N
N

N

HAL

open science

Investigations of food colloids by NMR and MRI
F. Mariette

» To cite this version:

F. Mariette. Investigations of food colloids by NMR and MRI. Current Opinion in Colloid & Interface
Science, 2009, 14 (3), p. 203 - p. 211. 10.1016/j.cocis.2008.10.006 . hal-00455334

HAL Id: hal-00455334
https://hal.science/hal-00455334v1
Submitted on 10 Feb 2010

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://hal.science/hal-00455334v1
https://hal.archives-ouvertes.fr

Author-produced version of the article published in Current Opinion in Colloid & Interface Science, 14 (3), 203-211 (June 2009)
Original publication available at www.sciencedirect.com - doi:10.106/j.cocis.2008.10.006

Investigations of food colloids by NMR and MRI

F. Marietté?
'Cemagref, UR TERE, 17 avenue de Cucillé, CS 6438044 Rennes Cedex, France

francois.mariette@cemagref.fr

Université européenne de Bretagne, France

CURRENT OPINION IN COLLOID & INTERFACE SCIENCE 9 Volume: 14 Issue:
3 Pages: 203-211



ABSTRACT

Since the publication of the ISO method for measer® of solid fat content using NMR
relaxation at low field, the application of thischmique to the characterisation of food
composition and food structure on several lengthlesc has expanded considerably.
Improvements in the electronic and computationacsjzations of NMR spectrometers and
the use of more sophisticated signal processingadsthave led to several new applications,
and NMR, previously recognized as a powerful teghaito provide information regarding
composition, is now widely used for microstructuiavestigations. Moreover, MRI
applications have in recent years been extended the medical field to food science and
this has opened up new opportunities for the unaedsng of food. We examine here recent
developments in these techniques, including NMRaxaion, multidimensional NMR
relaxation, diffusion NMR and MRI.

Keyword: magnetic resonance imaging, NMR, relaxatio, diffusion, food process, gel,
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1 Introduction

The use of low field NMR spectrometers in the fandustry began in the 70’s with the
commercial availability of the first benchtop NMR/stgems. Several applications were
developed during the following years, but they wlergted to the determination of water and
fat content and measurement of the solid fat in@xprisingly, the number of application
did not increase much during the following twentyags. In 1992, the first International
Conference on Applications of Magnetic Resonandeoiod Science was organised, and since
that time, with the improvements in benchtop NMRareleteristics, new applications have
been proposed. One of the most well-known is dtogilee measurement. Moreover, the use
of NMR relaxation time was proposed, not only fetedmination of water and fat content,
but also for the investigation of food structuren@taneously, the use of magnetic resonance
imaging techniques, in which the contrast in thage is governed by the NMR relaxation
time, has emerged. MRI now is a powerful techniqgaemonitor the composition and
structural changes in foods during processing.s Téwview focuses on the recent applications
of low field NMR and MRI in food colloids and dealsith recent advances such as

multidimensional NMR relaxation and NMR diffusometr

2 Solid and liquid-like relaxation

Most of the NMR relaxation studies on food collome performed with low magnetic field
spectrometers typically operating at frequenciaes an 25 Mhz. Since the introduction of
the benchtop low magnetic field NMR equipment ia #®s, the electronic and computational
specifications have improved dramatically. Shodwerful excitation pulses now permit
sampling of the relaxation decay curve from 11lpdaupeveral seconds. The number of data
points available (several hundred for Free Inducbecay (FID) and several thousand for the
Carr Purcell Meiboon Gill sequence (CPMG)) and fidmt sampling rate (20 Mhz) are used
for the simultaneous acquisition of the solid aiggitl-like relaxation. Moreover, the use of
continuous inverse Laplace transform methods hasawed the understanding of relaxation
behaviour in complex food products.

