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ABSTRACT: Pulsed field gradient nuclear magnetic resonance and proton nuclear magnetic resonance relaxometry were used
to study the self-diffusion coefficients and molecular dynamics of linear (PEGs) and spherical probes (dendrimers) in native
phosphocaseinate suspensions and in a concentrated rennet gel. It was shown that both the size and the shape of the diffusing
molecules and the matrix topography affected the diffusion and relaxation rates. In suspensions, both translational and rotational
diffusion decreased with increasing casein concentrations due to increased restriction in the freedom of motion. Rotational
diffusion was, however, less hindered than translational diffusion. After coagulation, translational diffusion increased but
rotational diffusion decreased. Analysis of the T, relaxation times obtained for probes of different sizes distinguished the free
short-chain relaxation formed from a few monomeric units from (i) the relaxation of protons attached to long polymer chains
and (ii) the short-chain relaxation attached to a rigid dendrimer core.
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I. INTRODUCTION

Caseins, a group of unique milk-specific, acid-insoluble
phosphoproteins, represent around 80% of the total proteins in
the milk of cattle and other commercial dairy species.' They are
directly involved in the formation of dairy gels as they constitute
the building blocks of the network. Most caseins in milk (94%)
exist as large colloidal particles suspended in the aqueous phase.
They are 50—600 nm in diameter (mean ~ 150 nm) and called
“casein micelles”," which are very porous, highly hydrated and
sponge-like colloidal particles containing about 3.2 g H,O/g
protein.” Because of their commercial importance and extensive
use in dairy products (such as cheese and yogurt), casein
suspensions and gels have been extensively studied.

Molecular diffusion in dairy systems and in models of dairy
systems has been studied by the use of techniques such as
diffusion wave spectroscopy (DWS), multiple particle tracking
(MPT), fluorescence recovery after photobleaching (FRAP),
and pulsed field gradient NMR diffusometry. For example, DWS
has been used to monitor the diffusion of casein particles during
the acidification®* and renneting®™® of undiluted skim milk.
Multiple particle tracking has been used in an attempt to probe
heterogeneity of acid milk gels and the microrheological
properties of the protein network and aqueous phase voids, in
the presence and absence of pectin, during and after gelation.'’
The sol—gel transition of a sodium caseinate solution undergoing
gelation by acidification has also been studied by particle
tracking. The Brownian diffusion of fluorescent microspheres
with different surface coatings was used to probe spatial
mechanical properties of the gels at the scale of micrometers.'!
Floury et al.'> have recently used the fluorescence recovery after
photobleaching (FRAP) technique to measure in situ and at the
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microscopic scale the diffusion of FITC-dextran in a cheese
model.

Several PEG-NMR self-diffusion studies have been performed
on casein systems in which the self-diffusion coeflicients of casein
particles and polyethylene glycols (PEGs) of different molecular
weights were measured at the micrometer scale for different
casein concentrations. The diffusion behavior was related to the
structure and dynamics of the casein matrix investigated. For
example, Colsenet et al.'* and Le Feunteun et al."*~'® studied the
effects of casein concentration and PEG size on the diffusion
coefficients of PEGs in native phosphocaseinate (NPC)
suspensions and gels. PEG diffusion coefficients were found to
be dependent on both casein concentration and PEG size. The
effects of the gel structure on PEG diffusion were also studied by
these authors. It was found that the diffusion rates of large poly
ethylene glycol (PEG) probes were enhanced after coagulation
and that the rate of increase was dependent on the final gel
microstructure. However, in all of the studies quoted above,'>1*
the diffusion of a molecule was measured at equilibrium, before
and after perturbation of the system. In previous studuies, Le
Feunteun et al.'>'® reported on the time change of the self-
diftusivity of a small and a large PEG probes in a casein system
during rennet-induced, acid-induced, and combined coagulation
of a concentrated casein suspension, with the aim of investigating
the structural changes takjng place in the solution during
coagulation. In another study,'” Le Feunteun at al. monitored the
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diffusion of casein particles during the renneting of a
concentrated casein micelle suspension (14% w/w). This study
showed that the self-diffusion of both casein particles and soluble
caseins can be determined simultaneously, and explained how
their evolution can be related to key stages of the coagulation
process. In a previous study,"® we investigated the effects of
casein structure on the diffusion behavior of PEG probes. The
latter was studied in NPC and sodium caseinate (SC)
suspensions where caseins are not structured into micelles but
form self-assembled aggregates of 11 nm in radius. Two
drastically different PEG diffusion behaviors were obtained in
relation to differences in casein obstacle size (interparticle
distance) and mobility between the two casein systems. The
latter was studied in NPC and SC systems by measuring the
casein self-diffusion coeflicients in relation to casein concen-
tration. Casein particles were found to behave as noninteracting
hard spheres in a fluid, and their self-diffusion was inversely
proportional to the solution viscosity measured macroscopically,
up to a casein concentration that matched the onset of random
close packing of the two casein systems (15 g/100 g H,O and 10
g/100 g H,O for NPC and SC systems, respectively). At higher
concentrations, there was another regime (soft spheres) in which
casein micelles and casein submicelles deformed, deswelled, and
interpenetrated as the casein concentration increased.

