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Gastric digestion is essential for protein breakdown, which is commonly studied in vitro. However, validating in
vitro models with in vivo data is necessary. 'H MRI techniques, including Chemical Exchange Saturation Transfer
(CEST) and Magnetization Transfer (MT), are promising for non-invasive assessment of in vitro and in vivo
digestion. We previously demonstrated the ability of these techniques for monitoring in vitro milk protein
digestion in static conditions. Here, we investigated the performance of CEST and MT for detecting pH and milk
protein coagulation in semi-dynamic in vitro conditions using whey protein isolate solution (WPIS), low- or high-
pasteurized skim milk (LPSM and HPSM, respectively). The asymmetric MT ratio (MTRqsm), reflecting the sol-
uble proteins/peptides, decreased with the pH and protein concentration during digestion, with distinct trends
observed for the different products. The dual-power CEST method allowed accurate and precise estimation of the
pH for WPIS within a pH range of 5-7 on a 7 T NMR spectrometer. In situ pH mapping was achieved using a 3 T
clinical MRI scanner. The T,-weighted images, combined with MT ratio (MTR) maps, reflecting semi-solid
proteins, enabled assessing the coagulum volume and structure during digestion. The MTR allowed differenti-
ating the coagulation behaviour of LPSM and HPSM induced by the heat treatment. In conclusion, CEST and MT
can be used to monitor milk protein digestion, and the effect of milk heat treatment in semi-dynamic gastric
conditions. Future work will investigate the feasibility of these techniques for in vivo gastric milk protein
digestion studies.

(semi-)dynamic in vitro digestion models (Mulet-Cabero et al., 2019;
Wang et al., 2018) that simulate human gastro-intestinal digestion.

1. Introduction

Proteins are essential nutrients, and their nutritional benefits rely on
how well they are digested in the gastro-intestinal tract. Gastric diges-
tion plays a crucial role in breaking down proteins, and it involves de-
and re-structuring of foods to facilitate further breakdown in the intes-
tinal tract (Mackie et al., 2020). Cow’s milk is an important source of
high-quality proteins in the human diet (Tome, 2012). The digestion of
milk proteins (MP), namely casein and whey, starts in the gastric phase,
during which acid- and pepsin-induced aggregation of casein micelles
leads to the formation of a semi-solid coagulum. Intact whey proteins
(WPs) remain mostly in solution or form small aggregates (Huppertz &
Chia, 2021). Heat treatment is a common procedure in milk processing,
and may lead to changes in protein structure, thereby affecting gastric
protein digestion (van Lieshout et al., 2019). The effect of heat treatment
on protein digestion has been studied using static (Tunick et al., 2016) or
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Static in vitro digestion models (Brodkorb et al., 2019; Ménard et al.,
2018) are useful because they are simple, well controlled, and can
provide insights into the digestion kinetics and chemical composition of
the digesta. However, static models do not fully mimic the complexity of
the digestive tract, because they do not incorporate gastric secretion,
emptying and motility as well as hormonal responses. In comparison to
static in vitro digestion models, dynamic models are physiologically
more realistic: they include gastric secretion, emptying and motility, and
the stomach shape is taken into consideration (Dupont & Mackie, 2015;
Mackie et al., 2020). However, such models are highly complex,
time-consuming and more expensive than static models. Therefore,
semi-dynamic in vitro models have been developed, in which gastric
secretion and emptying are mimicked by inflow of gastric juice and
removal of gastric content (Deng et al., 2022; Mulet-Cabero et al., 2020).
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The gastric compartment in these models is simply a glass beaker kept at
37 °C, and mixing is achieved either by using an overhead stirrer or by
flow of air bubbles. However, data from these models need to be verified
with in vivo data on intra-gastric digestion from humans. Such data can,
in turn, be used to improve in vitro digestion models. However, the
conventional methods used to analyze in vitro digestion samples,
including measurements of pH, coagulum weight, protein content, and
degree of hydrolysis cannot be directly utilized in vivo because they
require invasive sampling of digesta. Consequently, these methods
become impractical for in vivo studies and raise ethical concerns.
Therefore, non-invasive methods that can be used to study both in vitro
and in vivo digestion in humans need to be developed.

Magnetic Resonance Imaging (MRI) holds great potential for study-
ing in vivo protein digestion in humans because it can be used to non-
invasively acquire detailed images of the chyme inside the gastro-
intestinal tract (Smeets et al., 2020). For such applications, MRI has
been mainly used to assess macroscopic gastric processes, such as gastric
emptying and phase separation in vivo (Spiller & Marciani, 2019).
However, the anatomical images used in these studies do not provide a
quantitative and molecular-scale measurement of gastric protein
digestion, which is crucial for monitoring gastric MP structuring and
breakdown over time, for studying the effect of heat treatment on gastric
digestion, and for comparing in vitro and in vivo data.

Previous studies have demonstrated that the transverse Nuclear
Magnetic Resonance (NMR) relaxation time (T5) of water can be used to
monitor the digestion of WP gels in static (Deng et al., 2020) or
semi-dynamic (Deng et al., 2022) in vitro gastric digestion models, as
well as in vivo (Deng et al., 2023). T, MRI mapping, combined with fat
quantification, has recently been utilized to assess semi-dynamic in vitro
digestion of a meal containing bread and cheese (Musse et al., 2023).
These studies have proven that T, measurements via spin-echo-based
MRI methods are useful for observing digestion-mediated changes in
the transverse relaxation time of water via chemical exchange with
proteins or self-diffusional averaging (Hills et al., 1989). However, such
measurements cannot be used to directly detect semi-solid macromo-
lecular protons with short T»-values of <100 ps (Hinrichs et al., 2007;
Mayar et al., 2022), due to the long dead times, typically around few ms,
of clinical MRI scanners. Although the T, of water is sensitive to
macromolecular dynamics through chemical exchange with proteins
and/or diffusional averaging, quantifying exchange rates and macro-
molecular proton fractions requires, e.g., measurements of T>-values at
different echo times to obtain T,-dispersion curves (Carver & Richards,
1972). While such measurements have been used for characterizing food
systems in a laboratory setting (Gottwald et al., 2005; Hills et al., 1990),
applying these methods in vivo is challenging due to the long measure-
ment times of T»-dispersion experiments. Specific MRI techniques have
been developed for detecting short- T, components, including
Ultra-short Echo Time (UTE) and Zero Echo Time (ZTE) MRI. However,
these techniques are typically restricted to measuring T, values larger
than 300 ps, which are much longer than those of immobile coagulated
proteins. Moreover, these measurements require hardware that is not
readily available on most clinical MRI scanners (Weiger & Pruessmann,
2019). In addition, aforementioned T, MRI measurements lack the
sensitivity to detect low-abundant proteins and peptides, such as in milk
with a relatively low protein content of around 3.4%, which is further
diluted during digestion.

