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ABSTRACT: The self-diffusion coefficients of 620 and 96 750 g/mol poly(ethylene glycol) (PEG) were measured

by pulsed field gradient (PFG)-NMR throughout the coagulation processes of a concentrated casein suspension
induced by acidification alone and with the concomitant action of chymosin. The diffusion of water molecules
was also investigated during the acidification process. In all experiments, the diffusion coefficient of the molecule
studied was modified nonlinearly, and the precise moments at which its evolution changed corresponded to key
stages of both coagulation processes. These variations were not directly relateeg®l s@nsitions as revealed

by rheological measurements but were caused by other types of structural changes in the sample whatever its
viscoelastic state (solution or gel). The diffusion of the large PEG was very sensitive to variations in the size of
the casein particles and the casein aggregates constituting the network before and after gelation, respectively. In
contrast, the diffusion of the small PEG and of water was sensitive to changes in the internal structure of the
colloidal matter. The evolution of the sample microstructure could thus be monitored by diffusion measurements
throughout the coagulation processes. In comparison, rheometry, stiffness measurements, and scanning electron
microscopy revealed these modifications in the gel state only.

Introduction information on evolving systems and particularly on dairy
matrices.

However, rennet-induced coagulation is not the only process
used to produce dairy gels. The formation of a milk gel, i.e.,
the destabilization of the colloidal system of dispersed casein
micelles, can be obtained by the enzymatic action of chymosin
(contained in rennet), by slow acidification, or by combinations
of both?® In milk, the stability of casein micelles is provided
by the presence af-casein molecules protruding from their
surface which prevents their aggregation by steric and electro-
static repulsior?”-28In all types of coagulation, casein micelles
are first destabilized. The casein particles then aggregate and

orm a protein network which entraps the serum phase.
However, the enzymatic and acid processes are different in many
aspects. Whereas chymosin cleaves offittoasein molecules,
acidification leads to several complex mechanisms before gel
formation which have only partially been explained to date. The
resulting gel properties are very different according to the
process employed, and moreover they depend on various
parameters such as temperature, milk pretreatment, and casein
concentratior?®29The number of influencing parameters rises

We recently investigated the impact of rennet-induced \yhen combining chymosin action and acidification, particularly
Coagulation of a milk SyStem on the diffusion of different PEGs because there is considerable synergy between these two
using PFG-NMR®® However, rather than performing one processes. A wide variety of coagulation processes and hence
expel’iment before gelation and one aftel’, self-diffusion mea- products can therefore be achieved’ though many mechanisms
surements were repeated throughout the coagulation processiemain unclear. Probe diffusion studies during such types of
With this experimental design, we showed that probe diffusion transformation may thus provide valuable information on the
was not directly influenced by the formation of a network but processes themselves and characterize the impact of various
was particularly sensitive to the structural modifications that parameters.
take place during the aging of the gel. Moreover, depending on The aim of the present study was to investigate the sensitivity
the probe size, the evolution of their diffusion coefficient was qf probe diffusion to the structural changes that occur during
related to changes in gel porosity and in the internal structure the coagulation of a casein suspension induced by acidification
of the casein aggregates forming the network. This illustrates gjone and with the concomitant action of chymosin. The self-
the potential of probe diffusion studies to reveal dynamic jffusion of a small and a large PEG were investigated by

PFG-NMR throughout each type of coagulation, and that of
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By studying the diffusion of probe molecules of various sizes,
information can be obtained on the microstructure of a sample
at different length scal€s*> Such experiments have therefore
been applied to a great variety of matrices, including polymers
and proteins in both liquid and gel stafed3 The diffusion of
poly(ethylene glycol)s (PEGs) measured by pulsed field gradient
(PFG)-NMR is probably the most widely used method to
perform these investigations. PFG-NMR is a very powerful and
nondestructive technique to determine self-diffusion coef-
ficients!415and PEG molecules selected as probes offer several
advantages. They are water-soluble and available in a wide rang
of molecular weights with low polydispersity indices, and their
NMR signal is a sharp band. Moreover, PEGs present very weak
interactions with protein¥-20 and there are numerous NMR
diffusion sequences which include a solvent suppression
schemeél~24 With the latter two properties, PEG diffusion
determined by PFG-NMR techniques makes possible the
observation of obstruction effects in real biological matrices,
i.e., without the need to resort to the use of heavy water.