Another important factor affecting the diffusion process is the
shape of the diffusion molecules. For example, Wang et al."” have
shown that star polymers, with a hydrophobic cholane core and
four PEG arms, have a lower self-diffusion coefficient than linear
PEGs at an equivalent hydrodynamic radius in PVA gels. This
issue has not previously been explored in casein systems. In fact,
the probes used to investigate casein systems have to date been
polyethylene-glycol (PEG) polymers. The advantages of this
type of polymer are the absence of interaction with proteins,
excellent NMR sensitivity, and a low polydispersity index.
However, these polymers are easily deformable and can change
their shape according to their environment. They can therefore
diffuse through small spaces as compared to their hydrodynamic
diameter by adopting a more elongated conformation, which
considerably complicates the interpretation of the diffusion
results obtained in NPC suspensions. A preferred experimental
design would therefore be to follow the diftusion of hard sphere
probe particles through the matrix. Because it is difficult to obtain
NMR signals from solid particles, flexible polymers with low
molecular size polydispersity are used as probes instead.
However, in more recent years, there has been greater interest
in the use of dendrimer probes as diffusional probes.””**
Dendrimers, also known as starburst polymers, are spherical
macromolecules and a class of regularly branched mono-
dispersed polymers.”® Dendrimer architecture consists of three
domains: (1) the core, which can be a single atom or group of
atoms, (2) branch units, which divide radially grown concentric
layers termed generations, and (3) functional surface groups,
which play a key role in determining the properties. Unlike
classical polymers, dendrimers have a high degree of molecular
uniformity, narrow molecular weight distribution, specific size
and shag)e characteristics, and a highly functionalized terminal
surface.”> Dendrimer polymers are molecules of choice because
of the good control of their molecular size and shape.

The purpose of the study presented here was to elucidate the
effects of the shape and size of probes on their mobility in NPC
suspensions and rennet casein gels. The translational and
rotational diffusion of spherical dendrimer probes were therefore
measured for the first time and compared to those of flexible PEG
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probes in NPC suspensions and in a concentrated rennet casein
gel (15 ¢g/100 g H,0) using NMR diffusometry and NMR
relaxometry. The advantage of coupling the two NMR methods
was to probe the matrix at two different length scales. Moreover,
both static and real-time NMR measurements were undertaken
in this study and were performed at a casein gel concentration of
15 g/100 g H,0O where casein micelles can be considered as hard
spheres with no deformation of their shape.

Il. EXPERIMENTAL SECTION

Materials. Native phosphocaseinate powder was prepared in the
INRA laboratory (Rennes). The detailed composition of this powder
has already been described in ref 18. PEGs of different molecular weights
M, (615, 7920, 21300, 32530, and 93000 g/mol) and low
polydispersity indices (M,/M, = 1.07, 1.04, 1.06, 1.06, and 1.06,
respectively) were obtained from Varian Laboratories. Monodisperse
polyamido-amine dendrimers with an ethylene diamine core, amido-
amine branching units, and poly ethylene glycol (PEG) as surface group
were purchased from Dendritic Nanotechnologies Inc. (U.S.). Five
different generations (G2 (DNT-315), G3 (DNT-316), G4 (DNT-
317), GS (DNT-318), G6 (DNT-319)) were used. Sodium azide
(Merck, Darmstadt, Germany) and sodium chloride (Sigma-Aldrich,
Steinheim, Germany) with purity above 99% were used without
purification. The chymosin solution used was Chymax-Plus purchased
from Chr-Hansen (Arpajon, France).

Preparation of Dispersions. Rehydration of the powders with
NaCl/water solution (0.1 M) was performed at room temperature over
36 h under constant stirring for casein concentrations below 15 g/100 g
H,0, and at 40 °C over 24 h for casein concentrations above 15g/100 g
H,O0. Sodium azide was added (0.02% w/w) to each solution to prevent
bacterial development. The solutions were studied without adjustment
of pH; the latter was ranging from 7.1 at 2.95 g/100 g H,O to 6.9 at
29.05 g/100 g H,O. Once the powder was totally rehydrated, 0.1% w/w
of the probe was added to casein suspensions, regardless of the
molecular weight. The molality was, thus, not constant and decreased
with increasing probe size. The dry matter of all casein suspensions was
controlled by measuring variations in weight after drying in an oven for
24 hat 103 °C. Casein concentrations were calculated from values of dry
matter content in each casein suspension and the pure casein percentage
of the dry matter.

Enzymatic Coagulation. All casein gels contained 15.31 g of casein
to 100 g of H,O. For static diffusion measurements, casein gels were
induced by addition of 4 yL of chymosin in 10 g of NPC suspension.
NMR tubes were placed in a water bath for 2 h at 30 °C, and
measurements were carried out 24 h after inoculation. No gel shrinkage
occurred within this interval. For real-time diffusion measurements, a
chymosin dilution (1 mL in 99.0 g of distilled water) was added at time ¢
=0 s to the casein suspension (70 uL for 10 g of NPC suspension). The
solution was then vigorously stirred for 3 min. Samples were then rapidly
prepared for NMR and dynamic rheological measurements. No
shrinkage of the gel was observed during the time scale of the
experiments.

Dynamic Light Scattering. Dynamic light scattering measure-
ments were performed on a Malvern Zetasizer Nano ZS instrument
(Malvern Instruments, Worcestershire, UK). Size distribution of
particles in solutions was obtained by measuring the light scattered by
particles illuminated with a laser beam (scattering angle = 173°, T = 20
°C) using the NNLS analysis method. The data measured were reported
in log-normal intensity distribution.

Rheology. Flow Measurements. Flow measurements were
performed with a contrives low-shear 30 viscometer (Ruislip, UK).
The instrument was operated using a Couette geometry with inner and
outer radii of 5.5 and 6 mm, respectively. All rheological experiments
were performed at a fixed temperature of 20 °C. Measurements were
repeated twice, showing very good reproducibility (within +10%).

