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Protein digestion is commonly studied using in vitro models. Validating these models with more complex in vivo
observations remains challenging, in particular due to the need for non-invasive techniques. Here, we explore
Magnetization Transfer (MT) and Chemical Exchange Saturation Transfer (CEST) MRI for non-invasive moni-
toring of protein solubilization and hydrolysis during static in vitro digestion using skim milk (SM). We measured
CEST spectra of unheated and heated SM during gastric digestion, from which the relative amount of soluble
proteins/peptides was estimated by calculating the asymmetric MT ratio (MTRgsym). We also obtained semi-solid
volume fractions (vs), MT ratio (MTR) and MTRgysyr, from the same measurement, within 1.3 min. The MTRgym
area increased with gastric digestion, due to solubilization of the initially-formed coagulum, yielding a mean
difference of 20 + 7% between unheated and heated SM (p < 0.005). The vs; and MTR decreased during gastric
digestion and can be used to monitor changes in the coagulum, but not for assessment of soluble proteins/
peptides. The MTRgsyr, increased for heated SM during gastro-intestinal digestion, proving sensitive to protein
solubilization and hydrolysis, and is suitable for monitoring protein hydrolysis at later digestion stages. Future

steps will include similar MT and CEST studies under dynamic conditions.

1. Introduction

Protein intake is essential for the growth and repair of body cells,
muscle function and development of the immune system. Milk is one of
the main sources of protein in the human diet and is the only source of
protein for infants. Milk proteins, namely casein and whey, are digested
in the gastro-intestinal tract, which is a complex dynamic system and is
crucial for the breakdown of milk proteins and for the subsequent ab-
sorption of amino acids (Dupont & Tomé, 2014). Milk protein digestion
starts in the gastric phase (GP), where first a semi-solid protein co-
agulum is formed by a combination of acid- and pepsin-induced aggre-
gation of the casein micelles or, in the case of heated milk, of casein
micelles and denatured whey proteins (Huppertz & Chia, 2021). This is
followed by solubilization and hydrolysis of the semi-solid protein co-
agulum into soluble proteins and relatively large peptides. Next, these
proteins and peptides are transported into the intestinal phase (IP),
where they are hydrolyzed into small peptides and amino-acids (Dupont
& Tomé, 2019). Processing of milk products frequently includes heating,
which in turn can modify the structure, gastric coagulation, and overall
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digestibility of the proteins (Huppertz & Chia, 2021; van Lieshout et al.,
2020). Protein digestion is currently studied using either animal models
(Barbé et al., 2014), static (Brodkorb et al., 2019; Ménard et al., 2018) or
(semi)-dynamic in vitro digestion models (Dong et al, 2021;
Mulet-Cabero, Egger, et al., 2020; Mulet-Cabero et al., 2017), gastric
aspirates in infants (Nielsen et al., 2020), ileal sampling (Gaudichon
et al., 1999) or by measuring the appearance of amino acids in blood in
humans (Bos et al., 2003; Horstman et al., 2021). In vitro digestion
models are useful because they are simple, well controlled, do not
impose any ethical constraints, and can provide insights into the
digestion kinetics and chemical composition of the digesta. However,
they need to be validated using in vivo data. This requires the use of
non-invasive measurement techniques that can monitor both in vitro and
in vivo digestion.

Magnetic Resonance Imaging (MRI) has great potential for investi-
gating in vivo protein digestion because it can be used to acquire detailed
images of the gastro-intestinal tract in a non-invasive manner (Smeets
et al., 2020). MRI is currently mainly used to assess gastric processes,
such as gastric emptying and phase separation, at a macroscopic level
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(Camps, Mars, de Graaf, & Smeets, 2017; Spiller & Marciani, 2019;
Camps et al., 2021). While macroscopic MRI images can provide some
information on the degree of coagulation, as apparent visually, they do
not provide a local molecular-scale measure of the degree of milk pro-
tein coagulation and protein breakdown.

