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SUMMARY
Some examples of the use of different types of experimental NMR
techniques, low-resolution NMR, high-resolution NMR and NMR imaging
are reported.
The use of low-resolution NMR to study seed hydration, monitor
alcoholic fermentation and measure molecular self-diffusion coefficients is
discussed.
Furthermore, the possibility of using high-resolution NMR to follow
enzymatic reaction and to measure intracellular sodium concentration is
demonstrated.
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Finally a brief description of new techniques derived from NMR imaging
and some examples of their application to the study of plant materials are
reported.

INTRODUCTION
Nuclear Magnetic Resonance (NMR) is a spectroscopic technique based
on the study of the interaction between a magnetic field oscillating at an
appropriate frequency and the net macroscopic magnetization originating
from the magnetic moments of nuclei inside a sample (i.e., 'H, 13C, 31P,
23
Na, etc.), polarized by an intense static magnetic field B 0 (typically B0 = 110 Tesla).
Due to the low energy difference between the energy states allowed for
the nuclear magnetic moments, NMR spectroscopy is a low-sensitivity
technique compared with other forms of spectroscopy. This could limit the
utility of NMR as an analytical tool. However, the introduction of pulse
Fourier transform NMR instruments and superconducting magnets has
greatly enhanced the sensitivity of NMR experiments. Furthermore, there
are other favourable characteristics of NMR such as: a) its capacity to
discriminate between states of matter that differ very little in energy so that
its resolving power is very high and a wealth of detailed information can be
obtained; b) the fact that it is completely non invasive; c) the fact that it is
not time-consuming; d) the possibility of performing experiments in some
cases without any pretreatment of the sample. All the above largely extend
the applicability of NMR methods for the analysis of intact systems,
especially materials and living systems.
Depending on the characteristics of the static magnetic field applied, we
distinguish a variety of experimental NMR techniques.
For field homogeneity, ΔΒο/Βο of about 10"6, we refer to low-resolution
NMR. In high-resolution NMR experiments, instead, the magnetic field
must be highly homogeneous, ΔΒο/Βο< 10"9. Finally, localization or imaging
techniques constitute a particular case where the magnetic field is made
inhomogeneous by the superimposition of controlled linear field gradients in
one or more directions in order to encode the spatial information of nuclei in
the resonance frequency or phase of the signals.
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Low-resolution technique is capable only of showing up large differences
in dynamic properties of nuclei from the same isotopic species (in particular
'H). It is basically used for the determination of the hydrogen content of a
sample or the measurement of nuclear relaxation times.
High-resolution techniques, mono- and multi-dimensional, yield detailed
information on single nuclei within a molecule by the analysis of the
spectrum parameters: chemical shift δ, coupling constant J, relaxation times
Ti and T 2 , nuclear Overhauser effect NOE. High-resolution NMR is widely
employed in the elucidation of molecular and supramolecular structures, in
quantitative analysis of different components in mixtures, and for the
determination of kinetic and thermodynamic parameters (exchange rates,
association constants, conformational analysis).
Localization techniques constitute the basis for magnetic resonance
imaging of tissues, organs, and in vivo organisms, as well as for spatially
localized high resolution spectroscopy in the same systems.
The differences among NMR techniques must also be viewed in terms of
instrument cost. This ranges from thirty thousand dollars for a lowresolution spectrometer with practically no maintenance costs, to one higher
order of magnitude or more for a high resolution spectrometer and an
imaging or in vivo instrument. Further, it has to be pointed out that the
maintenance costs for a high-resolution or imaging spectrometer range from
fifteen thousand to thirty thousand dollars a year, respectively.
In the present paper some examples of the possible uses of the different
types of experimental NMR techniques for in situ analysis will be discussed.