Dynamic Rheological Measurements. The viscoelastic properties of
the enzymatic gels were studied with a AR2000 rheometer (Guyancourt,
France) using a cone and plate geometry (Diameter 4 cm and angle 2°).
Throughout the measurements, the temperature was maintained at 20
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°C, and the sample was covered with a film of mineral oil to prevent
evaporation. The storage modulus (G’) and the loss modulus (G”) were
recorded at a frequency of 1 Hz, and the rheometer was programmed to
adjust the stress automatically to provide a strain of 0.1%, which was
found to be within the linear viscoelastic region of the sample.

NMR Measurements. All NMR measurements were performed on
a 500 MHz spectrometer (Bruker Wissembourg, France) equipped with
a dedicated field gradient probe (DIFF30 from Bruker, Wissembourg,
France) with a static gradient strength of 1200 (+0.2) G/cm for an
amplifier output of 40 A. NMR tubes (S mm) were used, and all NMR
measurements were performed at 20 °C.

A stimulated echo sequence using bipolar gradients (STE-BPP) and a
3—9—19 WATERGATE pulse scheme to suppress the water signal was
used to measure self-diffusion coefficients. Diffusion coefficients were

obtained using:
-
3 4 (1)

where I(5,A,g) and I, are the echo intensities in the presence of gradient
pulses of strength g and the absence of gradient pulses, respectively, y is
the gyromagnetic ratio (for protons, y = 26.7520 X 10" rad T™'s™"), g is
the amplitude of the gradient pulse, § is gradient pulse duration, A is the
time between the leading edges of gradient pulses, 7 is the time between
the end of each gradient and the next radiofrequency pulse, and D is the
self-diffusion coefficient. Diffusion experiments were carried out with 32
different values of g, ranging from 20 to 900 G/cm, with 6 = 1 ms.
Sixteen scans were carried out, and the recycle delay was set at 5 T).
Depending on the molecular weight of the probe studied, A was
adjusted to obtain a diffusion distance z ~ 1.5 ym in the casein
suspensions, in accordance with the Einstein equation z = (2ADp,cp.) "%
This procedure enabled molecular probes to cover much greater
distances than the casein micelle diameter.

All of the data processing was performed with Table Curve software
(Ritme, Paris).

The Carr Purcell Meiboom Gill (CPMG) sequence, coupled with a
presaturation pulse scheme for water proton signal suppression, was
used to measure relaxation times (T,) of the ethoxylate methylene
moieties at a chemical shift of 3.6 ppm. The relaxation decay curve for all
probes was fitted accurately with a single exponential function:

I(27) =1 exp[—(%)] @

where I(27) is the intensity of the NMR signal given at 7, I is the intensity
at equilibrium for 7 = 0, and T is the spin—spin relaxation time. T,
measurements were undertaken with a 7-value (time between 90° and
180° pulse) of 1 ms. Sixteen data points were acquired for each CPMG
with 16 scan repetitions, and recycle delay was set at 5 T).

The standard error in both probe self-diffusion coefficients and spin—
spin relaxation times, estimated by the fitting procedure, was below
0.2%.

Normalization of Diffusion Coefficients and Relaxation
Times. The effects of the soluble powder residues on probe self-
diffusion were calculated according to the approach described in refs 14
and 15. All of the findings discussed in this Article are thus reduced self-
diffusion coeflicients defined as: D, = D/D,, where D is the probe self-
diffusion coefficient measured in the suspension or the gel and D is the
probe self-diffusion coefficient measured in the serum phase extracted
from NPC suspensions. Similarly, the reduced T, relaxation times
calculated in suspensions were equal to the T, values obtained in NPC
suspensions divided by those obtained in the serum phase.

1(6,A, ) =1, exp[—yzgzﬁz(A -

lll. RESULTS

1. Dynamic Light Scattering. The size distribution of a
native phosphocaseinate solution (3 g/100 g water + 0.1 M
NaCl) was determined from dynamic light scattering, presented
as a single broad population distribution with casein particles
from ~68 to ~459 nm in diameter (Figure 1). The average casein
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Figure 1. Log normal particle size distribution for a NPC solution (3 g/
100 g H,0O + 0.1 M NaCl) in the presence (—) and absence (— — —) of
0.1% w/w of G6 dendrimer at T = 20 °C.

micelle diameter was 187 nm. These results were in very good
. 4—26
agreement with values already reported by several authors.
As shown in Figure 1, the same casein size distribution was
obtained in the presence of 0.1% w/w of G6 dendrimer.
2. Rheology. a. Flow Measurements. Figure 2 shows the
shear rate dependence of the apparent viscosity for casein micelle
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—_ L] [] [] M
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0.001 ‘ ‘
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Figure 2. Shear rate dependence of apparent viscosity for NPC
dispersions in H,O + 0.1 M NaCl, at T = 20 °C, without adding any
probes (PEG or dendrimer). Casein concentration from top to bottom:
15 and 3 g/100 g H,O.

(NPC) dispersions in H,O/NaCl with casein concentrations of 3
and 15 g/100 g H,O. The diluted NPC dispersion (3 g/100 g
H,0) behaved as a Newtonian fluid over the range of shear rates
investigated. At high casein concentrations, shear thinning
occurred.