10.1021/ma702248z CCC: $40.75 © 2008 American Chemical Society
Published on Web 03/18/2008



2080 Le Feunteun and Mariette Macromolecules, Vol. 41, No. 6, 2008

7 programed to adjust the stress automatically to provide a strain of
- 0.5%, which was found to be within the linear viscoelastic region
65 of the samples. The phase anglg (vas calculated according to

the equationy = tam{(G"/G').

Puncture Tests.Penetration measurements were performed with
an Instron Universal Testing Machine 5500 (Instron Ltd., France)
monitored by the Merlin software. A flat end puncture probe with
55 a diameter of 12.5 mm was pushed into the sample at a speed of
100 mm/min The depth of penetration into the sample was 8 mm,
and the data sampling rate was 50 points/s. The stiffness (slope of

pH

s the linear part of the curve, representing the elastic deformation,
N/mm) and the hardness (strength at the ultimate depth, N) or the
4.5 ' ' ‘ ' ! strength at fracture (N) when it occurred were calculated.
Y 5 10 15 20 25 Scanning Electron Microscopy (SEM) Images were obtained

Time (hours) with a scanning electron microscope (Jeol JSM 6301F) operating
Figure 1. Example of curve representing the recorded values of pH at an acceleration voltage of 9 kV. The images were produced by
as a function of time after the addition of GDL to a casein suspension CMEBA (France, Rennes). The detailed protocol concerning sample
maintained at 26C. The solid line represents fitting of the data obtained preparation was previously given in ref 25.
by Table Curve. Self-Diffusion Measurements All measurements were con-

. . ucted at 20t 0.1°C, and the series of diffusion coefficients during
etry, and after the onset of gelation, stiffness measurements ande coagulation processes were obtained according to the procedure
scanning electron microscopy (SEM) were used to follow the gescribed in ref 25.

evolution of the gel properties during aging. Water self-diffusionwas measured on a 20 MHz Bruker
] spectrometer equipped with a field gradient probe with a spin-echo
Materials and Methods sequence (PFG-SE). The NMR tubes had an internal diameter of 8

Materials. Native phosphocaseinate powder (INRA, Rennes, MM, and calibration of the strength of gradients was performed
France) was used (powder composition was described in ref 25). With a sample of pure water of a known self-diffusion coefficient
The PEG polymers were obtained from Polymer Laboratories & 20°C (Duo = 1.98 x 107° m? s°%). Ten values of gradient
(Marseilles, France), with average molecular masses of 620 andStrength ¢) ranging between 0.6 and 3.2 T/m were used during
96 750 g/mol. Both polymers had the same low polydispersity index ach measurement. Four scans were carried out, and the recycle
of 1.06, as indicated by the suppliers. All polymers, sodium azide delay was set at fiv&. The gradient lengthy) and the diffusion
(NaNs) (Merck, Darmstadt, Germany), sodium chloride (NaCl), and interval (A) were 0.5 and 5.0 ms, respectively.
Glucono-Delta-Lactone (GDL) with a purity above 99% (Sigma- _ PEG self-diffusiomeasurements were performed on a 500 MHz
Aldrich, Steinheim, Germany) were used without further purifica- Bruker spectrometer equipped with a field gradient probe with 5
tion. The chymosin solution used was Chymax-Plus purchased from MM NMR tubes. Diffusion spectra were acquired with a stimulated
Chr-Hansen (Arpajon, France). echo sequence using bipolar gradients (STE-BP) and®-39

Acid and Combined Coagulations All casein suspensions ~WATERGATE pulse scheme to suppress the water signal. Experi-
contained 16.18t 0.09 g of casein for 100 g of # and were ments were carried out W|th_ 16 different valu_esgofanglng from
prepared according to the protocol described in ref 25. To start the ~0-25 to 5.00 T/m and withd) = 1.0 ms. Sixteen scans were
acidification process, GDL was added to the casein suspension atndertaken, and the recycle delay was set at tiire®epending
the proportion of 4.10 g to 100 g. A chronometer was started at O" the molecular weight of the PEG studieti,was adjusted to
the same timet(= 0 s), and the solution was vigorously stirred for ~0btain a diffusion distance~ 1.5um in the casein suspension, in
3 min. This procedure provided a pH of around 4.6 at 24 h. accordance with the Einstein equatian= (2DpecA)"?. This
The same procedure was used to form combined gels, except thatProcedure enabled molecular probes to cover a much greater
in addition to GDL, 70QuL of a chymosin dilution was added for distance than the casein micelle diameter (diameter around 150
100 g of casein suspension. The chymosin dilution (1 mL in 99.0 nm). . .