Previous studies have shown that the 'H longitudinal (R;) and
transverse (Ry) Nuclear Magnetic Resonance (NMR) relaxation rates can
be used to monitor the digestion of whey protein gels in a static (Deng
et al., 2020) and semi-dynamic (Deng et al., 2022) in vitro gastric
digestion model. The R; and R, parameters provide information on the
molecular mobility of water in food systems, but their translation into
quantitative chemically-specific or molecular-level parameters is not
trivial. Magnetization Transfer (MT) and Chemical Exchange Saturation
Transfer (CEST) are promising MRI techniques for monitoring milk
protein coagulation and breakdown on a macroscopic- and (supra-)
molecular level. MT is a magnetic resonance technique that can be used
to quantify low-abundant semi-solid proteins in aqueous foods via
through-space dipolar couplings and 'H exchange between the
semi-solid protein and water (Henkelman et al., 1993; van Duynhoven
et al., 1999). CEST is based on the same principle as MT, but instead it
can be used to measure the 'H chemical exchange between amide, amine
and hydroxyl protons of dissolved and mobile proteins/peptides and
water (Van Zijl & Yadav, 2011). CEST is known to be dependent on
solute concentration (Chan et al., 2014), molecular conformation (e.g.
protein folding/unfolding and structural rearrangements) (Goerke et al.,
2015; Longo et al., 2014a) and pH (Sun et al., 2016). Therefore, a
combination of MT and CEST MRI is promising for the assessment of
both semi-solid and soluble proteins during gastric digestion. MT and
CEST measurements are performed using the same MRI pulse sequence.
First a radio-frequency (RF) saturation pulse is applied at a frequency
offset relative to the water signal. This pulse selectively saturates the
magnetization of protons associated with the semi-solid macromolecules
or solutes by equalizing the populations of the respective 'H energy
levels. The obtained saturation is then transferred to the water protons
via a combination of through-space dipolar couplings and 'H chemical
exchange. The saturation transfer can then be detected as a suppression
of the water signal. The saturation pulse can be applied at both positive
and negative frequency offsets (A) relative to the water proton frequency
to acquire a CEST spectrum. In the CEST spectrum the water signal in-
tensity with the saturation pulse applied at a given A value (Ssq(4)) is
normalized to the signal intensity without any saturation (Sp), and is
plotted as a function of the frequency offset A. The CEST spectrum in-
cludes contributions from H chemical exchange with mobile
low-molecular-weight molecules, MT with semi-solid molecules and
direct water saturation (DS) (Van Zijl & Yadav, 2011; Wu et al., 2016).
From the CEST spectrum, the MT ratio (MTR) (Eq. 1) and the MTR5ym
(Eq.2) can be obtained, as follows:

MTR = 1 — (S,u(4)/S0) (€))

MTRusym = (Sar( —A) = Sear(+4)) /So) @

The MTR parameter is mainly dependent on the amount of semi-solid
protein and the 'H exchange rate. We have previously shown that bulk
NMR measurements of the MTR can be used to monitor the in vitro
gastric coagulation and breakdown of milk proteins and to study the
effect of heating on this process (Mayar et al., 2022). The chemical ex-
change of soluble proteins/peptides can be identified by the MTRym
calculation, which removes the additional semi-solid MT and DS con-
tributions from the CEST spectrum. This calculation is based on the
assumption that the MT and DS contributions are symmetric around the
water signal, but the chemical exchange effect is asymmetric (Van Zijl &
Yadav, 2011). In vitro gastro-intestinal protein digestion includes
changes in the state of proteins, such as coagulation, solubilization and
hydrolysis (Huppertz & Chia, 2021; Mulet-Cabero, Egger, et al., 2020).
Therefore, we hypothesize that a combination of CEST and MT MRI can
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be used to monitor these changes during static in vitro infant
gastro-intestinal digestion of milk. In the present study, we combine
CEST and MT measurements with imaging to obtain spatially-resolved
information on in vitro milk protein coagulation and breakdown. The
infant in vitro digestion protocol was chosen because milk is the only
source of protein for infants but the effect of heating on gastric protein
digestion is still poorly understood in this group. Gaining a better un-
derstanding of the effect of processing on digestion can aid in optimizing
the production process of infant formula for optimal protein digestion.
The methodology described in this paper can however directly be
applied to other digestion models, such as INFOGEST (Brodkorb et al.,
2019).

2. Materials and methods
2.1. Materials

Whey Protein Isolate (WPI) was purchased from Davisco Food In-
ternational, Inc. (USA). Pepsin (631 U/mg), pancreatin (trypsin activity
3.13 U/mg) from porcine origin, trypsin (10,000 U/mg) and bile from
bovine origin, trypsin inhibitor (Pefabloc), calcium chloride hexahy-
drate, hydrochloric acid, L-serine, potassium chloride, sodium bicar-
bonate, sodium chloride, sodium hydroxide and tris(hydroxymethyl)
aminomethane hydrochloride were all purchased from Sigma Aldrich,
Inc. (USA). Pepsin inhibitor (pepstatin A) was purchased from Thermo
Scientific, Inc. (USA). O-phthaldehyde (OPA), disodium tetraborate
decahydrate, sodium dodecyl sulfate (SDS), dithiothreitol (DTT) were
purchased from Merck (Germany). Milli-Q water (resistivity 18.2 MQ.
cm at 25 oC, Merck Millipore, USA) was used in all experiments.

2.2. Preparation of WPI solutions

WPI powder was dissolved in Milli-Q water at different concentra-
tions (1, 3, 6, 12 wt%) and stirred at room temperature (RT) for 1 h. The
pH of the solutions was adjusted to pH 2, 3.5, 4.5, 5, 5.5 and 7 using
either 1 M hydrochloric acid or 0.1 M sodium hydroxide. The protein
solutions were stored in the fridge at 5 °C and were used within one day.
The WPI solutions were prepared and measured in duplicate.

