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The translational dynamics of poly(ethylene glycol) (PEG) polymers with molecular weights (Mw)
varying from 6 × 102 to 5 × 105 were investigated by pulsed field gradient NMR in casein suspensions
and in gels induced by acidification, enzyme action, and a combination of both. For molecules with
Mw e 1020, the diffusion was only dependent on the casein concentration whatever the molecular
weight of the probe or the sample studied. However, for PEG with Mw g 8000, there was strong
dependence of diffusion on PEG size and on the casein network structure as revealed by scanning
electron microscopy images. The diffusion coefficients of the two largest PEGs were increased after
coagulation by amounts that depended on the internal structure of the gel. In addition, the 527 000
g/mol PEG was found to deviate from Gaussian diffusion behavior to greater or lesser extents
according to the casein concentration and the sample microstructure. The results are discussed in
terms of network rearrangements.
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INTRODUCTION

Caseins are the major proteins of milk, and they are directly
involved in the formation of dairy gels because they constitute
the building blocks of the network. Classical processes involving
acid and rennet coagulation or combinations of both are used
to convert milk into gels such as yogurt or cheese curd. Acid
gels are obtained through the acidification of the medium,
and rennet gels are formed by enzymatic hydrolysis (by
chymosin). It is well-known that these different types of gel
do not have the same rheological and structural properties.
For example, rennet gels are more viscous than their acid
counterparts, and gels made by the concomitant action of an
enzyme and an acid are constituted of thicker aggregates and
larger pores (1). Functional properties such as water holding
capacity or permeability are therefore different within rennet
and acid gels (2, 3). However, very little is currently known
about the impact of these different types of coagulation on
diffusion processes.

In this study, the self-diffusion of probes was investigated in
various casein matrices. Diffusion measurements were carried
out with the Pulsed Field Gradient NMR (PFG-NMR) technique
because this method has been proven to be very powerful in
applications dealing with progressively more “difficult” samples,
including systems that involve compositional complexity or
morphological heterogeneity. The probe molecules used are

poly(ethylene glycol) (PEG) and poly(ethylene oxide) (PEO)
for low and high molecular weights, respectively (both types of
polymer will be referred to PEG as they differ by only one chain
end). Numerous PFG-NMR studies have been performed on PEG
self-diffusion in various matrices such as polymer solutions and
gels (4–17), whey protein systems (18), cartilage (19), wet cotton
(20), agarose gels (21), and alginate samples (22, 23). One of the
main conclusions arising from these studies is that the sample
structure has an influence on PEG diffusion. For a given molecular
weight and a given matrix concentration, normalized self-diffusion
coefficients can be very different according to the microstructure
of the matrix.

Studies have also been carried out on the self-diffusion of
water (24–26) and PEGs (27) in casein suspensions and in rennet
gels. According to Mariette et al. (26), water diffusion in casein
systems can be explained by two diffusion pathways, one around
and the other through the casein micelles. The obstruction effect
on water diffusion was akin to local restrictions at the casein
surface and explained the absence of an effect of casein gelation
by rennet. A more complex behavior was observed for PEG
molecules. First, the diffusion coefficients were dependent on
both the casein concentration and on the PEG size; the larger
the PEG size, the greater the hindrance to diffusion. Second,
the formation of a rennet gel resulted in an enhanced diffusion
coefficient for large probes. As for water, the model with two
compartments was used to describe the results in solutions and
gels. According to this model, the increase in the diffusion
coefficients could be explained by a decrease in the casein
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hydration, and hence by a change in the sample microstructure.
However, the model failed to describe the diffusion of the largest
PEG studied (634 000 g/mol). Moreover, this PEG was the only
one where a curvature was observed in the echo decays of the
diffusion spectra despite its low polydispersity index. More
information is required regarding these phenomena to provide
greater understanding of the mechanisms that influence molec-
ular diffusion.

In the present study, changes in the diffusion rate of PEGs
within casein suspensions and acid gels of different casein
concentrations were compared. PEG self-diffusion measure-
ments are also reported for three different types of casein networks
formed from concentrated casein solutions. These diffusion findings
were compared to SEM images to improve the understanding of
the influence of the microstructure on solute diffusion. In addition,
we discuss various reasons for the presence of an anomalous
diffusion behavior observed for the largest polymer. We demon-
strate that all the results presented can be explained qualitatively
with a single interpretation based on network rearrangements.
This study is an extension of previously published work (18, 27).

