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Abstract

3P NMR 1D profiling was successfully introduced to measure macroscale mutual-diffusion coefficients (Dy,) of phosphate ions in
dextran gels. Series of 1D profiles describing the phosphate concentration along cylindrical dextran gels were acquired at different
times. These profiles that included over 600 points could be fitted using equations derived from Fick’s law, with Dy, as the single
fitting parameter. Release and penetration profiles were recorded providing two alternative approaches for allowing the determi-
nation of Dp,. The Dy, values were compared with microscale self-diffusion coefficients (D) measured by pulsed field gradient spin
echo (PFG-SE) technique. Dy, values, measured between 25 and 45 °C, were systematically lower than Ds. The experimental diffusion
time and the associated diffusion length of D (60 ms, 10 pm) are short compared to those of Dy, (up to 18 h, 50 mm). These scale
differences are considered to be the origin of different Dy and Dy, and provide information relative to the network in these gels.
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1. Introduction

The diffusion of analytes in hydrogels is a critical
parameter that requires a detailed investigation for
several systems including drug-trapping hydrogels used
as novel controlled-release devices, and gels used for cell
immobilization to provide bioreactors. Moreover,
transport properties constitute an indirect approach to
obtain structural information on gels. In our group, we
are especially interested by the diffusion of molecular
species in hydrogels to provide a better understanding of
solute diffusion in bacterial biofilms. When bacteria at-
tach to surfaces, they are often found embedded in a
matrix formed of a polysaccharide gel, living as a mi-
crosociety and giving rise to organizations that are re-
ferred to as biofilms [1-3]. In biofilms, the diffusion of
molecules from or to bacteria is seriously modified [4-6].
However, nutrients must penetrate the biofilms and
metabolic waste should be evacuated. Biofilms can dis-
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play a dramatical increase in antibiotic resistance, and
one of the putative explanations is related to the de-
creased transport rate of the antibiotic agents into the
biofilms [7-9]. Therefore, it is essential to obtain a de-
tailed description of the molecular diffusion in this type
of matrices to understand the functioning of bacteria
within biofilms as well as to determine the source of the
bacterial resistance.

Dextran is a polysaccharide that is found in bacterial
biofilms [3,10]. It was used in the present study as a
crude model for biofilm matrixes to optimize the NMR
techniques used to gain insights into molecular diffusion.
Dextran is a homopolysaccharide with o-1, 6-linked D-
glucose units. Side chains are often formed with a-1, 3
and a-1, 4 interconnections. Thermo-reversible dextran
gels are formed when K* ions are added to aqueous
dextran solutions [11]. The dextran sol-gel transition is
considered as a structural change from a random coil
polymer to an infinite polymeric network. Using a 'H
NMR stimulated-echo method, Watanabe et al. [12]
studied the water self-diffusion in dextran gels to ex-
amine the structure of the gels. They concluded that K™
ions induce cross-linking of the polysaccharide chains,
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and organize these gels into two regions: pores filled
with water molecules relatively free to diffuse, and bar-
riers formed by aggregated polysaccharide chains.

Stimulated-echo and pulsed-field gradient-spin echo
(PFG-SE) NMR methods have been used extensively to
measure self-diffusion coefficients of solutes in various
media [13,14]. The approach is nondestructive and
multinuclear experiments can be easily performed on
homogeneous samples. Typical diffusion times of PFG-
SE NMR experiments are tens of milliseconds. Small
solutes with self-diffusion coefficients in the order of
10" m?/s or less travel several microns during this dif-
fusion time. These spatial and temporal characteristics
of the methods are fundamental as they define the scale
over which the diffusion is sampled. In porous media or
gels, inhomogeneities such as pores and barriers are not
necessarily probed over this length scale, and the diffu-
sion of molecular species in a gel is not fully described
on the sole basis of self-diffusion as the solutes move
forward by overcoming barriers, moving from one pore
to the others at certain rate, and diffusing within pores.