Viscosity values measured for the two NPC dispersions (3 and
15 g/100g H,0) in the presence and absence of 615 g/mol PEG,
and G2 and G6 dendrimers are given in Table 1. The viscosity
values for the concentrated dispersion (15 g/100 g H,0) were
measured at a shear rate of 3 s™'. In agreement with previous
studies,”” the viscosity of NPC solutions increased from 1.52 to
15 mPa s with increasing casein concentration from 3 to 15 g/
100 g water. The same viscosity values were obtained in the
presence of 0.1% w/w of 615 g/mol PEG, G2 and G6
dendrimers, irrespective of casein concentration.

b. Dynamic Storage Modulus and Phase Angle. Figure 3
presents a typical plot of the storage modulus (G’), the loss
modulus (G”), and the phase angle (§) according to reaction
time during the slow gel-forming process in the presence and
absence of a G6 dendrimer.
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Table 1. Viscosity of NPC Dispersions (3 and 15 g/100 g H,O
+ 0.1 M NaCl) in the Presence and Absence of 0.1% w/w of
Probes (615, G2 and G6) Measured at T = 20 °C and a Shear
Rate of 357!

sample viscosity (mPa s)/shear rate = 3 57"
NPC (3 g/100 g H,0) 152
NPC (3 g/100 g H,0) + 615 151
NPC (3 g/100 g H,0) + G2 1.54
NPC (3 g/100 g H,0) + G6 1.53
NPC (15 g/100 g H,0) 15.1
NPC (15 g/100 g H,0) + 615 15.1
NPC (15 g/100 g H,0) + G2 14.9
NPC (15 g/100 g H,0) + G6 15
10000 -
G
1000 G"
100
6

—
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N
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Figure 3. Evolution of storage modulus (G’), loss modulus (G”), and
phase angle () according to time after addition of chymosin to the
casein suspension (15 g/100 g H,O + 0.1 M NaCl) in the presence
(== =) and absence (=) of 0.1% w/w of G6 dendrimer at T = 20 °C
and pH ~ 7.

The time at which G" and G” are equal is often used to define
the “gel time” parameter. In this study, it was found to be t,; =3 h
20 min in the presence and absence of a G6 dendrimer. This
indicates that the addition of low concentrations (0.1% w/w) of
dendrimer has no effect on the formation of the casein network.
G’ and G” continued to increase after the sol—gel transition. This
indicated an increase in the gel stiffness through reorganization of
the gel structure.

3. Diffusion and Relaxation by NMR. a. Self-Diffusion
and Relaxation of Probe in Water. '"H NMR T, relaxation times
and the self-diffusion coeflicients of dendrimers and PEGs in
water/0.1 M NaCl are presented in Table 2. The '"H NMR T,
relaxation times pertain to the ethoxylate methylene moieties at a
chemical shift of 3.6 ppm. The hydrodynamic radius of the
probes was calculated from the D values using the Stokes—
Einstein equation:

kT
h 6mnD

©)

where T is the temperature in kelvin, kg is the Boltzmann
constant (1.38 X 107> J K™'), and 7 is the viscosity of the
aqueous phase (1 X 107 Pa at 20 °C).

On the basis of these results, PEG—dendrimer trios and
couples with similar hydrodynamic radii could be recognized: (i)
7920/G2;G3, (i) 21300/GS, and (iii) 32530/G6. In the
following, PEG and dendrimers are referred to as Gy and
PEGy, with X being equal to the hydrodynamic radius of these
diffusional probes.
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Table 2. '"H NMR T, Relaxation Times, Self-Diffusion
Coeflicients, and the Corresponding Hydrodynamic Radii of
Different Dendrimer Generations (A) and PEG Molecular
Weights (B)“

A
D (mZ s_l) Ry (nm) T, (s)
G2 7.54 % 1071 2.84 0.485
G3 6.10 x 107! 3.51 0.450
G4 4.87 x 10711 4.40
GS 416 x 107 5.16 0.385
G6 342 x 107! 6.27 0.338
B
PEGs D (m?s™") Ry, (nm) T, (s)
615 2.7 x 1071 0.79 0.620
7920 6.77 X 1071 3.16 0.528
21300 3.99 x 107! 5.37 0.524
32530 3.06 X 1071 7 0.522
93 000 1.62 x 107! 13.22 0.518

“Data obtained from NMR measurements of 0.1% w/w of probes in a
H,0/NaCl solution (0.1 M) at 20 °C.

As seen in Table 2, T, relaxation times decreased from 0.485 to
0.338 s with increasing dendrimer molecular weights (M,,) from
12628 (G2) to 207988 (G6) g/mol. T, relaxation times for
PEGs were longer and decreased from 0.620 to 0.528 s with
increasing PEG molecular weights from 615 to 7920 g/mol.
However, when M,, exceeded 7920 g/mol, T, values exhibited
minor variations, in the order of 12 ms or less.

b. PEG and Dendrimers Reduced Self-Diffusion in NPC
Suspensions and Gels. The self-diffusion coeflicients of a PEG/
dendrimer trio and a PEG/dendrimer couple having similar
hydrodynamic radii ((i) PEG; 4 vs G, g4 and Gy, (ii) PEG; vs
Gg,7) were measured at 20 °C in NPC suspensions, with casein
concentrations ranging from 3 to 29 g/100 g of water, and in a
concentrated casein gel with a casein concentration of 15 g/100 g
H,0 (Figure 4). The absence of restricted diffusion (in
suspensions and gels), at the length-scale studied (~1.5 ym),
was verified for PEGs and dendrimers by varying the diffusion
delay corresponding to a diffusion distance of between 0.3 and
2.4 ym in suspensions and 0.58 and 4.07 ym in gels. No variation
in the diffusion coefficient measured occurred (data not shown).