MATERIALS AND METHODS

Materials. Native phosphocaseinate powder (INRA, Rennes, France)
was used (Table 1). PEGs with different Mw values (620, 1020, 8440,
96 750, and 527 000) and low polydispersity indices (Mw/Mn ) 1.06,
1.04, 1.05, 1.06, and 1.06, respectively) were obtained from Polymer
Laboratories (Marseilles, France). Sodium azide (Merck, Darmstadt,
Germany), sodium chloride, and glucono-δ-lactone (GDL), with a purity
above 99% (Sigma-Aldrich, Steinheim, Germany), were used without
purification. D2O (purity >99.8%) was purchased from Cortecnet (Paris,
France), and the chymosin solution used was Chymax-Plus (Chr
Hansen, Arpajon, France).

Preparation of Native Phosphocaseinate Suspension (NPCS).
Rehydration of the powder was performed at room temperature over
36 h with D2O containing 0.1 M NaCl and 0.2% (w/w) NaN3 to prevent
bacterial growth. Once the powder was totally rehydrated, 0.1% (w/w)
of PEG was added to the casein suspensions regardless of molecular
weights. The pD measured was 6.80 in all samples.

Determination of Dry Matter. The dry matter of all casein
suspensions was verified by measuring variations in weight after drying
in an oven for 24 h at 100 °C. Concentrations were then calculated
from the pure casein percentage (Table 1) and ranged from 4.8 to 15.0 g
of casein for 100 g of D2O.

Acid Gels. According to the casein concentration, defined amounts
of GDL were added to solutions to reach a final pD of 4.60 ( 0.05.
After addition of GDL, casein suspensions were stirred for 5 min, and
small amounts of the suspension were transferred to 5 mm NMR tubes
(∼1 mL) that were kept at room temperature for 48 h before analysis.
No shrinkage occurred within this interval.

Enzymatic Gels. A chymosin dilution (1 mL in 99.0 g of distilled
water) was always prepared 20 min before each inoculation. All
enzymatic gels had a casein concentration of 15.0 g/100 g D2O and
were induced by addition of 336 µL of the chymosin dilution to 10 g
of NPCS. The samples were then stirred for 5 min, and small amounts
were transferred to 5 mm NMR tubes. NMR tubes were then placed in

a water bath for 2 h at 30 °C, after which they were cooled to room
temperature. Analyses were carried out 24 h after inoculation. No
shrinkage occurred within this interval.

Combined Gels. The casein concentration used was 15.0 g/100 g
D2O. The same procedure as for enzymatic gels was used to form
combined gels, except that 410 mg of GDL was added to the 10 g of
NPCS at the same time as the chymosin. The final pD was 4.60 (
0.05 in all samples. Combined gels were analyzed 24 h after inoculation.
No shrinkage occurred within this interval.

pD Measurement. All pD values were calculated from the equation:
pD ) pHnom + 0.40 (28), where pHnom is the nominal reading of our
pH-meter (Schott, combination electrode type no. N6280, Germany).

Scanning Electron Microscopy (SEM). Small cubes of the gels (5
× 5 × 5 mm) were immersed in 2.5% v/v glutaraldehyde at 20 °C for
48 h in a sodium cacodylate buffer, pH 7.2. Samples were rinsed several
times with distilled water before being dehydrated in a graded ethanol
series (10–30–50–70–80–90–95–100% (v/v)) in 20 min steps and finally
conserved in acetone (purity >99.9%) for one night. Samples were
then dried using CO2 in a critical-point drier (CPD 010, Balzers Union
Ltd., Liechtenstein). Dried samples were fractured, mounted onto
specimen stubs, gold coated, and analyzed microscopically using a
scanning electron microscope (Jeol JSM 6301F) operated at an
acceleration voltage of 9 kV. The images were produced by Centre de
Microscopie Électronique à Balayage et microAnalyse (CMEBA,
France, Rennes).

NMR Self-Diffusion Measurements. All measurements were
performed at 20 ( 0.1 °C on a 500 MHz Bruker spectrometer equipped
with a field gradient probe. The BPP-LED sequence (29–31) was used
with 16 different gradient strengths (g) ranging from ∼0.25 to 6.00
T/m and a gradient length (δ) equal to 1.0 ms. The diffusion interval
(∆) was adjusted to maintain a constant diffusion distance z ∼ 1.5 µm,
in accordance with the Einstein equation z ) (2D∆)1/2. Sixteen scans
were carried out, and the recycle delay was set at 5T1.

