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Abstract

A new, fully automated magnetic resonance imaging (MRI) procedure has been used to
measure for the first time all the MRI parameters of water in both sodium alginate solutions
and calcium alginate gels at concentrations of 1%, 2%, 3%, 4% (w/w). Spin—spin (T,) and
spin—lattice (T,) relaxation times, magnetisation transfer processes (MT) and diffusion
coefficients (D) were measured to evaluate their potential use for studying gelling mecha
nisms and for determining gel characteristics. Four alginate samples, with different extents of
O-acetylation were also studied and the use of MRI to discriminate between them was
evaluated. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Because of atotal lack of toxicity and an ability to
form viscous solutions and gels, alginate is becoming
more widespread used in the food industry as a
thickening agent, in biotechnology as an immobilisa-
tion matrix for enzymes and living cells [1-4] and in
medicine and agriculture for controlled release of
drugs and pesticides. Gelation of alginates with cal-
cium ions is understood in molecular terms [5]; a
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correlation between gel strength and alginate concen-
tration has been established, and relevant properties
of calcium alginate gels such as mechanical rigidity,
volume stability, swelling and shrinking character-
istics have been studied by a variety of techniques
[6-8]. Much work has also been done in order to
understand how differences in chemical structure in-
fluence the functional properties [9,10], which are
important to the choice of which type of alginate and
gelling methodology are most suitable for each spe-
cific application. In particular, it has been observed
that an increase in O-acetyl content results in a
decrease in gel strength [9]. Magnetic resonance
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imaging (MRI) has already been successfully used to
map the spatial variation of alginate concentration
and distribution of pore size in inhomogeneous cal-
cium alginate gels [11], and to track the reaction front
during the gelation of sodium aginate by calcium
ions [12].

In this paper, we report for the first time the
measurement of al the MRI parameters for water in
sodium alginate solutions and calcium alginate gels;
the am was to obtain better understanding of the
relevant characteristics of alginate samples, such as
gel strength, porosity and diffusion properties. Thus,
we have considered how MRI can be used to discrim-
inate between different structures and thereby provide
better insight to the correlation between chemica
structure and physical properties of the gels.

The sequence of studies was as follows. Firgt, it
was necessary to decide how best to apply to both
alginate solutions and gels the newly developed, fully
automated MRI quantitation protocol for measure-
ment of the spin—lattice relaxation time (T,-value),
the spin—spin relaxation time (T,-value), the magneti-
sation transfer rate (K), the Mg, /M, ratio, and the
diffusion coefficient (D). Second, it was appropriate
to establish which of those parameters was most
sensitive to the composition of the solutions and gels.
Both of those aspects of the work were explored
using an alginate which was available commercialy
in large quantities. The sensitivity of those MRI
parameters to variations of gel strength was then
evaluated using four alginate samples which had the
same composition in terms of guluronic,/mannuronic
acid ratio but which differed in O-acetyl content.

Before discussing the specific results, it is impor-
tant to place the present MRI study into the more
general context of nuclear magnetic resonance (NMR)
spectroscopic measurements of the bulk properties of
homogeneous polysaccharide solutions. For both so-
lutions or gels of polysaccharides at low concentra-
tion, the NMR response will be dominated by the
water protons signal. There are two possible pools of
water, the ‘bulk water’ pool in which the molecules
are tumbling freely, and that corresponding to those
molecules which are ‘ chemisorbed’ to the surface of
the polysaccharide and hence have a far slower tum-
bling rate. Generaly, there will be a rapid exchange
of water molecules between those two pools and
hence the measured MRI parameters will reflect the
concentration-weighted mean of the values for those
two pools. Systematic differences between these MR
parameters are expected on the basis of the well
known influence of molecular motion; thus, in gen-

eral, pratons which are less mobile will tend to have
shorter relaxation times (T, and T, values).