Saturation Transfer MRI techniques, Magnetization Transfer (MT)
and Chemical Exchange Saturation Transfer (CEST) (Ward et al., 2000;
Wolff & Balaban, 1989) offer several advantages over T,-mapping: MT
and CEST can be used to indirectly detect semi-solid or low-abundant
solute (macro)molecules through their interaction with water. More-
over, these techniques are already widely applied in clinical human
research and do not require specialized hardware. Additionally,
semi-quantitative parameters, namely the MT ratio (MTR) and the
asymmetric MTR (MTRusym), can be measured rapidly within 1.3 min
(Mayar et al., 2023). In MT and CEST measurements, a radio-frequency
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(RF) pulse is employed to selectively saturate the magnetization of the
semi-solid and/or low-abundant solute protons of interest. The saturated
magnetization is subsequently transferred to the mobile water protons,
resulting in a reduction of the detected water signal intensity. The
saturation transfer processes in MT and CEST measurements are pre-
dominantly driven by 'H dipolar coupling and chemical exchange,
respectively (Balaban & Ceckler, 1992; van Zijl et al., 2018; Zhou et al.,
2023).

The MTR parameter can provide insights into the mobility and
content of (semi-)rigid macromolecules (Henkelman et al., 2001).
Clinical applications of MT MRI have demonstrated the ability of the
latter to detect even subtle alterations in semi-solid tissues, e.g. in terms
of macromolecular content or structural integrity (Van Obberghen et al.,
2018; Welsch et al., 2008).

CEST MRI is designed to measure the chemical exchange of labile
protons between specific solute molecules, including proteins and pep-
tides, and bulk water. The MTRy, parameter obtained from CEST
measurements is a measure of 'H chemical exchange, and is sensitive to
changes in solute concentration and pH (Wu et al., 2016). CEST MRI has
gained increasing recognition as a non-invasive technique for in vivo pH
mapping (Chen et al., 2017; Tang et al., 2020; Wu et al., 2015). Various
processes that are essential for gastric protein digestion, such as gastric
emptying, and MP coagulation and hydrolysis, depend on pH. Gastric pH
evolves over time, due to gastric juice secretion, gastric emptying and
the buffering capacity of the proteins.

In addition to pH evolutions, gastric digestion involves alterations in
protein/peptide concentration, and modifications in the state of pro-
teins, including coagulation, solubilization, and hydrolysis (Huppertz &
Chia, 2021; Mulet-Cabero et al., 2020). As such, MT and CEST MRI are
highly promising for assessing these concomitant changes during in vitro
and in vivo gastric protein digestion. Accordingly, we have previously
demonstrated that MT and CEST MRI can be used to detect protein
hydrolysis and gastric breakdown of the MP coagulum in a static in vitro
digestion model (Mayar et al., 2022, 2023). The next step is to apply
these techniques for MP digestion under more complex dynamic diges-
tion conditions, including gastric secretion and emptying. Therefore, the
aim of this work was to investigate the potential of CEST and MT MRI for
monitoring pH and MP coagulation in semi-dynamic in vitro gastric
digestion conditions. A WP isolate (WPI) solution (WPIS), low pasteur-
ized skim milk (LPSM) and high pasteurized skim milk (HPSM) were
used as test products to evaluate the sensitivity of CEST and MT for
gastric MP digestion, and the effect of heat treatment on the digestion.
The MRI measurements were carried out in the laboratory using a 7 T
vertical bore NMR spectrometer, and inside a 3 T clinical MRI scanner.
The 7 T vertical bore NMR spectrometer allows for high flexibility in
setting values of acquisition parameters, and was therefore used for
developing and testing of the methods. Although more limited in the
range of accessible acquisition parameter values, the 3 T clinical scanner
enables in situ measurements of the semi-dynamic digestion model, and
was therefore utilized to evaluate the feasibility of future in vivo studies.

2. Materials and methods
2.1. Materials

Commercially available WPI (87 wt% protein, 0.5 wt% fat, 2 wt%
carbohydrates, and 0.5 wt% salt) was purchased from Bulk™ (Essex,
UK). Commercially available LPSM (3.6 wt% protein, 0.1 wt% fat, 4.7 wt
% carbohydrates and 0.13 wt% salt) was purchased from a grocery store
(The Netherlands). Pepsin (631 activity units/mg), calcium chloride
hexahydrate, hydrochloric acid, 1-serine, potassium chloride, sodium
bicarbonate, sodium chloride, sodium hydroxide, Rhodamin B, and tri
tris(thydroxymethyl)-aminomethane hydrochloride were purchased
from Sigma Aldrich (St. Louis, USA). Pepstatin A and Pierce™ BCA
Protein Assay Kit were purchased from ThermoFischer Scientific (Mas-
sachusetts, USA). Milli-Q water (resistivity 18.2 MQ cm at 25 °C, Merck
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Millipore, USA) was used in all experiments.
2.2. Preparation of WPI solutions and HPSM

WPI powder was dissolved in Milli-Q water at different concentra-
tions and stirred at room temperature for 1 h. The pH of the solutions
was adjusted to pH values ranging between 3 and 7 using 0.1 M sodium
hydroxide (NaOH), and 0.1 and 1 M hydrochloric acid (HCI). The pro-
tein solutions were stored at 5 °C and were used within one day. The
WPIS were prepared and measured in duplicate. HPSM was prepared
from a commercially available LPSM, with a WP denaturation level of
3% by heating the latter in a water bath for 30 min after reaching a
temperature of 80 °C, resulting in a WP denaturation level Of 90% (data
not shown).

2.3. Preparation simulated gastric fluid

The simulated gastric fluid (SGF) composition was based on the
INFOGEST protocol (Brodkorb et al., 2019) and was prepared at pH 2.
To determine the volume of HCI required to lower the pH during
digestion, SGF (pH 2) and the WPIS or SM were mixed in a 50:50 ratio in
a test tube. Slow titration with 1 M HCI was performed until pH 2 was
reached, and the required volume of HCl was noted as an indicator of the
amount of 1 M HCI to be added to the SGF for gastric secretion as sug-
gested by Mulet-Cabero et al. (2020). Pepsin was added to the SGF at an
activity of 4000 U/mL to ensure a pepsin activity of 2000 U/mL when
mixed with the WPIS or SM at a 50:50 meal to SGF ratio.