2.3. Preparation of whey protein hydrolysate

Whey protein concentrate (WPC) powder was obtained from raw
skim milk (SM) from bovine origin. The SM was acidified with 1 M
hydrochloric acid to a pH of 4.6 to precipitate the casein micelles, fol-
lowed by centrifugation for 20 min at 4 °C and 6000 g. The supernatant
containing the soluble whey proteins was separated from the pellet and
was dialyzed to remove salts and lactose. The dialysis was performed
against a solution of lactic acid in Milli-Q at pH 4.6 and 4 °C using a
dialysis membrane with a molecular weight cutoff of 10 kDa. The
demineralized whey protein was freeze dried to obtain the WPC powder.
The WPC powder was dissolved in TRIS-HCI (3.4 wt%) and the pH was
adjusted to pH 7.5 using 0.1 M sodium hydroxide. The WPC solution was
incubated with 5 mg of trypsin per gram of protein at 45 °C for 2.5 and
5.5h to obtain the whey protein hydrolysate. The WPC hydrolysate
samples were prepared and measured in duplicate.

2.4. Preparation of simulated digestion fluids

Simulated gastric fluid (SGF) was composed of sodium chloride and
potassium chloride with a concentration of 94 and 13 mM, respectively,
and adjusted to pH 5.3. Pepsin was added to SGF right before the
digestion experiment. Simulated intestinal fluid (SIF) was composed of
164 mM sodium chloride, 10 mM potassium chloride and 85 mM of
sodium bicarbonate and adjusted to pH 7. Calcium chloride was added
separately before the beginning of the intestinal phase at a concentration
of 3 mM within the volume of the intestinal fluid.
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2.5. Invitro digestion

Raw and heated SM were obtained following a procedure described
elsewhere (Mayar et al., 2022). In vitro gastric and intestinal digestion
was conducted based on a digestion protocol for 1 month old infants
(Ménard et al., 2018). To prepare 1 mL of gastric digestion sample, SM
and SGF containing pepsin were mixed in a 10-mm NMR tube in a 63:37
(v/v) ratio. The activity of pepsin in the digestion sample was 268 U/mL
of gastric content. The pH was adjusted to 5.3 with 1 M hydrochloric
acid. The samples were incubated in a water bath at 37 °Cfort = 0, 1, 5,
15, 30 and 60 min. These time points were based on (Ménard et al.,
2018) with the addition of t = 1 min to better capture the fast disap-
pearance of the coagulum in raw SM. The activity of pepsin was
inhibited by adding 10 uL of a 0.72 uM Pepstatin A solution. The sam-
ples were measured by MRI without any further sample preparation. For
intestinal digestion, first 5 mL of t = 60 min gastric digestion sample
was prepared. The pH was adjusted to pH 6.6 and the sample was mixed
with SIF in a 62:38 (v/v) ratio to obtain intestinal digestion samples
composed of 39% SM, 23% SGF and 38% SIF. The SIF contained
pancreatin with a trypsin activity of 16 U/mL of intestinal content. The
samples were incubated in a water bath at 37 °C fort =0, 1, 5, 15, 30
and 60 min. The activity of trypsin was stopped by adding 10 uL of a
0.5 M Pefabloc solution. Both gastric and intestinal digestion experi-
ments were performed in triplicate.

2.6. MRI measurements

'H CEST MRI measurements were conducted at RT at a magnetic
field strength of 7 T, corresponding to a 'H frequency of 300.13 MHz, on
an Avance III spectrometer (Bruker Biospin, Fallanden, Switzerland)
equipped with the Micro 2.5 radiofrequency (RF) coil with an inner
diameter of 30 mm and the Micro 2.5 microimaging gradient system
with maximum gradient intensity of 1.5 T-m~! along all three axes.
Measurements were conducted using a CEST-Rapid Acquisition with
Refocused Echoes (RARE) sequence. The CEST module consisted of a
train of 10 block pulses with a pulse length (t,) of 100 ms and an
interpulse delay (t4iqy) of 10 ps, resulting in a saturation time (Tyq) of
1 s. The B; amplitude was set to 3 uT. 1H CEST spectra were measured
for 61 A values equally spaced from -10 to 10 ppm, yielding a CEST
spectral resolution of 0.33 ppm. Water saturation shift referencing
(WASSR) (Kim et al.,, 2009) spectra were measured to construct a
By-map for By-inhomogeneity correction of the CEST spectra. For the
WASSR measurement, a Ts of 50 ms and a By of 0.2 uT was used. The
saturation pulse consisted of 10 block pulses with a t, of 5 ms and a tgiq,
of 10 us. WASSR spectra were measured using 31 A values ranging be-
tween — 1.5 and 1.5 ppm with a resolution of 0.1 ppm. In addition, two
reference Sy images were acquired, respectively at A = -450 and
450 ppm. The RARE imaging parameters were as follows: field-of-view
of 25 x 25 mm, matrix size of 128 x 128, three axial slices with thick-
ness of 2 mm, distance of 3 mm and offset set to — 3 mm. Sinc3 pulses
were used for excitation and refocusing with a flip angle of 90° and 180°,
respectively. A repetition time (TR) of 5s, echo time (TE) of 9.8 ms,
RARE-factor of 32 and number of averages (NA) of 1 was used, resulting
in a total acquisition time of 21 min and 11 min for the CEST and
WASSR measurement, respectively. The effective TE was 78 ms, leading
to a Tp-weighted image in which the signal of semi-solid protons with a
short transverse relaxation time (T5) is suppressed.