The measured magnetisation transfer parameters
(T, and Mg, /M,) along with the resulting calcu-
lated value of the magnetisation transfer rate (K ) also
provide information about the mobility of the poly-
mer chain, but by a somewhat more complex mecha
nism. These magnetisation transfer parameters also
depend on the interchange of water molecules which
are chemisorbed to the polymer surface with those in
the bulk pool, but are dominated by the interchange
of protons between ‘bulk’ water molecules and any
chemically labile protons on the polysaccharide (hy-
droxyl and carboxylate in the case of aginate). Any
factor which decreases the overall tumbling rate of
the polymer will increase the efficiency of the MT
processes and thereby will increase K and decrease
Mg,/ Mo.

There are severa further points which are relevant
to the present study. The first reflects the fact that
while measurements of NMR parameters for bulk
solutions are straightforward, equivalent MRl mea-
surements are not only more time-consuming but
intrinsically more complex. This is because the long
timing of some of the radio frequency pulses used in
an MRI protocol inevitably ‘loses’ some of the mag-
netisation of interest, especially that of molecules
which have short T,-values. Furthermore, the mag-
netic field gradients which are required to induce
spatial discrimination also influence the MRI re-
sponses of any water molecules that are freely diffus-
ing, resulting in a further loss of MRI-detectable
protons. Consequently, it is extremely hard to mea-
sure accurately by MRI the NMR parameters of
water, whereas it is relatively easy for bulk samples
to measure all the NMR parameters. Furthermore, the
time required for encoding the spatial dimensions of
the MR-image means that the necessary MRI scans
can take a long time, often tens of hours.

Since in the present study, we are more concerned
with changes in the relative values of those MRI
parameters than with the absolute values, we have
chosen to use an MRI protocol which sacrifices some
degree of numerical accuracy in favour of the spatial
information available; it aso has a further advantage
of providing fully automated data-acquisition and
data-processing for more than one sample imaged
simultaneoudly. Finally, there is the implicit assump-
tion that decreased mobility of the alginate molecules
corresponds to, or implies, increased gel strength. A
correlation between gel strength and alginate concen-
tration has aready been established and a higher
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alginate concentration in gels corresponds to a Situa-
tion of decreased mobility for alginate molecules
which are more restricted and less free to tumble.

2. Results and discussion

For sodium alginate solutions obtained dissolving
commercial sodium aginate in 0.2 M NaCl, the key
data are the MR parameter of water obtained by bulk
measurements; these are summarised in Table 1.
Those data show the sensitivity of each of the param-
eters to concentration variations in the range 1-4%.
As summarised in the bottom row, it is clear that the
T,-and K-values are the most sensitive in this con-
centration range. When those same parameters were
determined using the MRI protocol a significant sys-
tematic decrease is observed in the measurement of
T, which is about 25% lower than the equivalent
value from ‘bulk’ T, measurement. It is well known
that dephasing of transverse magnetisation is en-
hanced by the diffusion of water molecules through
the magnetic field gradients used in an MRI protocol.
In addition, T, relaxation is enhanced with an in-
crease of the echo time (Tz =20 ms in the MRI
protocol; Tz = 8 msin the ‘bulk’ measurement). The
T, values were systematically lower by ca 14%.
Two different methods for T, measurement were
used for ‘bulk’ and MRI protocols. the inversion—re-
covery method is traditionally preferred for ‘bulk’
measurements since it has twice the dynamic range of
the saturation—recovery method used for MRI. In
contrast, the saturation—recovery technigue is gener-
ally used in MRI because it is less time-consuming.
Systematic errors are known to be associated with the
length of time before data are sampled. Thus, in this
study, MRI data were collected after along echo time
(Te = 20 ms), whereas for ‘bulk’ measurement some
of the early points of the relaxation curve were
sampled to obtain a T, relaxation curve. The T,

Table 1

values for the MRI protocol were found to be lower
by ca 10%, M/M, lower by ca 10% and the
K-values increased by ca. 75%. In spite of these
differences in the values between ‘bulk’ and MRI
measurements, the same internal ratios for 1-4%
were found, as indicated in the bottom rows of Table
1, which clearly confirms that although the absolute
MRI values are offset systematically compared to the
bulk values, the data from the MRI protocol have the
same sensitivity to concentration.