2.4. Semi-dynamic in vitro gastric digestion

Semi-dynamic in vitro gastric digestion was conducted using an MRI-
compatible semi-dynamic digestion model established by Deng et al.
(2022). The set-up has several components, including a syringe pump to
simulate gastric secretion (NE-500 Programmable OEM Syringe Pump,
New Era Pump Systems, Inc., USA), a water-jacketed beaker acting as
the stomach chamber, and a circulating water bath (Julabo GmbH,
Germany) to maintain the temperature at 37 °C. Mixing was performed
manually because magnetic stir bars are not MRI-compatible, and the
previously described method of mixing with air bubbles (Deng et al.,
2022) was impractical due to foaming of the WPIS and SM. Stirring was
performed using a stirring rod right before the MRI acquisition. The
digestion conditions were based on the standardized semi-dynamic in
vitro digestion parameters reflecting adult digestion (Mulet-Cabero
et al., 2020). To initiate digestion, 200 mL of pre-heated 12% WPIS,
LPSM or HPSM at 37 °C was placed in the beaker containing 20 mL of
pre-heated SGF at 37 °C. The gastric secretion was started with a rate of
2 mL/min. The gastric emptying rate was based on the caloric content of
the food and was 4 or 4.3 mL/min for 12% WPIS or SM, respectively.
Gastric emptying was performed manually by removing gastric content
every 10 min using a 50 mL syringe with a tip that had an inner diameter
of ~2 mm, simulating the emptying of food particles through the pylorus
(Bornhorst & Paul Singh, 2014). The activity of pepsin in the removed
gastric content was inhibited by adding 400 pL of a 0.72 pM Pepstatin A
solution and the samples were stored in the freezer at —20 °C. CEST
measurements on these samples were conducted on the 7 T NMR spec-
trometer, and the pH and protein concentration values were measured
as well. For the in situ MRI measurements at 3 T, gastric content was
removed after each set of MRI acquisitions for each digestion time to
mimic gastric emptying.

2.5. 7 T MRI measurements

'H CEST MRI measurements of WPIS and gastric content samples
were conducted at room temperature (RT) in a vertical bore magnet with
a magnetic field strength of 7 T, corresponding to a 'H frequency of
300.13 MHz. The spectrometer comprised an Avance NEO console
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(Bruker Biospin, Fallanden, Switzerland) and was equipped with a Micro
2.5 RF coil with an inner diameter of 30 mm and a Micro 2.5 micro-
imaging gradient system. To enable simultaneous measurements of
multiple samples, 2 mL of WPIS or gastric content samples was trans-
ferred to a 10 mm NMR tube, and three of these tubes were placed inside
alarger 25 mm tube. An additional 5 mm NMR tube containing a glucose
solution was included as a reference tube. The sample tubes were sur-
rounded by an aqueous solution containing 5 mM sodium chloride and
10 mM copper sulphate. Measurements were conducted using a Rapid
Acquisition with Relaxation Enhancement (RARE) sequence combined
with the saturation transfer module in Paravision 360. The saturation
pulse consisted of a train of 10 block pulses (BP) with a pulse length (t,)
of 100 ms and an inter-pulse delay (tgiq,) of 10 ps, resulting in a satu-
ration time (Tsq) of 1 s. The B; amplitude was set to 1.5 or 3 pT. To
obtain 'H CEST spectra, saturated images, with signal intensity Sy,
(Equation (1) in 2.8) were acquired using 67 frequency offset (4) values
equally spaced from —10 to 10 ppm, resulting in a CEST spectral reso-
lution of 0.3 ppm. In addition, a reference image without saturation,
with signal intensity Sy, was acquired (Equation (1) in 2.8). Water
Saturation Shift Referencing (WASSR) (Kim et al., 2009) spectra were
measured to construct a By-map for Bp-inhomogeneity correction of the
CEST spectra. For the WASSR measurement, B; of 0.2 pT and T, of 50
ms were used. WASSR spectra were measured using 31 A values ranging
between —1.5 and 1.5 ppm with a spectral resolution of 0.1 ppm. The
imaging parameters for both CEST and WASSR measurements were:
in-plane field-of-view (FOV) of 30 mm x 30 mm and respective reso-
lution of 0.23 x 0.23 mm for three axial slices with thickness of 2 mm
and interslice gap of 1 mm. Sinc3 RF pulses were used for excitation and
refocusing with a flip angle of 90° and 180°, respectively. A repetition
time (TR) of 5 s, a turbo factor (TF) of 32, and an effective echo time
(TEy) of 78 ms were used, resulting in a total measurement time of 21
min and of 11 min for the CEST and WASSR measurements, respectively.

2.6. 3 T MRI measurements

For in situ monitoring of digestion, the stomach chamber of the semi-
dynamic model was placed inside a 3 T clinical MRI scanner (Philips
Ingenia Elition X, Philips Medical Systems, the Netherlands). A 16-chan-
nel small extremity coil was wrapped around the stomach chamber. MRI
scans were performed at baseline (before addition of the WPIS or SM), at
t = 0 min (right after addition) and every 10 min until t = 60 min or 80
min for WPIS or SM, respectively. During each scan, both the gastric
secretion and circulating water bath were switched off to avoid artifacts
caused by motion and influx of SGF. For each digestion time CEST and
WASSR data, a Tp-weighted image and a B;-map were acquired. For
both CEST and WASSR measurements, an Sy reference image (Eq. (1) in
2.8) at A = 450 ppm was acquired. For CEST measurements, Sy, images
(Eq. (1) in 2.8) were acquired at A = -2.7, 2.7 and 10 ppm with a Ty, of
1 s and a B; of 1.5 and 3 uT. WASSR spectra were acquired using 21
A-values ranging from —1.5 to 1.5 ppm, with a Ty, of 0.05 s and a B; of
0.2 pT. CEST and WASSR measurements were conducted using a RF
saturation pulse combined with a RARE sequence for pH mapping ex-
periments. Five axial slices were acquired in an interleaved manner with
aFOV of 120 mm x 120 mm, in-plane resolution of 0.94 mm x 0.94 mm,
slice thickness of 3.5 mm and no inter-slice gap. SINC pulses were used
for excitation and refocusing with an excitation flip angle of 90° and the
first refocusing flip angle was 180° followed by 110° pulses. A TR of 3.2
s, TF of 38, and TE.; of 80 ms were used, resulting in a total measure-
ment time of 98.6 s and 44.6 s for B; = 1.5 and 3 puT, respectively. The
WASSR spectra were acquired using the same imaging parameters as
described above, yielding a measurement time of 164 s.

MTR maps of the coagulum were obtained using an RF saturation
pulse combined with a Gradient Recalled Echo (GRE) sequence to ac-
quire 33 axial slices with a slice thickness of 3.5 mm and no inter-slice
gap, which allowed coverage of the whole gastric content. The FOV
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and in-plane resolution were the same as for the RARE measurements
described above. A SINC excitation pulse with a flip angle of 7°, TR of 4.4
ms, TE of 2.1 ms, and TF of 252 were used, resulting in a measurement
time of 68.3 s and 71.4 s for a B of 1.5 puT and 3 pT, respectively.

