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A novel dedicated device is introduced to enable investigation of the filtration draining process of different acid-
induced milk gels using Magnetic Resonance Imaging (MRI). This approach allows the spatio-temporal resolution
of serum content and distribution in gels throughout draining. Its application for the characterization of five acid
gels formulated using reconstituted or fresh milk and using different thermal treatments and/or lactic starters
indicates its large potential for a better understanding of acid-induced gel draining in dairy industry. Self-
diffusion and relaxation measurements using Time Domain-Nuclear Magnetic Resonance (TD-NMR) were per-

formed on the gels following filtration draining to validate and supplement the MRI results, while gels obtained
through centrifugation were examined in view of correlating T relaxation times to the water content of gels. The
presence of lipids in reconstituted milk or the substitution of a casein fraction by microparticulated denatured
whey proteins were shown to impact the structure of gels and their serum holding capacity.

1. Introduction

Acid-induced milk gels are widely produced and consumed world-
wide. Their popularity can be attributed, in part, to the various health
claims and potential therapeutic benefits associated with their con-
sumption (Lucey and Singh, 1997; Wang and Zhao, 2022). It is no easy
task, though, to ensure the quality and stability of these gels, since
multiple variables are involved in their production, not least the
draining process, which is vital to the creation of high-quality and stable
gel-based dairy products. An understanding of the factors that affect
drainage in milk acid gels (the presence of soluble and/or aggregated
serum proteins, the lipid concentration, the bacterial strain used (mes-
ophilic or thermophilic) and the draining pH) can thus be useful in
improving product quality, developing new formulations, optimizing
manufacturing processes, maintaining consistency, and extending shelf
life (Lucey, 2002, 2017; Lucey and Singh, 1997). Yet the methods
currently used to study the draining process are relatively limited in
their scope. They generally adopt approaches that do not provide
detailed insights into the gel’s behavior during mechanical draining
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(Daviau et al., 2000). Moreover, in industrial production, the manage-
ment of acid gel draining often relies on experience and practical
knowledge rather than a systematic technological approach. Corrective
actions are typically taken after drainage delays have occurred.

Final microstructure provides a valuable indicator of quality in fer-
mented milk products, directly affecting their texture, appearance, and
sensory properties. Scanning electron microscopy (SEM) and confocal
laser scanning microscopy (CLSM) are commonly used in the dairy in-
dustry to observe acid gel microstructure (Wang and Zhao, 2022).
However, most of these techniques provide surface information or a
restricted field of view, with only a limited capacity to study the internal
structure or depth-related features of samples. Consequently, despite the
increasing number of studies on milk acid gel production, there is still a
lack of the specialized techniques required to comprehensively address
and efficiently control its production process, particularly those that can
offer real-time and non-destructive observations.

Time Domain-Nuclear Magnetic Resonance (TD-NMR) and Magnetic
Resonance Imaging (MRI) have both shown promise as non-invasive
tools to characterize dairy products, understand dairy engineering,
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and provide valuable information about the composition and internal
structure of the product. Applying these techniques to dairy products
involves the investigation of the sensitivity of relaxation times to
chemical composition, water content, and changes in protein structure
and pH (Le Dean, Mariette and Marin, 2004; Mariette, 2006a, 2006b;
Mariette et al., 1993; Métais et al., 2006).

Numerous studies have reported the use of relaxation measurements
by TD-NMR to interpret the microscopic structure of the water
compartment inside the dairy matrix (Chen et al., 2020; Pocan and
Oztop, 2022; Tellier et al., 1993). Transverse relaxation times (T2) from
serum water have also proved valuable in monitoring age-related
changes in Mozzarella samples (Gianferri, D’Aiuto, Curini, Delfini and
Brosio, 2007). In addition to the investigation of relaxation times, water
diffusion experiments offer a unique method of investigating changes in
water mobility. The information they provide concerns network tortu-
osity, adding significant detail to our knowledge of gel network struc-
ture (Bouchoux et al., 2012; Colsenet et al., 2005; Salami et al., 2013;
Smith et al., 2017; Vogt et al., 2015).

MR, too, has proven to be a valuable technique for the study of dairy
products, for example, establishing the effects of freezing on mozzarella
cheeses through the mapping of T, distributions (Kuo et al., 2003), and
analyzing the ripening stage of Grana Padano cheese (Mulas et al.,
2016). Despite the wide range of possible MRI applications, this po-
tential has nevertheless been little explored in the study of dairy prod-
ucts. This is certainly true of the investigation of the draining process by
MRI, where only a few studies have been conducted. In these studies,
MRI was employed to determine water distribution during the draining
of the curd (Mariette, 2006a).

The present study was designed to investigate the draining process in
differently formulated acid gels using MRI and NMR techniques. These
formulations have been chosen amongst 45 others, because of their
contrasted behaviors in draining. Two draining methods have been
studied. In the first, gravimetric forces were applied through a filter
thanks to a partial vacuum (we call this method filtration draining),
while in the second, centrifugation was applied for selected durations. A
unique experimental approach was applied for the first time in this
investigation and a novel dedicated device was created to conduct MRI
measurements. These enabled us to assess both gel water distribution
and the serum content drained during filtration with a vacuum system.
To validate and complement the MRI results, additional diffusion and
relaxation measurements using TD-NMR were performed on the final
gels (i.e., at the end of filtration draining). Last, we studied the drained
gels obtained through centrifugation using TD-NMR measurements. The
results obtained from filtration draining and centrifugation were
compared and discussed.