g of distilled water) was always prepared and stored 4t 4-20 NMR  Processing Methods. All the data processing was
min before each inoculation. Samples were then rapidly prepared Performed with Matlab software. Monte Carlo simulations were
for NMR and dynamic rheological measurements, whereas samples“sed_f(_)r error calculations with 200 iterations. All se:lf-dlffusmn
were stored at 20°C before analysis for SEM and puncture coefficients were calculated from the following equation:
experiments. No shrinkage of the gel was observed during the time

scale of the experiments. o= Zp‘ exp (—kD) (1)

pH Measurements The pH was 6.80 in all the casein suspen- [
sions prepared (Schott, pH combination electrode type no. N6280,

Germany). In order to follow the acidification kinetics, the pH Wherelg is the signal intensity in the absence of gradiebisthe
electrode was placed in an extra amount of sample maintained atself-diffusion coefficient of théth componentp; the fractional
20°C in a water bath after the total dissolution of the gelling agent- Proton number of théth component, and@p; = 1 (in this study|

(s). The pH meter was connected to a data logger to record the pHwWas one or two). The values taken kyin a classic spin-echo
every 5 min (STARLOG, Macro data logger, model 7000B). An sequence (as for water self-diffusion measurements) are given by
example of the curves obtained is presented in Figure 1. The the following equation:

equation relating the time after the addition of gelling agent(s) and

pH was obtained by fitting all the data by Table Curve. This k= y?g?0°A )
procedure enabled us to plot our diffusion and viscoelastic results
against pH. However, in a STEBP NMR sequence with a WATERGATE

Dynamic Rheological MeasurementsThe viscoelastic proper- ~ scheme (as for PEG self-diffusion measurements) the equation is
ties of both gels were studied with a controlled stress rheometer transformed into
(Rheostress RS150, Haake, Germany) using a double-gap cylinder

sensor (DG41). The temperature was maintained 4C2@nd the k= y?g?0%(A — 0/3 — 1/2) (3)
surface of the sample was covered with silicone oil to prevent
evaporation. The storage modul@ ) and the loss modulusy") Here,y is the gyromagnetic ratio (for protong,= 26.7520x 10’

were recorded at a frequency of 1 Hz, and the rheometer wasrad T s71), g the amplitude of the gradient, gradient duration,
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Figure 2. Evolution of storage modulusX), loss modulus@'), and

phase angled) as a function of pH during acid coagulation (two
repetitions).

A the time between the leading edges of gradients,rathe time
between the end of each gradient and the next radio-frequency pulse.
The self-diffusion coefficients of PEGs in the suspensions and d
all those obtained for water were calculated by fitting eq 1, with 1 : iz nd
= 1, to the raw NMR data. However, the gluconic acid which is Figure 3. SEM images of an acid gel at= 48 h (pH~ 4.5) at two

progressively formed by hydrolysis of GDL presented an overlap- magnifications: (a)x20 000 and (b)x50 000.
ping signal with those of PEGs at a shift 6f3.6 ppm. For the

96 750 g/mol PEG, this polluting signal was totally attenuated in Table 1. Textural Properties of the Acid Gel at Different Times after

the fourth spectrum of the diffusion spectra. The results for this the Addition of GDL at 20 °C (pH ~ 4.5 at All Times)
polymer in the presence of gluconic acid were therefore determined time after stiffness hardness
by fitting eq 1, withi = 1, after eliminating the first three intensities. addition of GDL (N/mm) (N)
However, the diffusion coefficient of the 620 g/mol PEG was a1h53 0.018 017
close enough to that of the gluconic acid (180 g/mol) to render the 44ha1 0.025 023
separation of each component by a biexponential fit ineffective, 47 h56 0.032 0.96
i.e., eq 1 withi = 2. To overcome this problem, the diffusion 49 h 10 0.033 0.26

coefficient of the gluconic acid was always determined from an
isolated and specific peak of the latter. The proportion of this

polluting signal contributing to the NMR band of interest was then . "
estimated. For the first PEG diffusion value measured in the differences between the two repetitions before the-gel