Probe self-diffusion coeflicients were found to be dependent
on both casein concentration and their own size; the probe
diffusion decreased with increasing casein concentrations, and
the probe self-diffusion reduced with size for a given
concentration. This effect was observed for PEG as well as for
dendrimer probes. The reduction in diffusion coefficients was
greater for larger probes, giving D, 0.61 and 049 for
PEG;16G,44Gss1 and PEG,Gg,,, respectively, at a casein
concentration of 15 g/100 g H,O. However, at higher casein
concentrations, the diffusion coefficient was smaller for
dendrimers as compared to PEGs despite the fact that the
probes were of similar size. For example, at a casein
concentration of 29 g/100 g H,O, the D, of a 6.27 nm sized
dendrimer and a 7 nm sized PEG (Gg,; dendrimer and PEG,)
were 0.14 and 0.22, respectively. This highlights the effects of
probe shape and flexibility on self-diffusion behavior.

After coagulation, the self-diffusion of PEG and dendrimer
couples with similar Ry increased in the same manner. For the
small probes (R, ~ 3 nm), the increase was not very significant,
and hence the rennet coagulation had no influence on the

~
~
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Figure 4. (A) Comparison of reduced self-diffusion coefficients of 0.1%
w/w of PEG; 15 (A)/PEG; (®) and G, (0);Gss1 (A)/Gear (<)
dendrimers in relation to casein concentrations in NPC suspensions
measured at T = 20 °C. (B) D&!/D*! ratios obtained for PEGs (A) and
dendrimers (M) of various sizes in a concentrated rennet gel (15 g/100 g
H,0 + 0.1 M NaCl) measured at T = 20 °C. Empty triangles (A)
correspond to previously reported data'®'® obtained in rennet casein
gels prepared at the same casein concentration and temperature.

diffusion of small probes. However, for the four largest probes
(R, & 5—7 nm), the effects of coagulation were greater as the size
of the probe became larger. All of these findings were in very
good agreement with those already reported by Le Feunteun et
al,,'* who studied the effects of coagulation on the diffusion of
PEG probes with hydrodynamic radii of 0.8, 3.24, and 13.3 nm
(Figure 4B).

¢. PEG and Dendrimer "H NMR T, Relaxation Times in NPC
Suspensions and Gels. In parallel to self-diffusion measure-
ments, '"H NMR T, relaxation times were measured for each of
the probes in casein suspensions with casein concentrations
ranging from 3 to 22 g/100 g of water. Figures S and 6 illustrate
the dependence of the relaxation times on casein concentration
and the molecular size of the probe. Figures SA and 6A show that
(i) probe "H NMR T, relaxation times decreased with increasing
casein concentrations: the values obtained varied between 0.62
and 0.21 s for PEGs and between 0.48 and 0.18 s for dendrimers,
depending on the casein concentration and the molecular size of
the probe; and (ii) PEGs and dendrimers did not show a similar
decreasing relaxation trend. In the case of dendrimers, T,
relaxation followed a similar decreasing trend whatever the
generation. All data collapsed onto a master curve when the
reduced relaxation time was plotted as a function of casein
concentration (Figure 6A). In the case of PEG probes, however,
different decreasing curves were obtained depending on the
molecular weight of the probe. It can clearly be seen in Figures SB
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Figure S. (A) Relaxation time T, of 0.1% w/w of PEGs as a function of
casein concentrations in NPC suspensions measured at T = 20 °C. PEG
probes from top to bottom: 615, 7920, 21 300, 32 530, and 93 000 g/
mol. Reduced T), relaxation times are shown in the inset panel. Solid
lines are guides for the eyes. Empty shapes correspond to the relaxation
time T, obtained for the 7920 (0), 21 300 (A), and 32 530 (O) g/mol
PEGs in the concentrated casein gel (15 g/100g H,O + 0.1 M NaCl)
measured at T = 20 °C (B) Molecular weight dependence of the PEGs
transverse relaxation time for various casein concentrations (from top to
bottom): 0, 2.88, 6.43, 9.22, 11.86, 15.35, and 22.4 g/100 g H,0.

and 6B that two domains of chain dynamics could be determined
for PEGs, while linear variations occurred for dendrimers. The
crossover between the two domains labeled I and II occurred
when the PEG molecular weight was about 7920 g/mol. Within
the first domain, as for dendrimers, the PEG relaxation rates
measured in NPC suspensions for different casein concen-
trations were similarly dependent on molecular weight. In
contrast, the relaxation rates behaved very differently in domain
II (below 7920 g/mol). At zero casein concentration and in the
diluted casein system (2.95 g/100 g H,0), T, was almost
independent of the PEG chain length, but became dependent
when casein concentrations increased. A clear double break
behavior was also visible for the casein concentrations greater
than 12 g/100 g H,O. Intersection of the straight line was
observed at M,, = 32 530 g/mol.

On the other hand, "H NMR T, relaxation times surprisingly
decreased after coagulation (Figures SA and 6A), reflecting
reduced rotational probe mobility in casein gels. The depend-
ence of the relaxation times on the molecular weights of
dendrimers and PEGs in the concentrated casein suspension and
the rennet gel is illustrated in Figure 7. For dendrimer probes, T,
relaxation times varied with increasing dendrimer molecular
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Figure 6. (A) Relaxation time T, of 0.1% w/w of dendrimers as a
function of casein concentrations in NPC suspensions measured at T =
20 °C. Dendrimers from top to bottom: G2, G3, GS, and G6. Reduced
T, relaxation times are shown in the inset panel. Solid lines are guides for
the eyes. Empty shapes correspond to the relaxation time T, obtained
for the G2 (<), G3 (), and GS (A) and G6 (O) dendrimers in the
concentrated casein gel (15 g/100 g H,O + 0.1 M NaCl) measured at T
=20 °C. (B) Molecular weight dependence of the dendrimers transverse
relaxation time for various casein concentrations (from top to bottom):
0,2.88, 6.43,9.22, 11.86, 15.35, and 22.4 g/100 g H,0.
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Figure 7. Molecular weight dependence of PEG (diamond) and
dendrimer (triangle) transverse relaxation times in the concentrated
casein suspension (solid shapes) and the gel (open shapes) with a casein
concentration of 15 g/100 g H,O.

weight from 0.376 to 0.245 s in the casein suspension and from
0.206 to 0.160 s in the gel. For PEG probes, T), relaxation times
varied from 0.390 to 0.315 s in the casein suspension with
increasing PEG molecular weight from 7920 to 32530. However,
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in the rennet gel, T, hardly varied (less than 10 ms) when the
PEG molecular weight increased from 7920 to 32 530 g/mol.

