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A B S T R A C T   

Processing of milk involves heating, which can modify the structure and digestibility of its proteins. In vitro 
models are useful for studying protein digestion. However, validating these models with in vivo data is chal
lenging. Here, we non-invasively monitor in vitro gastric milk protein digestion by protein-water chemical ex
change detected by 1H nuclear magnetic resonance (NMR) magnetization transfer (MT). We obtained either a 
fitted composite exchange rate (CER) with a relative standard error of ≤10% or the MT ratio (MTR) of the in
tensity without or with an off-resonance saturation pulse, from just a single spectral acquisition. Both CER and 
MTR, affected by the variation in the amount of semi-solid protons, decreased during in vitro gastric digestion in 
agreement with standard protein content analyses. The decrease was slower in heated milk, indicating slower 
breakdown of the coagulum. Our results open the way to future quantification of protein digestion in vivo by MRI.   

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 food sources of protein in the human diet. Gastric digestion is 
the first step in the breakdown of milk proteins, namely casein and whey 
proteins, and in the subsequent absorption of amino acids (Walstra, 
Wouters, Geurts, 2006). However, industrial preparation of milk prod
ucts includes heating, which can modify the structure and the gastric 
digestibility of the proteins. Understanding the effect of heating on 
protein digestion can ultimately aid in optimizing the industrial pro
cessing of milk proteins. During gastric digestion, gastric acid and pepsin 
cause aggregation of the casein micelles into a semi-solid casein co
agulum, followed by subsequent hydrolysis of the proteins by pepsin 
(Egger et al., 2019; Nakai & Li-Chan, 1987). Due to their open structure, 
caseins are almost completely broken down into peptides in the gastric 
phase, while native whey proteins are more resistant to hydrolysis due to 
their globular structure, and are still largely intact after gastric digestion 
(van Lieshout, Lambers, Bragt, & Hettinga, 2020). The modifications 
imposed on the proteins during heating can affect both the structure of 

the coagulum and the digestion of caseins and whey proteins (Mulet- 
Cabero, Mackie, Wilde, Fenelon, & Brodkorb, 2019). 

Protein digestion is commonly studied using static or dynamic in vitro 
digestion models that in turn mimic either adult (Brodkorb et al., 2019; 
Dupont et al., 2019) or infant digestion (Ménard et al., 2018). During in 
vitro digestion studies, samples are taken at different digestion time 
points, and are typically analyzed with the o-phthalaldehyde (OPA) 
assay, sodium dodecyl sulphate–polyacrylamide gel electrophoresis 
(SDS-PAGE), high performance liquid chromatography (HPLC) and 
liquid chromatography coupled to mass spectrometry (LC-MS) (Egger 
et al., 2019; Macierzanka et al., 2012). These methods, limited to in vitro 
applications, typically only measure the supernatant instead of the 
whole digestion sample including the coagulum formed during phase 
separation. Whereas in vitro digestion studies can provide valuable in
sights into protein digestion kinetics and the chemical composition of 
the digesta, they do not fully capture the complexity of the digestive 
tract. In vivo studies provide a biological environment that is hard to 
replicate in vitro because the digestive tract is within a complex bio
logical system containing delicate feedback controls. For instance, 
secretion of digestive juice in response to a meal is automatically 
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controlled in vivo but are difficult to reproduce through in vitro experi
ments (Bornhorst & Paul Singh, 2014). Moreover, the physicochemical 
conditions, such as pH, ionic strength and enzyme concentration evolve 
with time and influence digestion. Static in vitro digestion models do not 
take these evolutions over time into account. Protein digestion may be 
better understood through in vivo monitoring in humans, which can help 
optimize and validate the in vitro digestion models. Therefore, non- 
invasive techniques must be developed to monitor both in vitro and in 
vivo digestion. 

Magnetic resonance imaging (MRI) is promising for studying in vivo 
protein digestion, because it can be used to study physiological pro
cesses in a non-invasive manner (Smeets, Deng, Van Eijnatten, & Mayar, 
2020). MRI is based on nuclear magnetic resonance (NMR), which has 
been applied widely to characterize a variety of food systems, including 
milk and milk products (Bordoni et al., 2011; Duynhoven, Voda, Witek, 
& Van As, 2010; Le Dean, Mariette, & Marin, 2004). MRI is currently 
used to study gross changes in digesta, linked to changes in food struc
ture and possible phase separation, by visual assessment of anatomical 
images of the stomach (De Zwart & De Roos, 2010; Spiller & Marciani, 
2019). Yet, such images do not provide a local molecular-scale measure 
of the degree of protein coagulation and subsequent protein hydrolysis. 
It has already been established that it is possible to indirectly monitor 
the in vitro gastric digestion of whey protein gels by measuring the 1H 
transverse relaxation time (T2) of the supernatant, which changes during 
digestion due to a release of proteins and peptides from the gel (Deng 
et al., 2020). Contrarily to standard biochemical methods, all these 
NMR/MRI measurements are suitable for non-invasive studies in 
humans, and of whole digestion samples, in principle including both 
liquid and semi-solid phases. Yet, with T2 studies it is not possible to 
capture the breakdown of coagulated caseins, especially in the early 
stages of digestion. This is because NMR spectrometers and clinical 
scanners cannot directly assess the short (µs-ms range) T2 NMR relaxa
tion times associated with semi-solid proteins. Magnetization Transfer 
(MT) is an NMR technique that is used to quantify low-abundant semi- 
solids dispersed in aqueous food matrices as a complementary method to 
T2 relaxometry (Chinachoti, Vittadini, Chatakanonda, & Vodovotz, 
2008; Duynhoven, Kulik, Jonker, & Haverkamp, 1999). This technique 
found widespread use in both pre-clinical and clinical MRI because of its 
potential to improve tissue contrast, compared to conventional MRI 
techniques, and its capacity to quantitatively characterize tissues in 
which biopolymers form semi-solid networks (Guo, Erickson, Trouard, 
Galons, & Gillies, 2003; Sled, 2018; Van Zijl et al., 2003). 

