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The electronic Overhauser effect was employed to enhance nuclear magnetic resonance images obtained in
a magnetic field of only 16 mT. Despite the weak magnetic field, the technique can reveal, in some systems,
various aspects of ionic transport and kinetics apparently not observed in conventional high-field magnetic
resonance imaging. We employed Overhauser imaging to monitor the spatial and temporal evolution of the
gelation of sodium alginate by calcium ions. The sensitivity of the Overhauser enhancement to small changes
in gel composition permits a stringent test of the underlying mechanisms of transport and chemical kinetics.

I. Introduction

Transport of reacting ionic species in the presence of a
concentration gradient is a ubiquitous phenomenon present in
many chemical and biological processes. If two initially
separated ionic species are placed in contact and a reaction takes
place, the reacted interface may sometimes act as a virtual
membrane with different transit times for ions of the two species.
As a consequence, induced electric fields1,2 may play an
important role in ionic transport. The ensuing spatial and
temporal evolution could be controlled not only by the diffusion
coefficients and the reaction rates but also by the locally induced
electric fields. Monitoring in a quantitative manner the spatial
and temporal evolution of such processes may provide important
clues of the underlying mechanisms of transport and of chemical
kinetics.

In this work, we employ Overhauser magnetic resonance
imaging in a low magnetic field to probe the spatial and temporal
evolution of two reacting ionic species by monitoring their
reaction product. The gelation of sodium alginate by calcium
ions is a process that involves some of the aspects mentioned
earlier and has inherent interest in various practical applications.
Polysaccharides such as sodium alginate are being employed
with increasing frequency for gel entrapment of living cells,3,4

implants,5 and other applications.6 Sodium alginate is especially
interesting for its ability to form, with divalent cations such as
calcium, a lattice of cross-linked chains that provides a
biologically mild environment for immobilization of living
cells.

Despite the complexity of this problem, mathematical models
have been proposed7,8 aiming at a simplified description of the
gelation process and the effective parameters controlling it.
Because, for many applications, it is important to control the
spatial heterogeneity of the gel, a prediction of the composition
of the final gel distribution for simple geometrical shapes and
its dependence upon operational parameters is expected to be
quite useful. For immobilization of living cells, for example, a
high gel concentration is generally required at the boundary to
provide good mechanical strength, while a low gel concentration
is necessary at the center for optimum biochemical activity.

Magnetic resonance imaging (MRI) has proven to be a
powerful tool for monitoring the evolution of processes involv-
ing transport under the effect of a gradient of an external
parameter, such as pressure, concentration, or chemical
composition.9-13 High-field (2 T) conventional proton MRI has
been employed earlier in a study of the gelation process of
sodium alginate,13 but the analysis was limited to the time
evolution of the sol-gel interface rather than the full gelation
profile. Unlike conventional MRI, proton-electron double
resonance imaging (PEDRI),14-17 using the electronic Over-
hauser effect, is especially powerful at low magnetic fields. In
this case, the electronic Larmor frequency can be maintained
sufficiently low and a good penetration of the irradiation field
is possible for samples of practical size. The use of such low
magnetic fields may also have significant consequences from
an instrumentation point of view, given the simplicity of the
magnet required.

Newly developed free radicals of the trityl family18,19provide
a source of electron spins that permits a large Overhauser
enhancement with relatively small irradiation field strength.
Moreover, the sensitivity of the Overhauser enhancement to
small variations in gel composition20 permits the observation
of effects not previously reported in conventional MRI studies.

We here present the result of measurements of calcium
alginate gelation profiles as a function of time under various
conditions in samples with a cylindrical symmetry. These data
permit a more detailed study of the transport and reaction
kinetics than earlier MRI data. The results are compared with
predictions of a recently proposed model constituting a stringent
test of the validity of various assumptions connected to the
kinetics and transport mechanisms in this system.

