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Abstract

Proton–electron double-resonance imaging (PEDRI) was recently employed to monitor the process of formation of a calcium alginate
hydrogel at a field of 16 mT. Here, under the same experimental conditions, images obtained through this technique are compared to
images obtained by conventional T2-weighted method. The results confirm that the image contrast obtained using PEDRI, thanks to
the Overhauser effect, exhibits an improved sensitivity with respect to changes in water mobility as previously suggested in the literature.
Furthermore, by increasing the echo time interval for the T2-weighted images, important features of the gelling dynamics obtained via
PEDRI could not be reproduced.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The use of magnetic resonance imaging (MRI) in mate-
rial science applications has become widespread over the
years [1–3]. By looking at the image profiles obtained
through properly designed experimental arrangements it
is possible to assess aspects of the structure, the underly-
ing mechanisms of transport and chemical kinetics of
many interesting processes [1,2,4,5]. In particular, the
possibility of monitoring these processes with spatial
resolution constitutes a unique advantage of MRI over
methods where only global temporal dynamics can be
extracted.

The MRI technique exhibits an inherently low signal-
to-noise efficiency. Usually, despite the high costs involved,
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signal-enhancement is generated by utilizing high polariz-
ing fields powered by super-conducting magnets. However,
there are ways of improving the signal-to-noise ratio with-
out necessarily increasing the polarizing field. For instance,
a dynamic nuclear polarization (DNP) [6] method based on
the Overhauser effect [7] can produce good quality MR
images at low polarizing magnetic fields [8]. The method
consists of irradiating an electron paramagnetic resonance
(EPR) line of a free radical in solution and, via cross-relax-
ation processes between the unpaired electrons and the
coupled solvent nuclei, induce an increase in the nuclear
spin polarization. The signal enhancement is a function
of the ratio ce/cp = 660 of the magnetogyric factors of
two types of spins involved in the process. Its large value
justifies the use electron–proton polarization transfer for
signal enhancement. The potential difference in the Overha-
user contrast when compared to conventional imaging
techniques is related to the role of the free radical as an
active factor in the polarization transfer. Recently, in addi-
tion to the signal-to-noise ratio enhancement, it has been
shown that the imaging contrast produced via Overhauser
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effect can be very sensitive to mobility changes of the water
molecules [9–12].

Although gels exhibit solid-like characteristics on a mac-
roscopic level, microscopically they behave in a liquid-like
fashion suitable for MRI investigation. Indeed, a consider-
able variation in water mobility is expected during the for-
mation of gel systems. In particular, polysaccharides such
as sodium alginate are especially interesting for their ability
to form, with divalent cations such as calcium, a lattice gel
of cross-linked chains that provides a biologically mild
environment for immobilization of living cells, implants,
and for drug delivery [13]. Although high field T2-weighted
images [14] indicate reduced mobility-sensitivity for the
same type of gels studied here, the T2 relaxation times as
well as the reaction rates that determine the sharpness of
the reaction-front change appreciably as a function of the
alginate unitary constituent fractions. Thus, to conduct
experiments on the same gel system under the same condi-
tions turns out to be vital for a reliable comparison
between different imaging modalities.

In order to confirm the enhanced mobility-contrast
sensitivity generated via the Overhauser effect, we
compare images of the formation process of alginate
hydrogels [12] obtained under the same experimental
conditions by a technique named proton–electron dou-
ble-resonance imaging [15] (PEDRI) and by conventional
T2-weighted imaging. For the latter method, images with
increasing values of the spin-echo time TE were recorded
in an attempt to reproduce the same contrast-sensitivity
of the images obtained by PEDRI. Finally, as a way
to quantify the range of sensitivity of the mobility con-
trast obtained via the Overhauser effect, PEDRI signal
amplitudes of homogeneously prepared samples of calci-
um alginate gels with different concentrations of initial
sodium alginate were acquired as a function of calcium
concentration.