2.7. Data processing and analysis

All processing and calculations were done in MATLAB R2019b
(MathWorks, Massachusetts, USA). First, WASSR spectra were con-
structed for each voxel by calculating S.:/So as a function of A. The
WASSR spectra were interpolated with cubic-spline fitting on a voxel-

by-voxel basis and the frequency shift, sA"ASSR — A .. — Ao, was
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determined for each voxel as the difference between the position for the
minimum of the interpolated spectrum, A,,;,,, and the reference position
of the water signal, Ao = 0 ppm. The WASSR By-map was constructed by
plotting 64"ASR(x,y) for each voxel. Next, the CEST saturation fre-
quencies were corrected voxel-wise by using the WASSR Byo-map and the
Ssar images were then interpolated with cubic-spline fitting to obtain the
Ssae signal intensity at the desired A. Region-of-Interest (ROI) masks of
the sample tube were drawn manually, and the mean signal intensity
within the ROI was used to construct the CEST spectra, where S /S is
plotted as a function of A. The MTR and MTR,, were calculated ac-
cording to Eqs. 1 and 2. The MTRy, area was calculated as the area
under the curve between 1.2 and 4 ppm. For WPI, WPC and milk
digestion samples, the mean CEST and correspondingMTR, spectra
were calculated per slice over the whole sample tube. The WPI and WPC
samples were homogenous solutions, therefore, calculating the mean
CEST and MTRyn, spectra over the sample tube is adequate and gives a
good representation of the local MTRy5ym. For the milk digestion sam-
ples, which are heterogenous, additional semi-solid and liquid content
masks were obtained by intensity thresholding of the T,-weighted S
images using the multithresh function with two levels in Matlab. Masks
for the semi-solid or the liquid phases in the sample were applied to the
unsaturated and saturated images in order to calculate the MTR and
MTR g5ym maps of the coagulum and supernatant, respectively. The masks
for the solid-phase sample components were also used to calculate the
semi-solid volume (vi) by multiplying the voxel volume by the total
number of solid-containing voxels. The mean MTR and MTR sy, values
were calculated by taking the sum over either the solid- or liquid-
containing voxels, and averaging it over the total number of voxels
within the respective ROIs.

2.8. OPA assay

The degree of hydrolysis of WPC hydrolysate samples was deter-
mined using the OPA method (Nielsen et al., 2001). First the OPA re-
agent solution was prepared by dissolving 3.8 g disodium tetraborate
decahydrate in 80 mL of MilliQ while stirring at 35-40 °C. Next, 88 mg
DTT and 100 mg SDS were added. Then, 80 mg OPA was dissolved in
3 mL ethanol and transferred to the above-mentioned solution and the
volume was adjusted to 100 mL with Milli-Q. The WPC samples were
centrifuged at 10,000 g for 30 min and diluted 10 times. The calibration
curve consisted of L-serine standards of 0.5, 1.25, 2.5, 5, 7.5, 10 and
15 mM in MilliQ. To prepare the samples for measurement, 10 pL of the
blank (Milli-Q), L-serine standard or diluted WPC sample was added to a
well of a transparent 96-well polystyrene plate (Greiner) and was mixed
with 200 uL of OPA reagent. The well-plate was covered with aluminum
foil and kept at RT for 15 min. The absorbance was measured at 340 nm
using a Spectramax M2 microplate reader. The degree of hydrolysis
(DH) was calculated using the method described by Spellman et al.
(Spellman et al., 2003).

2.9. Statistical analysis

The means and standard deviations were calculated based on
duplicate or triplicate experiments. The error bars in the figures repre-
sent the standard deviations. The regression analysis for the MTRysm
area with the pH and protein concentration were performed in MATLAB
R2019b (MathWorks, Massachusetts, USA) using the “fit linear regres-
sion model” function. Repeated measures analysis of variance (repeated
measures ANOVA) followed by a Post-hoc Tukey’s honestly significant
difference (HSD) test was performed in MATLAB to determine whether
there was a significant effect of digestion time and heat treatment on the
MTR g5ym area. The significance level for all analyses was set at p = 0.05.
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3. Results and discussion

3.1. H CEST of WPI and WPC solutions: effect of pH, concentration and
hydrolysis

The effect of pH and protein concentration on the chemical exchange
was studied using WPI solutions at varying pH (Fig. 1a-c) and concen-
tration (Fig. 1d-f). The CEST spectra at different pH (Fig. 1a) contain a
broad and symmetric direct saturation (DS) of the water signal at 0 ppm
and a CEST signal around 3 ppm. The CEST signal is the result of
chemical exchange between water protons and the exchangeable protein
protons, such as hydroxyl (~A =1 ppm), amine (A = 2-3 ppm) and
amide (A = 3.5 ppm) protons (DeBrosse et al., 2016; Pardi et al., 1983).