Theoretical Considerations and Processing Methods. All data
processing was performed with Matlab software, and all fits were
performed by nonlinear least-squares methods. Monte-Carlo simulations
were used for error calculations with 200 iterations. In a PFG-NMR
experiment using the BPP-LED sequence, the echo intensity (I) is
described by the following equation,

I ⁄ I0 ) ∑
i

pi exp(-kDi) (1)

with

k ) γ2g2δ2(∆ - δ
3

- τ
2) (2)

where I0 is the signal intensity in the absence of gradients, γ is the
gyromagnetic ratio (for protons, γ ) 26.7520 × 107 rad T-1 s-1), g is
the amplitude of the gradient pulse, δ is the gradient pulse duration, ∆
is the time between the leading edges of gradient pulses, τ is the time
between the end of each gradient and the next radiofrequency pulse,
Di is the self-diffusion coefficient of the ith component, pi is the
fractional proton number of the ith component, and Σpi ) 1 (in this
study, i ) 1 or 2).

Eq. 1 was used for HOD (monodeuterated water) and PEGs with
Mw < 527 000. For the largest PEG, an increasing nonexponential trend
was observed as the concentration increased. It was found that a
stretched exponential of the following form constituted a very good
approximation for the decay function at all concentrations (eq 3).

I ⁄ I0 ) exp[-(kDapp)
�] (3)

Here, Dapp is an apparent diffusion coefficient, and � is the “stretching
exponent”. This approach has been used in a number of previous
studies (23, 32–36). The � parameter describes the width of the
distribution of diffusion coefficients. � is equal to one for a monodis-
perse system and decreases from unity if the width of the diffusion

Table 1. Composition of Micellar Casein Powder

micellar casein powder (%)

total solids (g/kg) 100
total nitrogen matter (g/kg) 90.7
noncasein nitrogen (g/kg) 5.7
nonprotein nitrogen (g/kg) 0.6
calcium (g/kg) 2.9
ash (g/kg) 8.1
pure caseins (g/kg) 85.0
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coefficient distribution becomes greater. A mean self-diffusion coef-
ficient Dmean can be obtained through eq 4,

Dmean )
Dapp

1
�

Γ(1
�)

(4)

where Γ is the gamma function.
In NPCS and in Enzymatic Gels, all diffusion coefficients were

obtained by fitting eq 1, with i ) 1, to the raw NMR data. In an ordinary
1H NMR spectrum, the PEG peak overlaps with casein signals at ∼3.6
ppm. However, because of the very short relaxation times (T1, T2) of
casein protons, their signals were severely attenuated in BPP-LED
spectra and did not contribute to PEG echo intensity.

In Acid and Combined Gels, water diffusion was obtained as before
by eq 1, but in these samples PEGs and gluconic acid, which is formed
by hydrolysis of GDL, presented an overlapping signal in the diffusion
spectra. For such NMR data, the diffusion coefficients of each
component can be calculated by fitting eq 1 with i ) 2. This method
was used for the 96 750 g/mol and 8440 g/mol PEGs. However, because
smaller PEGs (620 and 1020 g/mol) and gluconic acid have very similar
diffusion coefficients, the latter method appeared inefficient for
separation of each component. For such samples, the diffusion
coefficient of gluconic acid was first determined from an isolated and
specific peak of the latter. The proportion of the gluconic acid signal
overlapping with the PEG signal was then estimated by taking an
isolated casein signal as reference. These two values were finally
reintroduced in eq 1 with i ) 2 to estimate the diffusion coefficients
of the 620 and 1020 g/mol PEGs in acid and combined gels. For the
527 000 g/mol PEG, the gluconic acid signal was totally attenuated in
the third spectrum of the diffusion spectra. Results for this polymer
were thus obtained by fitting eqs 3 and 4 to the NMR data, after
eliminating the first two intensities. In the rest of this paper, all diffusion
data presented for the 527 000 g/mol PEG are Dmean values.