It iswell known that alginate gels made by dialysis
against solutions of calcium ions, are not homoge-
neous with respect to the distribution of polymer
concentration: a higher concentration of alginate
forms an interface region in contact with the calcium
ion reservoir, and the alginate concentration gradually
decreases towards the centre of the gel. It has been
demonstrated that gels which are more homogeneous
are formed if sodium ions (antigelling ions) are pre-
sent on both sides of the dialysis membrane used to
form the gel [13]. We have followed that synthesis
method, but even so an MRI protocol for T,-mapping
clearly demonstrates that the gels were not homoge-
neous; for higher concentrations[2%, 3%, 4% (w /w)]
a less concentrated zone in the middle of the gels was
quite evident in the images (Fig. 1). We compared
those results with images obtained for gels formed
without the addition of sodium ions, and verified the
higher homogeneity of gels formed in the presence of
NaCl. In the absence of sodium ions, the band in the
middle of the gel was found to be much wider and
much less concentrated, and the edges of the gel
which first come in contact with calcium ions have a
higher alginate concentration when compared to the
gels in which antigelling ions had been added. Thus,
for gels made in the presence of sodium ions, the
increase in T,-value for water in the central less
concentrated zone compared with that on the edge
was about 10%, 20% and 30%, respectively, for 2%,
3% and 4% (w/w) gel concentrations; in contrast,

NMR parameters. ‘BULK’ measurements for alginate solutions at different concentrations (% w/w); alginate solutions
have been obtained dissolving commercial sodium alginate in 0.2 M NaCl

Conc. T, (9 T, (® Tiea (9 Mg/M, K(L/s
1% 1.14 (0.0009)* 2.44(0.05) 2.36 (0.02) 0.91(0.03) 0.039 (0.01)
2% 0.65 (0.0006) 2.33(0.06) 2.05(0.02) 0.88(0.02) 0.057 (0.01)
3% 0.41 (0.0002) 2.10(0.04) 1.85(0.01) 0.88(0.02) 0.060 (0.01)
4% 0.29 (0.0002) 1.90 (0.03) 1.69 (0.01) 0.87(0.02) 0.077 (0.01)
Ratio 1:4% (BULK) 3.93 1.28 1.40 1.04 0.51

Ratio 1:4% (MRI) 3.98 1.29 1.48 114 0.47

*The values in brackets represent the error in the fit of the curve to the experimental data.
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Fig. 1. T,-map for alginate gels at different concentrations
(% w/w): a less concentrated zone in the middle of the
gels is evident for higher concentrations [2%, 3%, 4%
(w/w)]. Gels have been obtained dialysing commercial
sodium alginate solutions against 0.06 M CaCl , containing
0.2 M NaCl.

1% wiw

for gels made without sodium ions, the T, enhance-
ments were in the range 100—140%.

These results support the hypothesis [13] that in
the absence of sodium ions the gelling mechanism
involves an irreversible binding of calcium ions to
those alginate chains which first come into contact
with the dialysis solution; when sodium ions are
present, there is competitive binding of calcium and
sodium ions to uronic acid residues, thereby leading
to a dower overall of gelation and to more homoge-
neous gels. Increase in alginate concentration leads to
an increase in gel inhomogeneity, as demonstrated by
the significant increase in the T,-value of water in the
middle of the gels made from higher alginate concen-

Table 2

trations; the relatively slow rate of diffusion of algi-
nate molecules compared with that of the gelling ions
means that it is most likely the rate determining step
in the gelling process.