The RARE sequence was adopted to acquire 33 T»-weighted axial
slices with a slice thickness of 3.5 mm and no inter-slice gap to allow
coverage of the whole gastric content. The other parameters were the
same as for the RARE measurements described above but with a TR of 1
s, and a TF of 43, with total measurement time of 26 s. The B; map was
acquired using the dual refocusing echo acquisition mode (DREAM)
sequence (Nehrke & Bornert, 2012) with a TR of 11 ms, TE of 3.32 and
6.55 ms, and TF of 136, and the total measurement time was 26.1 s.

2.7. Protein concentration measurements

The total protein concentration in the supernatant of the gastric
content samples was estimated by the Bicinchoninic Acid (BCA) method
with the use of Pierce™ BCA Protein Assay Kit. The pH of the samples
was adjusted to pH 7 using 0.1 or 1 M NaOH and the samples were
centrifuged for 15 min at 4000 g. The supernatant was collected and
diluted 100x and 30x for the WPIS and SM samples, respectively. The
calibration curve consisted of 25, 125, 250, 500, 750 and 1000 pg/mL
bovine serum albumin (BSA) standard solutions. For the measurement,
25 pL of standard solution, sample or blank was pipetted in duplicate in
a different well of a clear bottom 96-wells well-plate (Greiner Bio-One,
the Netherlands). To this 200 pL of BCA reagent was added, the plate
was mixed for 30 s using a well-plate mixer and incubated at 37 °C for
30 min. After cooling down to room temperature, the absorbance was
measured at 562 nm using microplate reader (Spectramax M2, USA).

2.8. MRI data processing and analysis

All processing and calculations were done in MATLAB R2019b
(MathWorks, Massachusetts, USA). A WASSR B, map was constructed
and used for voxel-wise Byp-inhomogeneity correction of the 7 T CEST
spectra as previously described (Mayar et al., 2023). Region-of-Interest
(ROI) masks of the middle slice of the sample tube were drawn manu-
ally, and the mean signal intensity within the ROI was used to construct
the CEST spectra, where Sg;/So is plotted as a function of A. The
MTR g5ym was calculated according to Eq. (1).

MTRasym = (Ssal( - A) - S:al( + A) )/SU

The MTR,m area was calculated as the area under the curve (AUC)
between 1.2 and 4 ppm. To evaluate CEST MRI for pH mapping, the
dual-power CEST method was used (Longo et al., 2014). This method
involves measuring CEST at two B, amplitudes to calculate the Ratio of
RF Power Mismatch (RPM). The CEST effect and, consequently, the
MTR,y, depend on several factors, including the solute concentration,
the chemical exchange rate (k..), which in turn is linked to pH, the
longitudinal relaxation rate of water (R}) and the saturation efficiency
(a). We note that k., is also affected by temperature, which was therefore
kept constant during the measurements. Moreover, the WPIS was
brought to a temperature of 37 °C before the start of the digestion
experiment for the in situ measurements on the 3 T clinical MRI scanner.

Eq. 1

The a value can be approximated by a ~ (yB;)* /((yB1)* + kex”), where y
is the gyromagnetic ratio of 'H in rad-s—1-T~!. By calculating the ratio of
the MTRuym at two B; values (Eq. (2)), it is possible to compensate for
the concomitant changes in both concentration and RY, which makes the
RPM solely dependent on k. and, hence, pH. The RPM value was
calculated for amine protons (A = 2.7 ppm) using a B; combination of
1.5/3 pT. Linear calibration lines for the acid- and base-catalysed
chemical exchange regimes were constructed by taking the logarithm
of the RPM and were used to predict the pH of the validation and
digestion samples.
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[(1 = MTRup) /MTRas]
[(1 = MTRy5ym) /MTR ]

RPM = 1.5uT

Eq. 2
3uT

The different stages of the processing and analysis of the data ac-
quired at 3 T is outlined in Fig. 1. First, the MTR,,, per voxel was
calculated according to Eq. (1), and was used to construct MTR,,m maps
of the gastric content (Fig. 1; top). Next, a WASSR B, map was con-
structed in the same way as done for the 7 T data. However, a CEST
spectrum could not be acquired during the in situ measurements at 3 T
due to their long measurement time. Instead the MTRq,, was acquired
using A = + 2.7 ppm, and voxel-wise correction of MTR,, values was
performed using the regression-based fast By-inhomogeneity correction
method (Sun, 2020). In brief, the B,— inhomogeneity artifact was esti-
mated using the polynomial function shown in Eq. (3).

MTR 4y (x,y) = A + [Cy -6By(x,y) + C2-8B3(x,y) ] Eq. 3
Here A is the dimensionless composite parameter, namely (f; -ks)/RY, in
which f; is the fraction of solute protons, kg, is the solute-water H
chemical exchange rate and RY is the longitudinal relaxation rate of the
bulk water pool. C; and C, are coefficients (in seconds squared) deter-
mined from the polynomial fitting, and 6By is the By shift in Hz per
voxel. The By-inhomogeneity effect on direct RF saturation, also called
spillover, and saturation efficiency is described by the first- and second-
order terms, respectively. The MTR,;, was voxel-wise corrected for
By-inhomogeneity by subtracting the B, artifact, C;-6Bo(x,y) + Ca-
8B3(x,y) from the MTRqsym. The By-corrected MTRqg,m values obtained
at a B; of 1.5 and 3 pT were corrected for B;-inhomogeneity using the
two-point contrast-B; -correction described by Windschuh et al. (2015).
The resulting Bo- and B, -corrected MTR,,m maps were used to calculate
the RPM values for each voxel, which were subsequently used to
determine the pH per voxel using the acid- or base-catalysed chemical
exchange calibration lines.

For characterizing the MP coagulation and breakdown (Fig. 1; bot-
tom), coagulum MRI masks were obtained by intensity thresholding of
the T,-weighted images using the multithresh function (Otsu’s method)
with one level in MATLAB. This thresholding method allowed for the
identification of low-intensity imaging voxels corresponding to the co-
agulum. Using the coagulum MRI mask, the volume of the coagulum was
calculated by multiplying the voxel volume by the total number of co-
agulum voxels. Such imaging mask was also applied to the Sy and Sp
images in order to construct the MTR maps of the coagulum at A = 10
ppm (Eq. (4)) and calculate the mean MTR value for the coagulum voxels
at each digestion time point.

MTR=1— (S0t / So) Eq. 4

2.9. Storage and loss modulus measurements

The storage (G’) and loss (G”) modulus of the coagulum were
measured at t = 20, 40 and 70 min of semi-dynamic digestion. For each
rheological measurement, carried out in duplicate, the coagulum was
removed from the beaker and any excess liquid was discarded. A 25 mm
circular sample was cut out from the centre of the coagulum. The sam-
ples were stored at 5 °C until 30 min before the measurements, after
which they were kept at room temperature. Measurements were per-
formed using an Anton Paar Rheometer (MCR 302, Anton Paar, Ger-
many) equipped with a sandblasted parallel plate geometry. The
development of G and G was monitored at a frequency of 1 Hz and
strain of 0.1-10%. The coagulum samples were measured within 2.5 h
after their preparation.