RESULTS

PEG Self-Diffusion in D2O. Stejskal-Tanner plots obtained
at 20 °C for each PEG in a D2O/NaCl solution (0.1 M) are
given in Figure 1. Except for the largest PEG, all echo
attenuations were linear, indicating that there was no need to
account for mass polydispersity effects. For the 527 000 g/mol
PEG, in which a slight curvature was found, the stretched
exponential approach was used to account for the distribution
of diffusion coefficients. The � value obtained was 0.92, which
indicates the presence of a polydispersity effect for this polymer.
The molecular weight, polydispersity index, and self-diffusion
coefficient measured for all polymers studied are summarized
in Table 2. All of these findings are in accordance with previous
studies (4, 6, 27).

Normalization of Coefficients Diffusion. The self-diffusion
coefficients presented in Table 2 cannot be directly used to
normalize the diffusion coefficients obtained in casein suspen-
sions and gels. Gluconic acid (when present) and soluble
residues of the protein powder contribute to molecular diffusion
hindrance in the aqueous phase. To consider the effects of casein
alone, it is necessary to normalize the self-diffusion coefficient
in casein samples (D) by D0, the self-diffusion coefficient in
the water phase, including these soluble compounds (25).

The effects of the soluble powder residues on polymer
diffusion were calculated according to the approach described
by Colsenet et al. (27). This method enabled us to compare
diffusion coefficients in solutions and in enzymatic gels but not
those measured in acid or combined gels because the hindrance
caused by the addition of GDL must also be considered.
Diffusion measurements were thus performed for each PEG in
D2O with different amounts of GDL. The results are illustrated
in Figure 2. They revealed that the reduction in diffusion was
exactly the same whatever the PEG molecular weight. The effect
of the addition of GDL was thus explained simply by an increase
in bulk viscosity, and a general linear regression was therefore
performed on all data. Consequently, in acid and combined gels,
once the effect of the powder soluble residues had been taken
into account, the self-diffusion coefficients in the aqueous phase
(D0) were predicted from this equation. All of the data discussed
in this paper are thus reduced self-diffusion coefficients defined
as DR ) D/D0, where D is the self-diffusion coefficient measured
in the sample.

pD effect. Diffusion coefficients of the 96 750 g/mol PEG
were measured in D2O for different pD values to check for a
possible effect of acidity on polymer diffusion. Final pD values
were obtained by adding a few drops of a HCl/D2O dilution in
10 g D2O containing 0.1% (w/w) PEG. As illustrated in Figure
3, the results showed that the acidity of D2O solutions had no
effect on PEG diffusion.

PEG Self-Diffusion Coefficients in Casein Suspensions.
Self-diffusion coefficients of PEGs in various solutions were
measured at 20 °C for different casein concentrations. Stejskal-

Figure 1. Stejskal-Tanner plots of PEGs in a D2O/NaCl solution (0.1
M) at 20 °C for different PEG molecular weights. Solid lines are linear
regressions except for the 527 000 g/mol PEG, where the line is the fit
curve obtained with the stretched exponential approach (eq 3).

Table 2. Self-Diffusion Coefficients of the PEGs Studied in a D2O/NaCl
Solution (0.1 M) at 20 °C

Mw Mw/Mn D m2 s-1

620 1.06 2.26 × 10-10

1020 1.04 1.81 × 10-10

8440 1.05 5.59 × 10-11

96 750 1.06 1.37 × 10-11

527 000 1.06 4.67 × 10-12

Figure 2. Dry matter effect of gluconic acid on reduced PEG self-diffusion
coefficients measured at 20 °C. The solid line is the linear regression of
the data.
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Tanner plots obtained for all PEGs at a high casein concentration
are given as an example in Figure 4. As observed in D2O, a
linear decrease in the echo intensities was found for all polymers,
except for the largest PEG. However, for the latter polymer,
the curvature was clearly enhanced in the concentrated casein
suspension (Figure 1 and Figure 4b). To illustrate this
phenomenon, the widths of the diffusion coefficient distributions
(�) obtained in NPCS are illustrated in Figure 5 as a function
of casein concentration. The � value remained constant below
approximately 9 g/100 g D2O, but for more concentrated
solutions there was an increase in the width of the distribution
(� decreased), suggesting a change in the diffusion mechanism
above this concentration.