Table 1
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2. Material and methods
2.1. Gel formulations and preparation

Table 1 shows the composition, thermal processing conditions and
microorganisms used to prepare acid gels. Gels 24, 29, and 34 were
formulated using reconstituted milk, while gels B and D were prepared
using fresh milk. The values of the native soluble whey protein contents
of gels B and D are close to those shown in Table 1, representing the
typical composition of fresh skimmed milk. In gels 29 and D, micro-
particulated denatured whey protein was added as a substitution for the
casein fraction. For further information on gel formulation and prepa-
ration, please refer to Section S1 of Supplementary Material.

After incubation, the coagulum was stirred in a curd-stirrer for 5 min
at 350 rpm and then recirculated using a peristaltic pump. The co-
agulum obtained at the end of this process is referred to in the present
study as non-drained (ND) gel. The ND gels were then transferred into
either centrifuge tubes to be drained by centrifugation or into the MRI
prototype system for filtration-based draining at 20 °C. Centrifugation
draining was performed at the acidification temperature of 2800 g for 3,
7, 15, and 30 min. The supernatant or serum was removed, while the
pellet or gel was used in the investigation of draining.

The water and dry matter contents were determined for each gel. See
Supplementary Material, section S2 and Fig. S2 for description and
discussion of the results.

2.2. MRI experiment: filtration draining

2.2.1. Device to monitor the filtration draining process

The experiments were conducted on a whole-body Siemens MRI
operating at 1.5 T and using a head coil, as illustrated in Fig. 1. A
filtration system was developed to monitor the real-time filtration
draining process and conduct the experiments under repeatable,
controlled, and automated conditions. This device produced in the
laboratory were constructed with plastic and Teflon amagnetic materials
compatible with MRI equipment, and their size and shape were adapted
to the head coil. A lab-built holder made up of Teflon was specifically
designed to accommodate four filtration flasks within the head coil. In
the present work, the filtration device consisted of two plastic flasks
(diameter 52 mm and height 70 mm), each containing an upper chamber
where the gel was placed and a lower chamber in which the serum was
collected during filtration (depicted in Fig. 2 (a)). The two parts of the
flasks were connected by a Teflon threaded junction housing a filter.
Filtration draining was carried out using a vacuum system at 20 °C. The
vacuum pressure setting is confidential industrial information.

Parameters and milk formulations used to prepare gels for NMR-MRI analysis. Gels 24, 29, and 34 were made with reconstituted milk, while gels B and D were made

with fresh skimmed milk.

Variant PC (g/Kg) NSSP_PC (%) DWPP_PC (%) LC_PC HTT (°C) D_TT (sec) LST ACT (°C) pHDR
24 44 30 0 0 72 120 Mesophilic 25 4.6
29 32 15 12,5 0 95 20 Mesophilic 35 4.6
34 44 15 0 0.8 95 120 Thermophilic 35 4.2
B ~32° ~20" 0 0 95 120 Mesophilic 25 4.6
D ~32° ~20° 12.5 0 95 120 Mesophilic 25 4.6

PC - Protein content.
NSSP_PC - Percentage of native soluble serum protein to protein content.

DWPP_PC - Percentage of denatured whey protein particles (mean size 2-200 pm, macroparticles) to protein content.

LC_PC - Ratio of lipid content to protein content.
HTT — Heat treatment temperature.

D_TT - Duration of thermal process.

LST - Lactic starter type.

ACT - Acidification temperature.

pHDR - pH of draining.

2 Approximate quantity in fresh milk — No added proteins, lipids, or native soluble serum protein.
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Flask for gel
filtration

Holder to
accommodate
filtration flasks

Fig. 1. Device used to monitor the filtration draining process using MRI: (a) top view, (b) profile view, (c) overview.

% water content

Fig. 2. (a) Photo of the device developed to monitor the filtration draining process using MRI. This image shows the two flasks at the end of the draining experiment,
with the upper chamber containing the drained gels and the lower chamber holding the drained serum. A threaded section connects the two parts. (b) T map and (c)
water content map. The small shape at the center of each map is produced by the dopped water control tube.

2.2.2. MRI protocol and data processing

A multi-contrast spin-echo sequence was used to acquire 128 images
(128 echoes) with an echo time of 5 ms, enabling the calculation of To-
weighted images. Images were acquired using a sagittal section, with a
slice thickness of 5 mm, a voxel size of 2 mm x 2 mm x 5 mm, and a field
of view (FOV) of 192 mm?. The repetition time (TR) was set to 1.5 s, and
the duration was approximately 2 min and 24 s. These parameters were
chosen to optimize experimental time and run several acquisitions
during draining, particularly in the initial stages where the changes were
more significant. A total of 23 acquisitions were run during the filtration
draining process. The first 16 acquisitionswere run consecutively
without waiting, while there was a 15 min waiting time between runs
from the 17th to the 23rd acquisition. The overall duration of the MRI
session for each draining process was around 2h20min.