II. Experimental Results

PEDRI measurements in a magnetic field of only 16 mT were
performed in a home-built system21 operating at a proton Larmor
frequency of 680 kHz. As a source of unpaired electron spins
for the electronic Overhauser effect, the recently developed trityl
free radical OX06318 was employed. The electron spin resonance
line of this radical, with a Larmor frequency of 447 MHz, is
not split by hyperfine interactions as in nitroxide radicals and
is also very narrow.19,22 As a consequence, a quite large
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enhancement can be achieved with moderately low irradiation
power.

The experimental arrangement employed was somewhat
similar to the one used by Potter et al.13 in their high-field MRI
study. A cylindrical dialysis membrane, impermeable to the
polysaccharide but permeable to other ions, was employed. With
an internal diameter 2b ) 14.5 mm and a height of 25 mm, the
membrane was surrounded by a cylindrical glass vial with
internal diameter 2B ) 25 mm forming two concentric
reservoirs. The external reservoir contained a 0.06 M solution
of CaCl2, and the internal reservoir contained an aqueous
solution of sodium alginate. In both reservoirs, dissolved trityl
OX063 free radical was present at a 2.5 mM concentration.

The two concentric sample holders were placed inside an
inductively coupled birdcage resonator, approximately 3 cm in
diameter, tuned to the electronic Larmor frequency. The
cylindrical resonator produced quite a uniform radio frequency
magnetic field in the region of interest, but in the region of the
external CaCl2 reservoir, spatial field inhomogeneity was
observable for some range of azimuthal angles.20 The resonator
and the sample holders were positioned at the center of the NMR
receiver coil and placed inside the horizontal magnet bore.

Data were acquired using a conventional spin-echo imaging
sequence in a PEDRI mode.16 The echo time was TE) 30 ms,
and the recycling time of the spin-echo sequence was TR)
1.8 s. Preceding the spin-echo sequence, within the TR interval,
a 500 ms electronic irradiation pulse from a 10 W amplifier
was inserted.

The gradient strengths were adjusted for an in-plane pixel
size of 0.43 mm with a slice thickness of 20 mm. The acquisition
time for each image was 7.7 min for a 64× 64 matrix with
four scans for signal averaging. The Overhauser enhancement
in the region of the external reservoir was approximately 50
for a 2.5 mM concentration of the trityl radical OX063. This
was determined by comparison with a reference sample located
within the receiver coil but not Overhauser irradiated.

Once dialysis against the external CaCl2 solution was started,
PEDRI profiles of the gelation process were obtained at time
intervals of approximately 30 min, up to a maximum of 270
min. The imaging time of 7.7 min provided acceptable time
resolution and relatively little blurring due to spatial averaging
of the slow transport process. Typical PEDRI signal profiles of
the gelation process are shown in Figure 1 for an initial sodium
alginate concentration in the inner reservoir of 3% (w/v) and
an initial 0.06 M CaCl2 concentration in the outer reservoir.
Radial profiles for different azimuthal angles differed only
slightly. It was found to be quite representative to plot profiles
for those azimuths for which no radio frequency field inhomo-
geneity was detectable in the outer reservoir.. The amplitudes
are in arbitrary units with the value 256 corresponding to the
PEDRI signal amplitude in the region of the external reservoir.

The profiles shown in Figure 1 illustrate the sensitivity of
the Overhauser enhancement to variations in gel composition20

as the formation of bound calcium salt bridges progresses. In
previous studies of this system using conventional MRI and
other methods,13,23quantitative information about the transport
process was obtained by monitoring the spatial displacement
of a gelation front at the sol-gel interface. In an effectively
one-dimensional configuration and for a very fast reaction rate,
the calcium diffusion coefficient at the interface has been
correlated with the displacement of the gelation front.13,7Given
that the purpose of this study is to take full advantage of all of
the information contained in PEDRI data such as those of Figure
1, it becomes necessary to translate the signal profiles of Figure

1 into bound calcium profiles to test realistic models of the
process. This requirement could be avoided if what is sought is
only the time evolution of the interface, provided it is sharply
defined. The data of Figure 1 indicate that, although a well-
defined transition can actually be observed in some of the
Overhauser images,20 the bound calcium profiles exhibit a
generally gradual spatial variation.