2. Theory

The Overhauser contrast observed utilizing the PEDRI
method depends upon several factors which are different
from those prevailing in conventional MRI. (A more
complete treatment [9,10] can be found elsewhere and
here only the most basic results will be presented.) The
PEDRI technique is performed by dissolving a small
amount of a free radical (typically a few mM) into a
water solution and then transferring polarization, via a
saturating EPR pulse, from the unpaired electrons in
the free radical to the 1H nuclei present in the water mol-
ecules. Typically the electron–proton DNP requires low
polarizing magnetic fields since water-soluble systems
may become opaque for high-frequency EPR irradiation.
(Field cycling techniques can be utilized to circumvent
this limitation [16].)

In a steady state regime, the signal enhancement E gen-
erated by saturating the electronic transition S and detect-
ing the water protons transition I is given by [9]
E ¼ hI zi
I0

¼ 1� qf
jcej
cp

s; ð1Þ

where ÆIzæ is the average nuclear magnetization generated
by the polarization transfer and I0 is the equilibrium nucle-
ar magnetization produced in the presence of the polarizing
field. The parameter f is the leakage factor, q is the cou-
pling factor, s denotes the degree of saturation for the elec-
tronic transition, and finally ce and cp are, respectively, the
magnetogyric factor of the electrons unpaired in the free
radical and that of the protons present in the water
molecules.

The leakage factor f in Eq. (1) accounts for the loss in
the Overhauser enhancement caused by spin–lattice relaxa-
tion of nuclei within the solvent molecules via proton–pro-
ton dipolar couplings. More explicitly, f is given by

f ¼ 1� T 1

T 10

¼ kCT 10

1þ kCT 10

: ð2Þ

Here, T1 denotes the NMR spin–lattice relaxation time of
the water protons of the free radical solution. The protons
relaxation time in the absence of the free radical in given by
T10. The concentration of free radical is given by C and k

denotes the relaxivity constant. f indicates that, in order
to detect an appreciable enhancement, the electron spins
in the free radical must provide the dominant relaxation
mechanism for the NMR nuclei.

The coupling factor q is dependent upon the nature of
the proton–electron interaction and the magnetic field
strength. At low free radical concentration, dipolar interac-
tions are responsible for the electron–proton cross-relaxa-
tion process. Low polarizing fields, as in the experiments
described here, make the inverse of the electronic Larmor
frequency larger than the characteristic correlation time
of molecular motion (extreme narrowing limit). These com-
bined effects give q = 1/2.

The s factor is a function of irradiation power and the
electron spin relaxation times. Steady-state on-resonance
irradiation yields

s ¼ ðS0 � hSziÞ
S0

¼ c2
eB2

1T 1eT 2e

1þ c2
eB2

1T 1eT 2e

; ð3Þ

where S0 is the equilibrium zeeman magnetization for the
electrons and ÆSzæ is the electronic polarization under the
saturation irradiation. B1 is the amplitude of the oscillating
magnetic field used to saturate the electronic transition, T1e

and T2e are the electron spin–lattice and spin–spin relaxa-
tion times, respectively. Via these relaxation times a relation
between the mobility of the radical and the saturating
parameter is established. If the extreme narrowing condi-
tion does not hold, e.g., when the molecular motion is not
fast enough, it is necessary to introduce correlation func-
tions for the electron–proton and proton–proton dipole–di-
pole interaction [10]. Moreover, if the steady-state regime is
not valid, i.e., if T1 is larger than the electronic irradiation
interval a correcting term [10] needs to be included in Eq.
(1). In fact, a detailed analysis and evaluation of the abso-
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lute value of the Overhauser signal enhancement seems not
to be necessary for experiments as those described here
where only relative changes in the image profiles are impor-
tant for determining the associated contrast.