NMR imaging is an alternative and complementary
approach examining the macroscale diffusion of mole-
cules. This method has provided for example the de-
scription of macroscopic diffusion in porous media, and
solvent uptake by polymers [15-20]. Diffusion times
associated to NMR imaging can be hours, and several
centimeters of the samples can be probed. Therefore, the
time and spatial scales are typically more than 1000
times larger than those of self-diffusion measurements.
Recently, Duval et al. [15] used PFG-SE technique and
ID 'H NMR imaging to measure the microscale
and macroscale diffusions of water in colloidal gels
and showed that their comparison revealed structural
information relative to the gels.

In the present study, we have investigated the diffu-
sion of phosphate ions, an essential nutrient for bacte-
ria, in dextran gels, combining PFG-SE techniques and
1D 3'P NMR imaging. We have designed three different
types of profiling experiments as illustrated in Fig. 1.
The bottom of a NMR tube was filled with dextran gel,
and the space above was used as a small reservoir. The
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Fig. 1. Schematics of the three types of 1D 3'P NMR profiling ex-
periments: (a) type I, release experiment; (b, c¢) type II and III, pene-
tration experiment with and without large reservoir, respectively.
Dextran gels are represented in gray, whereas white areas and small
dots represent solutions and phosphate ions, respectively.

approach I was a release experiment: a gel containing
phosphate ions was in contact with a phosphate-free
buffer, and phosphate profiles in the gel were recorded
as phosphate ions were released out from the gel as a
function of time. The approaches II and III were pene-
tration experiments: phosphate ions from the solution
diffuse into phosphate-free dextran gels, and phosphate
profiles of the gels were recorded as phosphate ions
penetrated in the gels as a function of time. For the
approaches I and II, the small reservoir was connected
to the large reservoir outside the magnet to ensure that
the phosphate concentration of the solution above the
gel was constant over the whole experiments. Only the
small reservoir was used for type III experiments (see
Section 2 for the details). These experiments were a
novel approach to extract the mutual-diffusion coeffi-
cient (D) of phosphate ions using 3'P NMR-derived
release and penetration profiles. The Dy, and Ds values,
obtained with 1D profiles and PFG-SE 3'P NMR
method, respectively, were compared.

2. Experimental
2.1. Sample preparation

Dextran with an average molecular weight of ap-
proximately 40,000 was obtained from Sigma (St. Louis,
MO) and used as received. In order to prepare 20%
dextran gel samples, 1 g of dextran powder was added to
a vial containing 4 g of an aqueous solution containing
KH,PO4 (0.4M), and KCI (2.1 M), in case of type I
experiment, or containing only KCI (2.5M) in case of
type II and III experiments. The K* concentration, the
gelifying ion, was kept at 2.5 M for all the experiments.
The vial was placed in a hot water bath at about 90 °C,
and the mixture was stirred vigorously until it became a
homogeneous and transparent solution. The vials were
sealed carefully with screw caps to prevent the loss of
water during the incubation. The solutions were trans-
ferred into 10mm NMR tubes, and became gels as the
solutions cooled down to room temperature [12]. NMR
experiments were performed at least two days after the
sample preparation. The pH of the KH,PO,/KCl/H,0O
solution was 3.8 and decreased to 3.7 after the addition
of dextran powder.

2.2. NMR experiments

The NMR experiments were carried on a Bruker
DSX-300 NMR spectrometer operating at 120 MHz for
31pP. A Bruker magnetic resonance imaging probe, Micro
2.5 probe, was used in conjunction with a gradient
amplifier (BAFPA-40). Gradient pulses were applied
along the z-direction, i.e., along the sample tube. The
gradient strength was calibrated with one-dimensional
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(1D) image profile along the z-axis of a well-defined
solid object in water solution containing traces of
CuSO;.