LOW-RESOLUTION NMR
Low-resolution NMR is concerned with the elucidation of physical structure and the quantitative determination of different components in a sample,
by means of the analysis of the amplitudes and the decay rates of the NMR
signal III.
Once developed, the standard protocols based on rapid NMR measurements are particularly well suited to quality control applications, e.g., solid
fat index determination /2,3/, measure of oil and moisture content in
oilseeds and emulsions /4-7/, water distribution during processing and
storage of food /8/.
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Furthermore, the NMR relaxation times (Tj and T 2 ) are particularly
sensitive to molecular mobility and allow the interaction of water with the
molecular structure of a solid matrix to be investigated /9,10/.
Further insight into the investigation of physical properties of heterogeneous systems is given by the pulsed field gradient NMR technique, which
allows the diffusion coefficients of pure liquids to be measured /11/.
Some examples of the study of the physical and chemical properties of
heterogeneous systems by low-resolution NMR will be reported. In
particular the use of low-resolution NMR in the study of hydration of seeds,
the monitoring of alcoholic fermentation and the measurement of the
diffusion content of water in heterogeneous systems will be discussed.
Despite the simplicity of the low-resolution approach the information we
obtain can be very sophisticated. Furthermore, the accuracy and
reproducibility of pulsed low-resolution data are in some cases better than
those of traditional techniques. The possibility of analytical errors is almost
negligible because this type of NMR measurement is very simple.
Hydration of seeds
Water absorption in seeds is a complex physico-chemical process which
plays an important role in germination as well as in the preservation and
processing of seeds. Knowledge of water distribution in biological systems
and of the hydration mechanism is of great importance in the understanding
of their functionality.
Hydration curves are generally measured by gravimetric methods. Using
such methods, a global measure of the water uptake rather than information
on the status of water inside the seed is obtained. Nuclear Magnetic Resonance can be successfiilly employed to investigate and describe the
compartmentation and transport of water in tissues, plants and seeds /1216/.
An NMR method to monitor the hydration process in soaked seeds, based
on the analysis of transverse magnetization relaxation of water measured by
the Carr-Purcell-Meiboom-Gill technique CPMG /17,18/, will be discussed.
By way of example, the transverse magnetization decay curves of water
protons, measured at different times after the addition of water to a sample
of cowpea seeds, are shown in Figure 1. The curves do not display a single
exponential behavior. This is indicative of different types of protons with
different transverse relaxation times T 2 /12-14/.
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CPMG curves measured at different soaking times.

According to literature data on seeds and tissues the best fit is obtained
by the equation:
A echo = A o e x P ( - / ^ 2 a ) + B o e x P ( - / ^ r 2 b ) + C o e x p ( - ^ 2 c )

(1)

where Ao, B0, Co are proportional to the amount of the different types of
protons, with relaxation times T2a, T2b and T2c, respectively. The measured
values of T2a (1-2 s) correspond to the T2 of water molecules external to
seeds, which are completely free to redirect free water. The T2b (20-40 ms)
and T 2c (1-5 ms) values point to a lower mobility of the Β and C components
with respect to A component. The T2c value is the T2 of protons of
macromolecules or of water strongly bound to macromolecules. The T2b
value corresponds to the T2 of protons of internal water with a reduced
mobility or else undergoing chemical exchange with macromolecular components inside the seeds. Ao is proportional to the amount of external water,
B0 is proportional to the amount of internal water.
The evolution during the hydration process of the amount of the different
types of water molecules can thus be easily monitored by measuring the
CPMG curves of water at different soaking times.
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By means of a systematic study information on the water absorption of
seeds, the kinetics of the hydration process, the role of seed anatomical
structures (hilum, micropyle and seed coat), the influence of seed variety and
the effect of the temperature, pH and ionic strength has been obtained /1922/. The reported results show that NMR technique provides a reliable
method for monitoring the uptake of water in seeds. The method is very
simple, rapid, and does not interfere with the hydration process. In addition,
the information obtained on the amount and the state of the water at
different stages of hydration is more detailed than that obtained by gravimetric methods.
The method itself is suitable to investigate kinetics that take a few
minutes, or hours, or days to come to completion.
The interpretation of the multiexponential behaviour of water transverse
relaxation curves, in terms of water molecules experiencing different
correlation times for motion and hence having different relaxation times,
satisfactorily describes the compartmentalization of water in separated
domains/12,16/.
However, care must be taken when interpreting the multiexponential
behaviour of relaxation curves in terms of different types of water molecules
191. Indeed in heterogeneous systems, even multiple exponential relaxation
may be observed, provided that the scale of heterogeneity domains exceeds
the space occupied by a water molecule during its relaxation process. Diffusive exchange in a heterogeneous medium can thus be used to explain the
multiexponential behaviour of relaxation curves, although it does not
explain why transverse relaxation is faster than in pure water. The latter can
be accounted for by the chemical exchange between water protons and
exchangeable protons of macromolecules /10/. Proton relaxation measurements can therefore provide useful information about both the morphology
and the state of biopolymers or other species having exchangeable protons
/9,10/.
Monitoring of alcoholic fermentation
The determination of ethanol concentration in alcoholic beverages
/23,24/ by low-resolution NMR represents a significant example of the use
of a low-cost NMR instrument not as a "black box" but in a critical way. The
measuring method is based on modulation of the echo signal due to scalar
coupling between methyl and methylene protons of ethanol in the sample.
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Fig. 2:

Theoretical echo modulation for ethanol as a function of the
refocusing time t = 2t after a spin-echo sequence (a) and a CarrPurcell-Meiboom-Gill sequence (b).