To convert signal profiles into bound calcium profiles,
calibration curves became necessary. The main assumption is
that the spatial evolution of the gelling process does not
significantly alter the local degree of water mobility with respect
to static homogeneous conditions for the same concentration
of bound calcium. Furthermore, the reactivity is known to be
negligible for the chemical species involved. Hence, a uniform
distribution of elecronic spins may be assumed on the spatial
scale of the experiment.

The calibration procedure involved the same arrangement of
two concentric reservoirs but with a glass partition substituting
for the dialysis membrane. The external reservoir, still containing
a 0.06 M CaCl2 solution and a 2.5 mM concentration of radical,
served as a signal reference for the Overhauser enhancement.
For the actual calibration, we used the signal intensity from the
inner reservoir, which contained various spatially uniform
control gels with a range of calcium concentrations and a given
initial concentration of sodium alginate. For reliable results, these
control samples were required to be spatially homogeneous on
a scale smaller than a pixel size. Because the reaction is quite
fast, simply vigorously stirring a known amount of CaCl2

solution into a sodium alginate solution containing the free
radical was only found to be adequate for small calcium
concentrations. To circumvent this difficulty we employed, for
larger calcium concentrations, the procedure proposed by Draget
et al.,24 whereby a fine dispersion of insoluble CaCO3, together

Figure 1. PEDRI signal amplitude profiles plotted against the relative
radial distance from the center for an initial sodium alginate concentra-
tion of 3% (w/v) and an initial 60 mM Ca2+ concentration in the external
reservoir. The signal profiles correspond to reaction times (4) t ) 270
min, (2) t ) 210 min, (3) t ) 120 min, and (1) t ) 15 min. The trityl
radical concentration was 2.5 mM.
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with a hydrolyzing agent (δ-gluconolactone), permits a slow
conversion to dissolved calcium ions yielding very homogeneous
gels. As a check, this latter procedure yielded, for low calcium
concentrations, results that were found to be compatible with
the direct calibration using a CaCl2 solution.

Figure 2 shows a calibration curve for 3% (w/v) sodium
alginate with the horizontal axis representing bound calcium
molarity in the control gel and the vertical axis representing
the corresponding PEDRI signal amplitude at a 2.5 mM
concentration of radical. The amplitude assigned to the signal
from the external reservoir was 256.

PEDRI signal amplitude not only is a function of calcium
concentration in the gel but also depends on the initial sodium
alginate concentration. Thus, different calibration curves are
needed to convert the signal amplitude when the initial sodium
alginate concentrations are different from that of Figure 2. To
the extent that alginate diffusion can be considered to have a
negligible effect during the time of the dialysis experiment, the
use of calibration curves such as that of Figure 2, but with a
different sodium alginate concentration, can be expected to be
applicable to an actual dialysis experiment in which this new
initial sodium alginate concentration prevails.

A characteristic of hydrogels is that, even though the
macroscopic viscosity diverges at the gel point, water molecules
still remain quite mobile. Thus, the Overhauser enhancement,
sensitive to the fluctuations in electron-nucleus dipole-dipole
interaction,25 drops very rapidly as the macroscopic viscosity
increases and the gel point is approached. However, the drop
still continues, at a slower rate, until a limit is reached for larger
calcium concentrations.

The calibration curve of Figure 2 quantitatively demonstrates
the sensitivity of the Overhauser enhancement to changes in
calcium concentration. The initial signal amplitude, for 3% (w/
v) sodium alginate, can be seen to be somewhat lower than the
reference value 256. This is expected from the larger viscosity

of the alginate solution compared to the aqueous CaCl2 reference
solution. A drop in signal amplitude by approximately a factor
of 2 takes place when the calcium concentration in the gel
increases to approximately 10 mM. Within this range, concen-
tration variations of less than 1 mM can be detected and the
large sensitivity of the Overhauser effect becomes most apparent.
For larger calcium concentrations, the signal amplitude drops
at a slower rate and reaches a steady-state value for a calcium
concentration of approximately 53 mM. Assuming stoichio-
metric formation of salt bridges at this steady-state value, 1 g
of our commercial sodium alginate would correspond to 0.0036
mol of guluronic carboxyl units. This is in very good agreement
with the value reported by Potter et al.13 The overall signal
changes by a factor of approximately 5.0 for a 3% (w/v) initial
sodium alginate concentration and TE) 30 ms. This permits
the observation of small variations in signal profiles, especially
for low calcium concentrations.