To obtain greater understanding of the impact of structural
changes in the casein matrix on probe mobility during
coagulation, we monitored the self-diffusion coeflicients and
the relaxation rates of the G6 dendrimer during renneting of the
concentrated casein micelle suspension. This revealed how and
when probe diffusion and relaxation times varied during the
coagulation induced by chymosin action. As shown in Figure 8,
relaxation of the G6 dendrimer remained stable during the first
stage of coagulation, that is, the enzymatic phase. Immediately
after the aggregation of the resulting para-casein micelles (gel
formation), relaxation decreased rapidly and continued to
decrease gradually throughout the experiment until it stabilized
after approximately 20 h. However, diffusion of the G6
dendrimer was unaffected by the first two stages of coagulation,
that is, the enzymatic and the aggregation phases, and started to
change after approximately 5 h of coagulation, approximately 2 h
after gel formation. Diftusion results were in agreement with
those already obtained by Le Feunteun et al,'*> who monitored
the diffusion of a 96750 g/mol PEG (R, = 13.3 nm) in a
concentrated rennet gel.

IV. DISCUSSION

Previous studies''* have improved our understanding of the
mechanisms of self-diffusion of linear and deformable PEG
probes of various sizes in NPC suspensions and gels. It has been
shown that PEG diffusion in casein suspensions is greatly
dependent on both the volume fraction occupied by casein
particles and the probe size. The reduction in the self-diffusion
coefficient for a given volume fraction of casein particles is
smaller for smaller probes. This phenomenon was first explained
by assuming a model with two diffusion pathways, one around
the casein particles and one through these particles. Such a model
was proposed because casein particles are known to be porous
and highly hydrated.*® On the other hand, because PEGs are
flexible and easily deformable, they can diffuse through small
spaces as compared to their hydrodynamic diameter by adopting
a more elongated conformation, as described by the reptation
model of De Gennes and proved by other studies.'”** However,
the results of our previous study'® dealing with the effects of the
casein system (NPC (Ry, cisein = 100 nm) and SC (R}, cysein = 11
nm) systems) on PEG diffusion indicated that the extra-particle
mechanism, which is the only one to be considered in the case of
SC suspensions, was sufficient to explain the differences observed
in the values of the diffusion coeflicients according to probe size.
The results assumed that intramicellar diffusion mechanism
adopted in the NPC system would be negligible, and results
could be explained by taking into account the size of the probe
and the density of the system. This explanation was proposed
because PEG diffusion was much more attenuated in SC than in
the NPC system. If intramicellar diffusion exists, we would have
observed the opposite situation, as PEG would be more
constrained inside the micelle and hence would experience
fewer obstruction effects when diffusing around casein aggregates
in SC dispersions.

To further validate our hypotheses and to achieve a better
understanding of probe diffusion in NPC suspensions and gels, a
preferred experimental design is proposed below to follow the
diftusion of hard spherical probe particles such as dendrimers
with fixed dimensions through the casein matrix. Because of their
spherical shape, dendrimers cannot diffuse inside the micelle.
Only extramicellar diffusion is possible for this kind of probe. The
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Figure 8. Evolution of the G6 dendrimer (0.1% w/w) self-diffusion coefficients (M) and T, relaxation times (@) over time after addition of chymosin to
the concentrated casein suspension (15 g/100 g H,O + 0.1 M NaCl) at T =20 °C and pH =~ 7.

results obtained for the combined study of diffusion and
relaxation are discussed below.

Mobility of PEG and Dendrimer Probes in NPC
Suspensions. i. Self-Diffusion. The onset of close-packing,
where casein micelles come into direct contact, occurs in NPC
suspensions at a casein concentration of about 15 g/100 g
water.'®%° Below the close packing limit, PEG and dendrimer
couples (with similar Ry,) have similar diffusion behaviors (Figure
9 in the Supporting Information). This finding is consistent with
our previous results,'® which indicated that at a low obstacle
density (between 2.88 and 15 g/100 g H,O) the obstruction
mechanism induced by casein micelles has no constraints on the
conformation of PEGs, which remain in a spherical random coil
form. If intramicellar diffusion exists, self-diffusion of PEG should
be slower than for dendrimer as it should experience more
obstruction effects when diffusing inside the micelle. In the light
of our results, and in agreement with our previous study,'®
intramicellar diffusion as earlier proposed for NPC systems can
no longer be taken into consideration. Only an extra-micellar
diffusion mechanism can exist regardless of the probe size and
deformability. Above close-packing probes continued to diffuse,
and differences occurred in their diffusion behavior; PEGs
diffused faster than dendrimers, and the differences in self-
diffusion became greater as the size of the probe increased. Probe
diameter approached the pore size of the casein matrix with
increasing casein concentrations (beyond 15 g/100 g H,0) and
probe size."® The probes therefore diffused less freely through a
dense array of obstacles, which hindered their mobility in a size-
dependent manner. Hindrance to PEG diftusion was less because
it is capable of changing its shape to move through the
concentrated casein solution by adopting an ellipsoidal random
coil form,"® while a dendrimer sphere has no flexibility and thus
encounters greater resistance.