In conventional NMR and MRI, only signals from mobile protons are 
detected that have sufficiently long T2 relaxation times and are present 
at high concentrations. The T2 of motion-restricted protons from semi- 
solid macromolecules, such as proteins, is too short to be detected 
directly by NMR spectrometers with long dead times of typically a few 
ms. MT enables indirect detection of protons from low-abundance semi- 
solid macromolecules, with short T2 relaxation times, through the signal 
of the more mobile water protons. 

In MT measurements, a radio frequency (RF) pulse with a specific 
amplitude and frequency is applied to saturate the magnetization of the 
protons associated with the semi-solid macromolecules by equilibrating 
the populations of the 1H energy levels. The saturation is then trans
ferred to the more mobile water 1H via a combination of through-space 
dipolar interactions and 1H exchange between the semi-solid macro
molecules and water (Vlaardingerbroek & Boer, 2003). The saturation 
transfer can then be detected as a suppression of the water signal. The 
magnitude of the signal suppression is mainly dependent on the 1H ex
change rate and on the population of the semi-solid pool (Henkelman, 
Stanisz, & Graham, 2001). Since changes in the semi-solid protein pool 
occur during gastric milk protein digestion, which involves casein 
coagulation and digestion of both casein and whey proteins, we hy
pothesize that MT can be used to monitor these changes in vitro, on the 
whole digestion sample, via the 1H protein-water exchange kinetics. The 
latter can be quantified by multi-parameter fitting of MT spectra 

recorded with different saturation pulse amplitudes and frequency off
sets with respect to the signal of water. This approach enables the 
quantification of exchange and relaxation parameters of the liquid and 
semi-solid components (Henkelman et al., 1993). However, these mea
surements are time-consuming and, hence, not applicable to dynamic in 
vivo studies, where fast measurements are desired to meet safety re
quirements and avoid breathing motion artefacts in the images. There
fore, in clinical MRI, mostly a semi-quantitative rapid measurement of 
the MT ratio (MTR) is performed to obtain MT-contrast images. Signal 
saturation with at least one pulse amplitude and two frequency offsets is 
required in order to obtain the MTR. The MTR is a semi-quantitative 
parameter, because it depends not only on the rate of magnetization 
transfer, but also on the direct saturation of the water signal (Henkelman 
et al., 2001; Sinclair et al., 2010). In this study of in vitro gastric milk 
protein digestion, we validate and assess the quantification of protein- 
water exchange kinetics by MT during digestion, as well as the respec
tive faster semi-quantitative MTR measurements, in view of their ulti
mate feasibility under in vivo conditions using MRI. 

2. Materials and methods 

2.1. Materials 

Pepsin from porcine gastric mucosa (631 activity units/mg), pep
statin A, HCl, KCl, NaHCO3, NaCl, Bis-Tris buffer, DL-dithiothreitol (DTT) 
and guanidine hidrochloride (GdnHCl) were purchased from Sigma 
Aldrich, Inc. (St. Louis, USA). o-phthalaldehyde (OPA), dis
odiumtetraborate decahydrate, sodiumdodecyl sulfate, tri-sodium cit
rate dihydrate, trifluoroacetic acid (TFA) were purchased from Merck 
(Darmstadt, Germany). HPLC ultra-gradient grade acetonitrile was 
purchased from Biosolve Chemicals (Valkenswaard, The Netherlands). 
Milli-Q water (resistivity 18.2 MΩ.cm at 25 ◦C, Merck Millipore, Bill
erica, USA) was used in all experiments. 

2.2. Preparation of raw and heated skim milk 

Raw cow’s milk was provided by FrieslandCampina (Wageningen, 
The Netherlands). To obtain skim milk (SM), the raw milk was centri
fuged at 6000 g for 20 min at 4 ◦C. The cream that was formed on top was 
removed and the remaining SM was stored at − 20 ◦C. The heated SM 
samples were prepared by heating SM in a water bath at 80 ◦C or 70 ◦C 
for 30 min. 