For T, relaxation, the signal is therefore directly fittes a sum of Gaussian functions for the

solid part and the sum of exponential functionstier liquid part:

Y(t)=>"S exp- (Tij +>°L ex;{—Tt—zj eq. 1



However, the 7 for the solid part is often very short (around §ppnd the number of data
available for the fitting is to small to allow muaussian fitting because of the limitation of
the sampling rate of the acquisition board, sosied part is mainly described by a single
Gaussian function.
For a specific system with a highly structured dophase such as lipid crystals in
B polymorphic form, eq 1 becomes:

1 sinbt t
Y(t)= Sexr{—gaztij+ZLi exr{—T—zj eq. 2
with the second moment Malculated from the fitting parameters a and Inhe following

equation:

M, :a2+%b2 eq. 3

According to the chemical composition of the pragtiee signal for the Gaussian relaxation
component can be attributed to non-exchangeabl®msdrom solid fat, ice, protein and
polysaccharides, whereas, the relaxation compofremi the liquid phase is generally
attributed to protons from liquid water and liquat, and from exchangeable protons from
biopolymers (proteins, carbohydrates or polysaddba). The simultaneous acquisition of
solid and liquid-like relaxation has been extenlsivased to improve significantly the
accuracy of standard NMR applications such as sfalidcontent, and also to carry out
guantitative analysis of NMR signals from complerducts such as ice cream, cake, cheese,

etc., leading to new NMR applications.

21 Solid and liquid fat relaxation

Determination of solid fat content is one of thestnpopular applications of NMR in the food
industry. Nevertheless, this international refeeeneethod is based on very crude acquisition
and data processing requiring the acquisition glaa of data points (one at 11us, which
corresponds to both the solid and liquid part, anel at 70us, which corresponds to the liquid
part only). Following the work of Van Duynhoven &t [1], Trezza et al. [2] recently,
demonstrated that greater accuracy in the measuateafiethe solid fat content could be
achieved from combined FID and CPMG acquisition ain the signal is analysed with
semi-empirical mathematical functions for solidmssolid and liquid components. An

extension of this method has also been proposedrder to adapt the method to non-



anhydrous fat products such as emulsions [3]. ldd@eemulsions the contribution of non-fat
solid-like protons such as non-echangeable prgimions to the solid phase has to be taken
into account. Moreover, this method (based on itfied of both the FID and CPMG signal)
which takes into account the relaxation time areldignal intensity can be used to assess the
polymorphic composition of lipids. The free indweti decay of thea polymorph was
described by a monotonously decaying Gaussianibmstich as eq. 1, while for tBeandf’
polymorph an ‘Abragam sinc’ function was added @q.The results demonstrated that the
NMR method was potentially the first technique toyide simultaneously the amount of the
solid and liquid phase and the polymorphic statéheflipid. Parallel to the development of
this T,-based approach, an investigation into the behawdbthe T, from the crystallised fat
phase was carried out [4]. From an extended irya&stin of the effects of temperature and
triacyglycerol chain lengths on the &nd the second moment,Mhe authors proved the
ability of NMR to determine the polymorphism ofatylglycerols regardless of temperature.
For example, a ratio of 1.5 to 2 between thgd¥lthe3 form and thex form was observed
whatever the triacylglycerol, while thg Values for thex polymorph were 15-25 times lower
than for the3 polymorph. The sensitivity of the;Trelaxation time of the fat crystal
organisation has previously been suggested in ifures with added surfactant and in food
emulsions. For example, wide variations inwere observed according to the cooling rate of
milk fat [5]. A shorter T was observed for a faster cooling rate, and theas reduced when
surfactants were added, compared to thérdm the dairy fat without surfactant. In dairy
emulsions, a change im Telaxation time of the fat crystal was observedoatiog to the
maturation temperature of the emulsion [6]. Foraturation temperature of 4°C a narrow T
distribution was obtained, whereas a bi-modal iistion was obtained for a maturation
temperature of 12°C. Changes in therdlaxation time of the crystallised phase of fatéha
been also reported in ice cream mix and ice credmThe aim of the above study was to
investigate the effects of the nature of fats, ginst and emulsifiers on the behaviour of the
fats in the emulsion. Despite the high complexitytlee composition and structure of ice
cream and mixes, NMR relaxation times specificabprotons have been extracted from the
NMR signal. The results showed a decrease in thesl@xation from the solid fat after
emulsification according to the nature of the fdbreover, an effect of the nature of the
emulsifiers and the protein on the relaxation timeof the fat crystal was revealed. The

authors suggested that the felaxation was explained by local disorder of thrgstal



arrangement and by the size of the crystal andrelased to the viscosity of the ice cream

mixes.