ii. 'H T, Relaxation Times. While the self-diffusion coefficient
reflects displacement of the molecule within the casein matrix
over micrometer distances, the T, relaxation time reflects the
rotational or local mobility of molecules at the nanometer scale.
'H T, relaxation can be linked to any molecular motion that can
induce fluctuating local magnetic fields. There are several distinct
mechanisms occurring at the molecular level that can contribute
to relaxation, but the most common mechanism is the magnetic
dipole—dipole interaction, which is assumed to be responsible for
the relaxation of transverse magnetization in this study.
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The chain length of the PEG probes used in this study
increased significantly (from 615 to 93 000 g/mol PEG). The
results obtained at zero casein concentration (Figures S and 6)
reflect greater mobility for the low molecular weight PEG probes,
consistent with the increasing contribution of the overall
tumbling of the molecule to the relaxation. The striking result
of these experiments was the relatively low molecular weight of
PEGs, corresponding to a critical size of 180 monomer units,
above which the T, relaxation became almost size-independent.
This result demonstrates the local nature of the motions
responsible for the T, relaxation in polymer chains in an H,O
solution. Above this critical size, the overall tumbling was much
slower than the local motions, and, therefore, its contribution to
the relaxation was negligible. Therefore, for PEG polymers in
H,0, the contribution of segmental motion to 'H T, is the
dominant factor rather than that of the rotational motion of a
whole molecule. In contrast to PEG polymers, the dendrimer
macromolecules were characterized by PEG terminal function
groups located on the exterior, with a uniform chain length of 587
g/mol. Only the number of chains doubled from one generation
to the next. The length of this chain was therefore short, and the
size was close to that of the 615 g/mol PEG. As the length of this
short chain does not vary, the local mobility of PEG chains was
the same and only affected by the overall dendrimer tumbling,
which depended on the overall dendrimer size. The effect of
dendrimer core rigidity manifested itself through the values of T,
which were found to be much lower than those of the 615 g/mol
PEG. The T, relaxation times measured thus reflected the global
mobility of the dendrimer molecules.

Probe relaxation times decreased significantly in the presence
of casein micelles. In many studies performed by other authors,
reduction of T, relaxation times has been attributed to an
intermolecular interaction between a probe and the network,>"**
or to changes in viscosity.”> Attention has also focused on the
effects of polymer chain length on T, relaxation time in entangled
polymer systems and prior to reptation motion.**”*” To our
knowledge, no studies exist concerning the effects of PEG/PEO
polymer chain length on T, relaxation times measured in dilute
and semidilute protein systems.

In cases of interaction, there are two types of exchange
processes between free PEG probes and those interacting with
the casein matrix. Intercompartmental exchange can be
characterized as slow and fast. Under slow exchange, the
relaxation will be biexponential; that is, relative components of
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the signal will correspond closely to the volume fractions of the
physical compartments. Under fast exchange, the relaxation will
be monoexponential, the single relaxation rate being the
weighted volume-average of the two relaxation rates and being
dependent on the pulse spacing used. However, our results
showed that (i) the addition of 0.1% w/w of probes had no effect
on the size of the casein particles, on the viscosity values of the
suspensions, or on the casein network formation, (ii) in our 'H
T, experiments, PEGs and dendrimers in casein suspensions had
a single component for the relaxation behavior, and (jii) there
was no dependence of the transverse relaxation rate of PEG on
the pulse spacing for a casein concentration of 15 g/100 g water.
The experimental T, values remained stable when varying the
echo time between S0 s and 2 ms (data not shown). All of these
results confirm the absence of interaction between casein
particles and probes and exclude the interpretation based on
slow and fast exchange of molecules. Therefore, only dipole—
dipole interaction was to be considered to explain the changes in
T, values.