3. Experiments

The experimental setup for observing the process of gel-
ling of a sodium alginate solution in the presence of calci-
um ions is shown on Fig. 1. The arrangement displays two
nested concentric reservoirs: a dialysis membrane (internal
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Fig. 1. Description of the experimental setup designed to monitor the
calcium alginate formation: (a) A semipermeable dialysis membrane
containing a 3% (w/v) sodium alginate solution is immersed into a glass
vial containing 60 mM of CaCl2 forming two concentric reservoirs; (b) top
view of the arrangement depicting the cations and anions involved in
the process; (c) an axial slice of a typical PEDRI (see Fig. 2) image of the
experimental arrangement showing the two regions at an early stage of the
gelling process (TE = 30 ms, 128 · 64 matrix, 0.38 mm in-plane resolution,
four averages, and EPR irradiation interval tEPR = 500 ms with 10 W
power).
reservoir) of 14.5 mm (i.d.) and 30 mm height containing a
3% (w/v) aqueous solution of sodium alginate (The mem-
brane is impermeable to alginate macromolecules but per-
meable to other ions); and a cylindrical glass vial (outer
reservoir) with 25 mm (i.d.) and also a 30 mm height con-
taining a 60 mM aqueous solution of CaCl2. In both reser-
voirs, a 2.5 mM concentration of the triaryl methyl (TAM)
free radical OX063 [17] was dissolved.

The measurements were conducted in a home-built MRI
scanner able to generate a polarizing field of 16 mT corre-
sponding to a resonance frequency of 680 kHz for the 1H
nuclei. The DNP technique was performed by saturating
the single-line transition of the unpaired electron spins of
the free radical using a birdcage resonator of 30 mm (i.d.)
inserted into a solenoid receiver coil tuned to detect the
1H NMR signal of the water molecules. The OX063 sin-
gle-line EPR transition [18], corresponding in a field of
16 mT to a frequency of 447 MHz, was saturated by a
10 W amplifier during a period tEPR = 500 ms. An Overha-
user enhancement of a factor of 50 was observed for a test
sample containing 2.5 mM of OX063 radical dissolved in
water. Following the saturation period, a conventional
spin-warp protocol was used to acquire an image (see
Fig. 2). The T2-weighted images were performed under
the same experimental conditions but turning the EPR irra-
diation off during tEPR. Unless otherwise mentioned the
spin-echo interval TE used was 30 ms and the imaging gra-
dients were adjusted in order to produce an in-plane pixel
size of 0.645 mm with a slice thickness of 20 mm. Each
image took 7.7 min for a 128 · 64 matrix with 4 averages.

The cycling time of the PEDRI sequence, TR = 1.8 s,
was chosen so that it corresponds to approximately 3T10.
Here T10 = 600 ms denotes the spin–lattice relaxation time
of an aqueous 3% (w/v) solution of alginate containing
2.5 mM of OX063 radical prior to gelation, when no calci-
um ions are present. This choice of TR substantially reduc-
es the effect of spin–lattice relaxation on image contrast at
the beginning of the process. As the gelation progresses
slowing down molecular motion, regions of the sample
with reduced water mobility could relax at a substantially
slower rate than 1/T10 therefore introducing some T1 con-
trast. However, since we will be comparing signal ampli-
tudes with and without EPR irradiation in the same
system under identical conditions, the effect of T1 on over-
all image contrast will be present in both cases with equal
strength.

Finally, a set of uniform sodium alginate aqueous solu-
tions with concentrations varying from 2% to 4% (w/v) was
prepared including 2.5 mM of OX063 radical. Homoge-
neous calcium alginate gels [19] with different concentra-
tions of Ca2+ were prepared for each of the initial
sodium alginate solution sets. Images of each gel sample
were obtained at 16 mT using the PEDRI sequence
described in Fig. 2. This experiment involved the same
arrangement of two concentric reservoirs depicted in
Fig. 1 but with a glass partition substituting for the dialysis
membrane. The outer reservoir contained a 2.5 mM
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Fig. 2. Pulse diagram of the PEDRI sequence. It consists of a conventional spin-warp imaging protocol that includes an EPR saturation interval tEPR (The
pulse interval lengths are not in scale).
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concentration of radical dissolved in an aqueous solution
of 60 mM of CaCl2. Its signal amplitude was assigned the
value 255 that was used as a reference for the Overhauser
enhancement.