Tables 1 and 2 present the data obtained respec-
tively for commercial sodium alginate solutions in
0.2 M NaCl and for calcium aginate gels at different
concentrations [1%, 2%, 3%, 4% (w/w)]. For the
solutions, the T,, T, and T,., relaxation times de-
creased (3.9, 1.3, and 1.4-fold) with increased con-
centration, while there was an increase (2-fold) in the
value of MT-rate (K). T, seems to be the most
interesting parameter, very sensitive to the increased
viscosity which is correlated to higher alginate con-
centrations. K varied linearly with polymer content,
but its value was still very low even for very viscous
solutions [14]: this demonstrates that the magnetisa-
tion transfer process is not very efficient for alginate
molecules in solution because the motion of the
molecules is still relatively fast.

Because of the unavoidable inhomogeneity of the
gels, we chose to average the MRI parameter values
for the gel, leaving out the less concentrated band in
the middle, which is quite well delineated because of
the sharp gradient of T,-values at the edges of it.
Unfortunately, thisimplies that the ‘real’ gel polymer
content, to which we wish to attribute the MRI
parameter values, will be dightly different from the
‘nominal one'. The sole justification is that in such a
way the results better represent the dependence of
NMR parameters on gel concentration: alginate con-
centration at the edges of the gel is closer to the
‘nomina’ one and more indicative of the differences
in gel concentration (1%, 2%, 3%, 4%) we were
willing to look at.

Table 2 shows for each gel concentration the mean
value of three separate measurements, with the value
in bracket representing the mean of standard devia-
tion across the region imaged: we chose to represent

NMR parameters: MRl measurements for alginate gels at different concentrations (% w/w); aginate gels have been
obtained dialysing commercial sodium alginate solutions against 0.06 M CaCl, containing 0.2 M NaCl

Conc. T, (ms) T, (9 T ® Mg./M, K (L/s) D (m?/s)

1% 1232 (7)° 2.31(0.10) 1.05(0.01) 0.49 (0.02) 0.50 (0.05) 2.10 X 10~ ° (0.01)
2% 82(5) 2.05(0.08) 1.01 (0.07) 0.43(0.01) 0.57 (0.04) 2.09 X 107° (0.01)
3% 64 (3) 1.83(0.08) 0.87 (0.05) 0.38 (0.01) 0.68 (0.04) 2.09 X 10° (0.01)
4% 48 (3) 1.63(0.07) 0.77 (0.05) 0.35(0.01) 0.83(0.07) 2.08 X 107° (0.01)
Ratio 1:4% 2.56 142 1.36 1.40 0.6 1.00

#Mean values among three experiments.
®Means of standard deviations for the regions imaged.
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the data in such a way to demonstrate the degree of
inhomogeneity which characterises calcium alginate
gels. Standard deviations for the region imaged, se-
lected for each gel in such a way to leave the middle
band out, are reasonably small; this demonstrates that
the gels are quite homogeneous if we do not consider
the band in the middle which presents a much lower
alginate concentration.

The data presented in Table 2 demonstrate that of
all the water MRI parameters measured, the T, relax-
ation time and K were the most sensitive to alginate
concentration (by 2.6- and 0.6-fold, respectively) and
therefore the most suitable for determining gel
strength. A linear relationship between 1/T, and gel
concentration had aready been found for alginate
systems [11], so this work confirms the usefulness of
guantitative MRI to map polymer content non-inva-
sively.

The longitudinal relaxation time (T,) proved to be
less sensitive than T, to gel concentration: the T,
value decreased by about 30% from 1% (w/w) to
4% (w/w) gel concentration, in comparison with a
decrease of more than 60% for T,. The same overall
mechanism is responsible for both T, and T, relax-
ation, but an additional dependence on very slow
molecular motion further enhances the sensitivity of
T,-values to restricted mobility.