Figure 3 shows bound calcium profiles obtained from the
signal profiles of Figure 1 by a polynomial interpolation from
the calibration curve in Figure 2. A striking result, not apparent
from previous conventional MRI,13 is the presence of an
unexpectedly sizable concentration of bound calcium at the
center of the cylinder for very short times. This observation
will be seen to be an important clue for a realistic description
of the transport process and the kinetics.

III. Discussion

The results of section II can be employed for a quantitative
test of the underlying mechanisms of transport and kinetics.
Mikkelsen et al.8 proposed a model in which the space and time
evolutions of the gelation process were assumed to be describ-
able, as a first approximation, by three space- and time-

Figure 2. PEDRI signal amplitude as a function of bound Ca2+

concentration in spatially uniform alginate control gels. The sodium
alginate concentration was 3% (w/v), and the trityl radical concentration
was 2.5 mM.

Figure 3. Bound Ca2+ profiles,Bc(r,t), plotted against relative radial
distance from the center for a 3% (w/v) initial sodium alginate
concentration, 2.5 mM trityl radical concentration, and 60 mM initial
Ca2+ concentration in the external reservoir. The profiles correspond
to reaction times (4) t ) 270 min, (2) t ) 210 min, (3) t ) 120 min,
and (1) t ) 15 min. The solid lines represent calculated bound Ca2+

profiles.
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dependent quantities: the concentration of alginate monomer
chainsa(r,t), measured by the total number of moles of carboxyl
groups (repeating units), the free calcium molar concentration
c(r,t), and the gel concentrationg(r,t). This last quantity
represents the concentration ofn-mers (n g2) formed by calcium
salt bridges also measured by the total number of moles of
carboxyl repeating units. We have assumed cylindrical sym-
metry, with r denoting the radial distance to the center of the
cylinder.

The space and time evolutions were further assumed to be
governed by diffusion and by an irreversible chemical reaction
according to the following set of coupled partial differential
equations:

Dc in eqs 1-3 denotes the free calcium diffusion coefficient,
assumed to be constant, andDa represents the free alginate
diffusion coefficient, which may depend ona(r,t) and g(r,t).
For simplicity, a single reaction ratek, corresponding to the
formation of alginaten-mers (n g2), was assumed. Electrostatic
effects were neglected, as well as the diffusion ofn-mers (n
g2).

In addition to the diffusion coefficients and the single reaction
rate, eqs 1-3 contain another parameter, represented byNh c,
which is related to a basic assumption of the model concerning
the kinetics of the gelation process. Although eq 1 is of first
order in the free calcium concentration, it was assumed that
the average number of calcium ions bound to each alginate
n-mer (n g 2), denoted byNh c, is larger than one. This postulate
implies a highly cooperative process. The first alginate-Ca2+

binding immediately initiates the formation of a dimer bond by
subsequent cooperative binding of additional Ca2+, without any
additional alginate molecules. Examples of this type of binding
are found, for example, in the nucleation kinetics of nucle-
otides.27 Moreover, to reproduce typical concentrations of
calcium ions bound in the gel, large values ofNh c, typically 50
or even larger, would be needed. Such large values ofNh c have
a pronounced effect upon the gel profiles predicted by eqs 1-3,
greatly hindering gel formation at the center of the cylinder.