2.10. Confocal laser scanning microscopy (CLSM)

The microstructure of the coagulum was studied using a Rescan
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Fig. 1. Schematic outline of the different stages of the processing and analysis of data acquired on the 3 T clinical MRI scanner for the assessment of pH (top) and

coagulation (bottom) during semi-dynamic gastric digestion.

Confocal Microscope (RCM) (Confocal.nl, The Netherlands). Rhodamine
B (fluorescent dye) was used to stain proteins with an excitation line at
561 nm. The coagulum was collected after 20, 40 and 70 min of diges-
tion, and a small piece of approximately 10 mm x 5 mm was cut from
the centre of the coagulum. The samples were stained with 1% (w/v) of
Rhodamine B for 5 min, placed on a glass microscope slide and examined
with a 63 x water immersion objective lens. Images were recorded using
MicroManager 2.0.

2.11. Statistical analysis

All statistical analysis was performed in MATLAB 2019b. The error
bars in the figures represent the standard deviation (SD). In the case of
duplicate experiments, the pooled SD over the time or pH series was
calculated (Eq. (5)) and reported in the figure captions. This calculation
relies on the assumption that the variances over the measurement series
are homoscedastic. This assumption holds true for our data since no
systematic trends in the variances were observed.

Eq. 5

Spooled =

where S? is the variance for each measurement point (time or pH), n is
the number of samples per measurement point (n = 2) and k is the total
number of measurement points.

The normalized root mean square deviation (NRMSD) (Eq. (6)) was
used to evaluate the agreement between the pH values estimated using
the CEST MRI approach and those measured with a pH electrode.
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Eq. 6
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where y™ is the mean of the pH values measured by a pH electrode; yI"
are the pH values measured by a pH electrode for each measurement

point i; y{ are the pH values estimated using the CEST MRI approach for
each measurement point i; n is the total number of measurement points.

The uncertainty in the pH estimated with the acid- or base-catalysed
calibration curves was estimated using Eq. (7).
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pH =
where S,y is the SD in the estimated pH, S, is the standard error in the y-
estimate of the calibration curve, m is the slope of the calibration curve,
k is the number of replicate measurements of the sample, n is the number
of calibration points, Ysmpl is the average response of the sample, ¥ is
the average response of the calibration standards, x; is the pH of the
individual calibration standards, and X is the average pH of the cali-
bration standards. The 95% confidence interval (CI) in the estimated pH
was determined as pH =+ t e Sy, where t is the critical t-value for a =
0.05 and df = n-2.

3. Results and discussion
3.1. Invitro gastric digestion of WPIS, LPSM and HPSM

For 12% WPIS, a transition from a homogeneous solution to a system
with small insoluble particles was found to start around 30 min based on
visual observation, which coincided with reaching a pH of 4.5 (Fig. S1),
close to the iso-electric point (pI) of a-lactalbumin (4.2) and p-lacto-
globulin (5.1), causing both proteins to aggregate and form a precipitate
(Nicolai et al., 2011; Pederson et al., 2006). These small insoluble ag-
gregates are difficult to observe in the top-view photographs (Fig. 2a),
but can be discerned at t = 60 min. They were removed from the
stomach chamber with the syringe used to mimic gastric emptying due
to their size of less than 2 mm (the inner diameter of the syringe tip). For
LPSM and HPSM, coagulation was observed at t > 10 min and t > 20
min, respectively (Fig. 2a). Based on visual inspection, the coagulum of
LPSM appeared compact and became smaller in volume as digestion
progressed, while for HPSM a softer and looser coagulum was formed.
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Fig. 2. For 12% WPIS, LPSM and HPSM: (a) Photographs from the top of the stomach chamber at increasing digestion time from left to right; (b) evolution of the AUC
MTRagym for the gastric content samples during semi-dynamic in vitro digestion measured on a 7 T NMR spectrometer. The filled and empty symbols represent repeats of the
same experiment. The pooled SD over the time series was 0.04, 0.07 and 0.04, respectively, for WPIS, LPSM and HPSM. 2D scatter plots for (c) 12% WPIS, (d) LPSM and (e)
HPSM showing the AUC MTR sy, as a function of pH and protein concentration during semi-dynamic in vitro gastric digestion. The pH axis is inverted to follow the digestion
time. The colour of the datapoints is weighted by the AUC MTRsy, value. The values represent the mean of the duplicate experiments, and the individual datasets can be found
in Fig. S1. The pooled SD for the pH and concentration was 0.07 and 6.5, 0.3 and 0.4, 0.2 and 1.3, respectively, for WPIS, LPSM and HPSM.

The consistency of the coagulum depends on the extent of WP dena-
turation, as denatured WPs can form s-s bridges with k-casein, resulting
in WP-casein aggregates. The formation of these aggregates results in a
softer and looser MP coagulum during gastric digestion (Ye et al., 2019),
which explains the observed difference in the consistency of the MP
coagulum between LPSM and HPSM. In the case of LPSM, only the su-
pernatant was removed by gastric emptying starting from t = 20 min,
while for HPSM, small and soft coagulated proteins were removed until
the end of digestion.

The area under the MTRyy, curve (AUC MTRgm ) of the gastric
content samples, obtained from the 'H CEST spectra, is shown in Fig. 1b.
During 80 min of digestion, the AUC MTRy,, decreased by 90%, 80%
and 50% for LPSM, HPSM and 12% WPIS, respectively. The MTRysym is
influenced by changes in protein concentration and pH, as described
previously (Mayar et al., 2023). Both protein concentration and pH
(Fig. S1) decreased during semi-dynamic digestion due to the removal of
soluble or small aggregated proteins, and due to the secretion of acidic
SGF. The 2D scatter plots in Fig. 2c-e shows that the AUC MTRusym
decreased in accordance with the decrease in protein concentration and
pH observed during digestion.

For 12% WPIS, protein concentration and pH continuously
decreased, resulting in a continuous decrease in the AUC MTRy,. In the
case of LPSM and HPSM, the protein concentration decreased from t =
0-20 min, followed by small fluctuations until 80 min. These fluctua-
tions may be attributed to proteins and polypeptides being released from
the coagulum into the liquid phase as digestion progressed. A similar
trend was reported for the semi-dynamic gastric digestion of MP powder
(Mulet-Cabero et al., 2020). Whereas the start and end pH were similar
for all test products, the variations during digestion were different. The

pH decreased rapidly for LPSM, while for HPSM the decrease was slower
and the pH remained higher throughout the digestion. The trend
observed for HPSM was more similar to that of 12% WPIS, particularly
in the first 40 min of digestion. This difference can be attributed to the
difference in coagulation behaviour between the differently heated milk
products. In the case of LPSM, the majority of the caseins were incor-
porated into the coagulum, resulting in a liquid phase with a low amount
of proteins and, hence, limited buffering capacity. This resulted in a
more rapid decrease in pH, and, hence, AUC MTRym . On the other
hand, HPSM did not exhibit a clear phase separation, leading to a higher
buffering capacity in the liquid phase and a slower decrease in pH,
similar to WPIL. Overall, these results demonstrate that the MTRym
reflects variations in pH and protein concentration that occur during
semi-dynamic digestion, and it is sensitive to differences in gastric
digestion among products with different protein composition and heat
treatment.