Figure 6 illustrates the calculated DR values of water and
PEGs plotted as a function of casein concentration in NPCS.
DR decreased when more casein was added for all the systems
studied. The diffusion of water and of the two smallest PEGs
(620 and 1020 g/mol) was identically hindered in the presence
of casein micelles, but for the other polymers the reduction in
the diffusion rate was sensitive to PEG size. These results are
in complete agreement with the results obtained in casein
suspensions by Colsenet et al. (27). Nevertheless, we demon-
strated that the same hindrance to diffusion occurred below a
molecular weight around 1020, suggesting a similar mechanism
of obstruction by casein micelles.

Acid Gelation Effect. Diffusion measurements of the 96 750
g/mol PEG in a concentrated acid gel (15.0 g/100 g D2O) were
carried out for different distances probed. The Stejskal-Tanner
plots are given in Figure 7 for ∆ values of 14.3, 25, 100, 200,
and 1000 ms. The results demonstrated that the PEG self-
diffusion coefficient was the same whatever the distance traveled
between 0.4 and 3.4 µm. This indicates that no restricted
diffusion occurred and that the gel appeared homogeneous on
the length-scale studied (1.5 µm). However, caution must be
applied when trying to extrapolate these findings to the largest
polymer because of its anomalous diffusion behavior (Figure
4b).

Figure 8 shows the reduced PEG self-diffusion coefficients
in acid gels divided by those in solutions (DR

gel/DR
sol) plotted

as a function of casein concentration. This ratio is very
convenient for visualizing the effect of the microstructure alone.
DR

gel/DR
sol was equal to one for the three smallest PEGs (620,

1020, and 8440 g/mol) whatever the casein concentration, and
hence the acid coagulation had no influence on the diffusion of

Figure 3. Reduced self-diffusion coefficients of the 96 750 g/mol PEG at
20 °C at different pD values in D2O solutions. Error bars are 5%.

Figure 4. Stejskal-Tanner plots of PEGs in a casein suspension (15
g/100 g D2O) at 20 °C: (a) 620, 1020, 8440, and 96 750 g/mol PEGs,
solid lines are linear regressions; (b) 527 000 g/mol PEG, the solid line
is the fit curve obtained with the stretched exponential approach (eq 3).

Figure 5. The width of the self-diffusion coefficient distribution of the
527 000 g/mol PEG (�) as a function of casein concentration in NPCS
and acid gels. The � values obtained in the enzymatic and combined
gels are also presented. Dotted lines are guides for the eyes.

Figure 6. Reduced self-diffusion coefficients of water and the different
PEGs as a function of casein concentration in casein suspensions. Solid
lines are guides for the eyes.
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these polymers. However, for the two largest PEGs (96 750 and
527 000 g/mol), diffusion was faster in gels than in the liquid
state, and this effect increased with both the casein concentration
and PEG size. In parallel, the stretched parameter � for the
527 000 g/mol PEG was always reduced in the gel system,
indicating that the width of the distribution of diffusion
coefficients was enlarged (Figure 5).

SEM pictures of acid gels at two different concentrations are
presented in Figure 9. The images show coarse networks
constituted of small casein aggregates linked together. The gel
structures appeared homogeneous on a scale of few micrometers,

which is consistent with the constant value of the diffusion
coefficient of the 96 750 g/mol PEG obtained for different
diffusion intervals (∆, Figure 7). As can be seen at higher
magnifications (Figure 9, panels c and d), the gel was formed
of aggregated spherical particles with a mean diameter of
approximately 150 nm. The same network organization and
microstructure were observed for all concentrations. The
decrease in PEG diffusion when the casein concentration
increased could therefore be attributed to a simple obstruction
effect.

Comparison of Effects of Enzymatic, Acid, and Combined
Gelation. The SEM images of the three gels studied (15 g/100
g D2O) illustrated in Figure 10 show that all the microstructures
appeared homogeneous at a scale of several micrometers. As
reported above, the acid gel was composed of small spherical
particles and pores (Figure 10, panels a and b). The combined
gel presented a different network organization (Figure 10, panels
e and f). Its microstructure appeared more branched and was
formed of highly fused casein aggregates that formed thick
strands leaving large pores in between. An intermediate structure
was observed in the enzymatic gel (Figure 10, panels c and d).
As in the acid gel, small spherical particles were present, but at
the same time there were stretched strands and larger pores.