The water self-diffusion coefficient (D) was the
same for al the alginate gel concentrations; indeed
the values were only marginaly smaller than the
value (2.25 x 10~ ° m? /s) for a water phantom at the
same temperature (T 24 °C). This demonstrates that
the alginate gel matrix does not significantly hinder
the diffusive motion of water molecules, which are
free to diffuse inside the gel; this is in accordance
with previous data which indicate [5] that diffusion of
small molecules is very little affected by an alginate
matrix.

Magnetisation transfer processes are known to be
quite efficient in aginate gels for which they are
strongly influenced by gel concentration [14]; the
amount of polymer affects the proportion of ex-
changeable sites (—OH), which are the crucial factor
for the observed phenomenon. From the MT experi-
ments, values of Mg, M, and T,., were determined
by fitting the data according to Eq. (3) (Section 4)
and the proton exchange rate (K ) was then calculated
from Eq. (4). The variation in K with gel concentra-
tion was significantly larger than the variation in
either the T,,, or Mg /M, ratio, because of the
combined effect of the decrease in both T, and
M/ M, ratio, observed at higher concentrations.

In what follows, we shall discuss the two most
useful parameters (T, and K) and their mechanisms;
since both those relaxation processes depend on
molecular motion to generate randomly varying mag-
netic fields, we can infer valuable information about
those motions, especialy from T,. The mechanism
responsible for spin—spin relaxation involves mag-
netic interactions between the protons on different
molecules, which induce an exchange of energy be-
tween those protons. In a rigid structure, or one in
which the relative motion between the protons is
sow, the process is quite efficient and T,-values are
short. Alginate molecules in solution, and even more
so in gels, induce an increase in the structure of the
surrounding water: thus, the * bound” water molecules
which are chemisorbed to the surface of the poly-
saccharide molecules have a lower degree of mobility
than those of bulk water. Consequently, when chemi-
cal exchange occurs between them and the hydroxyl
protons of the alginate molecule, the measured T,
relaxation time is a weighted mean of all the different
environments which the water molecules have experi-
enced during that measurement (‘bound’ and ‘free’
pools); chemical exchange between water protons
and hydroxyl protons of aginate moleculesis thought
to be the main mechanism responsible for proton
relaxation in gels [15].

The MT experiment involves the saturation of the
broad proton resonance of the macromolecules using
a frequency-selective radio frequency pulse, without
directly affecting the narrow resonance of the protons
of the mobile water pool. The resultant decrease in
the magnetisation of the bulk water is the result of an
exchange between the saturated protons on the
macromolecules and the unsaturated protons of the
aqueous medium. Two different mechanisms are re-
sponsible for this exchange: cross-relaxation, which
is enhanced at the water—molecule interface, and
chemical exchange with the hydroxyl and carboxyl
groups on the surface of a relatively immobile poly-
mer matrix. Even though sodium alginate contains
the same number of exchangeable protons no signifi-
cant MT effect was observed because the motion of
the alginate molecules is too fast.

Prompted by the above, four alginate samples with
different O-acetyl contents were studied to evaluate
the use of MRI to discriminate between them; these
acetylated samples were the same as those used by
Skjak-Brak et al. [9] for their work. The gel from the
non-acetylated sample (0% OAc) was prepared at a
concentration of 2% (w/w), and the weight of the
other samples was corrected accordingly in order to
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obtain the same concentration of uronate residues.
The results presented in Table 3 illustrate how the
various water NMR parameters are influenced by the
different O-acetyl content of the four samples. It is
important to note that no comparison can be made
with the values presented in Table 2 for the commer-
cia sample, because of the difference between the
samples in the amount of guluronic acid, in the
molecular weight, and in the purification procedures
used.