2.3. 1D 3P NMR profiling

1D 3'P NMR profiling was obtained from a spin-echo
sequence with the echo time of 6 ms [21]. The 90° pulse
and gradient pulse length were 22 us and 5.6ms, re-
spectively, whereas the gradient strength was 6.16 G/cm.
The intensity of the profile at each point on the spectrum
was considered to be proportional to the phosphorus
concentration at corresponding position in the sample
tube. 7> of phosphorus was found slightly dependent on
the concentration of the KH,POy4. 75 of phosphate in
gels containing 0.05 and 0.4 M phosphate were 118 and
71.5 ms, respectively. Because of the short 7 value, this
difference in spin—spin relaxation has only a limited in-
fluence on the signal intensity. The relative intensity in
the concentrated region of the profile was reduced by
about 6% compared to that in the diluted region. This
difference associated to a 7, effect hardly affects the
calculation of the D,. Relaxation delay was 2.5s
(T1=2=0.5s), and 500 scans were co-added for each
profile, leading to an acquisition time of about 20 min.
The field of view was 50 mm, and 512 data points were
acquired with a 50-125Hz (about 400 ppm) spectral
window. Therefore, the digital resolution of these ex-
periments was 97 um per point.

Dextran gels filled the bottom of the NMR tubes, and
the space above was used as a small reservoir (~7 ml).
The reservoir is filled with a 2.5M KCI/H,O solution or
a 0.4M KH,PO4/2.1M KCI/H,O solution depending
on the type of the experiments. The KCI solution was
used to maintain the K' concentration constant, a
prerequisite to prevent the degradation of the gels. For
phosphate release experiments (approach I), dextran
gels containing phosphate ion were used with phos-
phate-free solutions. The small reservoir was connected
with a large reservoir (500 ml) located outside the mag-
net. The solution circulation between the small and large
reservoirs was ensured by a peristaltic pump (Master-
Flex), with a flow rate between 1.5 and 2 ml/min. Using
this set-up, the phosphate concentration at the gel/water
interface was kept constant at zero through out the ex-
periment. The first 3'P profile was recorded immediately
after the addition of the potassium chloride solution in
the tube, and subsequently profiles were recorded every
3h for at least 18 h.

For phosphate ion-penetration experiments (types II
and III), dextran gels without phosphate ion were put in
contact with phosphate ion-containing solutions in the
reservoir. The recording of the profiles was performed
similarly to that for the release experiments. For the
approach III, only the small reservoir was used to de-
termine whether such simplified set-up was sufficient to

ensure that the phosphate concentration decrease near
the gel-reservoir interface was negligible, a requisite
condition for the profile analysis.

2.4. 1D profile data processing

The 1D profiling experiments were designed to meet
the conditions of the equations developed for the diffu-
sion in semi-infinite media by Crank [22]. For type I
release experiments, the dextran gel is considered as a
semi-infinite medium, whose surface is maintained at a
zero concentration. At time equal 0, the phosphate
concentration through out the gel is Cy. As the diffusion
proceeds, phosphate ions are released from the gel, and
the concentration dependence on the distance from the
gel/water interface, defined as x =0, is given by the
following equation:

C/Cy = erflx/2(Dn1)"?, (1)

where C is the concentration at a distance x from the
interface at an elapsed time ¢, and D,, is the mutual-
diffusion coefficient. In case of the experiments of types
II and III, the phosphate diffusion occurs in an opposite
direction, i.e., from the reservoir to the gel. The con-
centration at the interface is maintained constant at C;
through out the experiment, and the initial concentra-
tion in the gel is zero. Eq. (2) describes the expected
concentration profiles under these conditions:

C/Cl = erfclx/2(Dnt) '] (2)

In order to calculate D,,, baseline corrected profiles were
normalized to Cy or C; depending on the type of ex-
periments. For the release experiments, each profile was
divided by the profile obtained at time zero as the in-
tensity is representative of Cy. For the penetration ex-
periments, the profiles were divided by the intensity
measured at the interface at time equal 0 because it is
representative of Cj. Subsequently, all the profiles ac-
quired at different elapsed times for a given experiment
were fitted simultaneously with the appropriate equation
to determine a single least-square fitted D,, value. The
results were reproducible within 5%. The nonlinear
least-square fitting routine in Microcal Origin (version
5.0) was used.