A macro was developed by the team using Scilab to fit the T, data.
Each voxel was fitted via this macro using a single exponential decay
model (equation (1)):

()
(t)=1Ippe €Y

Here, I(t) is the observed transverse magnetization at a given time
(©), Ity is the equilibrium magnetization (proportional to the liquid
proton density), TE is the echo time, and Ty is the transverse relaxation
time. The fitting of the 128 echo images enabled the spatially distributed
T, and I values to be mapped. The T2 images were generated using the
ImageJ program.

Calculation of the water-weighted images has been performed based
on the method described by Mariette et al. (Mariette et al., 1999).

The height of the white image in the lower chamber of each flask
(Fig. 4 at 2h20) could be directly correlated with the weight of the serum
collected at the end of the draining experiment. The percentage of serum
drained during each image acquisition was calculated by dividing the
total amount of drained serum by the amount of initial gel.

2.2.3. Fitting of kinetics by a logarithmic model
The data of the drained serum evolution (in percentage) against time
were fitted by a logarithmic model (equation (2)):

0 P, <0
P = ap+a xlog(t) +e O0<P <1 2)
1 P, >1

where P, is the percentage of the drained serum, ay and a; are the pa-
rameters of the logarithmic model and t is the time in hours.

The estimations of the logarithmic model parameters were carried
out using the SAS software “nlmixed” procedure (SAS Institute Inc,
2015). These parameters were determined by minimizing the loss of
information between various models. AIC, the Akaike information cri-
terion (Akaike, 1998) was used to carry out this comparison. The best
model is that with the lowest AIC value.

2.3. NMR experiment

All NMR analysis was conducted on minispec spectrometer (Bruker,
Wissembourg, France) operating at 0.47 T (20 MHz). The measurements
were performed at 20 °C on non-drained, centrifuged and gels obtained
by filtration. This gel, that was monitored by MRI is described as
‘filtration gel’. Analysis was carried out using NMR tubes with an
approximate diameter of 10 mm. The tubes were filled with approxi-
mately 1 cm of gel.

2.3.1. Transverse relaxation

Free induction decay (FID) and Carr-Purcell Meiboom-Gill (CPMG)
were used to measure the transverse relaxation time. The FID signal was
acquired from 11 to 151 ps, one point every 0.4 ps. The CPMG signal was
obtained using a pulse sequence spacing of 100 ps between 90 and 180°
(1); the number of scans was 8, the recycle delay and the number of
echoes were adjusted as required for each sample, with a range of 2-8 s
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(set at 5T1) and 1500-10,000 echos, respectively.

The T, distribution spectrum was used to help establish an a priori
estimate of the number of relaxation components in the data. The Ty
spectrum was obtained using the inverse Laplace transform based on the
maximum entropy method (Mariette et al., 1996). The FID-CPMG sig-
nals were then fitted applying the Levenberg-Marquardt method to four
relaxation time components, as described by equation (3):

2 2
</> (/) s 4 qge !
I(Z) :I(])e +1(2)€ +1<3) e '™ +I(4>e T4 +C(l) (3)

where I(t) is NMR signal intensity at a given t, I and Ty; are the in-
tensity and spin-spin relaxation time of each relaxation component,
respectively, and c(t) is the residual error.

Relative intensities (I - %) were calculated for each component (I(1),
1(2), 1(3), and I(4)). The weighted average T2(3 + 4) was determined
using the Ty values and intensities (I) of components 3 and 4. It was
calculated using the following formula:

To(3+4) = (T3 * 13)) + (Tas x 1(4))) / (13) +1(4)) C))

Error bars in the relaxation graphics designate the experimental
repeatability of the two samples.

2.3.2. Diffusion

A pulsed-field-gradient stimulated-echo (PFG-STE) sequence, as
described by Tanner (1970), was used to measure the water
self-diffusion coefficient in gels (Tanner, 1970). Pulse field strength
gradients were calibrated using a sample of pure water with a known
self-diffusion coefficient (1.99 x 10~° m?s-!) at 20 °C. The self-diffusion
coefficients were determined using equation (5) where E is the echo
intensity during gradient pulses (I(2nr),) divided by the echo intensity
with no gradient (Io(2n7),_o):

1(2n7),
~h(2nr)

&=0

= exp( — y*¢*5*(A — 6/3)D) 5)

In equation (5) g is the gradient pulse strength, 8 and A are the
gradient pulse length and distance between the leading edges of the
pulse gradients respectively, y is the gyromagnetic ratio (for protons, vy -
26.7520 x 10’ radT ! s’l), and D is the water self-diffusion coefficient.

The PFG-STE sequence was repeated for ten different g values for
each experiment while 8 and A remained fixed. The ten gradient
strengths, g, were: 0.4, 0.80, 1.20, 1.40, 1.95, 2.10, 2.30, 2.70, and 2.89
T/m. Sixteen scans were carried out, and the recycle delay was set at 5T
(as for the transverse relaxation measurements). A and 8 were measured
over 5-200 ms and 0.545-0.085 ms, respectively.