During a spin-echo sequence (90°-x/2-180°-x/2-echo acquisition), the
presence in the sample of molecules with a JH.H coupling system leads to
incomplete refocusing of the magnetization at a time that is dependent on
the J value /25/. For ethanol the amplitude modulation is maximum for t =
1/2 J ~ 68 ms, and at this value, the methyl and methylene protons of
ethanol no longer contribute to the total magnetization A^ho (Figure 2, curve
a). After a CPMG multiecho sequence [90°-τ~ 180°-(2τ-180°)n-acquisition],
J modulation disappears and the magnetization ACPMO is proportional to the
proton density of the medium (Figure 2, curve b). Therefore, at time t = 68
ms, the difference (Δ) between the unmodulated (ACPMO) and the modulated
(Aecho) echoes is proportional to the proton density of the CH3 and CH2
protons, in other words, to the alcohol content of the solution.
A linear relationship between the percentage of ethanol in the volume
and the NMR data has been found, such that the ethanol content in aqueous
solution may be predicted with an average error of 0.5% (v/v).
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With specific calibration equations, ethanol percentages are determined
on raw alcoholic beverages without any sample preparation. Moreover, these
results show that the method has a high precision over a wide ethanol concentration range, irrespective of the presence of sugars 122,1.
The described NMR method can be a good alternative to traditional
methods of measuring ethanol concentration based on the measurement of
physical parameters such as density, refraction index, loss of weight and
volume of gas produced, which are related to ethanol production. These
techniques in fact require tedious sample removal and preparation, which
are not practical under industrial conditions. Furthermore, like the highresolution NMR determination of ethanol /26/ obtained from the surface
integration of the CH 3 triplet, this measurement has the advantage that,
besides allowing a cheaper instrument to be used, it is not disturbed by overlapping resonances of other molecules, and its sensitivity is greater because
all the multiplets (CH 2 and CH3) participate in the J modulation of the echo.
On account of the rapidity of the measurement and the ability to detect
ethanol in complex media containing sugars or particles such as microorganisms, this method could be a good alternative in the on-line control of
fermentation processes.
In the case of a fermentation broth, however, the protons in the sample
originate mostly from water and to a lesser extent from residual sugars (0 *
200 g/1) and ethanol produced (0 * 12% v/v). Therefore, in order to
attenuate the water and exchangeable OH proton signal, a paramagnetic
reagent (MnCl 2 , ImM), which selectively affects the transverse relaxation
time of water, can be added to the sample 1211.
In this way, the NMR measurements of the ethanol and sugar concentration during the fermentation of wine can be superposed perfectly on the
results obtained by chemical analysis, with a standard deviation of 3 g/1 for
sugars and 0.2% v/v for alcohol content /24/. This is done with a measuring
time of 3.5 min.
N M R measurement of molecular self-diffusion coefficients
The interest in the study of diffiisional process in solution and in
heterogeneous systems lies in the fact that diffusion data can provide easyto-interpret information on mass transfer, as well as on the microstructure of
the solid phase.
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Molecular diflusion coefficients are generally determined by gravimetric
or radioactive tracer techniques. Both the techniques require long measuring
times. In particular tracer methods require synthetic work and involve a
perturbation of the system to be investigated due to isotope substitution.
The pulsed field gradient NMR technique provides an alternative method
for determining molecular self-diflusion coefficients with good precision and
comparatively short measuring times /28/. The spin-echo experiment in the
presence of an applied magnetic field gradient represents the basic method
of NMR measurement of diffusion coefficients. The rationale of the
approach stems from the following arguments: in the spin-echo experiment,
nuclear spins, whose precession frequencies are kept constant during the
experiment, are refocused at time 2τ, so that the precessing nuclear spins
lose their phase coherence only as a result of the spin-spin relaxation
mechanism. When a field gradient is present, nuclei in different positions in
space are characterized by different precession frequencies. If nuclei undergo
random and incoherent motion, such as Brownian motion, their precession
frequencies will correspondingly change due to the different position in
space with respect to the applied field gradient. This leads to an incomplete
refocusing of spins at the echo time (dotted line in Figure 3a).
Typically, a linear magnetic field gradient, Gz = dBo/dz, is applied in a
single direction. In earlier works steady gradients were used, while modern
applications make use of pulsed field gradients PFG.
The pulse sequence used in the PFG-SE experiment is shown in Figure
3b. Two gradient pulses, of amplitude G and duration δ, are applied. The
first gradient pulse is applied before the 180 rf pulse, during the dephasing
period, and labels the spins according to their position; the second gradient
pulse is applied after the rf 180 pulse, during the rephasing period, and
determines how far the spins have moved in the spacing between the two
gradient pulses Δ.
The amplitude S of the echo measured at time 2τ is a function of three
independent variables: the gradient pulse area q = y 5 Q the diffusion time Δ,
and the spacing between rf pulses τ. The expression for S in homogeneous
and isotropic systems is:
(2)
where S(0) is the amplitude of the signal after the 90° pulse, T 2 is the transverse relaxation time and D is the diffusion coefficient.
235