2.5. Self-diffusion coefficient measurements

The Stejskal-Tanner PFG-SE pulse sequence was
used [23]. Self-diffusion measurements were done by
increasing gradient field strength, G, from 5 to 80 G/cm,
and the other parameters were kept constant; the 90°
pulse length (22ps), the gradient pulse length
(60 = 2.5-3.0ms), and the delay between the two gradient
pulses (A = 60ms) were those indicated in parentheses.
After Fourier transform, absolute value calculation was
done to eliminate phase disturbance of multiplets caused
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by homonuclear spin—spin coupling, and the integral of
the resonance peaks were used for the diffusion coeffi-
cient determination. In order to compare self- and mu-
tual-diffusion coefficients of each sample, self-diffusion
measurements were carried out before 1D profiling for
type I experiments. In case of penetration experiments
(approaches II and III), self-diffusion measurements
were done more than four weeks after the 1D 3'P NMR
profiling, in order to get a relatively homogeneous
phosphate concentration in the gel. The experimental
incertainty on Ds measurements was estimated to be 5%
or less.

3. Results

Fig. 2a shows typical 1D *'P NMR profiles of
phosphate ion release from 20% dextran gels at 37°C
(approach I). For the sake of clarity, only 5 out of the 7
recorded profiles are displayed. Profile 1 was recorded at
time equal 0. The interface is clearly observed at about
pixel number 50 by the sharp decrease in the phosphorus
signal, the gel being located in the space displayed on the
left side of the graph. The anomalous slight increase in
intensity near the interface was a reproducible feature
and is considered to be due to the inhomogeneity of the
magnetic susceptibility at the boundary of the gel and
the solution. At the beginning of the experiment, the
phosphate concentration should be constant through
out the gel. However, the intensity decreases progres-
sively to nothing on the left side of the profile (pixel
numbers 250-350). This is mainly attributed to the in-
homogeneity of the radio pulses along z-axis. Never-
theless, a region near the center of the profile shows a
rather constant intensity and only this part of the raw
profiles, delimited by the two dashed lines in Fig. 2a, is
subsequently used for the Dy, calculation (Fig. 2b). Over
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the course of the experiments, the dextran gels did not
show any swelling and, therefore, the location of the
interface between gel and solution is kept at fixed posi-
tion on the 1D profiles.

As phosphate ions are released from the gel, the in-
tensity of the signal decreases from near the interface,
and this decrease becomes more pronounced as a func-
tion of time. As can be seen on the profiles, the phos-
phate concentration practically remains nil in the
solution (pixel number 0-50), indicating the efficiency of
our set-up. The averaged intensity of this section of the
profile is considered as a baseline. The baseline corrected
profiles are normalized relative to Cy (profile 1). The
exact position of the interface is defined as the pixel
where the profiles reach a zero intensity, and the x-axis
is converted into distance as described in the experi-
mental section. Subsequently, all six profiles are simul-
taneously fitted with Eq. (1), sharing a single fitted value
of Dy,. The least-square fitted curves are displayed in
Fig. 2b. Each profile contains over 100 points, so, more
than 600 points are fitted at the same time to determine
the Dy, value. The experimental profiles are well fitted
with Eq. (1), indicating a Fick-type diffusion. The Dy,
values are reported in Table 1.

Fig. 3a shows the raw 1D profiles for the penetration
experiment (approach II). On profile 1, the interface is
observed at about pixel number 160, from the abrupt
increase in the phosphorus intensity. The phosphate-free
gel corresponds to the left side of the figure. Similar to
the release profiles, the experiment conditions (rf pulse)
were homogeneous over a section of the profiles. In the
solution (right of the interface), the phosphate concen-
tration should be constant whereas a decrease in signal
intensity is observed at the end of the profile (pixel
number >200). The region indicated by the two dashed
lines is considered for Dy, calculations. Over the course
of the experiments, the signal intensity in the gel
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Fig. 2. (a) Raw 1D 3'P NMR profiles obtained from phosphate release experiments (type I) and (b) the normalized profiles and the least-squares

fitted curves.
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Table 1
Mutual- and self-diffusion coefficients (x 10'°m?/s) of phosphate ion in
20% dextran/H,O gel