3.2. CEST MRI pH mapping of gastric digestion

In the previous section, we found that the MTRy, followed the
variations in pH that occur during gastric digestion. Therefore, we
further explored the use of CEST MRI for pH mapping under gastric
digestion conditions. First, a validation was performed using standard
WPIS and gastric content samples using the 7 T NMR spectrometer,
followed by a proof-of-concept experiment for in situ pH mapping during
semi-dynamic in vitro gastric digestion on a 3 T clinical MRI scanner.

3.2.1. Validation of CEST MRI for pH mapping at 7 T
The MTRy5ym curves showed a clear dependence on the B; amplitude
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Fig. 3. Validation of CEST for pH estimation on a 7 T NMR spectrometer using 12% (wt%) WPIS. (a) MTRasyn curves at pH 6 obtained with a B; amplitude of 1.5 and
3 uT. The filled and empty symbols in b-f represent repeats of the same experiment. pH calibration lines for (b) acid- (log;, RPM = —0.21 -pH +1.4;R%> = 0.78) and (c)
base- (log;o RPM = 0.25 -pH — 0.9; R? = 0.94) catalysed chemical exchange. The solid and dotted lines represent the linear fit and the 95% confidence bounds of the
fit, respectively. The pooled SD was 0.05 for both the acid- and base-catalysed calibration lines. (d) Bland-Altman plot of the pH estimated by CEST MRI vs. the pH
measured with an electrode for a set of validation samples with a pooled SD of 0.15. (e) pH at different concentrations showing stable pH estimates upon varying
concentrations with a pooled SD of 0.1. (f) pH of the gastric content samples estimated by CEST MRI and measured by the pH electrode. The pooled SD of the pH

estimated by CEST MRI was 0.3.

(Fig. 3a), and were used to calculate the RPM values of amines to
construct the acid- (Fig. 3b) and base-catalysed (Fig. 3c) chemical ex-
change calibration lines. The 'H chemical exchange between amines and
water can occur through both acid-, base-, and auto-catalysis, leading to
a pH-dependent “v-shaped” pattern of the chemical exchange, as
described before (Bai et al., 1993; Liepinsh & Otting, 1996), but it is
predominantly base-catalysed at pH > 5, and increasing exchange rates
have been observed with increasing pH for amine 'H in amino acids
(Liepinsh & Otting, 1996; Wermter et al., 2022). The RPM value for the
base-catalysed region showed a good linear correlation with pH (R? =
0.94), while the correlation for the acid-catalysed region was lower
(R? = 0.78). This is likely due to the slower chemical exchange at low
pH for amines, resulting in low measured MTR;,, values, especially at
B; = 1.5 pT. Consequently, the CEST MRI approach is less sensitive at
low pH values.

The calibration lines were used to estimate the pH of a set of vali-
dation samples of 12% WPIS ranging from pH 3-7. A Bland-Altman plot
was used to assess the agreement between the pH values estimated by
CEST MRI and those measured with a pH electrode (Fig. 3d). The mean
difference was 0.34, which indicates a systematically higher pH esti-
mated by the CEST MRI approach. The individual data points are scat-
tered around the mean difference line, and are within the limits of
agreement (LoA) except for the measurements around pH 4.2. The dif-
ference appears to increase at lower pH values, indicating an over-
estimation of the pH in the lower pH range (<4.5), which may be
attributed to the lower sensitivity of CEST at low pH as explained above.
Overall, there was a good agreement between the pH estimated by CEST
MRI and the pH values measured with an electrode within the pH range
of 4.5-7 (NMRSD = 0.04). The 95% CI for the pH estimated (Table S1)
by the acid-catalysed calibration line (pH 3-5) was +0.4 pH units,
whereas that for the pH estimated by the base-catalysed calibration line
was much smaller (+0.05 pH). Consequently, the pH range within which
the CEST MRI approach allows for both accurate and precise pH

estimates is pH 5-7. To assess whether the pH estimation is independent
of protein concentration, we measured 6%, 8%, and 10% (wt%) WPI
samples at pH 3.5 and 6.5. The obtained pH values were accurate and
independent of protein concentration, as depicted in Fig. 3e. Subse-
quently, we used the calibration lines to estimate the pH of gastric
content samples from the semi-dynamic digestion of 12% WPIS (Fig. 3f).
The estimated pH values followed the same trend as the pH values
measured by an electrode (grey line). However, the agreement between
the two methods was lower (NMRSD = 0.14) compared to the data of the
validation samples. Larger deviations were observed at later digestion
times, consistently with previous observations for the validation samples
at low pH. Based on these findings, we established that the pH range
where CEST MRI can provide relatively accurate pH estimates is from 5
to 7; this can potentially aid in vivo mapping of the pH distribution
throughout the stomach and determining the activation time of pepsin
occurring at ~ pH 5.5 (Gray et al., 2014).

3.2.2. Proof-of-concept in situ pH mapping during gastric digestion

To further evaluate the feasibility of CEST MRI for in vivo pH map-
ping, CEST measurements were conducted on a 3 T clinical MRI scanner
at 37 'C. The 12% WPIS at varying pH were measured to construct
calibration curves for the acid- and base-catalysed chemical exchange
(respectively, R? = 0.77 and R? = 0.74) (Fig. S2). It is worth noting that
the R2-value for the base-catalysed calibration line is lower at 3 T
compared to that at 7 T.

This can be attributed to a shift in the chemical exchange peak
observed in the CEST spectrum from A = 2.7 ppm at pH 3-6.5to A = 3.5
ppm at pH > 6.5 (Fig. S3). This leads to lower MTR5ym and RPM values
at A = 2.7 ppm for pH 6.5-7. This shift in the A is most likely caused by
the higher temperature (37 °C) used for the 3 T measurements, resulting
in a downfield shift of the chemical shift of amine protons. For com-
parison, CEST spectra of 12% WPIS at pH 4, 5.5 and 7 were also
measured on a 7 T MRI scanner at 37 °C, and a similar shift was observed
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in the chemical exchange peak at pH 7 (Fig. S3).

The By-correction of the MTRy;,m using the method introduced by
Sun (2020), yielded results consistent with the standard WASSR
approach (Fig. S4). The corrected maps were then used to generate RPM
maps. The RPM per voxel was interpolated into the calibration lines to
obtain a pH estimation per voxel as a function of the digestion time
(Fig. 4a). Specifically, the calibration line for base- and acid-catalysed
chemical exchange was used for the time periods t = 0-20 min and
30-60 min, respectively.