Another improvement in the NMR relaxation method fine characterization of fat
crystallisation has been proposed [8, 9]. Basedithen Rheo-NMR method proposed by
Callaghan for the measurement of a flow under shibar authors showed that the NMR
technique can be used for the in situ measurenfesdlid fat content under shear. A specific
mini-Couette cell was developed to crystallise damples under shear. The cell was tested
with blends of canola stearine and canola oil ndetie 80°C, and then crystallised at 40°C
under different shear rates inside the NMR speattem This system should contribute to
understanding of the effects of shear flow on tgldat content of lipid systems.

Surprisingly, the behaviour of the signal from digiin the liquid state has had little attention.
In fact, the relaxation time of a mixture of lipidsoften characterised by a wide continuous
distribution of relaxation times both in, &nd T, [10] and influenced by both the length of the
carbon chain, and the amount of unsaturation [1fickv complicates the interpretation of
relaxation times of the lipid phase. Neverthel#ss,use of chemometric methods has recently
been proposed for the processing efr@laxation decay of intact oilseeds instead dinfit
methods [12]. The partial least square method sad directly on the CPMG data in order to
predict the oil quality by its composition, cetanember, iodine value and kinematic
viscosity. The use of NMR has therefore been pregder the selection of high quality oils
for biodiesel applications.

Lastly, the NMR solid fat method has also been reke to MRI to study lipid migration
within chocolate [13-15]. In these experimentsydhk liquid signal was recorded because of
the limitations of echo times when using a spinoetgthnique. In fact, the,from the solid
phase (Faround 15 us) is too short to detect the solid @h&kis limitation has recently been
overcome by the use of a 1D centric SPRITE MRI metfiL6]. MR images from both the
solid lipid and the liquid lipid can be acquiredanchocolate sample with this method. This
new strategy will be very powerful to monitor thiéusion process of lipids in confectionery

products.



2.2 lcerdaxation

The simultaneous acquisition of the solid and liglike relaxation decay signal has also been
used to investigate the ice phase during freezifg. example, two components were
identified in a binary sucrose solution for temperas above -2°C [17]. The solid component
was attributed to the non-exchangeable sucroseonsptand the liquid component was
attributed to the water protons, the exchangealteose protons and a fraction of the more
mobile non-exchangeable sucrose protons. Below,-@ttich corresponds to the freezing
temperature of water, the solid component describetth the non-exchangeable sucrose
protons and the ice protons. From acquisition feéfaxation times, the authors demonstrated
that the relaxation of ice protons can be distislged from the sucrose protons. Variation in
the ice T relaxation time according to temperature exhibttesl same behaviour as pure ice,
whereas, the same authors demonstrated for theifims in a more complex product such as
ice cream, that the ice relaxation time was affkddy the protein types added to the
formulation. The T relaxation time of the ice was around 3600 msidercream containing
milk protein and between 1900 and 2200 ms for iceam containing whey protein
(Nollibel©). The difference was explained by thecacence of defects in the ice crystal
structure. These results open up new opporturfitiethe use of NMR in the characterisation
of the ice in frozen food, which until now has béess fully investigated than the non-frozen

water phase.

2.3 Biopolymer relaxation

The NMR relaxation behaviour of the solid composehtas also been investigated for
biopolymers. For example, in milk protein mixturentaining different amounts of lactose,
two relaxation components were identified [18]. T8f@rt component was attributed to the
non-exchangeable proton for the native proteininasend the long component to the water
proton and the lactose. Bi-exponential behavious abkso reported on,Tfor soy-protein
isolate films. The short relaxation component vatlkolid-like behaviour was more sensitive
to variations in water activity and glycerol cortteihe T, variations were related to the
plasticizing effect on the biopolymer films [19]h& same solid-like behaviour was also
reported in gelatine biopolymer films [20]. In teesatrices two relaxation times were found
for the biopolymer, one for the non-echangeabletgm® and one for the exchangeable
protons. However, the most fully studied systerstit starch-based products. In the native

state, the proton relaxation spectra of starchlaxhi complex multi-exponential behaviour