T (°C) Type Dn, Dy
25 I 2.2 2.6
11 1.3 2.8
111 1.2 2.7
Free in solution 8.0
37 1 3.5 4.1
11 1.8 4.0
111 1.7 39
45 1 4.1 49
11 2.3 49
111 2.2 49

increases progressively. In addition, it can be observed
that the signal intensity and therefore the phosphate
concentration remain constant at the interface. The
profiles are normalized with the phosphate interfacial
concentration, using the maximum intensity of the
profiles, and the x-axis is converted into distance. The
profiles are then simultaneously fitted with Eq. (2) to
obtain the Dy, value that is reported in Table 1. In this
case again, the model successfully reproduces all the
profiles, which include over 600 experimental points.
Table 1 and Fig. 4 summarize the diffusion coefficients
measured with the different approaches at 25, 37, and
45°C. Self-diffusion measurements of phosphate in
aqueous solutions were also carried out for the compari-
son, and D of phosphate ions in an aqueous KCl solution
(2.5M), at 25°C, is found to be 8.0 x 10~!1m?/s, in good
agreement with previously reported data [24]. This com-
parison clearly shows that the diffusion of phosphate in
dextran gels is hindered relative to that in aqueous solu-
tions. For the release experiments (approach I), Dy was
measured prior to the recording of the release profiles.

0.0

O 05
O

(a) Pixel number

Penetration experiments (approaches II and III) were
performed with phosphate-free gels. As a consequence, D
were obtained after an extensive incubation with the
phosphate solution. The various D, values measured for a
given system are the same within the range of the experi-
mental error. The self-diffusion measurements at 25°C
were also performed with a delay between the two gra-
dient pulses (A) varying between 20 and 400 ms. No sig-
nificant differences in D; were observed (data not shown).
Dy, values are systematically lower than D, and D, from
release (approach I) and penetration profiles (approaches
IT and IIT) are significantly different from each other.

The penetration experiments were performed using a
large reservoir (approach II) and using only the upper
part of the NMR tube as a small solution reservoir
(approach III), a simplified set-up compared to the ap-
proach II. Despite the limited volume of the reservoir,
the penetration profiles in these cases were similar with
those obtained with the approach II experiments. The
purpose of using a large reservoir was to maintain the
phosphate ion concentration at the interface constant
through out the experiments. However, the results in-
dicate that the fast phosphate ion diffusion in solution is
enough to compensate phosphate ion loss at the inter-
face generated by the ion penetration. Ds of phosphate
ion in solution is about 6-fold faster than that obtained
from the penetration experiments at the same tempera-
ture. This faster diffusion ensures a constant interfacial
phosphate concentration over the period of the experi-
ments. Typically, profiles were acquired over 18 h and
during this period, about 4-5% of the phosphate in the
solution reservoir diffused into the gel. This change in
phosphate concentration of the reservoir has no signif-
icant impact. Consequently, it appears that the more
sophisticated set-up that includes an additional large
reservoir and a pump system is not absolutely required
for the penetration experiments.

1.0

0.0

(b) Distance (mm)

Fig. 3. (a) Raw 1D 3P NMR profiles obtained from phosphate penetration experiments (type II) and (b) the normalized profiles and the least-squares

fitted curves.
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Fig. 4. Evolution as a function of temperature of the self- and mutual-
diffusion coefficients (1071 m?/s) of the phosphate ions in dextran gels.
Dy obtained from gels used in release (OJ), and penetration (types II (+)
and III (x)) experiments. Dy, extracted from release (M), and pene-
tration (types II (O) and III (@)) experiments.
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Fig. 5. Arrhenius-type plot of the diffusion coefficients of phosphate in
dextran gels. Dy obtained from gels used in release (OJ) experiments. Dy,
extracted from release (M), and penetration (types II (O) and III (@))
experiments.