Vol. 14, No. 4, 1995

Nuclear Magnetic Resonance: A Multiparameter
Technique for in situ Analysis

r.f.
2r

(b)

signal
Fig. 3:

PFG-SE sequence to measure self-diffusion coefficients. The echo
attenuation depends on incomplete refocusing of spins undergoing
incoherent motion.

What is experimentally measured is the attenuation ratio R, defined as
the ratio between the echo amplitude with gradient on and the echo
amplitude with gradient o f f .
lnR = - ( r 5 G ) 2 ^ - | j D
The slope of the straight line of a semilog plot of R vs (γδβ)2(Δ-δ/3) thus
yields the diffusion coefficient D in the case of molecules undergoing
random and unperturbed displacements, i.e., free diffusion (Figure 4a).
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Attenuation ratio of the echo signal measured by PFG-SE
technique at different values of gradient amplitudes and diffusing
times for "free diffusion" (a) and "restricted diffusion" (b).

In heterogeneous systems, where the physical barriers present limit
molecular translational motions during observation time, the net
displacement becomes less than predicted by a gaussian diffusional process.
This condition of restricted diffusion is evidenced by a deviation from a
linear dependence of InR vs (γδΘ) 2 (Δ-δ/3) when Δ is increased (Figure 4b).
The previously described Pulsed Field Gradient Spin-Echo method was
used to study the diffusional properties of water in guar galactomannan
solutions and in highly methyl-esterified pectin solutions and gels 1291.
The diffusion coefficients measured in the non-gelling galactomannan
systems were the same as for pure water, D = 2.3 10'9 m V , and were independent of polymer concentration, even though dramatic changes in Theological properties /30/ and NMR relaxation times /31/ were observed as a
consequence of strong entanglement interaction between macromolecules.
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Furthermore, no restricted diffusion was evidenced within the diffusion
times used. This indicates that, despite a strong thickening of the solution,
the fluid medium retains its motional properties unaltered, at least in the
explored diffusion time, which yields a lower limit for the heterogeneity
domain size of about 9 μπι.
A different behaviour was found in pectin systems, which are known to
form gels in the presence of a cosolute, e.g., sucrose. The diffusion
coefficients of pectin-sucrose solutions and gels show a regular decrease in
D values with sucrose concentration. When gel setting becomes evident /29/,
D is reduced to 0.27 10'9 m2s"1, i.e., by a factor of ten with respect to the
value of pure water. In order to assess the contribution of sucrose
concentration to the decrease in D values, a normalized diffusion coefficient
Dgei/Dsuc - where Dgei and Dsuc are the diffusion coefficients of water
measured in pectin-sucrose systems and sucrose solutions, respectively - was
defined. In this way the normalized diffusion coefficient describes the effective contribution of the gel formation to the reduction of water mobility.
This observation that the self-diffusion coefficient of water does not
depend on polymer concentration in guar solutions where it is a function of
the amount of gel formation in pectin systems, suggests that the study of
water mobility can be used to investigate the physiological function of
polysaccharide gels as diffusion media for nutrients.
In order to study restricted diffusion in heterogeneous systems, the widest
possible range of diffusion time, Δ, needs to be covered. The PFG-SE
method shows its limits in this case. It cannot cover a wide range of Δ
without the pulse spacing, τ, necessarily being changed, with the result that
the echo amplitude due to transverse relaxation effects is reduced. Since T,
in heterogeneous systems is generally higher than T2, the use of the
stimulated echo method PFG-STE may be a convenient alternative /11/. In
this sequence (90 ο -τ-90°-^'-90°), the first rf 90° pulse turns the magnetization from the z-axis to the ay-plane. During time τ, nuclear spins lose their
phase coherence due to transverse relaxation. The second rf 90° stores the
memory of the phase angles along the z-axis, where only longitudinal
relaxation is effective. At time τ', the third 90° pulse restores the phase
angles on the ay-plane, so that the nuclear spins now form an echo at time
τ"=τ+τ'. As in the PFG-SE sequence, two gradient pulses, with amplitude G,
duration δ, and spaced by interval Δ, are applied, the first during the spin
dephasing period, the second during the spin rephasing period. The
diffusion coefficient is calculated in the same way as for the PFG-SE
method.
238
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Restricted diffusion of water in "Actinidia callus" measured by
PFG-STE teclmique.