As expected, both T, and K were very sensitive to
gel strength, which seemed to be seriously compro-
mised for samples with high degree of acetylation
(d.a). Thus, for both the T, and K values, there was
a roughly two-fold difference between the values for
low d.a (T,, 75-102 ms; K, 0.47-0.55 L /s) com-
pared to those for the two samples with higher d.a
(T,, 222-190 ms; K, 0.23-0.27 L /s). There was a
dramatic decrease in gel strength as the amount of
acetyl groups increased from 10.3 to 47.6%, whereas
it remained practically constant for the samples with
d.a. equa to 117%. This proves once again [9] that
O-acetylation on both guluronic and mannuronic
residues inhibits the formation of strong gels which
have good mechanical properties. when the content
of O-acetyl groups is high, the mechanism responsi-
ble for ga formation, which involves the hydroxyl
groups on unsubstituted guluronate acid residues, fails
to induce a high degree of conformational ordering of
the chains.

The sample with 10.3% d.a. presented a shorter T,
than the non-acetylated sample; this finding seems
not to be in accord with the results presented by
Skjak-Brak et al. [9], who showed a decrease of the
modulus of rigidity, even at low values of acetyla
tion. The decrease in T, for the sample with 10.3%
d.a. can be explained if we consider the fact that a
small amount of acetylation, mostly present on the
chain regions not directly involved in the gelation
with calcium, plays an important role in the water
ordering and in the total amount of ‘bound’ water,

Table 3

47 6% OAc 0% OAc

117% OAC

10.3% OAc

Fig. 2. T,-map for alginate gels with different O-acetyl
content: gels with a high d.a (47.6 and 117%) have a
higher value of T, which implies a markedly reduced gel
strength when compared with the non-acetylated or low
O-acetyl content gels (0 and 10.3%). The O-acetylated
samples have been prepared from Laminaria hyperborea
and the gels were obtained diaysing Na-alginate solutions
against 0.06 M CaCl, containing 0.2 M NaCl.

chemisorbed to those regions. In support of this,
Skjak-Brak et al. found an increased degree of
swelling for the acetylated samples; the higher gel
homogeneity we obtained for the acetylated samples
(Fig. 2) can be explained in terms of aslower swelling
kinetics [9], which favours the approach to equilib-
rium. While for higher degrees of acetylation the
mechanical properties, such as the modulus of rigid-
ity, better explain the observed increase in T,, for
samples with low values of acetylation, the swelling
phenomenon becomes predominant, leading to a
shortening of the T, values.

NMR parameters: MRl measurements for alginate gels with different acetyl content (% OAc); aginate gels have been
obtained dialysing alginate solutions against 0.06 M CaCl, containing 0.2 M NaCl

% OAcC T, (ms) T, (9 T (9 Mg/ M, K(L/9)
0% 102 (7.5)2 2.42 (0.09) 1.31(0.08) 0.39(0.01) 0.47 (0.04)
10.3% 75(3.5) 2.47 (0.08) 1.15(0.09) 0.35(0.02) 0.55 (0.06)
47.6% 222 (5) 2.44(0.08) 1.84(0.16) 0.58 (0.02) 0.23(0.02)
117% 190 (14) 2.72(0.07) 1.78 (0.15) 0.52 (0.01) 0.27 (0.02)
Ratio 117:0% 1.86 112 1.36 1.33 0.57

4The values in brackets represent the standard deviation for the region imaged.
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3. Conclusion

In this work, we have used a fully automated MRI
analysis protocol to measure the MRI parameters of
water in alginate solutions and gels, and have estab-
lished that those parameters provide spatial character-
isation of the chemistry of the aginate matrices
considered. The T, relaxation time and the proton
exchange rates appear to give very useful information
about molecular motion, and provide good insight to
how differences in chemical structure can influence
functional properties, such as mechanical strength
and diffusion properties, at least in aginate gels.