2.3. In vitro infant gastric protein digestion protocol 

In vitro gastric digestion of raw and heated SM was conducted based 
on a digestion protocol for 1 month old infants (Ménard et al., 2018). 
This digestion protocol was chosen because milk protein digestion, and 
the effect of heating on digestion, is most poorly understood in infants. 
The methodology described in this paper can however directly be 
applied to other digestion models, such as Infogest (Brodkorb et al., 
2019). First, simulated gastric fluid (SGF) and SM were separately 
heated in a water bath at 37 ◦C for 5 min. SGF was composed of NaCl and 
KCl with a concentration of 94 and 13 mM, respectively, and a pH of 5.3. 
Next, 1 mL of digestion sample was prepared by mixing SM and SGF 
containing pepsin 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. The pH was 
adjusted to 5.3 with 1 M HCl. The samples were incubated in a water 
bath at 37 ◦C for t = 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 disappearance of the coagulum in raw SM. The activity 
of pepsin was stopped by adding 10 µL of a 60 µmol/mL Pepstatin A 
solution to each of the prepared samples. The samples were measured by 
NMR without any further sample preparation. 
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2.4. NMR measurements 

All the 1H MT NMR measurements were conducted at a magnetic 
field strength of 7 T, corresponding to a 1H frequency of 300.13 MHz, on 
an Avance III spectrometer (Bruker Biospin, Fällanden, Switzerland) 
equipped with a 10-mm diff30 probe. 1H NMR spectra were acquired at 
room temperature with an MT pulse sequence, consisting of a 
continuous-wave (CW) saturation pulse followed by a 90◦ RF excitation 
pulse and acquisition of the free induction decay (FID) during the time 
acq (CW(5s) − 90◦

x(13.5μs) − acq(0.4s)). The recycle delay was set to 5 s, 
and 8 acquisitions were recorded with 8-step phase cycling. To obtain 
quantitative data, MT NMR spectra were measured using 29 different 
values of the frequency offset (Δ), ranging from 90 Hz to 130 kHz, and 3 
values of the saturation pulse amplitude (ω1/2π), resulting in a total 
measurement time of 2 h. Single-point MT measurements were per
formed with (ω1/2π), = 0.50 kHz and Δ = 130 and 7.5 kHz, resulting in 
a total acquisition time of 2.6 min. 

2.5. Two-pool exchange model 

The two-pool exchange model (Eq. (1)), consisting of a free water 
pool (A) and a semi-solid macromolecular pool (B), was used to fit the 
MT spectra obtained at different ω1 and Δ: 
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where R1 and R2 are the longitudinal and transverse relaxation rates, 
respectively, Rex is the chemical exchange rate constant and MB

0 is the 
population of the semi-solid pool. The RrfB parameter is the RF absorp
tion rate of the semi-solid pool and it depends on the absorption line 
shape of the restricted pool, which is typically described by a Gaussian 
function: 
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Four parameters were obtained from the fitting, namely: RexMB
0/RA

1 , 
TB

2 , Rex, and RA
2/RA

1 . It is known from the literature that the model is 
weakly dependent on RB

1 and that it is not possible to obtain a precise 
estimate of this parameter from the model. Therefore, RB

1 was fixed to 1 
s− 1 (Morrison, Stanisz, & Henkelman, 1995). The RexMB

0/RA
1 and Rex 

parameters are of particular interest for monitoring protein digestion, 
because they describe the 1H protein-water exchange kinetics, which is 
expected to change during protein digestion. For simplicity and in 
analogy to MTR, in the following the RexMB

0/RA
1 parameter will be 

referred to as the composite exchange rate (CER). 

2.6. Data processing and calculations 

All processing and calculations were done in Matlab R2019b 
(MathWorks, Massachusetts, USA). Each magnitude spectrum was ob
tained as the absolute value of the respective complex spectrum after 
Fourier transformation of the free induction decays (FIDs). The 
maximum intensity of the water peak was calculated for the different ω1 
and Δ, which were subsequently used to calculate the Ssat/S0 ratio. 
Global fitting of the Ssat/S0 ratios was performed with the two-pool 
exchange model using the non-linear least squares method with the 
trust-region algorithm. The 95% confidence interval (CI) for each model 
parameter was determined via a bootstrap procedure with residual re- 
sampling and included 1000 repetitions (Efron & Tibshirani, 1993). 
To obtain a good estimate of the 95% CI for the CER from the one- 
datapoint fit, a Gaussian distribution of 1000 samples was simulated 
for the Ssat/S0 obtained with ω1/2π = 0.50 and Δ = 7.5 kHz. The 

standard deviation for the simulation was estimated from triplicate 
measurements of the Ssat/S0. The simulated Ssat/S0 ratios were sepa
rately fitted with the two-pool exchange model, resulting in 1000 values 
for CER from which the 95% CIs were calculated. All parameters in the 
model, except the CER, were fixed to their respective average value 
across the different digestion samples. 

2.7. Protein content quantification 

First the supernatant was separated from the coagulum by centri
fuging the digestion sample at 10,000 g for 30 min. The white semi-solid 
protein coagulum was obtained as a result of phase separation occurring 
during in vitro protein digestion. Next, the soluble nitrogen content in 
the supernatant was quantified using a DUMAS Flash EA 1112 Protein 
analyzer (Thermo Fisher Scientific, Massachusetts, USA). A conversion 
factor of 6.38 was used to obtain the protein content from the nitrogen 
content. The coagulated protein fraction was calculated by subtracting 
the protein content in the supernatant from the total known amount of 
protein in the sample. 