We solved eqs 1-3 numerically8 to assess to what extent
g(r,t) could describe the variations of bound calcium observed
in our experiments. Using accepted estimates8 for Da, Dc, and
k, we found that values ofNh c as large as 50 were completely
untenable for the time scale of our experiments. They predict,
for reaction times such as that in Figure 3, very inhomogeneous
gels with bound calcium concentrations at the center cylinder
that are orders of magnitude smaller than those at the edge.
This is contrary to the inhomogeneity apparent from Figure 3.
Given the large sensitivity of the Overhauser enhancement to
small changes of bound calcium concentration near the center
of the cylinder, the values shown in Figure 3 can be considered
reliable.

In reality, if the gel inhomogeneity predicted by eqs 1-3 is
required to approach the experimental values shown in Figure
3, the value ofNhc must be chosen to be close to unity, as required
by stoichiometry. This requires a reinterpretation of the quanti-
ties defined therein. Because the collective binding effect must

be abandoned, at least for our relatively short-time reaction
regime, we are forced to adopt a standard kinetic approach.
Hence, a(r,t) is now interpreted not as a concentration of
monomeric chains but rather as the actual molar concentration
of nonbridged guluronic8 carboxylic groups. Similarly,g(r,t) is
interpreted as the actual molar concentration of guluronic
carboxylic groups associated in bound calcium bridges. Given
this new interpretation, the two terms on the right-hand side of
eq 1, representing the Ca2+ depletion rate caused by chemical
reaction, must be combined into a single term 2kca2. Similarly,
the twice as fast rate of chemical depletion of nonbridged
guluronic carboxylic groups in eq 2, and the rate of increase of
bridged carboxylic groups in eq 3, become simply 4kca2 in both
equations.

Despite the many simplifications implicit in this model, it is
quite instructive to compare its predictions with the data of
Figure 3. The coupled set of modified differential equations was
solved numerically8 in cylindrical coordinates for the dimen-
sionless quantitiesG(r,t) ) g(r,t)/a(0), A(r,t) ) a(r,t)/a(0), and
C(r,t) ) c(r,t)/a(0), where the constanta(0) ) 0.106 M denotes
the initial molar concentration of guluronic carboxylic groups
in the 3% (w/v) sodium alginate solution. The molar concentra-
tion of bound calcium plotted in Figure 3 is now expected to
be simply given by the stoichiometric relationshipBc(r,t) )
G(r,t)a(0)/2.

Because the volume of the external reservoir in our experi-
ment is only a factor of 2 larger than that of the inner reservoir,
the depletion of Ca2+ in the external reservoir during the reaction
times of Figure 3 had to be taken into account. This was
accomplished through a suitable boundary condition at the
dialysis membrane.8 Furthermore, assuming for the repeating28

alginate macromolecules a very small diffusion coefficient,
typically of the order 10-3Dc,8 the effect upon the calculated
bound Ca2+ profiles was found to be negligible, at least for
relatively short times such those in Figure 3. Thus, only two
adjustable parameters, an effective calcium diffusion coefficient
Dc and an effective reaction ratek, would be required for a
comparison with the data of Figure 3.

Figure 3 shows calculated bound Ca2+ profiles obtained from
the modified eqs 1-3 for various reaction times. Given that
the experimental profiles for times less than approximately 200
min significantly depart from the parabolic-like shape charac-
teristic of Fickian diffusion, we chose to adjust the two
parameters so thatBc(r,t) yields the best possible fit for times
longer than 200 min. The calculated profiles fort ) 270 min
and t ) 210 min shown in Figure 3, which appear to be in
fairly good agreement with the data, correspond to a value of
the effective reaction rate ofk ) 3 × 10-2 M-2 sec-1. This
value is not incompatible with other approximate estimates that
have been reported for this quantity.8

The effective Ca2+ diffusion coefficient,Dc ) 0.81× 10 -

5 cm2/sec, obtained from the fits of Figure 3 deserves special
attention. This value almost coincides with 0.79× 10-5 cm2/
sec, the free Ca2+ diffusion coefficient at infinite dilution.29 From
this result, one is led to conclude that Ca2+ transport through
the gel is, somewhat unexpectedly, as efficient as in aqueous
solution under optimum conditions. This enhanced transport
becomes more evident if one examines the shorter time behavior.
A comparison between the experimental profile fort ) 120
min and the calculated profile shows significant discrepancies.
Even with such a large value ofDc, the measured concentration
of bound Ca2+ at the center appears to be almost a factor of 3
larger than the predicted value. Furthermore, the shape of the
profile departs considerably from the theoretical prediction