4. Results and discussion

Fig. 3 shows axial image slices of the calcium alginate
gelling process as a function of the dialysis time T during
which the calcium cations cross the semi-permeable mem-
brane and react with the sodium alginate. The decay in
the signal amplitude is caused by changes in water mobility
generated by the binding of the calcium ions to different
pieces of the polymer forming the cross-linked network.
Each PEDRI acquisition (images depicted on the left col-
umn of the panel) is followed by another acquisition with
the electronic irradiation off (images depicted on the right
column). Looking at the first (T = 15 and 23 min) and
the last (T > 48 h) pairs of images, there is apparently as
much detail present in the PEDRI images as in the conven-
tional T2-weighted images. However, the images from
T = 60 to 278 min show a slightly different dynamics. The
PEDRI images exhibit two main features: the first one is
a sharp decay in the signal as the gelling reaction takes
place (see, for instance, the vertical arrow for T =
120 min). The second feature is a decay of the signal at
the center of the image which occurs simultaneously with
the reaction-front progression (see, for instance, the hori-
zontal arrow for T = 120 min). Both features are important
for the quantitative description of the gelling process [4].
To better appreciate the latter effect, Fig. 4 shows horizon-
tally taken radial profiles of the region inside the dialysis
membrane as the reaction takes place. The amplitude
assigned to the signal from the outer reservoir, not shown
in the figure, was 255. For conventional T2-weighted imag-
es (right column), with a TE = 30 ms, the T2 contrast is
enough to observe the reaction-front (refer to the vertical
arrow for T = 128 min) but clearly insufficient to catch
the signal decay at the image center (refer to the arrow
depicted horizontally for T = 128 min). The images using
the T2-weighted method do not show any pronounced
decay even at the extreme case of 48 h after the dialysis
started.

In conventional high-field MRI, contrast appears to be
determined by the pronounced difference in spin–spin
relaxation time between free sodium alginate solution and
calcium alginate gel [14]. In order to take advantage of this
difference and optimize contrast the echo-time TE must be
increased. Fig. 5 shows axial image slices obtained in a field
of 16 mT using the sequence described on Fig. 2 with the
EPR irradiation off during tSE = 500 ms. The spin-echo
time TE for the images from (a) to (e) was varied from
30 ms up to 200 ms. The image (a) corresponds to a dialysis
time T = 300 min and the following images were recorded
at later intervals as indicated in the figures. On the right
side of both (a) and (e), the respective PEDRI images
(TE = 30 ms) were used as reference for comparison. As
TE is changed, the T2 contrast becomes observable and
the regions where the gel has already reacted turn darker
in the images (vertical arrows for (a) and (d)). For
T > 270 min the reaction process is almost completed and
the changes in the images from (c) to (e) are expected
to result only from changes in the T2-weighting and not
from additional reaction. Surprisingly, for the interval of
TE values covered by this experiment, the signal at the
center of the membrane maintains its brightness up to
TE = 200 ms (see the horizontal arrow in the figure (e)).
However, the signal-to-noise gets worse as TE increases
and, for image (e), it is likely that the signal at the center
of image is considerably affected by noise. Although a
quantitative evaluation is challenging, the image gives clear
evidence that the contrast generated by T2-weighted
method proves inefficient in reproducing the PEDRI
profiles.

PEDRI signal amplitude not only is a function of cal-
cium concentration in the gel but also depends on the ini-
tial sodium alginate concentration. Fig. 6 shows an
experiment where the PEDRI signal amplitudes of homo-
geneous calcium alginate samples, prepared as described
in reference [19], are plotted as a function of the Ca2+

concentration. The images were produced using the
sequence described in Fig. 2. Each image amplitude was