2.8. RP-HPLc 

The total amount of caseins in the supernatant of the digestion 
samples was determined by RP-HPLC (Thermo Scientific™ UltiMate 
3000, Massachusetts, USA) equipped with an Aeris Widepore 3.6 μm XB- 
C18 column, 250 × 4.6 mm (Phenomenex, the Netherlands), according 
to the method described by de Vries et al. (2015). Two solvents (A and 
B), consisting of 0.1% TFA in milliQ water (Millipore, Billerica, MA) and 
0.1% TFA in acetonitrile, respectively, were used as the mobile phase for 
protein elution. The resulting chromatograms were analyzed with 
Chromeleon 7.1.2. (Thermo Fisher Scientific, Massachusetts, USA). The 
sum of the peak areas of αs1-, αs2-, β-, and κ-casein in the supernatant 
were determined for each of the digestion samples. 

3. Results and discussion 

3.1. MT spectra of raw and heated SM during in vitro gastric protein 
digestion 

In vitro gastric digestion of SM was followed by recording MT spectra 
as a function of the frequency offset with ω1/2π = 0.50 kHz. Especially 
in the frequency offset range 2–10 kHz, the MT spectra of both raw 
(Fig. 1a) and heated (Fig. 1c) SM deviated from the reference sigmoid 
curve expected for a system, such as bulk water, devoid of MT effects. 
The observed shape was characteristic of a system containing a semi- 
solid macromolecular pool, similar to what has been observed for agar 
gels and membrane mixtures (Morrison et al., 1995). In such a system, 
MT is expected to occur between the NMR signal of semi-solid macro
molecules and that of water via 1H exchange. 

A shift from high to low frequency offsets was observed in the MT 
spectra of raw SM with increasing digestion times (Fig. 1a). Large dif
ferences were observed between the MT spectra at t = 0 min and t = 1 
min as well as between t = 1 min and t = 5 min. The shift in the MT 
spectra indicates that both the semi-solid proteins and the exchange rate 
decreased with increasing digestion time. The decrease in the amount of 
semi-solid proteins was also visible in the digestion samples (Fig. 1b). 
The photographs of the digestion samples showed that a physical sep
aration occurred between a semi-solid pool that consisted of coagulated 
caseins and a supernatant that consisted of soluble proteins and pep
tides. Initially, casein coagulation takes place because the acidic envi
ronment during gastric digestion neutralizes the negative charge on the 
surface of the casein micelles. These neutralized casein micelles will 
interact with each other and form a coagulum. The formation of this 
casein micelle coagulum is known as acid-induced coagulation, which 
mainly leads to the formation of small flocs (Fig. 1b, t = 0 min) that can 
coagulate further into a bigger coagulum once pepsin is added. Pepsin 
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cleaves, amongst others, the κ-casein tails on the surface of the casein 
micelles, which leads to the formation of a tighter coagulum that can be 
macroscopically observed as a clot (Fig. 1b, t = 1 min). As the digestion 
continues, the casein coagulum is broken down by pepsin through hy
drolysis of peptide bonds in all caseins (Didier Dupont & Tomé, 2014). 
This was observed in both the MT spectra and the photographs of the 
digestion samples. After t = 5 min, the MT spectra largely overlapped, 
with only small differences observed in the intermediate range of fre
quency offsets, namely 2–10 kHz, where the 1H protein-water exchange 
is mostly captured. We note that the MT spectra were different from 
those of water, which indicates that even at t = 60 min still some semi- 
solid protein was present in the sample. 

The protein coagulum in heated SM consists of both caseins and 
denatured WP. The MT spectra of heated SM (Fig. 1c) were notably 
different from those of raw SM (Fig. 1a). Lower Ssat/S0 values and 
smaller differences between t = 0 and 30 min were observed for heated 
SM than for raw SM, especially in the frequency offset range 2–10 kHz. 
The most significant variation in the MT spectra of heated SM was 
observed between t = 30 and 60 min. This indicates that heating slows 
down the in vitro gastric digestion of the protein coagulum, which is in 
agreement with the photographs of the digestion samples (Fig. 1d). After 
60 min of digestion, only a small amount of casein coagulum was present 

for raw SM, whereas for heated SM the amount of protein coagulum was 
similar to that of raw SM at t = 5 min. The heated SM sample was 
prepared by heating raw SM for 30 min at 80 ◦C, resulting in 90% WP 
denaturation, which is quite high. To explore whether MT can distin
guish raw SM from heated SM with a lower WP denaturation level, we 
also measured heated SM with 27% WP denaturation (Fig. S1). These 
results showed that from t = 1 min onwards, the MT spectra of the three 
milk samples are distinctly different from each other. At t = 60 min, the 
MT spectra of the two heated milk samples overlap, but can still be 
distinguished from the respective spectrum of raw milk. Therefore, it is 
possible to study the effect of heating at different temperatures on the 
breakdown of the protein coagulum with MT. 