The error bars shown in the diffusion coefficients of gels 34, B, and D
indicate the experimental repeatability of the two samples. Diffusion
measurements for gels 24 and 29 were not repeated due to restricted
experimental time during the week of analysis; their diffusion co-
efficients therefore have no error bars.

3. Results and discussion
3.1. MRI experiments

3.1.1. Calculation of T, and water content maps

Fig. 2b provides an example of a To-weighted image obtained during
filtration. The color contrast in the image corresponds to different Ty
values, as indicated in the color bar. A color scale that ranges from dark
blue (representing short T, values < 75 ms) to light yellow (indicating
long Ty values > 300 ms) has been selected to demonstrate the vari-
ability of Ty within the gel.

Relaxation time varies according to the position within the sample,
which is influenced by sample composition, particularly water content.
In Fig. 2b, the yellow pixels in the images of the upper chambers of the
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two flasks show gel distribution, while the green pixels represent the gel
located close to the filter in the threaded portion (Teflon section in
Fig. 2a), which has lower T5 values. The white pixels at the bottom of the
image correspond to the drained serum and exceed the limit of the
chosen scale for Ty on the color bar, with a T value of approximately
900 ms.

The use of the relaxation time T, as a water content indicator pre-
supposes the realization of a calibration model on the whole range of
water content variation. This was realized using MRI To-weighted maps
and Ty relaxation times measured by TD-NMR on non-drained and
centrifuged gels (3 min, 7 min, 15 min, and 30 min) (Mariette, 2004,
2006a). This calibration procedure allowed the calculation of water
content maps of drained gels by filtration as illustrated in Fig. 2b and c.

3.1.2. Interpretation of the MRI data

Fig. 3 shows space-time-resolved images of water content during the
filtration draining process of all studied gels. These images allow the
progression of the draining process to be observed, with colors repre-
senting different water content levels. Water content decreases from
light yellow to dark blue, as shown in the calibration bar in the bottom-
right corner of Fig. 3. The serum image (white area at the bottom of each
image in Fig. 3) was used to determine the percentage of serum drained
throughout the experiment, as illustrated in Fig. 4.

Fig. 4 shows that gel 34 had the lowest water content during the
initial stages of the draining process. At 5 min, a significant portion of
gel 34 appears in dark yellow, indicating approximately 88% water
content, whereas the other gels are mainly in light yellow-white shades,
indicating around 90% water content. This observation is in line with
the information for ND gels in the Supplementary material (Fig. S2),
where ND gel 34 exhibits the lowest water content (88 + 0.01%).
Moreover, the draining process for gel 34 was the slowest compared to
the other gels. Water content decreased more slowly in the upper
chamber of the flask for gel 34 than in the others, as depicted in Fig. 3. At
20 min, we also observed a more prominent water gradient in gel 34.
The network appeared much denser near the filter, leading to limited
draining and causing clogging. At 20 min, the gradient of gel 34, located
close to the filter, ranges from green to dark blue, indicating a water
content of approximately 81%-70%. By contrast, the pixels of other gels
in this area are mostly green, suggesting a water content of around 81%.
This fits with the quantity of serum drained during the experiment,
which is lower for gel 34 (56 %) than for other gels (79-85 %), as shown
in Fig. 4. It is worth noting that gel 34 contains lipids, which suggests
that the conversion of T, to water content in Fig. 3 may not be entirely
accurate. Nevertheless, despite the potential inaccuracy of this water
content measurement, we can still assume that lipids have an impact on
the draining process, resulting in a slower draining rate. These findings
are in line with the literature, highlighting the substantial contribution
of fat to the rennet gel’s structure and, consequently, its water-holding
capacity (Meétais et al., 2006).

In contrast to gel 34, the kinetic draining process for gels 24 and 29
was the most rapid, with the serum draining faster than in other gels
(Fig. 4). Between 10 and 65 min of draining, the quantity of serum
drained from gel 24 was slightly higher than for gel 29. However, after
75 min, the serum drained content was similar in both gels, as shown in
Fig. 4. Likewise, at the end of this draining experiment, gels 24 and 29
exhibited similar levels of drained serum (about 76 g - Fig. 4) and gel
water content (around 70 and 72%, Fig. 3 and Supplementary Material
Fig. S2).

Despite the similarity in gel composition, the serum drained faster
from gel D than B (Fig. 4). Additionally, in Fig. 3, at 50 min, gel D can be
seen to have a slight lower water content (ranging from yellow to light
green pixels - 88%-80%) than gel B (ranging from light yellow to light
green pixels - 90%-80%). However, at the end of the experiment, both
gels reached similar levels of water content (around 75 and 77 % Fig. 3
and Supplementary Material Fig. S2) and drained serum content (around
79 % - Fig. 4). It suggests that the presence of microparticulated
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Gel D
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Fig. 3. Water content maps for gels 24, 29, 34, B, and D at different draining times: around 5 min, 20 min, 50 min, and 2h20min. The small shape in the center is

produced by the dopped water control tube.
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Fig. 4. Drained serum (%) over the experimental time (min) for gels 24, 29, 34,
B, and D.

denatured whey protein in gel D influenced its draining kinetics,
resulting in a faster rate compared with gel B. Despite this, the MRI
images show that the structure of both gels is similar at the end of the
filtration draining experiment.