Self-diffusion coefficients measured in each type of gel are
presented in Figure 11 for all the molecules studied. The DR

gel/
DR

sol ratio for water and small PEGs (620, 1020, and 8440
g/mol) were always equal to one, but the diffusion was faster
in gels for the two largest PEGs. This effect was strongly
dependent on gel type, because the increase in the diffusion
rate of both PEGs was greater in the combined gel, followed
by the enzymatic gel, and finally the acid gel. In parallel, the �
values obtained for the 527 000 g/mol PEG in the different gels
are illustrated in Figure 5. As explained above, reduction of �
was observed after acid gelation. This decrease in � was smaller
for the enzymatic gel, and for the combined gel a slight increase
in � was observed. It thus appeared that the diffusion coefficients

Figure 7. Stejskal-Tanner plots of 96 750 g/mol PEG in an acid casein
gel (15.0 g/100 g D2O) for different diffusion intervals (∆) at 20 °C. Solid
lines are linear regressions.

Figure 8. DR
gel/DR

sol ratios obtained for all PEGs as a function of casein
concentration for different PEG molecular weights at 20 °C. Solid lines
are guides for the eyes.

Figure 9. SEM images of acid casein gels at two magnifications and two
casein concentrations: 9.78 g/100 g D2O (panels a and c) and 14.09
g/100 g D2O (panels b and d).

Figure 10. SEM images of an acid gel (panels a and b), an enzymatic
gel (panels c and d), and a combined gel (panels e and f) at two
magnifications. All gels were formed from the same concentrated casein
solution (15.0 g/100 g D2O).
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and the � values varied in the gel state, together with the gel
microstructures, indicating that all these findings are probably
interlinked.

DISCUSSION

Caseins are present in milk in the form of a suspension of
spherical particles called casein micelles. These colloidal
particles contain many thousands of individual casein molecules.
The overall diameter of micelles ranges from 50 to 500 nm,
with a mean diameter around 150 nm (37). Numerous models
of the internal structure of the casein micelle have been
proposed, and it now seems that caseins are held together by
hydrophobic and electrostatic interactions and that nanoclusters
are formed around the colloidal calcium phosphate (38–41). All
authors agree that micelle stability is provided by a surface layer
of κ-casein, which confers steric and electrostatic stabilization
on the particles (42, 43). They are known to be very porous,
and hydration values reported in the literature are generally
around 3 or 4 g of water per 1 g of casein (44–48).

Casein gels are usually classified as particle gels, although it
is now realized that they differ in important aspects from gels
formed of hard particles (41, 49). They are generally subdivided
according to the way in which they are formed, that is, by
enzyme action, acidification, or a combination of both. Acidi-
fication of milk reduces the negative charges of κ-caseins on
the micelle surface and results in the coagulation of the system.
All the calcium phosphate contained by micelles is progressively
dissolved in the aqueous phase, and the final gel firmness is
low. In comparison, enzymatic gels are formed by the addition
of an enzyme that hydrolyses the C-terminal part of the
κ-caseins, thereby reducing steric and electrostatic stabilization
of the casein micelles and causing them to aggregate. The
mineral balance between the aqueous and colloidal phases
remains constant, and the final gels generally present much
greater firmness and often exhibit syneresis.

In all casein gels, structural changes take place during aging
and are generally explained in terms of rearrangements of the
gel network. They constitute an important phenomenon because
they cause changes in the gel microstructure and rheological
characteristics. For instance, Lucey et al. (50) reported that, in
acid gels, considerable rearrangement of particles in the network
is associated with high permeability. In rennet gels, Bauer et
al. (51) described that “increasingly compact objects” were
formed after the aggregation process. Indeed, comparisons
between casein gel microstructures and properties are often

discussed in terms of variations in the extent of re-
arrangements (1–3, 52–55). In a comprehensive review, Melle-
ma et al. (49) proposed a model based on four structural levels
to describe casein particle rearrangements. The phenomena are
not fully understood, but all authors agree on the fact that they
give rise to aggregate fusion, local matrix compaction, and the
formation of larger gel pores. It follows that the structural
rearrangements that take place after the aggregation stage result
in a decrease in the volume occupied by the casein aggregates.
As discussed below, our findings are very consistent with this
understanding of the formation of dairy gels, and can be broken
down according to the size of the diffusing molecule.