3.2. Multi-parameter fitting of MT spectra 

Protein digestion was quantitatively monitored by fitting MT spectra 
obtained at different ω1/2π and Δ values with the two-pool exchange 
model (Henkelman et al., 1993). We also assessed the performance of 
three- and two-pool exchange with the inclusion of a dipolar order 
models, respectively containing 10 and 5 fitting parameters (data not 
shown) (Ceckler, Maneval, & Melkowits, 2001). As expected, fitting 
errors with the three-pool exchange model were very large, even for 

Fig. 1. Left: 1H MT NMR spectra acquired with ω1/2π = 0.50 kHz for (a) raw skim milk and (c) skim milk heated at 80 ◦C (90% whey protein denaturation) digested 
in the in vitro infant gastric digestion model for t = 0, 1, 5, 15, 30 and 60 min. Right: photographs of the digestion samples of (b) raw and (d) heated skim milk, in 
which two phases can be distinguished, namely a precipitate consisting of the coagulum and a supernatant consisting of soluble proteins and peptides. 
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simulated data. The two-pool exchange model with inclusion of a 
dipolar order contains one extra fitting parameter, given by the relax
ation time of the dipolar order. The latter, although significant for sys
tems with strong molecular order and immobility, such as lipid bilayers, 
is expected to be negligible for coagulated milk proteins (Morrison et al., 
1995). Hence, these examined models with inclusion of a dipolar 
reservoir either reduced, or did not improve, the quality of the fit. 

Based on the above considerations, we decided to adopt the four- 
parameter two-pool exchange model, from which the dimensionless 
composite parameters, CER (RexMB

0/RA
1 ) and RA

2/RA
1 , and the single pa

rameters, TB
2 and Rex, were obtained. The CER and Rex are of particular 

interest for monitoring protein digestion because they describe the 1H 
protein-water exchange kinetics. 

First, the number of measurements at distinct ω1/2π and Δ values 
was optimized for obtaining accurate and precise fitting of MT spectra of 
SM with the two-pool exchange model, yet minimizing the measurement 
time. We found that reducing the number of saturation pulse powers 
from seven to three values, namely ω1/2π = 1.40, 0.78 and 0.50 kHz, did 
not have an effect on the fitting value and error. The optimal values for 
the saturation pulse power depended on the exchange rate of the sample 
under study, and for raw SM these values gave the best fit. With 29 
offsets, it was possible to include sufficient points in the intermediate 
offset range while also sampling the two plateaus, which was essential 
for accurate fitting of the data (Fig. S2 and Table S1). 

Next, the MT spectra recorded with the optimized acquisition pa
rameters for raw and heated SM samples at different time points during 
in vitro gastric digestion were fitted with the two-pool exchange model. 
In general, the fitting successfully described the MT spectra of the 
digestion samples (Fig. 2 and Fig. S3). However, in a few cases, at ω1/2π 
= 0.5 kHz and low-frequency offsets, the fitting line deviated from the 

data. This became more evident for the longer digestion time points, 
especially from t = 5 min onwards for raw SM. In these cases, a super- 
Lorentzian line shape provided a better fit than the Gaussian line 
shape (Fig. S4 and Table S2), but in view of a uniform fitting procedure, 
we chose to fit all MT spectra with a Gaussian line shape. 

Fitting the data with the two-pool exchange model provided plau
sible values for the model parameters (Fig. 3 and Table S3). The pa
rameters are shown with 95% CIs as derived via bootstrapping. The 
obtained CIs indicate that all parameters, except Rex, can be obtained 
with a relative standard error of ≤10%. For Rex, the estimated relative 
standard error is 10–55%. These errors enable quantitative assessment 
of the impact of digestion on TB

2 , RA
2/RA

1 , CER and even Rex. As shown in 
Fig. 3a, the TB

2 and RA
2/RA

1 parameter did not notably vary during in vitro 
digestion, but were useful for verifying fitting performance and plausi
bility of returned values. Since both the TB

2 and RA
2/RA

1 do not largely 
vary during in vitro digestion, fixing these parameters in the model could 
be considered for increasing the confidence levels for CER and Rex. 
Indeed, fixing TB

2 and RA
2/RA

1 to their average value across the digestion 
duration resulted in a ~2.5 and 4-fold decrease in the error of the CER 
and Rex, respectively. However, a one-way ANOVA revealed that there 
was still a statistically significant variation over the digestion duration 
for TB

2 for both raw SM (F(5,12) = [357.4], P <.001) and heated SM (F 
(5,12) = [59.70], P <.001). 

The same was found for RA
2 /RA

1 for both raw SM (F(5,12) = [1905], 
P= <0.001) and heated SM (F(5,12) = [2165], P = <0.001). Therefore, 
we decided to treat the TB

2 and RA
2/RA

1 as free parameters in the fitting. 
The TB

2 remained short, around 14–19 µs, due to the restricted molecular 
motion of 1H in the coagulum. This is in agreement with the expected 
short value of TB

2 for semi-solid macromolecules, with 9–20 µs being the 
range typically reported in the literature, which is too short to be 

Fig. 2. 1H MT NMR spectra measured with ω1/2π = 1.40, 0.78 or 0.50 kHz for raw skim milk (top panel) or heated skim milk with 90% Whey protein denaturation 
(bottom panel) digested in the in vitro infant gastric digestion model at t = 1 (a and d), t = 5 (b and e) and t = 60 min (c and f). The solid line represents the 
multiparameter fitting of the two-pool exchange model to the MT data. The thickness of the line represents the 95% confidence intervals that were calculated via 
bootstrapping (see section 2.6). 
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measured by conventional NMR (Graham, Stanisz, Kecojevic, Bronskill, 
& Henkelman, 1999; Jerban et al., 2018). Therefore, the semi-solid 
protein pool (MB