presence of gluconic acid, i.e., at pH 6, the proportion of the transition (i.e., above pl# 4.65) because the values@fand
gluconic acid signal was obtained by taking an isolated casein signal G measured were still very low (less than 1 Pa) and hence
as reference. For subsequent values, since the sample remained itinprecise. The pH at onset of gelation, defined as the pH at
the tube inside the NMR spectrometer, the increasing proportion which G' and G" were equal, was pid = 4.60, which

of gluconic acid polluting the PEG signal was estimated according corresponded to a time after the addition of GR& = 20 h

to the evolution of the total signal area (PEé&gluconic acid) in 35. Beyond pH= 4.55,G' andG" continued to increase while
the absence of gradients. The diffusion coefficient of gluconic acid s stabilized at 13 Note that a plateau was really observed since

and its fractional proton number were finally reintroduced ineq 1 0 phase angle remained stable for several hours before we
with i = 2 to determine the diffusion coefficient of the small stopped the experiment.

polymer. . .
Normalization of the Self-Diffusion Coefficients The self- In the hours after the onset of gelation, the gel was not solid

diffusion coefficients obtained in casein suspensions and gels canno€hough to produce SEM images or to conduct stiffness
be directly compared because the hindrance caused by the additionineasurements. These experiments were therefore performed
of GDL must be considered. This effect was previously investigated only at aroundt = 48 h when the pH of the sample was
in D20 solutions, and it was shown that the reduction in the probe stabilized just above 4.5. As can be observed in Table 1, the
diffusion rate was proportionally the same whatever the PEG hardness and the stiffness values measured were very low and
molecular weight* The effect of the addition of GDL was thus  jhcreased very slowly with time, in accordance with our
Zigfi:”et(:]ebé:‘nqgnﬁ{sg‘;enc'g t;‘é'ktr:’;‘?cgsgg;v'gﬁéhé;guﬁi? macroscopic observations. At this moment, the gel structure
Y 2 consisted of an assembly of small and spherical particles (Figure

shown). For all the molecules studied, the self-diffusion coefficients 3). Alth h th icl i d'si
obtained after the addition of GDL were thus corrected according ) Although these particles were necessarily connected since a

repetitions. Not too much importance should be attached to the

to the equation previously described in ref 11: gel was formed, no fusion between them was observed.
Self-Diffusion during Acid-Induced Coagulation. Above
Deorrected™= Pmeasuredt 0-0235[GDL] pH = 4.7, although the rheological properties of the sample

remained stable, wide variations in the self-diffusion coefficients
where [GDL] is the mass of GDL added, expresses as a percentagef both PEGs and water occurred, as illustrated in Figures 4
of the total sample mass. and 5, respectively. All curves could be broken down into three

different phases. Between the initial pH and pH5.9, the
Results diffusion coefficients of the PEGs were enhanced, whereas that

Characterization of Acid-Induced Coagulation. The storage of water should be considered stable since the apparent increase

modulus @), the loss modulus®'"), and the phase anglé)( was not significant. Below pH- 5.9, the diffusion rate of all
recorded during the acidification of a concentrated casein molecules then decreased until pH4.9 was reached. They
suspension are given in Figure 2 as a function of pH for two increased to different extents thereafter until the end of the
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Figure 6. Evolution of storage modulugX), loss modulus@"), and
phase angled) as a function of pH during combined coagulation (two
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Figure 4. Evolution of a self-diffusion coefficients of 96 750 g/mol
PEG and the 620 g/mol PEG (two repetitions) as a function of pH

during acid coagulation. Error bars represent the uncertainties given repetitions).
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Figure 5. Evolution of self-diffusion coefficient of kD as a function stiffness as a function of pH during combined coagulation.

of pH during acid coagulation. Error bars represent the uncertainties . . " .o
given by the Monte Carlo simulations, and the solid line is a guide for Stiffer. In addition,G", and to a greater exte@, increased
the eyes. more rapidly, causing a second fall in the phase angle from pH

~ 4.9 (Figure 6§ and a more rapid increase in gel stiffness, as

experiments (at pH- 4.55). Nevertheless, depending on the shown in Figure 7. All these elements demonstrate that
size of the diffusing molecule, two differences emerged, significant changes occurred in the structural organization of
indicating that scaling effects must be considered. First, in the sample after pH= 4.9. The nature and the number and/or
agreement with previous finding3!125 the extent of the  strength of the binding forces necessarily changed during this
variations was greater for larger probes. Second, the relativeinterval. When the experiment was stopped @&t16 h 25 and
size of the decrease, i.e., the second phase, was proportionallpH = 4.67), the phase angle had reached a value of, 5.8
larger for smaller molecules. As a result, the diffusion of the indicating that the gel had become very elastic. Note that all
largest PEG was increased overall in contrast to that of waterthese rheological findings are in very good agreement with
and the small PEG. It should also be noted that the diffusion of previous studies performed on combined géfs.
gluconic acid (180 g/mol) followed the same evolution as that SEM images obtained at different times after gel formation
observed for the 620 g/mol PEG (data not shown). are presented in Figure 8. As can be seen from Figure 8a,c,e,