It is worth noting that at the end of filtration draining, gels B and D
(79 %) had produced slightly less drained serum than gels 24 and 29 (85
%) (Fig. 4); consequently gels B and D exhibited slightly higher water
content (around 75 and 77 %, Fig. 3 and Fig. S2 in Supplementary
material) than gels 24 and 29 (around 70 and 72% - Fig. 3 and Fig. S2 in
Supplementary material). Meanwhile, the draining process displayed
significantly faster kinetics for gels 24 and 29 than for gels B and D
(Fig. 4). This difference in draining kinetics may be attributable to
different thermal treatments. Gels 29 and 24 underwent milder thermal

treatments (95°C/20 s and 72°C/120 s, respectively) compared to gels B
and D (95°C/120 s) (Table 1), which may have reduced the water-
holding capacity of gels 29 and 24. It is important to note that as the
intensity of the thermal treatment increases, an increase can also be
observed in the denaturation of the protein structure, potentially leading
to higher water-holding capacity (Vasbinder et al., 2003).

In order to get comparable numerical data, each kinetics reported in
Fig. 4 was fitted by a logarithmic model (Fig. S1 and Table S1 in Sup-
plementary material). As the estimated a; parameters were quite similar
whatever the gel, the kinetics were fitted by estimating a single value of
0.199 for a;. In this condition, the differences between each curve were
the starting point of the draining and the parameter a0 which varied
from 0.406 to 0.713. Table 2 reports the estimated time (in hour)
necessary to get a percentage of 5, 50 or 95 % of drained serum. The
draining level associated with gels 24 and 29 are the fastest. With these
gel formulations, 5% of the serum is drained after 0.04 h. It takes around
0.34 h to 0.38 h to drain 50% of the total serum and 3.29 h to 3.65 h to
get 95% of the total serum. The draining level associated with gel 34 is
the slowest. After 0.17 h, 5% of the serum is drained while 95% of serum
could be obtained after 15 h.

Table 2
Results of the estimation (in ascending order) of the time required to reach a
draining percentage of 5, 50 or 95% of the total drained serum in gels 24, 29, 34,
B and D.

Gel 5% 50% 95%
24 0.04 0.34 3.29
29 0.04 0.38 3.65
D 0.06 0.57 5.46
B 0.07 0.70 6.70

34 0.17 1.60 15.34
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The following section provides a thorough discussion of the struc-
tures of the filtrated and centrifuged gels, based on interpretation of the
T2 and diffusion coefficients measured by TD-NMR.

3.2. TD-NMR measurements

3.2.1. Changes in transverse relaxation times

An illustration of the evolution of Ty relaxation times during the
different draining processes is provided in Fig. 5 for gel D. The most
intense and longest T in Fig. 5b decreases with increased centrifugation
time. It ranges from 391.7 ms for the ND sample to 91.2 ms and 44.0 ms
respectively for 3 min and 30 min of centrifugation. Additionally, the
contribution of the relative area to this normalized signal, correlated
with proton density, decreases from 0.98 for the ND sample to 0.88 for
the 30 min sample. For the filtered gel D, this longest T, component has
a value of 51.7 ms and a relative area of 0.9, comparable to the centri-
fuged sample at 15 min.

The T2 component with the highest value in dairy products is mainly
attributed in the literature to exchangeable protons from two different
chemical environments within the aqueous phase of the casein disper-
sion. One of these environments is commonly associated with the water
in the “junction zone,” where water molecules interact strongly with
protein chains. The other proton environment is created by the inter-
connected mesh-like network formed by casein, and is often referred to
as “entrapped water.” Under fast diffusion exchange conditions, these
two components should merge into a single component (Gianferri et al.,
2007; Hansen et al., 2010; Hinrichs et al., 2004; Le Dean et al., 2004;
Mariette et al., 1993).

Fig. 5 presents the evolution of the T relaxation times measured for
the non-drained and drained gel D. For the ND gel, two components
(under slower diffusion exchange conditions) can be seen in Fig. 5b,
which then merge into a more extended component for centrifuged and
filtered samples (faster diffusion exchange). However, when the
Levenberg-Marquart method is used in processing the data, two com-
ponents are identifiable consistent with a regime of slow diffusive
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exchange between two water phases (To3 and Ta4). This result is
coherent with data in the literature showing that some water molecules
are to be found in junction domains, while others can be trapped inside
the gel mesh (Anedda et al., 2021; Hills et al., 1990; Mariette, 2006b,
2017).

For ND and drained gels, a Ty component was identified between 0.5
and 5 ms (asterisk in Fig. 5a) but, because of its low intensity, it was not
investigated. The contribution to the total NMR signal of the two
shortest Ty components (Ty; ~ 0.02 and Tgy ~ 0.1 ms) in Fig. 5a
increased with centrifugation time. Possible candidates for these two
relaxation components can be found in the literature. Bouchoux et al.
(2012) has reported a single T, component associated with
non-exchangeable protein protons in the casein dispersion at 25 °C. The
native phosphocaseinate dispersion showed a T range of 0.02-0.03 ms
at concentrations of 20-150 g/L, while in the sodium caseinate, Ty had a
range of 0.1-0.2 ms at concentrations of 80-100 g/L. These findings
were attributed to the differences in structure and organization between
the two types of casein dispersion and to the influence of concentration
on organization (Bouchoux et al., 2012). In antother hand, Gianferri
et al. (2007) has described two Ty components at 7.3 ms (junction zone
water) and 47 ms (entrapped water) for fresh Mozzarella (Gianferri
et al., 2007).