[21, 22]. In DO, the first relaxation peak at 10us has beerbat&d to rigid amylopectin in
the semi-crystalline lamellae, the relaxation peatké4 ms and 20 ms have been assigned to
the mobile fraction of amylopectin in amorphousioeg of the granule, and the longest
relaxation time peak at 80 ms has been assignachytose. A decrease in the relative area of
the semi-crystalline and the 1 ms amorphous amgtopeelaxation peaks was observed upon
gelatinisation while an increase in the other tveaks was observed. In water, the starch
protons exhibit a solid-like behaviour which beceniguid-like after gelatinisation. NMR
relaxation has therefore been extensively usedudyshe effects on the dynamic state of
starch during processing such as the effects chgtotemperature, water content and gluten
content on starch retrogradation [23], and to itigate the gelatinisation process on rice
starch [24]. The potential of NMR has recently besttended to the study of starch in
complex systems containing fat and large amountsuofose such as cakes [25, 26]. For
example, wide variations in the amount of gela@distarch have been reported between the
crust and the centre of madeleines [26]. The wgitadient between the crust and the centre
observed after cooking decreased during storagevasdegligible after 15 days. Despite an
increase in water content in the crust, no changks starch relaxation time was observed for
the solid-like component. However, an increase ha tontribution of the solid starch
component was observed in the centre and was detat¢the starch retrogradation. These
results illustrated that careful analysis of thik MR relaxation decay curves expands the

potential of NMR, even in complex food system.

2.4 Water relaxation: a multiscale probe of food structure

The previous paragraphs have focused on improvememMiMR applications in analysis of
the solid fraction of food colloids. However, theaim NMR applications are based on the
investigation of the water relaxation behaviourrbipom T, and T,. Several studies have been
undertaken to understand the mechanisms involvettieérnwater relaxation rate. The main
controversy concerns the relative importance adghmechanisms 1) the nature of the protein-
associated water that contributes to the relaxat®)nthe contribution of the biopolymer
protons exchanging with the water, and 3) the &fet the cross-relaxation between spin-
lattice relaxation associated with water protond &ropolymer protons [27]. Using NMR
CPMG T, dispersion [28-31] and quantitative analysis o€ tly, magnetic relaxation
dispersion (MRD) [27, 32-36], it is now clear thhe water relaxation can be explained by

taking into account only two relaxation mechanisntise protein-exchanging protons



relaxation and the relaxation from the internalevanolecule. Moreover, analysis t, *H
and*’0 MRD has demonstrated that the internal molecimeslved in this mechanism are
only marginally less mobile than the bulk water ahduld not be considered as “bound”, as
they were for many years [33], and the number déwanolecules is very small. For example,
Venu et al [27] shown that a considerable diffeeeimcthe MRD can be observed between a
solution of pancreatic trypsin inhibitor and a mmitarotein (G36S) lacking only one of the
four internal water molecules. The water NMR retaxa in a biopolymer system has
consequently to be interpreted as a probe of tbpdbymer dynamics rather than a true
measurement of water mobility.

Several applications have been proposed on the bagie high sensitivity of the NMR water
relaxation, i.e i) for measurement of water conterth MRI, ii) for the investigation of
changes in the food structure at a molecular leugfor the investigation of changes on a
microscopic scale. Some aspects of these appinsatioll be discussed and illustrated with

some examples below.

2.4.1 Water relaxation and water content

The dependence of;Tor T, on water content has been applied to determihanal water
content in fried food [37], to quantify the ice drant in dough during freezing and thawing
processes [38], to quantify water distribution dgrcurd draining [39], and to monitor water
ingress during rehydration of pasta [40, 41] anealebased products [42, 43], during drying
of gelatine gels [44], and after cooking of pagta, [46]. An example of moisture loss during
drying of gels is given in figures 1 and 2 [47].eThuthors generated a simple calibration
between solid content (expressed in °Brix) andTtheslaxation time (Figure 1) and a-full
MRI sequence, which selectively nullifies the voxeth a specific T value, and a specific
solid content was used. In figure 2, the signamnfmr@gions with a specified solid content has

been removed, clearly showing the concentratiodigra across the sample.
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Figure 1 Calibration curve for °Brix and 1/T, (data taken from [47]. Reprinted with permission).
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Figure 2 MRI transverse slice acquired with a T-weighted sequence of a gel during drying. The
parameters of the MRI sequence were chosen in suahway that a selective nulling of the signal withirthe
gel was observed. The dark regions therefore corrpsend to systems having the solid content indicated.