Fig. 3. Axial slice images of the calcium alginate formation as a function
of the dialysis time T. The left column shows PEDRI images acquired
using TE = 30 ms, tEPR = 500 ms (10 W of irradiation power), and an in-
plane pixel size of 0.645 mm. The right column shows images acquired at
the same experimental conditions but with the EPR power off.
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Fig. 4. Radial profiles taken horizontally from the PEDRI experiments of
Fig. 3 for dialysis times T = 15, 120, 210 min and 48 h. The profiles depict
the region inside the dialysis membrane. The PEDRI signal amplitude is
normalized relative to an outside reservoir, not shown in the profile,
containing CaCl2 (60 mM) and OX063 (2.5 mM) free radical.
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normalized by the signal amplitude of a reference sample
containing a 60 mM aqueous solution of CaCl2 with
2.5 mM of OX063 radical dissolved. The three curves rep-
resent samples with different initial sodium alginate con-
centrations and are useful to quantitatively demonstrate
the sensitivity range of the Overhauser enhancement to
changes in mobility caused by the increase in calcium con-
centration [20]. The samples containing 2% (w/v) and 3%
(w/v) initial sodium alginate are already viscous enough
to show a decrease in signal amplitude when compared
to the reference sample. This decay is even more dramatic
for the sample containing 4% (w/v) of initial sodium algi-
nate. The profiles of the 2% (w/v) and 3% (w/v) initial
sodium alginate solutions show similar ratio between the
maximum and the minimum signal amplitude, of approx-
imately a factor of 4. For the slightly more concentrated
4% (w/v) sodium alginate sample, the ratio decreased by
a factor of 2. The contrast sensitivity to mobility changes
turns out to be particularly important at low concentra-
tions of the initial sodium alginate solution where a high
sensitivity in the PEDRI signal can be observed as a func-
tion of calcium concentrations up to 10 mM. This may
not constitute a limitation for PEDRI since previous
results [11] indicate that the contrast-sensitivity can be
tuned according to the characteristics of the system being
investigated.
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Fig. 6. PEDRI signal amplitude as a function of the Ca2+ concentration
for homogeneously prepared alginate gels containing 2.5 mM of OX063
radical. The symbols represent different concentrations of the initial
sodium alginate (error bars indicate 10% of uncertainty). The data were
obtained using the sequence described in Fig. 2 with TE = 30 ms and
tEPR = 500 ms with 10 W of irradiation power (The solid lines are guide
for the eyes).

Fig. 5. Axial slice images of the same calcium alginate formation shown in
Fig. 3 as a function of the dialysis time T. The images (a), (c), (d) and (e)
were obtained via the sequence in Fig. 2 with EPR irradiation off. The
images were recorded using different values of TE: (a) 30 ms, (c) 60 ms, (d)
100 ms, and (e) 200 ms. As a reference for comparison, on the right
column, the images (b) and (f) are PEDRI images recorded using
TE = 30 ms and the same in-plane resolution of Fig. 3.
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5. Conclusions

By monitoring the formation of a calcium alginate gel at
16 mT We confirmed that, under the same experimental
conditions, the PEDRI method is more sensitive to changes
in water mobility than conventional T2-weighted imaging.
In addition, by increasing the spin-echo time TE up to
200 ms in the T2-weighted images, the mobility-contrast
sensitivity associated to the water dynamics was inferior
to that obtained using the PEDRI method.

To perform T2-weighted images of the alginate forma-
tion process in a higher polarizing field would be very use-
ful in order to alleviate the noise background present in the
images acquired at 16 mT for long spin-echo intervals.
Instead T2 measurements (data not shown) were performed
in a field of 7 T for the homogeneously prepared alginate
samples of 3% (w/v) aqueous solution of sodium alginate
as a function of the calcium concentration. The experiment
corroborates the results obtained at low field for
TE = 30 ms presented here and also those performed at
2 T with TE = 100 ms reported by Potter et al. [14].

Although recently developed bio-compatible free radi-
cals providing narrow-line electronic transition and requir-
ing lower saturating power are promising for in vivo
studies [18,21], material science applications offer more
flexibility in terms of sample size and non-invasiveness.
Small samples permit more homogeneous excitation and
larger signal enhancement can be accomplished by either
performing the electronic-transition saturation during
longer intervals or using higher irradiation power. It is
worth mentioning the good quality of the images obtained
without the EPR irradiation which are relative to a polar-
ization field of only 16 mT. In addition, implementations
including fast imaging protocols may allow for an improve-
ment in the signal-to-noise per time. Likewise, resolution
can be increased as well as more rapid reacting systems
be probed.

Finally, we conclude that PEDRI may be a useful tool
for studying spatio-temporal dynamics of dilute-solution
reactions exhibiting changes in mobility especially at initial
transition stages. The methodology offers potential accessi-
bility to new effects using a magnet design and cost much
more affordable.
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