The pH maps for t = 0-20 min were homogeneous, which is in line
with the homogeneous gastric content observed in the corresponding
photographs of the gastric compartment (Fig. 4a). Additionally, the pH
values estimated by CEST MRI were in close agreement with the mean
pH measured by a pH electrode at 9 locations inside the beaker (Fig. 4b).
After t = 30 min, the pH map becomes heterogeneous, consistent with
visual observation of protein precipitation near the pI from t = 30 min
onwards, as depicted in the photographs (Fig. 4a). Consequently, voxels
containing these aggregates have lower MTRy, values, due to the
reduced accessibility of chemically-exchangeable protons. This ulti-
mately leads to lower RPM values, resulting in an overestimation of the
pH by the acid-catalysed chemical exchange calibration line. This is also
apparent in Fig. 4b, where the mean pH estimated by CEST MRI at t >
30 min is higher than the pH measured by the electrode. Therefore, this
approach allows accurate estimation of pH up to the pI of the proteins
under study and it is sensitive to the aggregation phenomena occurring
near the pl. Notably, the CEST MRI method holds potential for detecting
the formation of small aggregates during gastric digestion that cannot be
detected in Ty-weighted MRI images (Fig. S5). Whereas most applica-
tions of pH mapping using CEST MRI focus solely on a narrow pH range,
typically pH 6-7 (Boyd et al., 2022; Chen et al., 2017; Tang et al., 2020),
our findings demonstrate that for WPIS the method can cover a broader
pH range from pH 5-7. This is a relevant range for gastric digestion of
proteins, and therefore this approach is worth pursuing in vivo MRI
studies.

We note that, for data collected on clinical MRI scanners, correction
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for B;-inhomogeneity is crucial for reliable pH quantification. Here, we
used the DREAM method for mapping the B;, and used this for voxel-
wise correction of the MTRy,, values using the two-point correction
method (Windschuh et al., 2015). We selected the DREAM method
because it allows rapid acquisition of a B;-map, and is known to intro-
duce smaller errors in the obtained B;-values compared to other
B;-mapping methods, especially at low signal to noise ratios (SNR)
(Gavazzi et al., 2019). These two advantages are especially important for
our application, where SNR is sacrificed to achieve short measurement
durations. We also acknowledge that Gavazzi et al. (2019) reported a
relatively high bias of 6.2% and 15% for, respectively, the inner and
outer tube of a phantom at 3 T. Such inaccuracies in the determined
Bj-values can translate into inaccuracies in the Bj-corrected MTRusym
values and, subsequently, in the estimated pH. To assess this effect, we
added a 15% bias to the B;-map measured with the DREAM method on
our 3 T scanner for the examined digestion times. We found that this
resulted in a relatively large bias of ~13% in the B;-corrected MTRsym
values. However, the corresponding effect on the pH was much smaller
(0.82%). This is because the RPM parameter, used for estimating the pH,
is more robust to inaccuracies in B; as compared to the MTRuym
parameter.

Moreover, we note that exchange regime depends on the strength of
the magnetic field. For instance, at higher magnetic field strengths, the
chemical shift (CS) difference between the two pools increases. This
leads to a large CS difference with respect to the exchange rate
(kex<<ACS), resulting in a slow exchange regime (Kleckner & Foster,
2011). Consequently the sensitivity and specificity of the method could
be enhanced by utilizing a 7 T clinical MRI scanner. At this higher field
strength we observed 1.5-2x higher MTRy,,,m values, depending on the
pH and B; amplitude (Fig. S6). Additionally, a better separation between
the exchange peak and water could be obtained (Fig. S3).

3.3. Quantitative assessment of MP coagulation at 3 T

In our previous work, we successfully applied T,-weighted and MT
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Fig. 4. (a) pH maps during semi-dynamic in vitro gastric digestion of 12% WPI obtained using the dual power CEST MRI approach on a 3 T clinical MRI scanner (top)
and photographs of the beaker content during digestion (bottom). (c) Mean estimated pH of the gastric content (purple circles) and the mean pH measured by an
electrode at 9 locations across the beaker content (grey line). The error bars for pH CEST MRI correspond to the SD of the pH across all the voxels (n = 2058-3248) in
the gastric content. The error bars for pH electrode correspond to the standard deviation of the pH measured at 9 different locations across the beaker.
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MRI to monitor MP coagulation in static in vitro digestion samples using
a7 TNMR spectrometer (Mayar et al., 2023). In the present study, we set
out to assess the feasibility of using these methods for in situ assessment
of MP coagulation and breakdown under semi-dynamic conditions on a
3 T clinical MRI scanner.

3.3.1. Ta-weighted MRI of MP coagulation and breakdown

Phase separation between high- and low-intensity voxels in the
T,-weighted images, as a result of gastric MP coagulation was observed
from t = 10 min and 20 min onwards for LPSM and HPSM, respectively
(Fig. 5a). The high-intensity voxels correspond to the liquid phase
consisting of SGF and dissolved proteins and peptides, having long
T,-values. The low-intensity MRI voxels correspond to the coagulum
phase within which water protons undergo rapid T, relaxation due to
self-diffusional averaging and chemical exchange with immobile pro-
teins. We note that the protons covalently bound to coagulated proteins
have sub-ms T,-values and, thus, are invisible in the conventional MRI
measurements performed here.

For LPSM, the coagulum was visible in the T,-weighted images until
the last digestion time measured, while for HPSM it was nearly
completely solubilized or the soft coagulated proteins were removed by
gastric emptying after t = 50 min. It should be noted that, in some MRI
slices other than the presented MRI slice of the gastric beaker, coagu-
lated proteins were observed at t > 50 min. The measurements were
conducted until t = 80 min, but here we only show the images up until t
= 70 min because, for HPSM, the volume of gastric content was too low
for visualization and quantification at t > 70 min.

The changes in the coagulum volume, estimated from the
T,-weighted images, varied as a function of the digestion time (Fig. 5b).
The largest coagulum volume was observed at t = 10 min and 20 min for
LPSM and HPSM, respectively. Subsequently, the coagulum volume
decreased for both milk products, with a consistently higher volume
observed for LPSM at t > 30 min. While, the T»-weighted images proved
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useful for both visualizing and quantifying the changes in the coagulum
volume, they do not provide information on the structure of the co-
agulum. For that purpose, MT measurements were used as a comple-
mentary method.

3.3.2. MT MRI of MP coagulation

MTR maps of the coagulum (Fig. 6a) were obtained by applying the
coagulum mask obtained from the T,-weighted images to the MT data of
the gastric beaker content. As digestion progressed, the MTR value
within the coagulum increased, and a notable difference in the MTR
maps of LPSM and HPSM was observed. The coagulum exhibited a
greater spatial variability in the MTR values at later digestion time
points, with the MTR maps of HPSM appearing more heterogeneous. The
MTR values on the surface of the coagulum are lower, which might be
due to partial-volume effects, and appear as a black/red edge.