(data taken from [47]. Reprinted with permission)



2.4.2 Water relaxation and molecular structure

The dependence of relaxation on molecular struchaige been extensively investigated in
studies of changes in macromolecular food structaselting from processing operations.
The examples are numerous and have been extengigeigwed [48-50]. The water
relaxation sensitivity to changes in the moleculgnamics of biopolymers has also been at
the origin of MRI investigations into food procesgioperations. Consequently, if voxel
intensity is T value-weighted (Fweighted images) information can be provided bylMRa
molecular level. However, since several processpegrations induce concomitant changes in
water content and molecular structure, which bdfiacathe MRI images to a certain extent,
care should be taken in the design of MRI protogolsrder to provide correct interpretations
of the grey level intensity of the images. It i¥egheless possible, using the appropriate MRI
protocol to obtain spatial distributions on thelsa#efined by the voxel size (between 100um
up to several millimetres) of structural changesaamolecular scale. This property has been
widely exploited for the study of cheese ripenibd]| potato frying [52], freezing-thawing
effects in dairy gels [39], thermal coagulationegfg white [53] and egg quality [54, 55] and
gelation of carbohydrate gels [56, 57], and duting evolution of the bread matrix during
storage [58].

For such MRI applications, the results should bedated with specific NMR studies which
provide clear descriptions of the variations inaraltion time parameters in relation to
processing parameters [53]. For example, figurestdbes the Jwater relaxation time and
the soluble protein concentrations in white eggoediag to temperature. Three phases can be
distinguished to describe the Variations. From 10 to 50°C, the increase jnisTrelated to
temperature increase through an increase in tlagional mobility of both water molecules
and protein molecules. From 50°C to 80°C thed&creases. The decrease is explained by
denaturation of the protein upon heating. Denatumatnduces a decrease in rotational
mobility probed by the FTrelaxation. For this temperature range thevolution corresponds
to changes in ovalbumin conformation, followed kg denaturation. Above 80°C, only

temperature affects the Values.
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Figure 3 NMR T, relaxation and soluble protein concentration in eg white as according to temperature
(data taken from [53]. Reprinted with permission)

A complete interpretation of the MRI,Tcartography gradient observed during continuous
heating of egg could therefore be proposed accgrtinrelaxation time behaviour upon
changes in temperature (Figure 4). In this study hbating process was performed in one
direction (from the top to the bottom), and theenttvalls of the container were insulated. At
the beginning, uniform initial temperature (17°G)daT, values were observed. Eighteen
minutes later, three areas could be distinguistiefirst with T, from 450 to 550 ms which
corresponded to an increase inbecause of the temperature. In this area the ég was
still liquid. The second area (from 550 to 250 rosjresponded to the area where the egg
white started to coagulate, and the third (wigho&ween 200 and 60ms) was attributed to the
cooked egg white with a temperature above 80°C.shtuld be pointed out that for a
guantitative description of thermal processes, rsdpatemperature mapping has to be
performed in order to correct the Walue. This can be also achieved using MRI [59]



T, (ms)

Figure 4 Transverse T map of egg white during heating. All the surface®f the beaker were insulated,
and the heat exchanger was place on top of the beakin order to limit convection flow. (data taken fom
[53]. Reprinted with permission)

2.4.3 Water relaxation and microscopic structure

The relaxation mechanism described above is onlig wehen the fast diffusive exchange
limit is verified. In that case, because the exdgeathmrough thermal diffusion is fast, then the
different water pool, the bulk and the hydration ioternal water pool and the labile
biopolymer are in exchange and the relaxation is teight average of the three.
Nevertheless, the;from water can also be complicated by the efféttamslational mobility
characterised by the diffusion coefficient. If wansider two different environments (1 and 2)
with a size a, where the NMR characteristics ofewas; and T, are different, if the diffusion
coefficient rate (D (rfsY)) is fast compared to the difference in relaxatiate AR, (with R=
1/T,), water relaxation will be average and a singlenmexponential signal will be
measured. The NMR signal is given by :

Y(t)= Aex;{—Lj eq. 4

20bs



On the other hand, if the diffusion coefficienslew compared to the relaxation rate, then the
water molecule will not be exchanged and the NMihails will be characterised by several
components, each with its own relaxation time. WMR signal then becomes:

Y(t)=A ex;{—_l_ij + A exp{—_rlj eq. 5

In this case each signal will be an NMR signatudrehe two local environments. The limit
L o alR,
between the fast and slow diffusion regimes |srg|lv§aT<< 1.