A typical example of restricted diflusion occurs when a liquid is confined
in a small cavity. The molecules in the liquid freely difluse except when they
are repelled by the confining walls of the cavity. The longer the observation
time, the higher the probability that the molecules will strike a wall.
In the case of a homogeneous fluid contained in a spherical cavity of
radius r, within the limit of A-»w, the attenuation echo ratio approaches an
asymptotic value R«, given by /32/:
InR

. s - ^ . ^ W

(3)

from which the radius of the cavity can be obtained.
As an example, the experimental results for the observed restricted
diffusion of water in strawberry callus are reported in Figure 5. From the
measured experimental curve the diffusion coefficient of water D = 1.0 ± 0.1
10 m s and the radius of diflusion domain r = 43 ± 4 μτη can be
evaluated.
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HIGH RESOLUTION NMR
High-resolution NMR is the area of NMR with which chemists are most
familiar and is mainly concerned with the elucidation of chemical structure
in solution by the analysis of NMR spectra. Many of the early studies
exclusively involved 'H and 13C NMR. However, with the advent of highfield Fourier transform NMR instruments many multinuclear studies are
now being reported. Of these, 31P and 23Na are particularly attractive NMR
nuclei that are used for in situ determination, especially in living systems.
31
Ρ and 23 Na in fact give relatively simple spectra containing only a few
resonance peaks and can easily be interpreted.
Some significant examples of the use of
reported.
3I

31

Ρ and

23

Na NMR will be

P NMR to follow enzymatic reactions

The popularity of 3 1 Ρ NMR is due to the fact that although the sensitivity
of P NMR is only 6% of that of 'H NMR 31P NMR spectra cover a wide
range of chemical shifts, and the resonance signals are relatively narrow and
easily assignable to the limited number of phosphate compounds
encountered in biological systems.
31
P NMR spectroscopy is used particularly for in vivo analysis because of
the relatively high concentrations of phosphorus metabolites like ATP,
phosphocreatine and inorganic phosphate that define the energy status of the
cell. Most of the chemical, osmotic, and mechanical activity required at the
various sites in the body is done by the conversion of ATP to ADP. As ATP,
PCr, Pi and sugar phosphates give well resolved 31P NMR spectra, a
quantitative analysis of the different metabolites is easily performed by
measuring the areas under the resonance peaks /33/.
31