Diffusion of Molecules with Mw e 1020. The results
presented in Figure 6 are in very good accord with previous
findings (27). Probe diffusion was very sensitive to the casein
concentration and PEG size. In addition, we found that the
decreases in the diffusion rate of water and small PEGs (620
and 1020 g/mol) followed the same law when the casein
concentration increased. Therefore, these small molecules had
a similar sensitivity to the presence of micelles. The simplest
explanation is that below a certain molecular weight (between
1000 and 8000), PEGs can enter the same space as water with
the same facility, and therefore can diffuse through the micelle
structure according to the model proposed by Colsenet et al.
(27). This conclusion is consistent with previous studies, where
evidence that large molecules such as �-casein (24 000
g/mol) (56, 57) and transglutaminase (45 000 g/mol) (58–61)
can enter a casein micelle has been reported. Nevertheless, it is
also possible that water and small PEGs follow different
pathways but experience a similar obstruction effect.

Despite the different organization of the micelle structure,
the diffusion coefficients of molecules with Mw e 1020 in the
gel state were identical after coagulation whatever the gel
microstructure (Figures 11 and 10). These findings are consis-
tent with those of Mariette et al. (26), where water diffusion
was reported to be the same in solutions and in the correspond-
ing acid and rennet gels. As we found that small PEGs (620
and 1020 g/mol) and water motion were similarly hindered in
solutions by casein micelles, it is not surprising that there was
no influence of coagulation on the diffusion of small PEGs.
These results demonstrate that modification of the casein
network on a microscopic scale has no significant effect on the
diffusion of small molecules. For such probes, the main
obstruction effect seems to be explained by the proteins
themselves and not by the casein aggregate structures.

Diffusion of Large Molecules. Above 1020 g/mol, the
obstruction mechanism was dependent on the PEG size in casein
suspensions (Figure 6). As proposed by Colsenet et al. (27),
this can be explained by considering the balance between the
diffusion pathways surrounding and going through the casein
micelles. According to this interpretation, larger polymers are
more constrained inside a micelle, and hence experience more
obstruction effects when diffusing through it. For a given casein
concentration of the suspensions, the decrease in the overall
diffusion coefficient of a PEG is thus greater for larger polymers.

The casein micelle structure is modified after coagulation
because of the internal rearrangements, which result in a matrix
structure with more free spaces. According to the SEM images
(Figure 10) the appearance of the network is highly dependent
on the coagulation process. The largest pores were observed
for the combined gel, and the smallest were obtained for the
acid gel, indicating that fewer rearrangements had taken place.
These findings are consistent with previous studies in which
gels made by a combination of enzyme action and acidification

Figure 11. DR
gel/DR

sol ratios obtained at 20 °C for HOD and all PEGs in
concentrated enzymatic, acid, and combined gels (15.0 g/100 g D2O).
Solid lines are guides for the eyes, and error bars were arbitrarily set at
20% for the 620 and 1020 g/mol PEGs in acid and combined gels because
of the processing method employed.
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were reported to have large pores, highly fused aggregates, high
permeability, and unusual rheological properties (1, 2, 55, 62–64).
According to our NMR data, the increase in the diffusion
coefficients after the system coagulation was greater when the
casein network appeared more branched, with compact strands
and larger pores (Figures 11 and 10). Therefore, our results
suggest that the diffusion of large PEGs is closely related to
the microstructure of the gels and, hence, to the extent of the
network rearrangements. These structural changes lead to
particle fusions and compactions, resulting in greater perme-
ability where more space is available for molecules to diffuse
freely.

It is very interesting to see that, despite significant differences
in the coagulation processes and in the final properties of the
gels studied, as soon as a network is formed, a common
phenomenon can explain the diffusion data. This reasoning is,
moreover, very comparable to that proposed by Baldursdottir
et al. (23) to explain similar results in alginate matrices. The
authors reported enhanced PEG diffusion rates in samples that
were irradiated, and according to them, the irradiation led to
more open networks and thereby facilitated the diffusion of
probe molecules. Nevertheless, as illustrated in Figure 8 for
acid gels and previously shown for rennet gels (27), these effects
were greater for high casein concentrations. This is understand-
able because, as the casein concentration increases, the casein-
free volume decreases in solutions, whereas the empty volume
created by the rearrangements is enhanced. In gels, the propor-
tion of the empty volume that results from the gelation process
therefore increases with the casein concentration, and hence the
effect of coagulation on PEG diffusion is greater when samples
are more concentrated.