The results obtained for the largest PEG are in line with a the gel microstructure appeared homogeneous at a length scale
previous study in which diffusion measurements were performed of a few micrometers at all pH. Figure 8a,b shows a very similar
before and after acid coagulation in,@ systems$! For network structure after gel formation (pH 5.15) to that
watef3land a small probe such as the 620 g/mol PE@Gge observed in the acid gel, i.e., small spherical particles and small
impact of the acid coagulation was previously considered to be pores. The matrix organization had greatly changed atpH
negligible. In fact, our findings confirm that the initial and final  4.78 (Figure 8c,d). The microstructure appeared much more
values are very close, but they also show that the decrease irbranched, with larger pores. The network consisted of large
pH does have an influence on the diffusion of these molecules. casein aggregates and thick strands, indicating that the small
Moreover, the present results demonstrate that the-gsil particles had fused together. After 24 h (pH4.56), the same
transition is not the phenomenon explaining the impact of type of organization was observed but with larger empty spaces,
coagulation on probe diffusion. Other modifications of the indicating that the gel structure had continued to evolve (Figure
matrix, to which rheological measurements were not sensitive, 8e,f). Images during the hours following network establishment

need therefore to be considered. revealed that a new type of organization was being formed,
Characterization of Combined Coagulation When rennet progressively evolving toward a more “open” microstructure.
was added, the onset of gelation (characterized hyH5.53 Self-Diffusion during Combined Coagulation As shown

andtge; = 50 min) took place much more rapidly because of in Figure 9, until pH= 5.27 was reached, the diffusion of the
the action of chymosin (Figure 6). After the end of the-sgé| 96750 g/mol PEG did not depend on the coagulation process
transition (from pH~ 5.4), whiled was stable around 26G' since the same behavior was observed when the suspension was
and G" continued to increase, indicating that the gel became acidified without addition of rennet. During this first phase, all
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Figure 10. Enlargement of the evolution of the phase angle during
combined coagulation and the 620 g/mol PEG self-diffusion coefficient
as a function of pH during both acid and combined coagilation
processes. The solid black line is a guide for the eyes.
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diffusion during the combined coagulation and that obtained
during acidification alone were almost identical (Figure 10).
R Acidification was thus clearly the main factor influencing the
diffusion of this small probe while the chymosin action and
the aggregation stage had only a minor influence.

Discussion

A casein micelle suspension consists of roughly spherical
particles with a mean diameter around 150%hdispersed in
’ = - water. The casein micelle structure is still a matter of debate,
Figure 8. SEM images of combined gels at two magnifications but recent studi€834-3¢ have shown that caseins are partly
(>20 000 andx 50 000) at different times after the addition of chymosin  jinked together by colloidal calcium phosphate nanoclusters, in
Zﬂg (Gele‘)'t (_<51,2t£>1)th= 2h 24, pH=525; (c, d)t =8 h 30, pH= 4.78; agreement with the “open structure” models such as those
Pt = , pH= 4.56. oo
proposed by Holt and Hordgand the dual-binding model of
18 Horne3* As observed experimentally, these models involve a
more or less spherical, highly hydrated, and fairly open particle.
In agreement with this description of casein micelles and their
reported permeability to large molecufés#? it has been shown
that, in contrast to water molecules and a 620 g/mol PEG, a
96 750 g/mol PEG cannot or can hardly diffuse through casein
particles?® Moreover, the compaction of the casein network
which takes place during the gel aging phase of enzymatic-
induced coagulatigi**was found to cause an increase in the
diffusion rate of a 96 750 g/mol PEG but a reduction in that of
a 620 g/mol PEG. The diffusion of the large polymer therefore
appeared to be mainly sensitive to changes in the gel porosity
7.0 6.5 6.0 5.5 5.0 45 whereas that of the small probe seemed to be mainly influenced
PH by changes in the internal structure of the network. With these
Figure 9. The 96 750 g/mol PEG self-diffusion coefficient as a function previous findings on probe diffusion in dairy matrices, and
of pH with an enlargement of the evolution of the phase angle during existing knowledge concerning coagulation processes, it is

combined coagulation. Diffusion of this probe during acid coagulation ] " - :
is also represented for comparison. Error bars represent the uncertaintie?OSSIbIe to propose an explanation for our diffusion results.