Multi-exponential behaviour has been reported its ggnd emulsions when non-uniform
water distribution was observed, and therefore ma@xation behaviour has been used as a
probe of the microstructure or used to quantify Whater holding capacity [60-62]. For
example, in dairy products, changes in water distion were observed during syneresis of a
dairy gel [39]. A bi-exponential decay relaxationnge was observed and each component
was attributed to the water expelled from the gel 8 the water confined in the shrunk gel,
respectively. Three water relaxation component& leen identified in Mozzarella cheese,
one for serum water, the water accumulated ind@ghgelopen channels of the protein network,
one for the water inside meshes of the caseinikglfdetwork, and one for water trapped
within the casein matrix [63]. A decrease in the€fdm the serum was observed during aging,
attributed to a change in the microstructure ofdheese, induced by the rearrangement of the
protein network. In an imitation cheese matrix, Waer relaxation was monitored at each
stage of manufacture and the changes in water atabexx were described in a four-stage
model of protein hydration/matrix development [641].rennet-derived retentates, the effects
of the composition of the fat globule surface ontewdholding capacity have been studied
[65]. Reconstituted fatty retentates were prepdredn a fat-free retentate mixed with
different fat-in-water emulsions stabilized withtiia phosphocaseinates (NPCs) or sodium
caseinates. Coagulation of retentate reconstitwitid native fat globules (fresh cream) and
industrial fatty retentate was also investigatedhe Tresults showed that fatty products

reconstituted from fresh cream and the industééntate presented lower water holding



capacity than that obtained with native phosphanases (NPCs) or sodium caseinate

emulsions.

A multiexponential relaxation behaviour for wateas consistently been reported in native
starch-water systems because of slow diffusive axgh [21, 22, 24, 66-70]. Four water
populations have been identified in native staadsigned to “channel water”, only observed
in the B-type amylopectin crystal with @ @round 200us, to water in the amorphous growth
rings with a © around 1 ms, to water in the semi-crystalline ldameewith a  around 8ms,
and to the extra-granular water with aldnger than 30 ms [22]. Raising the temperature to
27°C causes merging of the two middle water relaratomponents because of the fast
diffusion of water between the amorphous growtlgsimand semi-crystalline lamellae. At
higher temperatures, the relative intensity of tder population increases and the relaxation
time decreases. This effect is explained by thdlsgeof the granules. Above the melting
transition, the relative intensity of this compondacreases considerably because of diffusion
of the amylose out of the granule. Consequently,dtiects of diffusive exchange between
microscopic water compartments on NMR water relaxaprovide a way to investigate
changes during the processing of starch-based pi®duch as non-enzymatic browning in
dehrydrated potatoes [71], the effects of glutememmystallisation kinetics [72], the effects of
gluten on gelatinisation in white bread [73], tHEeets of storage on cooked rice grain [74]
and the effects of water content and amylopectiystatlinity pattern on polymorphic

gelatinisation [75], and during rehydration of kiieest cereals [76].

The multiexponential analysis of MRI liquid relaiat has not to our knowledge been carried
out on food colloids. However, examples have beepgsed for in vivo medical applications
showing that bi-exponential fitting of the, Wecay map improved the ability of MRI for
guantitative measurements. This approach wouldalhgable for the characterisation of food
products since most of them exhibit multiexpondmgaxation behaviour.