Diffusion Behavior of the 527 000 g/mol PEG. The residues
obtained with a biexponential fit (data not shown) revealed that
it was not possible to account for only two diffusion coefficients.
To correctly describe our data, it was necessary to account for
a distribution of diffusion coefficients. In general, such a
phenomenon can be caused by several mechanisms that arise
from the diffusing molecule itself or from the network. First,
the mass polydispersity of the 527 000 g/mol PEG may play a
role. Here the polydispersity index of 1.06 given by the
manufacturer is consistent with Figure 4, and with the � value
of 0.92 found in a 0.1 M NaCl/D2O solution (Figure 5).
However, this mass dispersion cannot explain the observed �
values of ∼0.80, nor its change after coagulation. Other possible
explanations for the observed echo decay arise from the presence
of heterogeneities inside the matrix (34). In our case, the
anomalous diffusion behavior of the 527 000 g/mol PEG already
appeared in solutions (Figure 5) where restricted diffusion,
anisotropic diffusion, or large scale heterogeneities should not
exist. Casein suspensions are, of course, heterogeneous at the
level of casein micelles, but this scale of heterogeneities seems
to be too small to explain the curvature observed in the echo
decays.

Another important result is that � started to decrease in
casein suspensions only above a casein concentration of about
9 g/100 g D2O (Figure 5). It was shown for both casein
submicelles (65, 66) and �-casein micelle suspensions (67)
that these spherical particles begin to be close packed at a
concentration of approximately 10%. Therefore, the observed
decrease in the � value might be related to a change in the
diffusion regime of the PEG due to the crowding of the
system. PEG molecules are known to be highly flexible and
can adopt a more linear conformation when the hydrodynamic
radius is too large to allow the polymer to diffuse without

any constraint on its shape (68, 69). Above 9 g/100 g D2O,
an elongated shape can thus be expected, and a reptation
regime may be assumed. As a result, the length of the PEG
might become non-negligible as compared to the distance
probed (1.5 µm), and in that case the PFG-NMR measure-
ments will not record the true center-of-mass motion. The
self-diffusion coefficient would thus contain contributions
from segmental and rotational mechanisms resulting in non-
Fickian behavior. Whatever the underlying causes, a classical
echo decay should be recovered when the diffusion interval
is sufficiently long, but apparently, this delay can sometimes
be too long to be experimentally observed by NMR (23, 70).

In the gel state, according to Van Vliet and Walstra (71), the
casein gels are heterogeneous on several length scales. First, at
the scale of the casein particles (as in solutions), heterogeneities
are believed to increase in the sense that aggregates are formed
and then become more compact with the rearrangements.
Second, at the level of the casein strands and nodes, and also
at the level of “large aggregates” formed by these strands and
nodes, new heterogeneities are formed in the gel state. As
observed for the acid gel (Figure 5), these heterogeneities should
result in a wider distribution of the diffusion coefficients. In
contrast, the decrease in the volume of the obstructing elements
after coagulation is expected to result in a narrower distribution
because the proportion of empty space, and hence the proportion
of freely diffusing PEG, increases. Extensive rearrangements
inducing larger pores in the gel microstructure should, therefore,
not only result in an enhanced mean diffusion rate but also in
a decrease in the width of the distribution. This is, in fact, what
we observed when comparing the � values obtained in the acid,
enzymatic, and combined gels (Figure 5) with their micro-
structure (Figure 10).

In conclusion, we have shown that, in contrast to small
polymers, the diffusion of large PEGs is very sensitive to the
microstructure of casein samples. We have also revealed that
deviations from a classical diffusion behavior occurred in
concentrated solutions and gels for the 527 000 g/mol PEG. The
distribution of diffusion coefficients of this large PEG was also
found to be affected by the composition and the microstructure
of the samples. All these findings could be explained on the
basis of network rearrangements that lead to particle fusion and
compaction, resulting in a structure where molecules have more
free space in which to diffuse. Moreover, depending on the gel
formed, the expected extent of structural changes was in very
good accordance with the SEM images and literature findings.
Probe diffusion has thus proved to be a promising approach
for characterizing the structural changes occurring after the
establishment of a casein network. Because the PFG-NMR
technique is nondestructive and can be repeated over the course
of time, further investigations are in progress to reveal whether
diffusion experiments could provide dynamic information on
these rearrangements.
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