concluded that both fractions 2 and 3
should represent mainly the signal of liquid lipids,
and that their behaviour is very close to that of
the liquid bulk fat.
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Figure 4 Temperature dependence of the amplitude of the
added lipid fraction (+) in bread with 2% of water and of
the liquid fat index ( X ) of milk fat determined by NMR (after
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In our study, from —25 to 35 °C, the bread is
expected to contain both solid and liquid fat.
Above 35°C all the milk fat is expected to be
liquid. Up to 35°C, the total amplitude of fat
fractions increases due to the melting of the fat,
which becomes observable only when liquid. The
measured parameters (D, Ty, and T)) reflect the
effect of temperature on liquid fat. The changes
in the T, [Fig. 2(a,b)] with increasing temperature
are similar to the evolution of the rotational cor-
relation time T, of a nitroxide probe homologous
of a fatty acid, measured in lard'® with ESR.

Considering both the signal amplitude and the
T, for fractions 2 and 3, it was observed that water
content had no effect on their evolution with
temperature below 35°C [Fig. 1(b,c) Fig. 2(a,
b)]. However, the T, of fraction 2 exhibited a
behaviour that was dependent on hydration above
35 °C. From that point onwards, in bread samples
with 6 and 9% water content, the T, decreased
with increasing temperature. The reason for this
decrease lies in the nature of the discrete fitting

procedure. Whether a certain fraction is detected
as either belonging to a fast or a slow relaxing
fraction depends on the relative distribution of
Ty’s. This is caused by fitting a distribution of
Ty’s with only two or three exponentials. It can
therefore occur that, at a certain temperature, part
of a fast relaxing fraction moves to the next, slower
one. This may alter both the fractional amplitudes
and the average T,’s of both fractions, since these
are in fact weighted averages. In our case, some
water protons might skip from fraction 1 to fraction
2. Indeed, due to the higher temperatures, the T}
of water increased such that it started to contribute
to the CPMG echo train, which caused the amp-
litude of fraction 2 to increase and its T, to
decrease. This hypothesis is supported by the fact
that the drop of the T, occurs at a lower tem-
perature for the bread with 9% of water than for
the one with 6%, and that the T, associated with
water is longer for the 9% bread than for the 6%
at identical temperature.

Using Electron Spin Resonance, Bouanda'’
measured the rotational correlation time of a nitro-
xide probe (homologous to a fatty acid) dissolved in
linoleic acid in a Garboxy(methyl)cellulose (CMC)
matrix. At 30 °C, this value of t. was comparable
to the T. measured in bulk fat'®. The author showed
that the hydration (from 2 to 14%) did not modify
the rotational mobility of the probe. The hydro-
phobicity of lipids induces a phase separation and
this would explain the insensitivity of lipid mobility
to changes in the water content. It should be
noticed that the rotational mobility of the lipids is
the same in partially defatted and in normal bread,
suggesting that this property is not dependent on
the amount of dispersed phase in the product.

The translational diffusion coeflicients measured
for lipids in low moisture bread are much higher
than the coeflicient measured for water molecules
in sugar or biopolymer glasses at similar water
contents'®'”. The value we obtained at 30 °C is of
the same order as the one measured for the diffu-
sion of lipids (mainly triglycerides) in bulk milk fat
by Callaghan’ at the same temperature. Our values
are only slightly affected by the hydration changes
(from 6 to 9%). Using the profile concentration
method, Naesens ¢t al.** studied the translational
diffusion of fatty acids in CMC matrix at low
water contents. Due to the low water solubility of
the fatty acids and the resulting phase separation,
the authors suggested that the solutes might be
transported as lipidic globules.

In previous work'', we showed that in the hy-
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dration range studied, the bread matrix was in the
glassy state up to approximately 150, 90 and 50 °C
for the bread at 2, 6 and 9% water content,
respectively. Therefore, except for the sample with
9% water content above 50 °C, in all the samples
the fat globules should be trapped in the glassy
matrix and thus, translational motions of these
particles should be hindered’. However, we ob-
served a relatively high translational diffusion co-
efficient of lipids with a low sensitivity to moisture
content. We can thus assume, that this corresponds
to the intrinsic motion, i.e. motion of lipids within
lipid globules dispersed in the polymeric matrix.
The distribution of lipids in globules entrapped in
the matrix has already been suggested for gluten
lipids by several authors’”. The diffusion prop-
erties of these globules may depend on the viscosity
and physical state of the surrounding matrix. Thus,
the travelled distance value during a time A=
19-:3ms may provide a value for the minimal
diameter of the globule. It can be thus calculated
that at 40 °C, the minimum diameter would be of
the order of 9 x 10~" m, which is rather large and
may reflect a relatively coarse emulsion.

Previous molecular studies of glassy bread using
Dynamical Mechanical Thermal Analysis and
DSC" did not give evidence of such a polyphasic
character. Indeed, Ross and MacRitchie” de-
scribed bread as a polymeric network (formed
with gluten and starch) controlling the rheological
properties, and in which the lipidic phase does not
play a role. The amount of lipids present in the
bread was probably not sufficient for the ob-
servation of the melting process with DSC or
DMTA. However, even if the lipid phase (in lim-
ited proportion) is not expected to play a significant
role on the mechanical properties of a glassy cereal
product, it might contribute to its flavour either
in a negative way, when oxidation reactions are
involved, or in a positive way, as a solvent for
aroma compounds.

In conclusion, we have demonstrated that NMR
relaxation time and diffusion coefficient meas-
urements appeared particularly suitable to study
mobility and phase transition of species even at
low concentration. The results obtained in this
work confirm those obtained in model systems
with different techniques. Our results suggest that
both the rotational and translational mobilities of
lipids are similar in bread and in bulk fat. The
organisation of lipids in differentiated globules
within a biopolymeric network does not prevent
the lipid translational diffusion, which however

should remain limited to diffusion within fat glob-
ules when the surrounding matrix is a glass.
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