31

Ρ NMR can also be used for a non-invasive measurement of intracellular pH, exploiting the dependence of the chemical shift of the inorganic
phosphate peak on hydrogen ion concentration /34/. Indeed, the pK of the
second dissociation step of phosphoric acid lies within the physiological pH
range of 6-7.5, and because the dissociation reaction is extremely rapid,
[H2P04]" and [HP04]2" do not produce two separate signals but an averaged
signal, whose chemical shift depends on the relative concentrations of the
two molecular species. Thus the position of the inorganic phosphate signal
behaves like a typical titration curve, whose point of inflection corresponds
240
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to the pK value. This functional dependence may be used as a calibration
curve for determining the intracellular pH to an accuracy of 0.05-0.01 units.
The possibility of following the fall of intracellular pH associated with
ischemia illustrates how 31Ρ NMR measurements of pH can be applied to
clinical diagnostics 135/.
A significant example of the use of time-dependent 31P NMR spectra to
monitor an in situ reaction is the study of the enzymatic hydrolysis of myoinositol-hexakis-phosphate (Phytate) by myo-inositol-hexakis-phosphatephosphorylase {Phytase) /36,37/.
Phytate is the main storage form of phosphorus in most seeds and plants.
The molecule of myo-inositol-hexakis phosphate can be dephosphorylated by
enzymatic or heat action to yield a large number of lower phosphate esters
and positional isomers.
The enzymatic hydrolysis of Phytate by Phytase has been investigated in
an isolated system by means of 3 1 Ρ Nuclear Magnetic Resonance. The time
dependence of 31P NMR spectra during hydrolysis, measured at pH = 5 and
Τ = 37°C, is reported, by way of example, in Figure 6. The spectrum of myoinositol-hexakis-phosphate (Figure 6a, t = 0 min), because of the molecular
symmetry, consists of four resonance signals. After the Phytase addition,
five new resonance signals are observed that can be assigned to myoinositol-penta-phosphate (Fig. 6b, t = 120 min). The comparable intensity of
the five peaks suggests that the myo-inositol-penta-phosphate is an
asymmetrical molecule in which both carbons at positions 2 and 5 remain
phosphorylated.
As the reaction proceeds (Figure 6c, t = 240 min), the total spectrum
area remains constant, but the intensities of the hexakis-phosphate signals
decrease, the intensities of penta-phosphate signals increase and four new
peaks are observed. The equivalent intensity of the resonance signals
suggests that position 2 should in any case remain phosphorylated in order
to obtain an asymmetrical structure. As hydrolysis proceeds (Figure 6d, t =
360 min), three resonance signals due to myo-inositol-tris-phosphate are
measured. Finally, with increasing time (Fig. 6e, f, t - 480, 960 min), the
appearance of new resonance signals can be attributed to myo-inositoldiphosphate and different isomers of myo-inositol-mono-phosphate.
By integration of spectra the concentrations of myo-inositol-hexakisphosphate and its hydrolysis products can be measured as a function of time.
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Time dependence of myo-inositol-hexakis-,penta- and tetrakis
phosphate concentration during hydrolysis. The curves are
calculated by means of a fitting procedure according to the kinetic
equations describing a consecutive-irreversible three stage
reaction.

As shown in Figure 7, the curve trend for the first three steps of
hydrolysis seems to be related to a consecutive-irreversible three-stage
reaction. The curves calculated by the relevant kinetics equations ß l I were
used to fit the experimental data. The very good agreement between
experimental and calculated curves supports the hypothesis of a consecutive
reaction mechanism for the hydrolysis of myo-inositol-hexakis-phosphate to
tris-phosphate, and the kinetic constants and activation energy for the first
three steps of hydrolysis can be obtained. The results obtained indicate that
243
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the reaction rate for the hydrolysis of hexakis-phosphate is lower than that of
penta-phosphate and tetrakis-phosphate for all the measured temperatures.
This is probably because the penta and tetrakis-phosphate molecules, due to
the steric hindrance of phosphate groups, have higher accessibility to the
active site of Phytase than hexakis-phosphate molecules.
The results how that 31Ρ NMR is highly specific and can be used to
monitor the fate of the different hydrolysis products of myo-inositol-hexakisphosphate directly in the NMR tube.
23