The relative intensities of the Ty; and T9y components were corre-
lated with dry matter, while those from Ty3 and T24 were correlated with
water content, as shown in Table S2 (Supplementary material, section
$3). I(1 + 2) and I(3 + 4) were found to correlate well with dry matter
and water content, respectively. On this basis, the following sub-
sections, 3.2.1.1 and 3.2.1.2, discuss the components in relation to dry
matter and water content.

3.2.1.1. Evolution of T2; and T2 components. Fig. 6 shows the weighted
average of Ty; and Ty (a) and I(1 + 2) (b) for three gel states: ND,
drained by centrifugation, and drained by filtration. To; remains rela-
tively unchanged across all gels, while Ta; slightly decreases or increases
with the draining process (Fig. 6a). Assuming that these two components
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Fig. 5. T, distribution of gel D for the non-drained sample (black line) and samples drained by centrifugation (3 min - black dashed line, 7 min — black dotted line,
15 min - gray line, and 30 min - gray dashed line) and filtration (light gray line). Zooms of the shortest and longest T, components are shown on the top left (a) and

top right (b) respectively. * indicates a T, component of 0.5-5 ms.
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Fig. 6. T2 (solid symbols) and To, (outline symbols) are shown in (a), and I(1 + 2) is shown in (b) for ND, centrifuged, and filtered samples of gels 24 (red), 29

(blue), 34 (green), B (yellow), and D (gray).

derive from protein protons, as explained above (Bouchoux et al., 2012;
Le Dean et al., 2004; Mariette et al., 1993), the decrease in the related
relaxation times can be attributed to the impact of protein aggregation
on dipole-dipole interactions between protein protons, which are no
longer efficiently averaged due to their limited rotational motion (Col-
senet et al., 2005). Interestingly, in gel 24, Ty, appears to decrease
slightly after centrifugation and filtration, suggesting an increase in
protein assemblies due to serum release. However, in view of the stan-
dard error of Tqp, this hypothesis is difficult to maintain for all the gels.

The contribution of I(1 + 2) increased with centrifugation time for all
gels, in agreement with the incremental increase in dry matter content
(Fig. 6b). Centrifuged and filtered gels 24 and 29 had the highest I(1 + 2)
values (Fig. 6b), indicating a higher dry matter content than the other
gels. This may be attributable to differences in thermal treatment tem-
perature and duration. In the case of gel 24, a temperature of 72 °C was
maintained for 120 s, while gel 29 was held at 95 °C for 20 s. By contrast,
all other gels were treated at 95 °C for 120 s (Table 1). As a result, gel 29
and gel 24 underwent less severe thermal treatment, leading to lower
denatured protein levels and water holding capacity. The lower water
content of these gels produced a proportionately higher dry matter
content. Meanwhile, gel 34, in both its centrifuged and filtrated forms,
displayed the lowest I(1 4 2) values (Fig. 6b), suggesting that some of
the lipids present in this gel contribute to liquid components (I(3 + 4)).

The impact of the filtration process is shown to be very similar to that
of centrifugation. I(1 + 2) values in filtered gels 24, B, and D are similar
to those in the centrifuged gels at 30 min, while for gels 29 and 34, they
are close to those of the centrifuged gels at 15 and 7 min, respectively.

To1, Tag, and I(1 + 2) are similar for drained and ND gels B and D
(taking error bars into account - Fig. 6). This suggests that the micro-
particulated denatured whey proteins added as a partial substitute for
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casein in gel D should not impact protein proton mobility or dry matter
content. These denatured whey proteins constitute the only difference
between the formulations for gels B and D.

3.2.1.2. Evolution of Ta3 and T4 components. The separate examination
of T3 and T24 (not shown here) makes no significant contribution to our
understanding of gel structure. These two components are therefore
discussed together, using their T, weighted average, T2(3 + 4).

Fig. 7a depicts the weighted average of T(3 + 4), while I(3 + 4) is
shown in Fig. 7b. The draining process decreases the relative number of
protons and their mobility in pools 3 and 4, as evidenced by the re-
ductions in I(3 + 4) and T2(3 + 4) as draining progresses. This obser-
vation suggests that the protein network is compressed during the
draining process, reducing internal water concentrations and mobility
within the casein aggregates.

All ND samples display similar relative intensities for I1(3 + 4).
However, gel 34 ND has a considerably shorter Ty(3 + 4) value (233.9 +
1.3 ms), suggesting that the mobility of protons in pools 3 and 4 is more
restricted in this gel. Interestingly, when drained, gel 34 has the highest I
(3 + 4) and the longest To(3 + 4) in all instances. Additionally, during
filtration draining, gel 34 behaves differently from the other gels, with
significantly higher values for T5(3 + 4) (80.0 + 7 ms) and I(3 + 4) (92
+ 1%). These results suggest that in its drained state, gel 34 contains a
more significant number of mobile protons in pools 3 and 4, indicating a
less compact microstructure, and this is probably related to the addi-
tional lipid content, as already discussed.