given bu the Monte Carlos simulations, and the black solid line and 1. Sel_f-Diffusion durin_g Acidifi_catipn. In the_ case of
the dotted grey line are guides for the eyes. enzyme-induced coagulation, the diffusion rate of different PEGs

did not vary before the network formation was completed.
variations can therefore be explained by pH effects. However, This could be explained simply since no great changes are
in contrast to what was observed during acidification, a regular thought to occur in the sample microstructure before gelation.
and sharp increase in the PEG diffusion rate occurred below However, during acidification the diffusion of all the molecules
pH = 5.27. During this second phase, the self-diffusion investigated was modified before the-sgkl transition (Figures
coefficient of the 96 750 g/mol PEG was therefore strongly 4 and 5), and several important physicochemical changes are
affected by the process used. Moreover, and as already observedinown to take place in the sample. The overall charge of casein
during chymosin-induced coagulati&hthe moment at which particles, their protein and mineral composition, and their water
the diffusion rate of this probe started to rise was concomitant content, often referred as their hydration, are all modified
with a small and local maximum in the phase angle after the nonlinearly upon acidificatiofz=47 All these phenomena reflect
end of the sot-gel transition (pH= 5.27). This result therefore  or cause changes in the sample structure and are often broken
confirms previous findings and the sensitivity of the 96 750 down into different phases which precisely match with those
g/mol PEG diffusion to phenomena taking place during the gel observed in our diffusion results. Depending on the pH range
aging phase. In contrast, the evolution of the 620 g/mol PEG being considered and the diffusing molecule size, it is thus

e HrL - SV

1.6

[pH = 5.9][pH=5.27[pH=4.9]