3 Multidimensional NMR relaxation

The NMR applications described above are all basedthe analysis of 1-dimensional
conventional relaxation spectra. Although-filtred T, or T,-filtred acquisition has been

performed for some specific applications, the dzae always been processed with a 1-



dimensional Laplace inversion [77, 78]. The advehf fast algorithm for 2-dimensional
Laplace inversion [79] has recently led to the dmwment of “multidimensional” NMR
relaxometry. These types of measurement are vauabimprove the assignment of multi-
exponential relaxation behaviour, and to study dyingorocesses such as chemical exchange
or diffusive exchange. For example;-T; correlation and D-7 correlation experiments were
performed on dairy products such as milk, yoghergam and cheese [80]. For milk samples,
a single peak was observed for both experimentsratitht case the 2-D relaxation approach
did not provide more information than a 1-D reléatexperiment. However, for the other
samples a bi-modal distribution was observed foth bexperiments. The first peak was
assigned to the water fraction and the second pedke fat fraction. In FT, correlation
experiments the separation between the two relaxatomponents was still difficult and
affected by the water content of the sample. Inddeziresults showed that the fat relaxation
did not change with the chemical composition of dagy sample, while the water relaxation
associated with the water phase varied from sartiplsample. Consequently, for a few
samples an equal relaxation time value was obsdordtie two fractions thus preventing any
separation of the two compounds. In contrast, Dk€, distribution functions improved
separation of the water and fat features and, lsecailithe large difference between the water
diffusion and fat diffusion coefficients, this segéon was independent of the chemical
composition. This approach has been proposed barstovater and fat determination in dairy
products. T-T, correlation spectroscopy has also been used tatondhe effects of high
pressure and microwave processing on the microseegier distribution and chain dynamics
in starch-water systems and potato tissue [81]s Hpproach showed that high pressure-
induced gels were radically different from the esponding microwave heating-induced gels.
For example, the 2FT; correlation spectra for waxy maize starch showag a shift for the
two water peaks and for the mobile starch non-exgbable proton after high pressure
treatment. Whereas after microwave heating, theethpeaks were similar to those of the
untreated starch-water system, but in additionethmew peaks emerged. Such methods
present many opportunities for sample charactéisabut it is necessary to step back from
the complexities of real food systems in ordergsign the peaks to particular proton pools.
As demonstrated by Marigheto et al [82], even im@e sucrose water solutions where
complex T-T, spectra were observed, the assignment of thepgeaks remained uncertain.
The authors suggested that-T, spectra can be used empirically as a “finger-priat

monitoring the complex changes associated withehassformations.



4 Diffusion

We explained above how translational mobility candify the relaxation decay curve from
mono- to multi-exponential behaviour. Neverthelegsgantification of the diffusion
coefficient from relaxation time experiments islsli challenge since the physical models
used require several assumptions which often cabeoterified [83]. Consequently, other
NMR and MRI techniques based on the use of an mxitamagnetic field gradient are
preferred because they do not require knowledgheomechanism involved in the relaxation
behaviour. These techniques are all based on thefusell-defined linear gradient pulses
which change the strength of the magnetic fieldoptbby the molecule’s protons locally.
Consequently, if a molecule diffuses spatiallyhistmagnetic field gradient, the NMR signal
is reduced: the faster the diffusion rate the higihe NMR signal reduction. A detailed
description of this method, called pulsed fielddieat NMR (PFG-NMR), g-NMR for NMR,
and diffusion weighted MRI or diffusion tensor inrag (DTI) when using an MRI scanner, is
provided by Price [83, 84]. The great advantag®IBf diffusion spectroscopy and imaging is
that quantitative measurement of the diffusion @ftar and metabolites can be performed
non-invasively on a microscopic scale and in amgation of displacement. PFG-NMR is
widely recognized as a powerful method to obtaicrostructural information in emulsions
[85, 86]} and porous materials [87]. A routine PINMR method has been proposed for the
measurement of droplet size distribution in waierdo oil/water emulsions [88-90]. The
accuracy of the method has been widely debatedwiter droplet and oil droplet size
determination in food emulsions such as butter,garéme and dressings [91-94]. Some
extension of the method has recently been propfusespatial determination of droplet size
distribution from MRI data in emulsions [95] and poovide both real-time dispersion and
spatially-resolved velocity measurements in a frodeop of sucrose solution and emulsion

[96]. However, the latter method requires the udgigh field NMR spectrometers.

The PFG-NMR technique has also been used to stadigrwnobility in different protein and
polysaccharide systems. The water dependence qrdtesn concentration has been reported
in casein and whey protein solution and gels [8], & both systems the water diffusion was
reduced with increased protein concentrations Iatisms and gels. The obstruction effect of
the protein was explained by taking into accourd s&lf-diffusion flows: a water flow close

to the protein backbone and a water flow arounccsin micelle or globular whey proteins.