At the other end of the scale, the lowest I(3 + 4) values in Fig. 7b are
recorded for drained gel 29. Additionally, the mobility of protons in
pools 3 and 4 is highly restricted in this gel, as evidenced by the shortest
To(3 + 4) values in Fig. 7a. These characteristics suggest that gel 29 has a
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Fig. 7. (a) Weighted average of T»(3 + 4) and (b) the average of I(3 + 4) for ND, centrifuged and filtered samples for gels 24, 29, 34, B, and D.
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more compact gel network that is probably related to the microparticles
of denatured whey protein added to this gel, and/or to the shorter
duration of its thermal treatment. Although drained gels B and D have
similar Ty(3 + 4) values, it is noteworthy that gel D displays higher I(3 +
4) values in centrifuged samples at 3 and 7 min. This suggests that de-
natured whey proteins (12.5%, added as a substitute for casein, see
Table 1), present only in gel D, contribute to serum retention in these
two particular centrifuged samples.

By studying I(3) and I(4) separately, we can better ascertain the
changing relative proportions of exchangeable protons present in the
junction domains and in the gel mesh for ND during draining. Relative
intensities I(3) and I(4) can be seen in Figs. S3a and S3b (Supplementary
material, section S4), respectively. In ND gels, 1(4) is higher than I(3).
This result can be explained by the fact that most of the water/serum
protons are located inside the mesh of the gel network rather than in the
junction zone. A clear trend can be observed for drained gels 24, 29, B,
and D (see further details in Supplementary material, section S4).
Interestingly, gel 34 does not follow this trend. This suggests that the
protein network in gel 34 imposes no significant restrictions on water/
serum mobility and that pools 3 and 4 in this gel are not associated
exclusively with water-exchangeable protons but also with protons in
the lipids. This hypothesis is supported by the fact that gel 34 was the
only gel to which lipids were added (Table 1). Chaland et al. (2000) have
also reported the presence of protons from lipids in the liquid T,
component of cheese (Chaland et al., 2000).

3.2.2. Evolution of the water self-diffusion coefficient

In this last section, we investigate how water displacement is affected
by a centrifugation draining time of 30 min and by differences in gel
formulation. Because casein micelles are large particles with high
porosity, the study of water self-diffusion in this sort of system can offer
valuable structure-related insights into the impacts of gel type and
draining process on diffusion. In these experiments, the distance trav-
eled by each water molecule ((6DAY?) during the diffusion time (A)
was assumed to be consistently much greater than the characteristic
mean size of the reservoirs (Woessner, 1963). We recorded A values
ranging from 5 to 200 ms, corresponding to diffusion distances of 5-35
pm ((6DA)1/2) (Callaghan et al., 1983; Colsenet et al., 2005).

The water self-diffusion coefficient for gels is commonly expressed in
D,pp, Which is obtained by dividing D, the self-coefficient of water in the
gel, by the self-diffusion of free water at 20 °C (Dp - 1.99 x 10 °m?s™1)
(Colsenet et al., 2005). In the present study, Dap, follows the sequence D
> B > 24 > 34 > 29, ranging from 0.58 (gel D) to 0.44 (gel 29) for A =
7.5 ms (Fig. 8). Colsenet et al. (2005) found a D,p, value of approxi-
mately 0.54 for a solution with a whey protein concentration of about

024 @29 @34 ©B @D
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Fig. 8. D/Dy relative to dry matter content for gels 24, 29,34, B, and D where
A =7.5ms.

34%
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36.7 /100 g of water at 20 °C and A = 7.5 ms (Colsenet et al., 2005).
Bouchoux et al. (2012) observed a Dgpp value of around 0.55 for dis-
persions of casein micelles comprised of native phosphocaseinate and
sodium caseinate at a concentration of approximately 225 g/L, using A
= 7.5 ms at 25 °C (Bouchoux et al., 2012).

Dgpp correlates negatively with dry matter content, as illustrated in
Fig. 8, for A = 7.5 ms. This result further confirms the obstruction effect
of proteins. Despite the slightly higher dry matter content of gel 34
compared to gel 29, the Dy, value for gel 34 is shorter than for gel 29.
This is likely to be caused by the presence of lipids in gel 34, which can
impact both dry matter content and the arrangement of the gel structure,
as discussed with reference to relaxation times. Fig. 8 shows that gel 29
has the highest dry matter content and the most compact network,
resulting in the lowest D,p, value, consistent with the relaxation mea-
surements. Similar findings have been reported for Cheddar and
Mozzarella cheeses, where higher dry matter content was associated
with a more tortuous structure and increased restriction of water
diffusion (Vogt et al., 2015).