(.) @1Bue aseyd
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possible to relate our diffusion findings to structural modifica- to occur around pH= 5.2*647 rather than at pH= 4.9, but the
tions occurring at different length scales. accuracy of the method employed is debatable, and several
From the initial pH to 5.9the most remarkable event taking Parameters may explain this shift. Indeed, the precise pH at
place is a progressive decrease in the casein particle hydrationWhich the acidification effects take place depends on numerous
which reaches a minimum at pH 5.9. At this pH value, about  factors such as the acidification rdfeé>56the casein concentra-
159549 of the water contained by the colloidal particles has tion,***”and the composition of the aqueous ph&s&:%° This
been released in the agueous phase, and this causes a reducti@hift toward lower pH values was moreover confirmed by the
in the mean particle size as observed by diffusing wave onset of gelation which occurred at g4r= 4.60 (Figure 2) in
spectroscopy experimerfi&:32 In fact, as the pH decreases, it OUr experiments, whereas it is generally reported to take place
progressively approaches the isoelectric pH of caseing{pH  at around pH= 4.8 in acidified skim milks!®53.61
4.6%549), This loss of solvent is therefore thought to result from  As observed for the large PEG, the diffusion of water
enhanced electrostatic attraction between caseins and in parmolecules and of the 620 g/mol PEG also decreased until pH
ticular from the collapse of the-casein layef5 52 = 4.90 was reached (Figures 4 and 5). However, according to
Since the 96 750 g/mol PEG could not or could hardly diffuse the extent of these reductions, they can only be partially
through casein particles, the reduction in casein particle size attributed to particle swelling since the relative proportions of
can be viewed as a decrease in the volume occupied bythe three phases no longer correspond to the evolution of particle
obstructing elements. More space was thus accessible to thiiydration. The impact of the calcium phosphate itself on the
large polymer, and its diffusion coefficient consequently diffusion of water and of the probes may have an influence,
increased (Figure 4). For the 620 g/mol PEG, the increase wasbut this explanation alone seems to be insufficient to explain
smaller but significant, indicating that its diffusion was also such degrees of reduction and their dependence on probe size.
sensitive to the variations in particle hydration. In fact, since However, the structural reorganization of the casein particle can
this small polymer may diffuse through casein particles, the explain these reductions by considering that water molecules,
particle compaction should at least partially balance the effects and the 620 g/mol PEG can less easily diffuse through colloidal
of the enhanced casein-free volume. This would explain the particles as they became rearranged. Since native casein micelles
smaller amplitude of variations observed. When the diffusing are thought to have a fairly open structure, it would be not
molecule size was further decreased, it can be seen thatsurprising that they evolved toward a less permeable structure
molecular diffusion was progressively less influenced by upon the loss of CCP. This interpretation of the results obtained
variations in hydration since that of water was not significantly with the 620 g/mol PEG is moreover consistent with findings
modified at pH= 5.9 (Figure 5). This is understandable when reported by Dalgleish et & on the basis of ultrasonic
considering that, in agreement with previous studi€ésyater spectroscopy experiments.
molecules were so small that the obstruction effects they Below pH= 4.9, the amount of water contained by the casein
experience were principally caused by the proteins themselvesparticles again sharply decreases because of neutralization of
and not or only slightly by the way they hold together. the general charge until the isoelectric pH of caseins is reached
From pH= 5.9 to 4.9 three main phenomena occur. Firstof (pHi ~ 4.6%5°496)  As explained for above pH= 5.9, the
all, solubilization of casein molecules occurs during this phase reduction in particle hydration caused the diffusion of the
and reaches a maximum at pH5.5 at 20°C #6:47:53Although molecules investigated to increase to different extents depending
this should at least affect the diffusion of the 96 750 g/mol PEG, on their molecular size (Figures 4 and 5). Gelation of the system
since there are fewer soluble proteins at pHt.9 than at pH took place at pH= 4.6 (Figure 2), but no particular changes
= 5.9, such a phenomenon cannot explain the overall decreasesould be observed in the diffusion curves. In contrast to what
observed in this pH range (Figures 4 and 5). Second, particlethe rheological data suggest (Figure 2), our diffusion results
hydration is known to return progressively to about its initial showed that acid coagulation should be viewed as a very
value. The details of the mechanism explaining this swelling progressive process, in accordance with the description of a
remain unclear, but it is generally attributed to the solubilization gradually increasing tendency of particles to interact as the pH
of the colloidal calcium phosphate (CCP), which constitutes the is reduced? Although the following findings can be ascribed
third important event occurring in this pH range. In fact, the to certain processing parameters, this description was reinforced
CCP, which contributes considerably to casein micelle integ- by our macroscopic observations, the SEM images (Figure 3),
rity,4647.54is progressively solubilized as soon as acidification and the very low and slowly evolving stiffness (Table 1), which
is in progress, but process of this dissolution becomes fasterindicate that the network structure has not been subjected to
below pH~ 6.0, and at pH= 4.9 all the calcium phosphate  extensive structural rearrangements.

has been transferred into the serum pl#s@:” 535 This 2. Self-Diffusion during Combined Coagulation and the
necessarily alters the cohesion of the supramolecular edifices,|mp|ications_ The 96 750 g/mol PEG diffusion results obtained
and Casein partldes therefore undel’go Structural reorganizationduring Combined Coagu|ation can be eas”y understood because
which is thought to cause the particle swellitigBesides,  the effects caused by pH and the chymosin action were clearly
although nothing particular was observed by rheometry around separated (Figure 9). In the first part of the curve, i.e., above
pH = 4.9 during acidification (Figure 2), the evolution of the pH = 527, the results were totally explained by pH effects as
physical properties of the fresh combined gel was clearly the same curve was obtained during the acidification process.
modified at pH= 4.9 (Figures 7 and 9). In fact, this only reflects  Then at pH= 5.27, while the gel formation with a strong “rennet
the lower sensitivity of rheological experiments to structural character” was over, the PEG self-diffusion rate started to
changes occurring in a liquid compared to a gel, especially for jhcrease at the precise moment at which there was a small and
such highly concentrated samples. local maximum in the phase angle (Figure 9). Below this pH,
As during the first phase, the increase in particle hydration the PEG diffusion rate regularly increased until the end of the
seemed to be the key factor explaining the results we obtainedexperiment. As during acid coagulation, this polymer was very
with the 96 750 g/mol PEG (Figure 4). The lowest hydration, sensitive to the progressive increase in the casein-free volume
determined by ultracentrifugation and pellet drying, is reported and to the formation of more linear diffusion pathways which
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accompanied the structural reorganization of the gel, as can beand 4.9 (Figure 10). However, below pH 4.9, the opposite
seen from the SEM images (Figure 8). Without considering pH trend to that described during chymosin coagulation was
effects, all these findings are in total agreement with the results observed,; i.e., while a compaction and a stiffening of the casein
previously reported during enzymatic coagulation. Since these network took place during aging, the diffusion of the small PEG
new results confirm the effects of chymaosin action, which were slightly increased rather than decreased. This implies that the
interpreted in detail in ref 25, it is beyond the scope of this internal structure of the gel with a strong rennet character was
paper to discuss these events further here. greatly modified upon acidification because of CCP solubili-
The changes in the evolution of gel stiffness and elasticity zation. In terms of permeability to diffusing molecules, the
from pH= 4.9 (Figures 7 and 9) proved that modifications took internal structure of the combined network seemed therefore to
place inside the network resulting from the total solubilization e similar to that of the acidified casein particles. This is in
of the CCP. This mineral loss might also be related to the line with the results of Tranchant et®&reporting that combined
extensive fusion of the particles forming the network at this 9els which first consist of a gel with a strong rennet character
point (Figure 8a-d). However, since the results obtained below €Vvolved from pH~ 5.0 toward a gel with a predominantly acid
pH = 5.27 showed that the 96 750 g/mol PEG diffusion was character.
no longer significantly influenced by pH effects (Figure 9), the )
overall evolution of the network microstructure in terms of added Conclusions