∂c
∂t

) Dc∇2c - kNh cca2 - kNh ccag (1)

∂a
∂t

) ∇(Da∇a) - kca2 - kcag (2)

∂g
∂t

) kca2 + kcag (3)

7254 J. Phys. Chem. A, Vol. 106, No. 32, 2002 Barros and Engelsberg



resembling profiles in which collective flow competes with pure
diffusion.21,30,31

The source of these discrepancies can be attributed to
electrostatic effects not included in eqs 1-3. The presence of
such effects in the present system was readily verified by
inserting platinum electrodes and monitoring the voltage as the
gelation progressed. The large difference in transit times across
the dialysis membrane, especially between the anions, induces
an electric field directed toward the center. This causes a bulk
transport of Ca2+ with a quite pronounced flow at the beginning
of the process. Moreover, as the network of cross-linked chains
grows, enlarging the size of the effective membrane, the
collective motion changes to a regime that may be characterized
as effectively diffusive, albeit with a larger apparent diffusion
constant.

A more realistic approach to this problem should involve the
numerical solution of the complete Nernst-Planck and Poisson
equations.1,32 This includes all ions and their diffusion coef-
ficients in the dialysis membrane as well as in the gel. Equation
1 for the free Ca2+ concentrationc(rb,t), for example, should be
complemented by an additional term of form1,32 - Dc∇[2c(rb,t)-
(F/(RT))EB(rb,t)], whereF, R, andT denote, respectively, Fara-
day’s constant, the gas constant, and absolute temperature. The
induced electric field,EB(rb,t), is further determined self-
consistently by a Poisson equation involving all ions. Although
a full solution of these equations will not be attempted here,
some qualitative arguments could be useful. If a regime were
reached in which the induced electric field approaches the simple
form EB ) -Γ(∇c)/c, with Γ denoting a positive constant, an
effectively diffusive process would be established. Such a spatial
and temporal dependence of the electric field would lead to
Fickian profiles, as in Figure 3 fort ) 210 and 270 min.
However, an apparent diffusion coefficient larger than the pure
self-diffusion coefficient by a factor 1+ 2ΓF/(RT) would have
to be invoked.

An estimate ofΓ is possible from the data of Figure 3 fort
) 210 andt ) 270 min. Assuming for the true Ca2+ diffusion
coefficient the value 0.3× 10-5 cm2/sec, determined by Potter
et al.,13 and 0.81× 10-5 cm2/sec for the apparent diffusion
coefficient, one obtainsΓ ) 22 mV, which is not inconsistent
with typical values for this system.

IV. Conclusions

We conclude that Overhauser imaging in very low magnetic
fields may be a powerful tool to study processes involving
transport and chemical reaction via actual concentration profiles.
This may include processes involving chemical waves and other
spatio-temporal phenomena.33 Not only new effects may become
accessible but also the magnet design and cost become much
more affordable.

The study of bound Ca2+ gelation profiles in sodium alginate
cross-linked by Ca2+ ions was found to furnish a good example
of the possibilities permitted by this technique. Thanks to the
large sensitivity of the Overhauser enhancement to small
changes in bound Ca2+ during the initial phase of the process,
new aspects, apparently not observed in earlier conventional
MRI, could be examined. A proposed cooperative effect in the
kinetics of alginate gel formation was found to be inconsistent
with our experimental results. The proposed effect, which
provides an explanation for the steady-state gel compositions

at long times,8 was found to be incompatible with our results
for the initial stages of the process. The transport of Ca2+

through the forming gel was found to be significantly enhanced
by electrostatic effects.34 Moreover, the shapes of the profiles,
especially in the initial phase, appear to be strongly affected by
bulk flow caused by the induced electric fields.
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