Taking into account the Stokes—Einstein—Debye equation, it
is possible to connect the T, variations with changes in the
solvent viscosity. However, microviscosity is not easily
quantified, and there is no indication of its variation in casein
suspensions according to casein concentration. On the other
hand, dipole—dipole interactions are known to have a
considerable impact on changes in T, values. These dipolar
effects can be influenced both by intermolecular interactions and
by changes in the overall environment. The variation in
relaxation times for a given polymer with increasing casein
concentration can be attributed to increased restriction of its
freedom of motion with increasing casein concentrations.
Comparison of the reduced dendrimer self-diffusion (Figure
4A) and its T, relaxation times (Figure 6A) revealed that the
retardation of the probe rotation was substantially less than the
retardation of its translation (diffusion) in concentrated casein
suspensions. This indicates that dendrimer mobility was less
restricted over small distances than over large ones. This was also
true for the PEG probes. In contrast to the reduced diftusion
results for dendrimers, which were affected by the casein
concentration and probe size, reduced dendrimer T, relaxation
times depended similarly on the casein concentration whatever
the probe size. This was not the case for PEG polymer chains
because their flexibility led to variations in the contribution to the
relaxation of the local segmental motion and the global or long-
range motions of large chains. In diluted casein systems (C < 6.43
g/100 g H,0), the PEG T, relaxation was governed by the local
mobility of the chain as in water solutions. When the casein
concentration increased, the local mobility was restricted, and the
overall tumbling of the probe played a major role in the relaxation
times even for a relatively large chain size. This result explains the
dependence of T, relaxation times on probe molecular weights in
domain II for casein concentrations >6.43 g/100 g H,O. At
higher concentrations (>12 g/100 g H,O), the mobility of the
93000 g/mol PEG was found to be greater than expected. T,
relaxation times measured for this probe in such concentrated
systems reflect either higher mobility, due to its ability to
undergo conformational changes,"® or further anisotropy in the
motion of probes, which can be attributed to the increase in
obstruction effects induced by casein proteins. The anisotropic
motion of the probe chains on the NMR time scale may cause
residual dipolar coupling, which affects the values of the T,
measured.
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Mobility of PEG and Dendrimer Probes in a Concen-
trated Casein Rennet Gel. i. Self-Diffusion. The coagulation
induced by chymosin action is generally broken into three
phases: enzyme action, aggregation, and gel aging.>®~*" First, the
enzyme specifically splits off the k-casein located at the surface of
the supramolecular edifice. This reduces the steric and
electrostatic repulsion between casein particles, and the
suspension becomes unstable. In the second phase, the resulting
para-casein micelles spontaneously aggregate and form a
microscopic network. In this study, this phenomenon was
characterized by the rapid increase in G’ and G” and the sudden
decrease in § between 3 and 4 h (Figure 3). The transition from
solution to gel occurred at t = 3 h 20 min for slow coagulation,
induced by addition of 4 yL of chymosin in 10 g of NPC
suspension at 20 °C, and within a few minutes for the fast
coagulation induced by addition of 70 uL of a chymosin dilution
(1 mL in 99.0 g of distilled water) in 10 g of NPC suspension at
30 °C (data not shown). Finally, the third phase corresponds to
the aging of the gel and is characterized by the occurrence of
structural changes in the casein network, which give rise to local
matrix fusion and compaction, resulting in a gel with larger pores
and greater permeability.*>**~*° Although the stages are
different in nature, they are not clearly separated in time. The
aggregation 4phase always starts before the end of the enzymatic
reaction®'”***¢ and occurs at an even lower degree of k-casein
hydrolysis when the casein concentration is increased.'”*”*
This is believed to be caused by a smaller mean free distance
between casein micelles, which increases the collision frequency,
and higher concentrations of ionic calcium, which reduce the
electrostatic repulsion in concentrated dairy solutions.*>*” On
the basis of the reported results,'”*** the percentage of
proteolysis at gel formation for a casein concentration of 15 g/
100 g H,O is 40%. The enzymatic reaction continues to occur
long past the gelation point.

As was already reported by Le Feunteun et a and
Colsenet et al,'® the significant increase in the self-diffusion of
large probes after coagulation can thus be explained on the basis
of the network rearrangements that lead to particle fusion and
compaction and consequently to a dramatic decrease in the
casein particle size and an increase in protein—protein
interactions.*® All of these changes result in a structure where
molecules have more free space to diffuse.

The effects of the gel structure on the solute diffusion have also
previously been studied using NMR diffusometry by several
authors in different matrixes.”>* 75! Strong connection has been
found between the gel structure and the probe diffusion in both
k-Carrageenan®”*® and whey protein®" gels. The diffusion
behavior has been determined mainly by the void size, which
in turn has been defined by the state of aggregation of the matrix.
The effects of coagulation have also been investigated using
simulation methods,** which have shown that the diffusion of a
spherical probe in hard sphere suspensions and gels is mainly
dependent on the volume fraction that is accessible to the
diftusing particle.

However, the striking result of these experiments was that
spherical dendrimer probes and flexible PEG probes of similar
sizes showed the same increase in diffusion behavior after
coagulation despite the differences in their structure. If small
PEG probes could enter casein aggregates, their diffusion would
be slower than that of dendrimers because they would experience
more obstruction effects when diffusing inside the aggregates. In
addition, during the rearrangement process, the fused particles
may be accompanied by a reduction in strand porosity through
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shrinkage. Under the hypothesis that PEGs diffuse through the
strands, these effects would lead to an increase in the obstruction
effect for PEG molecules and thus a decrease in the diffusion
coefficient after coagulation. In the light of our results showing an
increase instead of a decrease in the probe self-diffusion
coeflicient, the intra-aggregate diffusion pathway already
proposed in NPC rennet gels is no longer valid. Only an extra-
aggregate diffusion mechanism can exist, regardless of the probe
size and deformability, as in the case of NPC suspensions. The
absence of significant effect of coagulation for the smallest PEGs
with Ry, < 3 nm may be attributed to lower sensitivity to a change
in voluminosity (as observed in suspensions) because of their
small size.

ii. "H T, Relaxation Times. The local mobility of the matrix is
an important issue that has to be taken into consideration.
Indeed, several NMR studies have demonstrated that casein
micelle, despite its large size, contains a highly mobile protein
segment, which explains the narrow peak in the NMR spectra.>®
Thus, the mobility of the probe molecule will most probably be
affected by the motion of these segments. The coagulation of our
concentrated casein sample may be visualized by the formation of
a network backbone during the sol—gel transition, which was
progressively reinforced upon further incorporation of particles
during the aging phase accompanied by the loss of the highly
mobile k-casein macro-peptide.’®> This slow casein particle
aggregation process was responsible for delayed development
of maximum firmness in the gel (Figure 3). As the gel became
denser, the local motion of casein particles became slower as a
result of the formation of small clusters or network-like
structures. This reduced motion can explain the decrease in T,
relaxation times of probes in gels and the slope variation between
suspensions and gels of the line showing the dependence of
dendrimer and PEG T, relaxation times on molecular weight
(Figure 7).

On the other hand, a decrease in casein mobility might be
thought to result in a decrease in probe self-diffusion, but this
reasoning would overlook the fact that the structural changes
lead to a more open network gel structure.
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