4. Experimental

Samples.—The commercia sample of aginate
containing 35% of guluronic acid was obtained from
FISONS Scientific Apparatus. The O-acetylated sam-
ples, containing 68% of guluronic acid (acetyl con-
tent, 0%, 10.3%, 47.6%, 117%), were prepared from
L. hyperborea [15]. Sodium alginate solutions at dif-
ferent concentrations (% w/w) were prepared by
dissolving the samples in 0.2 M NaCl. Calcium algi-
nate gels were made by pouring the alginate solution
into a plastic cylinder (i.d. 1.2 cm; height 1.3 cm)
fitted with a dialysis membrane at each end, and
dialysing for 72 h against 0.06 M CaCl, containing
0.2 M NaCl; the sodium ions were added to increase
the homogeneity of the gels [13].

MRI instrumentation.—All the measurements were
performed on a Bruker Medizin Technik Biospec 1l
console, coupled to an Oxford Instruments 31 cm
horizontal bore superconducting magnet operating at
2.35 T (100 MHz for *H). All the samples were
studied using a 2.4 cm diameter birdcage radio fre-
guency coail inside a 11.6-cm diameter gradient set
that provided maximum magnetic field gradients of
0.16 T/m.

Imaging protocols.—All the images were acquired
with a 256 X 128 pixel matrix, 5 cm Field of View, 3
mm dlice thickness, 195 um/pixel in plane resolu-
tion and 2 averages. Quantitative MRI maps of T,,
T,, Tier My /M, retio, and MT rates (K) were
achieved by varying successively the recovery delay
(RD), the echo time (Tg), and the saturation transfer
delay (SP) in a multi-echo (CPMG) MRI sequence.
The saturation pulse was a squared pulse of low
amplitude (0.1 G) and 10 kHz off-resonance, applied
before NMR excitation.

For T, maps, 12 images were acquired with an

inter echo time of 20 ms; data from the same pixel in
each of these images were fitted to a single exponen-
tial decay, according to the equation:

M = M, exp(—Tg/T,) (1)

where M, represents the proton density and hence
the relative distribution of water protons within the
sample.

Variable delay lists for T, and T,, weighted
images were based on a logarithmic scale with 7 and
8 points, respectively, with RD and SP incremented
to values of 12,5 and 6 s, respectively. Maps of T,,
T,» My /M, were obtained by fitting the data to
equations:

M = M,[1 — exp(—RD/T})] (2)
M= Mg + (Mo - Mﬁ)exp( _SD/TlsaI) (3)

where M, is the equilibrium longitudinal magnetisa-
tion in the absence of saturation transfer, Mg, is the
minimum longitudinal magnetisation when saturation
transfer has reached a steady state (SP=5XT,,),
and T, isthelongitudinal relaxation time measured
during saturation exchange between macromolecular
and water protons. The proton exchange rate (K ) was
then given by:

K= 1/let(1 - Mw/Mo) (4)

Water self-diffusion coefficients (D) experiments
were performed by varying the gradient pulse ampli-
tude in a Pulsed Field Gradient (PFG) NMR se-
guence. Datawere analysed by nonlinear |east-squares
regression of the equation:

M,/M, = exp| — (v98)°(A - 8/3)D| (5)

where vy is the proton magnetogyric ratio, g is the
pulsed field gradient intensity, & is the duration of
the field gradient pulse, and A is the time interval
between the leading edges of the field gradient pulses.

Bulk NMR measurements—Bulk T, measure-
ments were made using an inversion-recovery se-
guence, in which the inversion time was incremented
from 0 to 15 s, according to a logarithmic scale of 32
points. Similarly, T,, My/M, and K were mea-
sured using an inversion saturation recovery se-
guence, with a saturation delay varied from 0to 4 s,
according to a logarithmic scale of 12 points. A
CPMG sequence was used to measure T,, with an
inter echo time of 8 ms.

Computing.—All data were processed on a Sun
Sparc station model, running UNIX, C-code software
developed in house. All the values were obtained,
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either from imaging or ‘bulk’ measurements, by fit-
ting the data with a curve fitting program, based on
the Levenburg—Marquardt nonlinear least-squared
minimisation algorithm [16].
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