The MTRgym spectra were calculated for better quantification of
chemical exchange (Fig. 1b): their amplitude increases with pH, most
significantly between pH 2 and 3.5 and pH 5.5 and 7. The MTRgym
spectra at pH 3.5-5.5 have a similar shape and intensity with two
overlapping peaks at ~1 and 2.5 ppm, and are notably different as
compared to the spectrum at pH 7. We note that the samples at pH
3.5-5.5 were more turbid as compared to those prepared at pH 2 and 7
(Fig. S1), indicating a correspondingly lower solubility and/or aggre-
gation of the whey proteins. The pH range 3.5-5.5 is near the iso-electric
point (pI) of bovine whey proteins, namely around pH 4.2 or 5.1 for
a-lactalbumin or p-lactoglobulin, respectively. Proteins are known to
aggregate, and are less soluble at their pI (Cornacchia et al., 2014),
which might explain the distinct shape and low intensity of the MTR g5y
spectrum in this pH range. These observations are in agreement with
CEST data of bovine serum albumin, where a decrease in the MTRgsym
and a separation into two peaks was observed upon heat-induced ag-
gregation (Longo et al., 2014b).

The area under the MTRym, spectrum between A = 1.2-4 ppm was
calculated to quantify the pH dependence of the bulk chemical ex-

Food Structure 36 (2023) 100314

change. We note that A < 1 ppm ranges were excluded in this calcula-
tion because, at A values close to the direct water saturation condition
around O ppm, the MTRgy, analysis becomes unreliable and the
MTR g5y intensity depends on the slice position, even for homogenous
whey protein solutions (Fig. S2). We find that the area under the
MTR gsym spectrum follows a linearly increasing trend with pH (Fig. 1c),
with smaller differences and overlapping error bars observed in the pH
range around the pl of the whey proteins. Chemical exchange is a
dominantly base-catalyzed reaction, which explains the increase of the
MTRqgm with pH.

The CEST signal and MTRgy, also increased with concentration
(Fig. 1d-f), while the shape of the MTR, remained the same for all
concentrations. These results show that the MTRyn, is sensitive to var-
iations in pH and protein concentration, which can occur during in vivo
protein digestion (Gan et al., 2018). However, the main changes ex-
pected to occur during static in vitro digestion are protein solubilization
and hydrolysis.

To verify whether CEST is sensitive to protein hydrolysis, a whey
protein hydrolysate was prepared by incubating an unheated intact WPC
solution with trypsin at pH 7.5 at 45 °C for 2.5 and 5.5 h. Unheated WPC
was used to avoid whey protein denaturation and aggregation, which
could both cause variations in the chemical exchange.

As shown in Fig. 2a, the CEST spectra for the intact or hydrolyzed
samples are very similar, with only a small difference observed in the
A= 0.6-3.5 ppm range. This difference is more clearly visualized in
Fig. 2b in the MTRym spectral representation, where a gradual increase
is observed with the hydrolysis time. During protein hydrolysis, the
peptide bonds are broken and more free hydroxyl (~1 ppm) and amine
(2-3 ppm) groups are formed, thus yielding an increased abundance of
exchangeable protons. This explains the strong increase in the MTRygym
occurring between 1 and 3 ppm. The increase in the MTR 5y area is 22
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results shown in Figs. 1 and 2 demonstrate that CEST is sensitive not
+ 1% and 35 + 1% for 2.5 and 5.5 h of hydrolysis, respectively, which is only to pH and protein concentration, but also to protein hydrolysis.
in agreement with the trend observed for the degree of hydrolysis
(Fig. 2¢). The degree of hydrolysis after 5.5 h is quite extensive (26 3.2. 1H CEST MRI of gastric milk protein digestion

+ 1%), which is expected considering the extreme conditions used. The A L. X X
Next, CEST was used to monitor the in vitro digestion of unheated SM
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MTR 45y area was calculated from the CEST spectrum between 1.2 and 4 ppm, and is plotted as the mean + SD of triplicate digestion experiments.
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(USM) and heated SM (HSM), which contain both whey proteins and
caseins. During gastric digestion, phase separation between the milk
protein coagulum and its supernatant was observed. This can be
detected also in Fig. 3, where the sagittal and axial 'H T,-weighted
So-images of the CEST measurement for both USM (a-d) and HSM (e-h)
are shown. Water molecules in the protein coagulum are less mobile
and, hence, have a shorter T, relaxation time compared to those in the
supernatant. As a consequence, the protein coagulum and its superna-
tant have a respectively lower (red) or higher (yellow) 'H signal in-
tensity in the Tp-weighted images. We note that semi-solid proteins
cannot be detected directly in the T»>-weighted images, because of their
very short T, relaxation time in the order of 12-20 ps (Mayar et al.,
2022). The CEST and MTRgsy, spectra were averaged over the whole
slice to obtain information on the global changes occurring during in
vitro digestion for the whole sample composition (coagulum and
supernatant).

There was no clear trend as a function of the digestion time for the
CEST spectra of the digestion samples, shown in supplementary Figs. S3
and S4. The MTRg,, spectra for the bottom slice, whose 'H signal
mainly arises from the protein coagulum, remain unchanged during
digestion, with a slight intensity increase occurring only between t = 0
and 1 min. Unlike for the coagulum, the middle and top slice exhibit an
observable increase in the MTRgsy, spectral intensity during digestion,
with a difference in peak intensity of 0.2 between t = 0 and t = 60 min.
As shown in Fig. 3i-l, these variations are better visualized by moni-
toring the evolution of the MTRyy, area with digestion. The MTRysym
area for the bulk sample and the bottom slice (Fig. 3i,j) remains un-
changed as digestion progresses, with only a slight variation observed
between t = 0 and 1 min in the bottom slice for unheated SM. A clearer
variation with digestion is observed for the middle and top slice (Fig. 3k,
D.