Na NMR for determining intracellular sodium content
23

Na is another nucleus of particular interest in biological systems. Its
characteristics - 100% natural abundance, high concentration in cells, very
short relaxation times (30-50 ms) - make the sensitivity of 23Na comparable
to that of'H.
An important application of 23Na NMR is the determination of the
amount of intracellular sodium.
The measurement of intracellular sodium concentration is of
considerable interest in the biomedical field. Most living cells have an
electrical potential - the inside of the cell is relatively negative compared
with the outside - and a sudden exchange in sodium conductance is the
major mechanism by which depolarization occurs. This latter point also
affects neural cells as well as contractile cells such as striated muscle cells,
which contract when depolarized. Furthermore, intracellular sodium appears
to regulate many enzyme systems, and because of its effects on Na-KATPase, sodium has a potentially marked effect on the overall metabolic
activity of the cell /38/. In terms of immediate biomedical relevance, it is
believed that derangement in intracellular sodium concentration could be
involved in the pathogenesis of essential hypertension and in diabetic and
other chronic renal diseases. It also acts as a marker for malignantly
transformed or ischemically injured tissue /39,40/.
One problem encountered in monitoring intracellular sodium concentration is that sodium, like other cations such as potassium, is present in
solution largely as a free aqueous species, whose electronic environment is
essentially the same in all compartments of cells and whose NMR resonance
frequency is the same as well.
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Direct observation of the NMR signal of sodium in different compartments necessitates the separation of these isochronous resonances. This has
been achieved by using paramagnetic shift reagents of the lanthanide series
of elements /41/. Because the sodium ion experiences a hyperfine shift in its
NMR resonance frequency, the signal produced by the compartment
containing the paramagnetic compounds no longer overlaps with that from
compartments isolated from the shift reagents. In particular, intracellular
sodium isolated from the shift reagents can be measured separately.
The most frequently used shift reagents are the anionic complexes of bis(tripolyphosphate) dysprosium(III) Py(PPPi)2]7", or dysprosium(III) triethylene-tetramine-hexacetate, Dy(TTHA).
As an example, Figure 8 shows the 23Na NMR spectra, measured as a
function of time, of a strawberry cell suspension cultivated under conditions
of stress as far as the salt concentration is concerned, and containing a fixed
amount of shift reagent -[Dy(PPPi)2]7', 5mM-. The observed decrease over
time of the difference in chemical shift between the intracellular and
extracellular sodium signals - from 1538 Hz to 1068 Hz - is accounted for
by the increase in external sodium concentration. The analysis of the
measured NMR spectra allows the efflux of internal sodium in the
strawberry cell suspension to be monitored.
Furthermore, by separating intracellular from extracellular sodium
resonances using shift reagents, it is possible to measure the relaxation times
in the two domains and to obtain information concerning the degree of
binding of sodium ions within these domains.
Several studies report using the NMR measurement of intracellular
sodium concentration to monitor compartmentalization within the cell /42/,
the effects of various amino acids /43/ and the effects of different disease
states /44,45/.