0) can only be detected indirectly, by making its signal 
cross-relax with that of water by, for example, magnetization transfer. 
The RA

2/RA
1 ratio is expected to be larger than 1 for water molecules with 

restricted mobility, which is the case when a large amount of semi-solid 
protein is present in the sample. For the digestion samples, the RA

2/RA
1 

was between 5 and 13. The mobility of the water molecules is expected 
to increase during digestion due to a decrease in the amount of co
agulum. This explains the decrease observed in the RA

2/RA
1 from t = 0 to 

5 min and t = 0 to 60 min for raw and heated SM, respectively. Both the 
composite parameter CER (Fig. 3c) and the chemical exchange rate Rex 
(Fig. 3d) increased with the amount of semi-solid proteins present in the 
sample due to correspondingly more efficient protein-water exchange. 
The caseins in the coagulum are broken down into insoluble peptides 
that remain in the coagulum but also soluble peptides that move into the 
supernatant, thereby leading to a decrease in the CER and Rex. While 
both of these parameters are promising for monitoring protein digestion, 
the CER was determined with a smaller error than Rex. In addition, the 
CER depends not only on the exchange rate but also on the amount of 
semi-solid protein, which is known to change during protein digestion; 
furthermore, the CER proved comparably more sensitive to heat treat
ment. Therefore, CER will be considered as the most informative MT 

fitting parameter for studying the breakdown of the protein coagulum. 
The CER for raw SM largely decreased from t = 0 to 5 min, followed 

by a plateau towards values close to zero (Fig. 3c). This indicates that 
most of the breakdown of the casein coagulum occurred within the first 
5 min. The CER for heated SM increased from t = 0 to t = 1 min followed 
by a decrease from t = 1 to t = 60 min (Fig. 3c), which is in agreement 
with the photographs in section 3.1 (Fig. 1b). The CER values at all 
digestion time points were higher for heated SM due to its larger semi- 
solid protein content compared to raw SM. The observed difference 
between raw and heated SM in the decrease of CER during gastric 
digestion indicates that heating may cause slower digestion of the pro
tein coagulum. These results show that the CER parameter can be used to 
monitor both in vitro gastric digestion and changes in the digestion 
caused by heating. 

3.3. Rapid MT measurements for monitoring digestion 

While the CER can successfully be used to monitor in vitro gastric 
protein digestion, the experimental conditions required to acquire 
multiple MT spectra and, thus, estimate CER, are not compatible with 
dynamic studies of in vivo protein digestion. This is because the overall 
measurement time and RF irradiation power respectively exceed the 
duration of the digestion process itself and the specific absorption rate 

Fig. 3. Evolution of control parameters (a) TB
2 , (b) RA

2 /RA
1 and MT parameters (c) CER and (d) Rex obtained from the multi-parameter fit of the two-pool exchange 

model to the MT spectra for raw SM and heated SM with 90% WP denaturation during in vitro gastric protein digestion. The 95% confidence intervals were calculated 
via bootstrapping. 
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(SAR) limitations on clinical MRI scanners. In addition, faster mea
surements that fit within one breath hold are preferred in order to avoid 
motion-related artifacts. 

Therefore, we explored whether the CER could be obtained from a 
single MT measurement, at a single combination of ω1/2π and Δ values, 
if all other parameters in the two-pool exchange model were fixed. The 
data point at ω1/2π = 0.50 and Δ = 7.50 kHz was chosen because, with 
this combination, the difference in Ssat/S0 for the different digestion 
samples was maximized, while the effect of direct saturation of the water 
signal was minimized. For estimation of the fitting error of CER, a 
Gaussian distribution with 1000 samples of the Ssat/S0 was simulated. 
The fitting was performed with 1000 repetitions, resulting in 1000 
values for the CER for each digestion sample from which the 95% CIs 
were calculated. All other parameters in the model were fixed to their 
average value across the different digestion time points. The CER values 
obtained from the single-datapoint fit (Fig. 4a) were comparable to the 
values obtained from the multiparameter fit of 87 data points (Fig. 4b) 
and, as expected, the fitting error was larger. Overall, the single- 
datapoint fit of CER for both raw (Fig. 4c) and heated (Fig. 4d) SM al
lows for the assessment of the impact of the digestion time. The larger 
errors observed for the longer digestion times are in agreement with the 
results from the multi-parameter global fit (Fig. 2a-c). This approach 
was based on the assumption that the values of the other model pa
rameters did not significantly affect the outcome of the single-datapoint 
fit. This was justified because fixing those parameters to other physically 
realistic values, for example values within the 95% CI obtained from the 
multiparameter global fitting, did not affect the value of CER obtained 
from the one-datapoint fit. (Fig. S5). This demonstrates that the CER can 
be obtained reliably from a single-shot measurement if all other model 
parameters are fixed to physically realistic values. 