The largest variation with digestion and heat treatment is observed
for the top slice, which mainly consists of the supernatant. During
digestion, the MTRum spectra of the supernatant (Fig. S3 and S4)
increased between 1 and 4 ppm, corresponding to the resonance posi-
tions of hydroxyl, amine and amide protons. Bovine milk mainly consists
of caseins, which lack a well-defined secondary structure and are mainly
present as random coils in aqueous solutions (Bhat et al., 2016). More-
over, the pH of the samples over the different digestion time points (pH
= 5.43 £ 0.04) and the measurement temperature (RT) were constant.
Therefore, conformational changes in the secondary structure are un-
likely (Bhat et al., 2016; Markoska et al., 2021; Pardi et al., 1983) and
can be ruled out as a cause of variations in the chemical exchange. The
observed increase in the MTRy;,m can therefore be attributed to solubi-
lization of the protein coagulum, which leads to more proteins and,
hence, to more exchangeable protons in the liquid phase. The larger
increase observed specifically at 1.2 ppm (hydroxyl) and 2-3 ppm
(amine) could be due to hydrolysis of the peptide bonds, which leads to
more free amine and hydroxyl groups. The increase in the MTR 5y, area
between t = 1 and 60 min was 20% and 35% for unheated and heated
SM, respectively. During gastric digestion, pepsin hydrolyzes the
peptide-bonds in the semi-solid protein coagulum, which results in
proteins and peptides being released from the coagulum into the su-
pernatant. This is expected to lead to a higher concentration of proteins
and peptides and, hence, of exchangeable protons in the supernatant,
which explains the observed increase in the MTR,m area within the top
imaging slice. Dominant effects of digestion time (F (5,2) =80, p
< 0.001) and heat treatment (F(1,2) = 200, p < 0.005) were observed
on the MTR 5y, of the top slice as found by a repeated measures ANOVA.
A post hoc comparison with Tukey’s HSD test showed that the mean
value of the MTR,m was significantly different between USM and HSM
for all digestion time points (p <0.05). For the bottom and middle slice,
this variation is smaller because, while the amount of semi-solid proteins
decreases, and therefore the amount of soluble proteins and peptides
increases, there are no large changes in the net protein concentration.
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Overall these results show that the MTR sy, area is a MRI parameter
sensitive to static in vitro digestion and, hence, is potentially useful for
monitoring in vivo protein digestion. However, the acquisition of a full
CEST spectrum is time consuming, here taking up to about 21 min for
sampling a total of 61 frequency offset values, including 2 reference
images (see Section 2.5). Such long measurement times prohibit the
implementation of CEST measurements on a clinical scanner for dy-
namic studies of in vivo protein digestion. To address this limitation, we
investigated whether the MTRyy,, obtained from one set of +4 values
could be used to construct MTR, contrast maps as a function of
digestion time, which would require 1 min and 20 s of acquisition time
and thus enable a ~16-fold faster measurement. Moreover, the mea-
surement of each A is 20 s, and hence, fits within one breath hold, which
is important for avoiding breathing-related artifacts in the images.

In Fig. 3. we observed that changes in the MTR,, during protein
digestion were best detected in the top imaging slice, mainly consisting
of supernatant. Therefore, MTR,s,; maps of the supernatant in the
middle slice (z= —3 mm) were constructed for the exchangeable hy-
droxyl (A=1.2 ppm) or amine (4= 2 and 2.7 ppm) protons (Fig. 4a). The
T,-weighted images shown in Fig. 3 were used as a reference to obtain
an image mask for the supernatant and coagulum 'H MRI signals by
intensity thresholding. The values in the MTRy;,,» maps of the superna-
tant were normalized to the highest value in the respective map. The
contrast maps show that the MTRyy, for the supernatant at A =

+ 2.7 ppm exhibits the largest variation upon digestion, as indicated by
the clear shift from low (red) to high (yellow) MTRgy, values. Fig. 4b
shows the mean MTRy, for the supernatant calculated using the
respective image mask. At A= £ 2.7 ppm the mean MTRg, exhibits
only a slightly better variation with digestion as compared to + 1.2 and

+ 2.0 ppm. Nevertheless, A= + 2.7 is a more optimal offset for moni-

toring digestion due to the larger difference with respect to the water
saturation signal at 0 ppm, which is especially important for application
on clinical scanners with a lower magnetic field of 3 T. Therefore, offset
values of + 2.7 ppm were chosen for monitoring in vitro protein diges-
tion of USM and HSM in the gastric phase (GP) and of HSM in the in-
testinal phase (IP).