The MTR distribution within the MTR maps (Fig. 6a) was unimodal
and symmetric for both LPSM and HPSM at t = 0-10 min, indicating that
the gastric content is described by one predominant MTR value, uni-
formly distributed across the gastric content. However, for later diges-
tion times (t > 20 min), the MTR distribution within the coagulum for
LPSM and HPSM began to differ. For LPSM the distribution shifted to
higher MTR values, became broader, bi-modal and less symmetrical
around each peak, while a broadened unimodal symmetric distribution
was observed for HPSM. For LPSM the mean MTR in the coagulum
increased by 55% from t = 0-70 min. For HPSM, the MTR increased by
24% from t = 20-40 min followed by a continuous decrease until 70
min. An increase in the MTR can be attributed to variations in the
macromolecular content and mobility, and in the magnetization transfer
dynamics (Henkelman et al., 2001). We have previously shown that the
MTR depends on the composite parameter R M /RY, which includes
the rate of magnetization transfer (R), the population of semi-solid
protons (My) and the longitudinal relaxation rate of water (RY)
(Mayar et al., 2022). In our previous work, we observed that the R} did
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Fig. 5. (a) T»-weighted MRI images of LPSM and HPSM during semi-dynamic in vitro gastric digestion measured on a 3 T clinical MRI scanner. (b) Coagulum volume
as a function of the digestion time obtained by intensity thresholding of the T»-weighted images. The filled and empty symbols represent repeats of the same

experiment. The pooled SD was 9 and 6, respectively, for LPSM and HPSM.
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not change during in vitro digestion. Therefore, the increased MTR
observed for the MP coagulum during gastric digestion could be the
result of a decrease in macromolecular mobility and an increase in the
protein content within the coagulum. Constrained macromolecular
mobility results in stronger inter- and intra-molecular dipolar in-
teractions, which are the drivers of magnetization transfer (van Zijl
et al., 2018). This increase in dipolar interactions yields greater effi-
ciency in magnetization transfer between the two proton pools and,
hence, a higher MTR.

To better understand the increase in the MTR of the coagulum, G’
and G” of the LPSM coagulum at t = 20, 40 and 70 min were measured
(Fig. S7). The G* and G” values at t = 20 and 40 min are similar. How-
ever, a clear increase in both parameters was observed from t = 40 up to
70 min. This observation is in line with the MTR data, where little
variation was observed between t = 20 and 40 min, followed by an in-
crease up to t = 70 min. The G’ represents the ability of a material to
store and recover elastic energy, and can be used to quantify its resis-
tance to deformation. On the other hand, the G” represents the viscous
component of a material’s response to cyclic deformation and can be
used to quantify a material’s ability to dissipate energy and flow or
deform plastically (Macosko, 1996). These observations are consistent
with previous studies that demonstrated an increase in the G’ and G”
during acid and rennet coagulation of milk (Le Feunteun et al., 2012; Le
Feunteun & Mariette, 2008). Moreover, Roy et al. (2022) showed an
increase in the complex modulus (G*), a parameter that describes the
complete viscoelastic behaviour of a material by combining the G’ and
G”, during in vivo gastric digestion of raw cow’s milk in piglets. Both the
increase in G’ and G’ point to a protein network that is becoming more
dense and non-covalently crosslinked. The concomitant decrease in
molecular mobility and increase in dipolar interactions within the

10

protein network is reflected by the increase in the MTR. We note that the
variability in the rheology data is large due to the inherent heterogeneity
of the coagulum.

CLSM was used to assess changes in the coagulum at the micron-scale
(Fig. S8). For both LPSM and HPSM, at t = 20 min the micron-scale
protein network within the coagulum appeared to be porous with void
spaces filled with liquid entrapped within the protein network. The
coagulum appeared more compact as digestion progressed, and minimal
variation was observed in the microstructure of the coagulum between
40 and 70 min. Overall, both the CLSM and rheology data indicate that
changes in protein network density and mobility within the coagulum
are reflected in the MTR values.

Overall, these results demonstrate that CEST and MT combined with
Ty-weighted imaging can be used to probe pH and MP coagulation under
semi-dynamic in vitro gastric digestion conditions. This integrated
approach may offer a more comprehensive overview of gastric digestion
compared to the use of only T>-weighted imaging for measuring GE and
visual assessment of phase separation or coagulation. The measurements
presented here are fast enough to be feasible for monitoring gastric
digestion over time in vivo human studies. The primary challenge of in
vivo measurements is the presence of motion due to breathing and
peristaltic contractions of the stomach. Breathing-related motion arti-
facts can be minimized by performing each scan within one breath-hold,
which is common practice in clinical MRI of the abdominal area.
Furthermore, motion-induced artifacts in the calculated MTR and
MTR g5ym maps can be reduced through image registration of the Sy and
Ssa images. In this study, our primary focus was gastric digestion, as it is
the first step in MP digestion. Gastric digestion involves structuring and
de-structuring of milk to facilitate further breakdown of MPs in the in-
testines. Consequently, gastric digestion may influence intestinal
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digestion, thereby affecting absorption of amino acids in the blood-
stream. In future works, it would be interesting to link gastric digestion
to the absorption of amino acids in the bloodstream.

4. Conclusions

In this work, we explored the use of CEST and MT MRI for monitoring
pH and MP coagulation during semi-dynamic in vitro gastric digestion
using 12% WPIS, LPSM and HPSM as test products. Our results
demonstrate that the MTR45, can be used to monitor concomitant pH
and protein concentration changes during gastric digestion, and is sen-
sitive to the effect of heat treatment on these changes. The dual-power
CEST method was successfully validated on a 7 T NMR spectrometer
as an indirect method for measuring pH using the 12% WPIS. The
method enabled accurate determination of the pH in the range of 5-7.
Accurate in situ pH mapping was also achieved on a 3 T clinical MRI
scanner until t = 20 min of digestion, but heterogeneities and inaccur-
acies in the estimated pH arose from 30 min onwards due to protein
aggregation near the pl. Moreover, a combination of Ty-weighted im-
ages and MTR maps obtained in situ during semi-dynamic digestion on a
3 T clinical MRI scanner, proved to be valuable for assessing changes in
coagulum volume and consistency, and for revealing differences in
gastric coagulation behaviour between differently heated milk products.

In summary, our findings demonstrate that the combined use of
CEST, MT, and T,-weighted MRI can be used to effectively capture the
variations in pH and coagulation dynamics, allowing for the investiga-
tion of the impact of different heat treatments on gastric MP digestion.
These findings are a significant advancement towards future assessment
of in vivo gastric MP digestion in humans using MRI.
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