NMR IMAGING

The basic idea underlining NMR imaging is to superimpose on the
uniform static magnetic field B 0 a magnetic field gradient G that varies in a
controlled manner in the space so that, according to the Larmor equation,
the resonance frequency of nuclei within the sample will become position
dependent /46/.
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Na-NMR spectra of a "strawbeny cell" suspension containing
Py(PPPi)2]7" 5mM. The chemical shift difference between
external and internal sodium signal decreases from 1538 Hz to
1068 Hz as a function of the efflux time.
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For example, in the presence of a magnetic field gradient along the zdirection Gz = dBo/dz, protons will resonate at a frequency which varies
linearly with their z-coordinate. It is therefore possible to select a projection
plane of the object to be imaged, simply by the application of a narrow rfpulse of an appropriate frequency that will excite only protons in a slice of
the sample perpendicular to the gradient direction. By adjusting the
bandwidth of the rf-pulse and the intensity of the field gradient it is possible
to control the thickness of the selected slice. The spatial discrimination
within the selected imaging plane will be obtained by switching additional
field gradients Gy and Gx. Signals of protons along the y-direction will
evolve a phase angle that is dependent on the y-coordinate, while protons at
different x-coordinates will resonate at different frequencies. The resulting
two-dimensional data set can be thus Fourier transformed to give a
description, in terms of NMR signals, of the selected projection plane of the
sample to be imaged. As the NMR signal depends not only on proton density
but also on proton relaxation times, contrast in NMR images may be varied
by using different pulse sequences and different measuring parameters. Oneplane resolution of NMR images is currently limited to around 10 μτη, and
slice thickness to about 1 mm.
NMR imaging has found a highly successful application in clinical
medicine and is now a well-established diagnostic tool, that provides
detailed information about the macroscopic structure and anatomy of normal
and pathological tissues. Full details of the methods employed in generating
NMR images and many examples can be found in the literature /47-49Λ
In this paper only a brief description of new techniques derived from
NMR imaging and some examples of their application to the study of plant
materials will be given. These systems are particularly well suited to NMR
imaging studies as the plant remains motionless while being imaged.
Magnetic Resonance Imaging has been employed to reveal the path and
consequences of water uptake during the soaking of dry beans 1501. It has
been shown that, as the beans absorbed water, the signal intensity in the
beans increased in proportion to the moisture level. Since the relaxation
times of the water covering the beans and of the absorbed water are
different, good contrast can be achieved in the fully immersed samples.
Images of whole beans that were soaked for 30 minutes show that the
brightness of the hilum/micropyle regions correspond to high water
concentrations, confirming that water initially enters the beans through this
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region. The images thus show that, depending on the tightness of
cotyledons, water passes between the halves and starts softening the seed
coat in the region opposite to that of the hilum-micropyle. Water uptake
continues until the seed reaches saturation level. Furthermore, the brightness
of the images in the region under the skins of the beans with damaged seed
coats can be used to show that some beans classified as wholesome have
actually suffered some damage.
In addition to providing maps of local water density, NMR imaging can
be used to provide maps of other molecular properties, like molecular
velocity, to which the nuclear spins are sensitive.
Imaging methods and PGSE technique may in fact be combined by
applying the imaging field gradients to the modulated echo, to allow in vivo
observation of water movement on a sub-millimetric scale in plants /51-53/.
In the case of incoherent diffusive motion, the pulsed gradients cause an
echo attenuation that can be exploited to measure molecular self-diffusion
coefficients. When there is coherent motion, the echo suffers a phase shift
which can be used to measure molecular velocity. Flow encoding can be
carried out by applying a bipolar gradient pulse, two successive field
gradient pulses of opposite sign but equal duration without delay between
them. During the period of application of the first gradient, precessing
magnetization acquires a phase increment. If the nucleus remains in the
same position during the second half of the bipolar pulse, the phase change
acquired during the first period is cancelled out exactly. However, if the
position of the nucleus has changed between the two gradient pulses because
of flow, the phase cancellation is incomplete. The resulting net phase shift is
proportional to the velocity. By independently varying both the imaging and
PGSE gradients, the spatial positions and the translational motions of
nuclear spins can be detected.
The velocity-encoding method has been used to describe water flow in
plants. For example, from the velocity image of Stachys sylvaticus /53/, it
was shown that water flow occurs in the vascular tissue region, in the direction from root to the top leaves, with a mean flow rate of about 45 μηι per
second. Furthermore, this experiment shows that the flow occurs right in the
xylem zone, despite the fact that these areas are not the brightest features in
the proton density image.
The described novel technique of combining NMR imaging with a phase
encoding method opens up a new way of directly visualizing the anatomical
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path, velocity and control of water plants, without any damage to the plant
caused by using an invasive technique based on cutting the plant in order to
introduce a means of monitoring water flow.
The Chemical Shift Imaging (CSI) method consists of combining high
resolution NMR facilities with localization technique /54-58Λ
Chemical shift imaging was performed using a modified sequence in
which the non-selective excitation pulse is replaced by a chemical shift
selective (soft) pulse. When applied in the absence of magnetic field
gradients, this enables the spectral components to be imaged to be selected.
Due to the differences of chemical shift - water (δ = 4.8 ppm), soluble
carbohydrates (δ = 3-4 ppm), lipids (&cm = 1.3 ppm) - the frequency and
bandwidth of the excitation pulse can be chosen to excite only the signal of
interest, and the whole sequence must be repeated for each spectral
component imaged. The only problem of the CSI technique is that in order
to achieve adequate spatial resolution and signal to noise ratio, particularly
for carbohydrate and oil chemical shift images, long signal averaging is
required, which means imaging times of several hours.
In a recent paper /55/, the possibility of separately imaging the distribution of water, lipids and soluble carbohydrates in selected berries, using the
Chemical Shift Imaging method, with an in-plane resolution of 60 μπι, was
described.
The technique revealed a concentration of lipids in the seeds of intact
Shiraz grapes, in a relatively narrow zone in the endosperm, next to the
interface with the inner layer of the seed coat. Carbohydrates, consisting
mainly of glucose and fructose in approximately equal proportions, were
shown to be evenly distributed in the placental and pericarp tissues of
mature grapes.
Potential applications of the technique include: studies of changes in
sugar and oil concentration and distribution during grape development
(ripening), and changes in water distribution during drying.

CONCLUSION
Nuclear Magnetic Resonance is a powerful and versatile technique with a
continuously growing number of possible applications.
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Intrinsic low-sensitivity limits its use as an analytical tool, but this is
largely compensated by the wealth of detailed information that can be
obtained and by the possibility of using it directly on the system to be
analyzed. Especially in foods, plants and living systems, in which there is an
abundant probe like water that can be easily measured by NMR, many of the
possibilities of the different NMR techniques are still to be exploited.
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