As expected, the diffusion coefficients increase as the
temperature increases. If we plot an Arrhenius-type re-
lation in the form

D = Dyexp(—E,/RT), (3)

the activation energy (E,) associated to the diffusion can
be calculated (Fig. 5). The resulting activation energies
extracted from the slopes are 25kJ/mol for Dy and Dy,
derived from release experiments. For the penetration
approaches, 22 and 24 kJ/mol were obtained for type II
and III experiments, respectively. Conversely to the
diffusion coefficients, E, values are similar for the mi-

croscopic and macroscopic scales, and for the penetra-
tion and release experiments. The values that are
obtained are comparable with the £, (18.5-24.5 kJ/mol)
reported for various organic solutes in dextran gels
(water swollen G-34 Sephadex beads) with similar con-
centration (about 82% water) [25]. These activation en-
ergies in gels are higher than those typically reported for
various ions in aqueous solutions, ranging between 16
and 19kJ/mol [24]. For example, E, of phosphoric acid
in solution is 16.3 kJ/mol [26].

4. Discussion

The main goal of this work was to characterize the
micro- and macroscale diffusion of phosphate in hy-
drogels. NMR experiments were highly suitable as *'P
nucleus from the phosphate ion was the only active
nucleus in the samples leading to simplified spectros-
copy. The diffusion on microscopic scale was charac-
terized using the conventional PFG-SE experiments.
The diffusion on macroscopic scale was obtained from
1D 3'P NMR profiling, an approach that has not been
widely used for this type of applications. In this paper,
several 1D-profiles were acquired over a 18-h period to
firmly establish the potential of the approach. Over 600
points could be fitted with Dy, as a single fitting pa-
rameter, using equations derived from Fick’s law. Sim-
ilar values of Dy, could indeed be obtained from a single
profile. The comparison between mutual- and self-dif-
fusion clearly indicates that macro- and microscopic
scale diffusion does not reflect the very same phenome-
non in the case of phosphate diffusion in dextran gels,
and their differences provide information relative to the
structure of the hydrogels.

Although the concentration of the gelifying ion
([K*] = 2.5M) was identical, the gels that were used for
the release (approach I) and the penetration experiments
(approaches II and III) showed actually differences since
one contained phosphate ions while the other did not.
The introduction of phosphate also resulted in an in-
crease of the proton concentration. The pH of the
phosphate-containing solution used to hydrate the gels
was 3.7 whereas it was 6.6 for that used to hydrate the
phosphate-free gels. The dependence of the gel structure
on pH has not been reported. However, it was observed
that dextran hardly formed gels in basic K,;HPO, so-
lutions (pH 9.0) even when the same amount of gelifying
ion ([K'] =2.5M) was present. Consequently, pH
might influence the details of the dextran gel structure
and such an effect cannot be excluded. In spite of the
possible differences in gel structures, Ds values are re-
producible for experiments performed at a given tem-
perature. The measurements were performed on systems
(i) where phosphate was included in the hydrating buffer
or (ii) where a phosphate solution was added in the
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reservoir, on top of the gel prepared with a phosphate-
free buffer and an appropriate incubation time was al-
lowed to reach equilibrium. No significant difference of
Ds could be observed between these two sample prepa-
ration approaches, indicating that both approaches
likely led to equilibrium.

The D value of phosphate free in aqueous solutions
(8.0 x 107%m?/s) is in good agreement with that of
H,PO, in water, at 25°C, reported to be 9.6 x
1071m? /s [24]. In most cases, ion self-diffusion de-
creases as the salt concentration increases [24], and
considering that our measurements were performed in a
2.5M KCl solution, this small decrease is not surprising.
The experiments reported here establish that the diffu-
sion of phosphate ions was significantly retarded in the
presence of the dextran gels. Self-diffusion coefficients of
phosphate in dextran gels are about 3-5 x 1071°m? /s,
depending on the temperature; the ratio of the diffusion
coefficients in dextran gels relative to those in aqueous
solutions is about 0.34, indicating a diffusion about
three times slower than in the aqueous solutions. This is,
to our knowledge, the first report of hindered phosphate
diffusion in polysaccharide gels. In a recent paper, the
self-diffusion of various neutral molecular solutes in 20%
dextran gels was investigated [27]. The ratio of the dif-
fusion coefficients in gels relative to those in dextran-free
solutions was between 0.42 and 0.36 for neutral solutes
with molecular weight of 46-76. This reduced diffusion
is comparable with the behavior reported here for
phosphate ions (MW =97). Dextran is a neutral poly-
mer, and the effect of the charges carried by phosphate
ions do not seem to display any special influence on their
diffusion in the gels. The restricted diffusion caused by
dextran gels would be mainly associated to steric ob-
stacles formed by the polymeric strands.