A feasible approach for in vivo monitoring of protein digestion is to 
use the MT ratio (MTR), which can simply be calculated as 1 − Ssat/S0. 
The MTR is semi-quantitative and does not provide information on the 
chemical exchange kinetics. However, the advantage of using the MTR 
over the CER obtained from the one-datapoint fit is that the former does 
not rely on assumptions nor fitting, and is already an established method 
for obtaining MT contrast in in vivo MRI (Geeraert et al., 2018). The MTR 
and the CER both depend on the amount of MT that takes place between 
the semi-solid protein and the water pool. Therefore, they are expected 
to follow the same trend during in vitro gastric protein digestion. To 
collect data with optimal MT effect for the digestion samples, the same 
ω1/2π and Δ were used as for the single-datapoint fitting approach. The 
MTR for both raw and heated SM decreased with increasing digestion 
times (Fig. 5a). Higher MTR values and a slower variation in the MTR 
were observed for heated SM as compared to raw SM during in vitro 
gastric digestion. These observations are in agreement with the trends 
observed for the CER. However, the variation in the MTR for both raw 
and heated SM was smaller in the first 5 min of in vitro gastric digestion, 
and, in contrast to the CER no clear plateau was reached after 5 min for 
raw SM. Whether MTR follows the trend of CER depends on the choice of 
ω1/2π and Δ. For our selection of these parameters, Pearson correlation 
coefficient of MTR and CER showed a significant positive correlation for 
both raw SM, r = 0.92, n = 5, P = 0.001 and heated SM, r = 0.95, n = 5, 
P = 0.003. This shows that both parameters follow the same trend and, 
hence, that the MTR can be used as a semi-quantitative alternative for 
the CER to interpret MT contrast in MRI images acquired during gastric 
protein digestion. 

To validate MTR as a marker for protein digestion, we benchmarked 
it against commonly used reference methods, such as the OPA assay, 
which measures the number of free amino groups, often described as the 

Fig. 4. Evolution of CER during in vitro infant gastric digestion obtained from (a) fitting a single-data point at ω1/2π = 0.50 and Δ = 7.5 kHz with the two-pool 
exchange model in which all parameters except for the CER were fixed to the average value from the multiparameter fit (b) multiparameter global fitting of MT 
data at ω1/2π = 1.40, 0.78 and 0.50 kHz. Fitting of one datapoint for ω1/2π = 0.50 and Δ = 7.5 kHz for (c) raw and (d) heated SM (90% WP denaturation) at different 
time points during in vitro infant gastric digestion. The CER is normalized to the value at t = 0. The error bars in (a) represent the 95% confidence intervals, which 
were calculated via bootstrapping, in (b) represent the 95% CI interval based on simulating a Gaussian distribution of the single-datapoint with n = 1000 and then 
fitting the simulated datapoints with the two-pool exchange model. 
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degree of hydrolysis. This method is mainly applied to study in vitro 
gastric and intestinal digestion in adults (Mulet-Cabero et al., 2019). 
However, infant gastric digestion is slow due to the low pepsin activity, 
and the caseins are mainly broken down into relatively large peptides 
(Ménard et al., 2018). The difference in the number of free amino groups 
between the intact proteins and large peptides is small and difficult to 
detect with the OPA assay. In our study, no variation was found in the 
number of free amino groups during in vitro gastric digestion for both 
raw and heated SM (Fig. S6). 

Next, the total protein content and the amount of caseins in the su
pernatant were determined by DUMAS and RP-HPLC, respectively, 
generally being used as reference methods. The protein content in the 
supernatant, as determined by DUMAS, was used to calculate the protein 
fraction in the coagulum. It should be noted that with DUMAS, as 
opposed to the Bradford or Bicinchoninic Acid (BCA) assay, the total 
nitrogen content is measured, which includes also the non-protein ni
trogen (NPN) fraction. The NPN in milk mainly consists of urea and 
makes up only 5% of the total nitrogen. However, because the contri
bution from the NPN fraction does not vary during protein digestion, 
DUMAS can be reliably used for protein content analysis of our digestion 
samples. Furthermore, DUMAS is expected to yield less over-estimation 
of protein content in milk (Wu, Jackson, Khan, Ahuja, & Pehrsson, 2018) 
or protein–protein variability (Hayes, 2020) as compared to colorimetric 
methods. In the results of our DUMAS analysis shown in Fig. 5a, the 
protein fraction was higher, and the variation during in vitro gastric 
digestion was smaller, for heated SM than for raw SM. The initial protein 
fraction in the coagulum was smaller than for the subsequent digestion 
times, because the coagulum at t = 0 min consisted of small flocs that 
were formed by acid-induced coagulation and the majority of proteins in 
the sample were at that point still in the supernatant. This was in 
contrast with the MTR and CER results, for which the flocs were 
measured as well and, therefore, contributed to the MT process. 

At t = 0 min, the caseins were mainly present as micelles with more 
exchangeable 1H available than in the casein micelle aggregates that 
form the coagulum. Therefore, it is expected that the MTR and CER are 
highest at t = 0. 