porosity and tortuosity effects was mainly governed by other  Throughout both acid and combined coagulation processes,
types of rearrangement process which are known to occur duringthe diffusion of a 96 750 g/mol PEG was very sensitive to
the aging phase of a chymosin-induced YeThis highlights  yariations in the size of the casein particle and in the appearance
the importance of considering and obtaining information on the of the network, whereas those of water and of a 620 g/mol PEG
appropriate length scale of the structural rearrangement pro-were affected by changes in their internal microstructure. Many
cesses when trying to relate them to certain properties of dairy of the structural modifications occurring in the sample at
products. different levels could thus be revealed, and interesting conclu-

The first part of the curve, i.e., above pH 5.27, is also sions on several key points of the milk coagulation processes
interesting. We previously showed that transfer of the C-terminal could be drawn. In addition, it is of note that the duration of
extremities of thec-caseins from the colloidal to the aqueous diffusion measurements can be reduced and that the use of lactic
phase (due to chymosin action) had no effect on the diffusion bacteria instead of GDL seems to be feasible. Both of these
of the 96 750 g/mol PE®. In addition, we revealed in this study  modifications would allow the acquisition of more diffusion data
that the increase in the diffusion of this polymer aroundsH  at high pH values.

5.9 was caused by reduction in particle size, which is precisely  Qur results also proved that probe diffusion and rheological
attributed to the collapse of these protruding chdin&>05t  ayperiments are highly complementary. As for rheometry, NMR
though some authors remain cautious on this i83ifehis was experiments can be performed continuously on the same sample.
the only explanation, we would have expected to observe anThjs is a great advantage, especially when studying systems
attenuation and progressive disappearance of the increase in thghat do not react instantaneously to “disturbances” (e.g.,
diffusion rate of the polymer as the chymosin action took place. gcidification of a milk systefi#54. In addition, whereas rheology
Since the results presented in Figure 9 indicate that the size Ofpermits characterization of the macroscopic behavior of the
the casein particles was only pH-dependent until a gel was sample, the diffusion of probes can be used to provide structural
totally formed (pH= 5.27,t = 50 min), i.e., when a significant  jnformation on smaller scales with equal efficiency in both the
part of thex-caseins had been hydrolyzed (probably aroundl 40  |iquid and gel states. Finally, it should be noted that, in contrast
5096*), our results suggest that the reduction in particle size to most of the techniques commonly employed to characterize
observed at pH- 5.9 would more likely be the result of overall  modification of a microstructure, probe diffusion is even more
particle shrinkage rather than only a collapse of theasein  sensitive to structural changes when samples are concentrated.

layer. All these features demonstrate that kinetic probe diffusion
For the small PEG (Figure 10), the same curves were obtainedexperiments are very valuable to study the coagulation of milk
during both the acid and the combined coagulation. The systems and might also be used to investigate the coagulation
diffusion of the 620 g/mol PEG was thus not significantly of other systems (polyacrylamide;5” alginate’-68 etc.) and
influenced by the considerable differences in sample propertiescertain phenomena such as postgelation chaffges.
when acidified with or without the addition of chymosin, i.e.,
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