Self-diffusion behavior differs for gels 29, 24, B, and D according to
diffusion time (A), as illustrated in Fig. 9. This dependence of self-
diffusion on A is commonly reported in the literature for porous rock
and dense colloidal suspensions, indicating that the reservoir is not
infinite reflecting a physical barrier effect that impedes the diffusive
movements of molecules. The dependence of self-diffusion on A can
therefore provide information on the average size of the internal spaces
in which the liquid molecules are present, as long as A is greater than the
average molecule-to-barrier distance (Stejskal and Tanner, 1965;
Woessner, 1963).

In gel systems 24, 29, B, and D, the dependence of self-diffusion on A
suggests that the movement of water molecules is limited to a distance
ranging from 5 to 35 pm. It indicates a reduction in water diffusion levels
within the gels, possibly caused by the movement of molecules between
compartments or by molecules encountering barriers that affect their
motion. Similar decreases in the water diffusion coefficient with
increasing diffusion time have been reported for cheddar and mozzarella
cheeses, where the tortuosity of the porous matrix has been proposed as
an explanation for this phenomenon (Vogt et al., 2015). However, other
studies of casein dispersion and acid gel samples have reported
self-diffusion to be independent of the diffusion time (Bouchoux et al.,
2012; Colsenet et al., 2005; Mariette et al., 2002).

Interestingly, the self-diffusion coefficient of water in gel 34 appears
unaffected by the A increments, as shown in Fig. 9. This finding suggests
that the structure of gel 34 is less tortuous than those of the other acid
gels, with a network that is poorly crosslinked, allowing most of the
water molecules in gel 34 to diffuse freely throughout the gel structure
without being confined or hindered by barriers or compartments. The

0.61
@ ®24 €29 @34 ©B @D
®

057 1T ¢

) @

0.53 L —
2 e ¢
8049 @

i ®
g o ’ o

0.45 s ®

®

0.41 s

[ J
0.37
5 45 95 145 195 245

A (ms)

Fig. 9. D/Dy in relation to different A values in gels 24, 29, 34, B, and D
centrifuged for 30 min.



T. Monaretto et al.

literature reports that the interaction between fat globules and the
protein matrix is determined by the nature of the surface components of
the globules. Where native fat globule membranes fail to interact with
casein particles, this serves as a ‘structure breaker’ (Métais et al., 2006).
The opposite occurred in gel 34, where the membrane was formed
mainly of casein. This allows us to assume that the fat-protein network
interactions were strong, making it harder for casein clusters to shrink
and explaining the absence of a restriction effect in gel 34. The opposite
was observed by Vogt et al. (2015), who reported that lipid globules
influenced the tortuosity of the cheese structure, leading to restricted
water movement through the cheese’s pores and reducing water diffu-
sion (Vogt et al., 2015).

Comparison of gels D and B in Figs. 8 and 9, clearly shows that gel D
has a less compact structure. This is indicated by its higher D,p, value
and slightly lower dry matter content compared to gel B. Consequently is
possible to infer that the microparticulated denatured whey proteins,
present only in gel D, contributed to a more open protein structure. This
conclusion is in line with the relaxation measurements.

4. Conclusions

The MRI approach developed in this paper provides a spatio-
temporal account of water content in gels during different draining
processes. It also enables quantification of drained serum content for the
duration of the experiment. Of particular note is this study’s pioneering
application of a dedicated amagnetic device designed to monitor the
real-time draining processes of acid gels, enabling the assessment of
their kinetic evolution.

The analysis of MRI images revealed that gel 34 had the slowest
draining kinetics, the highest water content, and a less compact struc-
ture at the end of filtration draining (longest Ty). At the other end of the
scale, gel 24 displayed the fastest draining rate, similar to gel 29, while
gel 29 had the lowest water content and the most compact network
(shortest Ty). Ty values and TD-NMR self-diffusion measurements sup-
ported these findings. Gel 34’s network was characterized by the pres-
ence of melted lipids, impacting its water-holding capacity by hindering
casein cluster shrinkage. These correlations with the milk fat content
would require further experiments in a future study with more formu-
lations involving different fat content levels to explain the draining
phenomenon. Conversely, the organization of gel 29 was more compact,
which was attributed to milder thermal treatment and the use of
microparticulated denatured whey proteins in its formulation.

Serum draining was slightly faster in gel D than gel B, although the
MRI results suggested that the water content of both filtered B and D gels
was generally similar at the end of the draining filtration experiment.
More comprehensive structural insights were provided by TD-NMR
measurements. These revealed that drained gel D (by filtration or
centrifugation) had a higher water content and lower dry matter content
than drained gel B, suggesting that the structure of gel D was slightly less
densely packed. These findings were confirmed by the self-diffusion
measurements carried out on samples centrifuged for 30 min and sug-
gest a significant role for the addition of 12.5% microparticulated de-
natured whey proteins to gel D as a substitute for the casein fraction.

To expand on the interpretation of the T, and water content MRI
maps, it would be useful to increase certain parameters, such as the
number of echoes and recycle delays. For this, bi-exponential fitting data
processing would be an appropriate choice and would yield more
detailed information on the water distribution in gels. There is a trade-
off to be made between the optimization of MRI parameters and the
length of experimental time required to monitor the full duration of
draining. In the present work, we took the decision to shorten the
duration of each experimental run so that more detailed information
could be captured on the initial stages of the draining process.
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