The effect of the change in network structure om Water diffusion coefficient was also
investigated for casein gels. Independently of iethod of preparing the gel, i.e acid or
renneted gel, no difference in water diffusion wéaserved. However, heat treatment of the
whey protein solution induced a slight reductiontha water diffusion. This was explained by
a change in the accessibility of the whey protejgragates to water. For casein, it was
recognised that the overall accessibility to waters not significantly affected by the
formation of a gel. The author concluded that waliusion in protein systems follows a
general trend whatever the protein system studié@. specific effects of casein and fat
content on water diffusion have been outlined ich&ese model, and a general model
describing the effects of water content on watdirdgusion has been proposed [65, 99].
This model includes the effects of aqueous phasgosition, and the obstruction effects of
casein and fat droplets on water diffusion. Thisdeiaequires no structural information on
the gel network since no effect of the structure haen observed, except when the water
distribution inside the gel becomes heterogeneadsadnen the serum phase starts to release.
A reduction in the water diffusion was observedaya protein suspensions, according to the
protein concentration. Moreover, the range of rédans observed was the same as that
previously reported for whey protein suspensionictvtconfirmed a general tendency to a
obstruction effect induced by protein. After adalitiof calcium, the reduction in water self-
diffusion measured in the precipitated of soy protsolate was greater. The author suggested
that in a suspension only the hydration and hydnadyic interactions explained the change in
the self-diffusion, while in the precipitate thestiuction effect of the protein particle has to
be considered and included. Nevertheless, the autitbnot mention whether the water
content was still the same in the precipitate anithé suspension. A slight difference in water

content could explain difference in the water skffusion between the two systems.

In contrast to protein systems where slight eff@tthe protein structure on the water self-
diffusion have been recorded, wide variations inewaelf-diffusion have been reported in
starch suspensions according to the granule steudtl00]. Anomalous water diffusion
behaviour was found in the case of native starcheWVthe internal granule structure was
destroyed by gelatinisation, the water diffusiomfoomed to simple unrestricted diffusion in
3D space. Moreover, a similar linear variationhe water self-diffusion related to the water
content was observed for a fully heated wheat Istamter system, a fully heated wheat
flour/water system and a fully heated rice staretéw system [101]. This suggests that the

difference in microstructure after gelatinisatioasHittle effect on the water diffusion. The



same tendency was recently reported during retdagian of wheat starch gel [102]. The
water self-diffusion of heat-gelatinised starch amttahigh pressured gelatinised starch
stayed constant during storage despite retrog@dakoreover, the change in water self-

diffusion during storage of white bread crumb ismhaexplained by moisture loss [103].

5 The future

Several studies are still in progress to improwedpplications of NMR and MRI techniques
to food colloids. Some of these, such as the usedfi-dimensional NMR relaxation are
directly related to ways of manipulating the spiagnetisation , some involve the design of
new magnet geometry such as the NMR-Mouse [104], Dd5open access systems such as
the Halbach magnet [106], others involve the dgwelent of techniques to measure non-
NMR parameters such as flow and rheological ptoggerreferred to as velocimetry MRI or
Rheo-NMR [107, 108], and others have proposed maltsor technology when NMR is
associated simultaneously with other spectroscepkiriques such as NIR, impedance and
ultrasound or scattering techniques [106]. Desihieedevelopment of MRI applications for
food science, extrapolations to medical applicaitave been few, mainly because of the
specificity of the different domains. However, sostadies have demonstrated that in the
future we will see greater levels of connectionaesn food science and medical science and
pharmaceutical applications. For example, a commedtetween the rehydration/dehydration
processes for a food gel can be made with the wramit of the controlled release and
hydrogel volume erosion of an implant in vivo [109Dther applications involve
characterisation of food in the gastro-intestimatt in humans and animals. Marciani et al.
have used MRI to investigate the behaviour of lipidulsions in the human stomach [110,
111]. Moreover, in order to improve the understagdof the relationship between meal
viscosity and satiety, the T2 relaxation rate hasnbused to observe in vivo gelling of
biopolymers in the stomach over time [112]. Thesment studies demonstrate that promising

new results can be expected from food MRI applicetin the near future.
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