The MTR results were further benchmarked by comparing the MTR 
of the supernatant (Fig. 5b) with the sum of the peak areas for caseins 
obtained from RP-HPLC analysis of the supernatant. The MTR of the 
supernatant at t = 1 and 5 min was higher for heated than for raw SM. 
After 15 min the MTR is the same for both raw and heated SM. At t = 1 
and 5 min, the supernatant of heated SM contained some coagulated 

particles, explaining the higher MTR measured for those samples. The 
sum of peak areas of caseins for heated SM were always lower or the 
same as those for raw SM, indicating that heated SM contained less or 
the same amount of intact casein in the supernatant as raw SM. A dif
ference was observed between the MTR and RP-HPLC analysis for t =
0 and 5 min, which can be explained by the fact that all solid particles 
had to be removed from the sample for the RP-HPLC analysis, while this 
was not needed for the MTR measurements. As there was nearly no 
intact casein in the supernatant, RP-HPLC analysis of the supernatant 
alone is not sufficient to get a complete picture of the digestion. 

Overall, the MT results are in agreement with the reference methods 
and a positive significant correlation was found between the MTR and 
protein fraction in the clot (r = 0.95, P < 001, n = 10; Fig. 5c). It should 
be noted that an additional advantage of the MT-NMR methods is that 
the MTR is more sensitive to gastric protein digestion compared to 
protein content measurements. The decrease in the MTR between t = 1 
min and 60 min is 60% and 45% for raw and heated SM, respectively, 
while the corresponding decrease in the protein content is 10% for both 
milk samples. 

The MT results are further supported by previous observations 
(Sánchez-Rivera, Ménard, Recio, & Dupont, 2015) of a difference in 
casein digestion kinetics between raw and heated SM. Sánchez-Rivera 
and co-workers found a decrease in caseins after 4 min of digestion of 
80% and 8%, respectively for raw and heated SM. This is comparable 
with the MTR and CER results in our study. The decrease in the MTR was 
50% and 10%, and the decrease in the CER was 90% and 20% for raw 
and heated SM, respectively. Heating can cause the caseins and dena
tured whey protein to aggregate together, thereby leading to slower 
pepsin penetration of the coagulum, which may explain the slower 
gastric digestion of the protein coagulum in heated SM. 

In this work, we focused solely on gastric digestion because it is the 
first step in the digestion process, and it is well known to be affected by 
heat treatment. Protein digestion continues in the intestines, where the 
solubilized proteins and relatively large peptides, produced during 
gastric digestion, are further hydrolyzed into small peptides and amino 
acids that can be absorbed. 

Gastric digestion may have an influence on intestinal digestion, and 
thereby on subsequent absorption of small peptides and amino acids 
(Mulet-Cabero, Mackie, Brodkorb, & Wilde, 2020). In future works, it 
would be interesting to link the effect of processing on gastric digestion 
to the absorption of peptides and amino acids. 

Our results show that 1H MT NMR can be used to monitor in vitro 

Fig. 5. (a) Evolution of normalized MTR of coagulum and supernatant calculated as 1 − Ssat/S0 for ω1/2π = 0.50 ± 0.05 kHz and Δ = 7.5 kHz at different time points 
during in vitro infant gastric digestion of raw and heated SM. The protein fraction in the coagulum is plotted in the same figure and was calculated by subtracting the 
amount of protein in the supernatant determined by DUMAS from the total amount of protein in the sample. (b) normalized MTR of the supernatant and normalized 
sum of peak areas of caseins determined by RP-HPLC analysis of the supernatant. The MTR and peak areas were normalized to their respective values at t = 0 min. (c) 
The MTR plotted against the protein fraction in the clot. The Pearson correlation coefficient of the MTR and the protein fraction in the clot for both samples showed a 
significant positive correlation (r = 0.95, P < .001, n = 10). The first time point, at t = 0 min, has been left out of the correlation analysis. 
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protein digestion and that the MTR is a promising marker for monitoring 
in vivo gastric protein digestion in humans. The current duration of the 
MTR measurements is 2.6 min, but this could be further reduced by 
reducing the saturation pulse length and the number of scans, to make 
the measurement fit within one breath hold. The next step will be to 
assess the capability of MT to monitor protein digestion under condi
tions more similar to in vivo digestion, e.g. by using a dynamic in vitro 
digestion model. 

4. Conclusions 

1H MT NMR was successfully applied, and benchmarked against 
reference methods, to non-invasively study in vitro gastric protein 
digestion of raw and heated SM. The MT spectra are sensitive to changes 
in the 1H protein-water exchange kinetics, which occurred during pro
tein digestion. The quantitative composite parameter, CER, can be 
determined as a function of digestion time with a relative standard error 
of ≤10%, both by MT spectra and single-point MT measurements. The 
decrease in the CER is in line with the literature and reference data of in 
vitro gastric digestion of SM. Therefore, the CER is a suitable parameter 
for monitoring in vitro gastric protein digestion. For a more rapid MT 
measurement that does not require data fitting, the semi-quantitative 
MTR can be used, which is more feasible for in vivo studies on clinical 
MRI systems. Heating of SM results in a slower decrease of the CER and 
MTR with digestion, indicating a difference in protein coagulum diges
tion kinetics between heated and raw SM. Therefore, MT could also be 
applied to study the effect of processing on protein digestion. Our results 
pave the way for future in vivo quantification of protein digestion by 
means of MT-MRI. 
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