3.3. Tr-weighted, MTR and MTRsy, imaging of protein digestion

In the following, the use of MTRysym, T2-weighted and MTR-contrast
(A = 2.7 ppm) images is tested for monitoring protein digestion in the
gastric phase for USM (GP-USM) and HSM (GP-HSM), as well as in the
intestinal phase for HSM (IP-HSM) (Fig. 5a-c). The water phase inside
the coagulum and supernatant can clearly be distinguished in the
To-weighted images of Fig. 5a, and it is possible to visually trace the
breakdown of the protein coagulum as digestion progresses for GP-USM
and GP-HSM systems. We note that, as expected, the coagulum in IP-
HSM is absent even at the start of intestinal digestion. These images
can be used to estimate changes in the apparent semi-solid volume, v,
within the samples, which in turn can be used as a measure of the
changes in the amount of protein coagulum. Here, we refer to the co-
agulum as a semi-solid, because this is a term commonly used in MT and
CEST MRI literature to refer to hydrated (bio)-polymers, akin to the
casein coagulum (Mayar et al., 2022; van Zijl et al., 2018). It is impor-
tant to note that exact measurements of the semi-solid volume are not
possible, due to partial volume effects in the slice direction and the
image acquisition parameters used, namely slice thickness and gap of 2
and 1 mm, respectively. As shown in Fig. 5d, for both USM and HSM, v
decreased during gastric digestion, due to the breakdown of the protein
coagulum.

The MTR maps in Fig. 5b are clearly affected by variations in the
amount of semi-solid protons, and can be used to selectively characterize
the protein coagulum and to trace its breakdown. The mean MTR
(Fig. 5e) decreases with digestion in a similar fashion as the solid
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Fig. 4. Normalized axial (z = —3 mm) MTRsyn contrast maps at A= 1.2 (left), 2.0 (middle), or 2.7 ppm (right) and at t = 1 (top), 15 (middle) and 60 min (bottom)
gastric digestion times (a); mean MTRy, + SD (n = 3) for each A and timepoint calculated over the voxels containing the supernatant (b). The values in (b) are the
mean MTRgasym values whereas the maps in (a) show the MTRm values, normalized to the maximum value within each map, for the voxels containing the su-
pernatant as obtained by thresholding of the T»-weighted images shown in Fig. 3.
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Fig. 5. For GP-USM (top a-c or filled blue circles d-f), GP-HSM (middle a-c or filled pink circles d-f) and IP-HSM (bottom a-c or empty pink circles d-f): normalized
axial (z = —3 mm) T,-weighted 'H intensity images (a), alongside MTR (b) and MTR 45y maps both at A = 2.7 ppm (c); digestion time evolution for vy (d), mean MTR
(e) and mean MTRyym (f). In d-f, the mean + SD from triplicate digestion experiments is shown.

volume. We note that for the present goal of jointly measuring MT and
CEST effects under acquisition conditions suitable for in vivo scanning,
we have used different values of B; amplitude, Ty, and A (see Section
2.5) as reported in our previous work (Mayar et al., 2022) for obtaining
the MTR parameter. However, as the latter parameter is
semi-quantitative and its value depends on the acquisition parameters
(Henkelman et al., 2001), based on our previous work (Mayar et al.,
2022) we estimate that a stronger distinction between USM and HSM

systems could be achieved by using higher By, longer Ty, and larger A
values.

The MTR maps of the bottom slice, shown in supplementary Fig. S2
which consists mainly of protein coagulum, show that for HSM the total
amount of coagulum and the average MTR inside the coagulum
increased between t = 1 and 15 min and decreased from t = 15-60 min.
This suggests that during the digestion process, the protein coagulum
changed from a loose and porous structure at t =1 min to a more
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compact structure at t=15min, with consequent pepsin-induced
breakdown. Moreover, a better distinction between USM and HSM can
be made based on the MTR of the bottom slice. This is especially evident
at t = 15 min, at which a two-fold higher MTR and a more compact
coagulum was found for HSM compared to USM. Therefore, spatially-
resolved measurements of the MTR can be used to monitor the co-
agulum volume as well as structural changes inside the coagulum during
the digestion process. In our previous work we have shown that the MTR
is governed by the amount of semi-solid material and by the accessibility
of semi-solid protein protons to surrounding labile protons (Mayar et al.,
2022). This also implies that the MTR does not provide any information
on protein digestion in the absence of a semi-solid component, which is
evident from the data for intestinal digestion (Fig. 5a and b, bottom).

To monitor digestion of soluble proteins/peptides, a different
contrast is needed. The MTR 5y, maps for USM during gastric digestion
(Fig. 5c¢, top) mainly show an increase in the supernatant volume with
digestion, but no increase in the MTR 4, of the supernatant is observed.
However, for HSM during both gastric and intestinal digestion, a clear
increase in the MTRyyn of the supernatant is observed in the contrast
maps (Fig. 5c, middle and bottom) and in the evolution of the MTRsym
with the digestion time (Fig. 5f). This increase can be the result of
protein solubilization and hydrolysis. The latter is expected to occur
only for heated milk, in which the whey proteins are denatured and,
therefore, more susceptible to protein hydrolysis by pepsin. This was
previously reported by Sanchez-Rivera et al. (2015), who showed that
the amount of intact f-lactoglobulins decreased more rapidly during
dynamic in vitro digestion for HSM compared to USM (Sanchez-Rivera
et al., 2015). A combination of semi-solid protein solubilization and
whey protein hydrolysis is expected to result in more exchangeable
protons, including amine protons, thereby explaining the higher varia-
tion of the MTRyym at A= + 2.7 ppm observed for HSM compared to
USM during in vitro gastric digestion.