The different values for Dy, and Dy are clearly seen in
Fig. 5 and these differences are likely due to time and
space sampling differences. For most of our PFG *'P
NMR measurements, the diffusion time is about 60 ms.
The root mean square distance that a phosphate ion
travels during this time is 5.6-7.7 um. At 25°C, the
diffusion time was increased up to 400ms. In these
conditions, the diffusion scale was about 14 um. The
dependence of the self-diffusion coefficient over the dif-
fusion time has been shown to provide information
relative to the pore size in inhomogeneous materials [28—
30]. In our case, the results provided no indication of
restricted diffusion even for the longest delay. The pore
size in our gels is therefore likely larger than the diffu-
sion length associated to the Dy measurements. The pore
size in 30% dextran gels with 0.5-2M K™ was evaluated
to be 8-10um [12]. The structure of dextran gels has
been shown to depend on both the polysaccharide and
K™ concentrations [12]. Since we have used a lower
dextran concentration (20%) and higher potassium ion
concentration (2.5 M), the pore size in our systems is

expected to be larger than the reported value in [12], and
would be consistent with the absence of restricted dif-
fusion concluded from our measurements.

The fact that the pore size is larger than the diffusion
length scale is probably at the origin of the slower
macroscopic scale diffusion than the microscopic scale
one. Mutual-diffusion is expected to be more sensitive to
the structure of the gel than the self-diffusion because
the diffusing particles should overcome or bypass the
barriers formed by the gel to move from one position to
the other in the course of the long diffusion length and
time. In spite of the significant difference between Dg and
Dy, the activation energies related to these two phe-
nomena were similar. This similarity suggests that the
diffusion-limiting step is associated to a short distance
scale. This step is generally related to breaking the in-
termolecular interactions with the nearest neighboring
molecules [31], a phenomenon that occurs at the mo-
lecular level. The slower diffusion observed for the mu-
tual diffusion compared to the self-diffusion can be an
indication of the existence of impenetrable obstacles,
formed by the polysaccharide network, with a long
correlation length (relative to the time scale of Dy mea-
surements). There are only a few reports comparing the
micro- and macroscale diffusion on the same systems, in
the same conditions. It was previously reported that
Laponite clay gels have heterogeneous structures span-
ning several different length scales from few tens of na-
nometers to several centimeters [15]. Nonetheless, the
similarity of Dy and Dy, of water molecules in these gels
led to the conclusion that Laponite gels have a very open
structure at all length scales. The comparison between
that study and our results suggests that the structure of
the dextran gels leads to an obstruction effect at a length
scale larger than the micrometer, hindering phosphate
diffusion. It should be added that phosphate may sense
differently the structure of gels since very small solute
such as water may not be as sensitive to gel structure, the
diffusion of a small probes being found less dependent
on the presence of the gel materials than the large ones
[32,33]. In fact, Ds values of water measured in clay gels
were marginally smaller than that of bulk water while
the phosphate ion diffusion was retarded about 3-fold in
dextran gels. These considerations indicate that the
comparison between self- and mutual-diffusion brings
new structural aspects of the gels and such measure-
ments should be encouraged.

In conclusion, we have successfully shown that the
1D *'P NMR profiling approach can define macroscopic
diffusion of phosphate in gels. In addition, the presented
results ascertain that the microscopic and macroscopic
diffusions probe different aspects of the diffusion, be-
cause of their different time and spatial scales. The re-
sults indicate that phosphate does not diffuse as freely in
dextran gels (20%) as in water. This limited diffusion
associated to the polysaccharide matrix is a phenome-
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non that needs to be examined. For example, this re-
stricted phosphate penetration in this type of matrices
may be associated to a lack of nutriments experienced
by the bacteria in biofilms that could trigger changes in
their physiology [1].
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