The MTRgsm values of intestinal digestion are lower than those of
gastric digestion because for the intestinal phase, the last time point of
the gastric phase (t = 60 min) was mixed with SIF, resulting in a dilution
of the total amount of protein in the sample. The solubilized proteins and
large peptides produced during gastric digestion are further hydrolyzed
into smaller peptides during intestinal digestion (Zenker et al., 2020).
The MTRys, increased by 80% over the first 15 min of intestinal
digestion, and thereafter reached a stable value up to 60 min

The observed increase in the MTRgy, can be attributed to protein
hydrolysis, because both pH~6.6 + 0.3 and protein concentration
remained constant during the static intestinal digestion experiment,
during which no phase separation had occurred and the full digestion
sample was measured.

Overall, these results demonstrate that T,-, MTR and MTRggm
contrast are complementary and can be used to probe different events
that occur during protein digestion, respectively changes in the semi-
solid and liquid volume, formation and degradation of the protein co-
agulum and its accessibility to water and molecular-level hydrolysis of
soluble proteins. The latter makes the MTRyy, suitable for monitoring
protein hydrolysis at later stages of digestion.

Measurements of water relaxation rates have also shown great po-
tential for monitoring digestion of protein gels (Deng et al., 2020, 2022).
However, the major limitation of 'H relaxometry is that it cannot
measure low-abundant and semi-solid macromolecules, because it lacks
dynamic range, short (sub-ms) relaxation times cannot be assessed with
clinical scanners and/or their fitting error is too high. 'H MT and CEST,
although affected by relaxation, enable circumventing these limitations,
are inherently chemically-specific and are fast enough to be feasible in
vivo. In addition, semi-quantitative parameters (MTR and MTRgsyn) do
not require any fitting procedures. While relaxometry can be made
chemically specific, this would lengthen the measurement time, thereby
hindering in vivo feasibility. In addition, it has been shown that the R, is
not sensitive to the hydrolysis of whey proteins in solution (Deng et al.,
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2020), while in this article we have shown that the MTRgsy, is sensitive
to protein breakdown in solution during the hydrolysis of a WPC solu-
tion (Fig. 2) and during intestinal digestion of skim milk (Fig. 5).

The work presented here, as well as our previous work (Mayar et al.,
2022), were the first steps in exploring the potential of 'H CEST and MT
measurements for monitoring in vitro and in vivo protein digestion. The
next step is to apply these methods to monitor milk protein digestion
under dynamic in vitro and in vivo digestion conditions, where in addi-
tion to protein solubilization and hydrolysis, large variations in pH and
protein concentration (Mulet-Cabero, Egger, et al., 2020; Mulet-Cabero,
Mackie, et al., 2020) are expected to occur due to gastric secretion and
emptying. Moreover, the measurement temperature for dynamic in vitro
and in vivo studies will be 37 °C compared to RT used in this work. A
more complete validation of the method for monitoring dynamic gastric
digestion would need to additionally account for pH, concentration and
temperature effects on the chemical exchange.

For future dynamic in vitro and in vivo applications, the optimized 'H
MT and CEST characterization methods must be validated on a clinical
MRI scanner, where inhomogeneities in both static (By) and radio fre-
quency (B;) magnetic fields are expected to affect the saturation and,
hence, the MT and CEST response. In this work, we used the WASSR
approach to correct for By inhomogeneities, which is too time
consuming for dynamic applications. We foresee that fast Bo- and
B;-mapping procedures combined with regression- or two-pool Lor-
entzian modeling-based approaches for correction of sparsely sampled
CEST data (Chen et al., 2022; Sun, 2020) will be a key requirement for
robust analysis and interpretation of the CEST data. Another challenge
of in vivo measurements is that breathing can cause breathing-related
artifacts in the images, therefore, each scan should be conducted
within one breath hold (<20 s), which is possible with the acquisition
parameters presented here. Moreover, we expect that image registration
of all scans obtained at each digestion time point (Ssq:(+4),S0, Bo and B;
map) will be crucial to avoid motion induced artifacts in the calculated
MTR and MTR,m maps.

4. Conclusions

In this work, we successfully applied 'H CEST MRI measurements to
monitor the in vitro digestion of milk proteins. More specifically, we
showed that the MTRr, area can be used for probing the static in vitro
gastric digestion of unheated and heated skim milk. There was an effect
of digestion time (p < 0.001) and heat treatment (p < 0.005) on the
MTR g5y area. The MTRgy,m area increased during digestion, indicating
an increase in free amine and hydroxyl groups due to protein solubili-
zation and hydrolysis. In addition, we showed that a combination of Ts-,
MTR- and MTRgyn-contrast maps obtained within a short (1.3 min)
measurement time can be used to monitor macroscopic changes in the
protein coagulum and hydrolysis of soluble proteins during static in vitro
gastro-intestinal digestion. Our findings open the way to future non-
invasive monitoring of in vitro and in vivo protein digestion by means
of MT- and CEST-based MRI techniques.
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