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Abstract

Nel presente lavoro di tesi, gli effetti del pH e della concentrazione proteica sulla
conformazione strutturale di whey protein gels sono stati sperimentalmente
esplorati mediante rilassometria *H NMR, a due diverse temperature di
misurazione, temperatura ambiente e 37°C. Conoscere come le diverse condizioni
fisiche influenzano i parametri NMR sensibili alle dinamiche molecolari
permetterebbe di valutare la possibilita di impiegare questa tecnica per stimare la
digeribilita delle proteine. Infatti, Iattivita di tesi si inserisce come studio
preliminare in un progetto coordinato dall’Universita di Wageningen, il cui scopo
principale ¢ studiare ed ottimizzare 1’impatto che i processi industriali hanno sulle
caratteristiche di digeribilita delle proteine del latte negli alimenti per infanti. Il
metodo analitico utilizzato sfrutta i principi della spettroscopia di risonanza
magnetica nucleare (NMR) a basso campo, un metodo basato sulle proprieta
magnetiche di nuclei di alcuni isotopi, il cui obiettivo é quello di ricavare
informazioni importanti di struttura e dinamica molecolare utilizzando campi
magnetici statici e pulsati. In particolare, le proteine sono state caratterizzate
mediante NMR mono (1D) e bi-dimensionale (2D), e analizzando il profilo di
dispersione del rilassamento trasversale dovuto al chemical exchange, ossia il
trasferimento di un nucleo da un ambiente molecolare ad un altro. I campioni sono
stati preparati seguendo protocolli standard cosi che i gels di proteine potessero
avere proprieta simili a quelle ritrovate in letteratura, mentre le misurazioni sono
state condotte con uno spettrometro NMR a 30 MHz. Nonostante alcune
complicanze legate a limiti tecnici durante lo studio del chemical exchange, questi
primi risultati sembrano essere promettenti nell’ottica di estendere il lavoro allo
sviluppo di markers (parametri chimico-fisici) MRI in vitro, per poi poterli
confrontare con quelli in vivo in modo da migliorarli ed ottimizzarli.

Parole chiave: rilassometria — NMR — chemical exchange — transverse relaxation
—whey - gel



Outline of the thesis

The first chapter of this thesis gives a short background to the application of NMR
in food science, and its usefulness for studying whey protein gels; it provides also
an introduction to the principles and theory behind NMR and methods used in this
study.

Chapter 2 presents the main objective, which was to investigate post-
processing effects on molecular dynamics in whey protein gels by using 1D and 2D
TD-NMR, in order to find NMR markers for follow-up the gastric digestion of
protein in the stomach. The work can be considered as an initial exploration, a
preliminary study in fact, of a bigger project, on the verge of starting, which aims
to use magnetic resonance techniques to monitor the gastric digestion of proteins
and bridging the gap between in vitro model systems and in vivo digestion (13).
The study was divided in two different parts, namely on 1) effect of protein
concentration and pH on relaxation times measured at two different temperatures,
and 2) chemical exchange of protons between water and protein sites.

Chapter 3 gives a description of the materials and methods chosen in this
study, while the results are presented and discussed in Chapter 4.

Finally, Chapter 5 contains the conclusions drawn from this work and some
suggestions for further studies, while in the “Appendixes” section additional related
works not included in the thesis are reported.

1. Introduction

Context of the study

Food science is a multidisciplinary field, which brings together chemistry,
microbiology, engineering and physical sciences to study the nature of food, ways
to prevent deterioration and to improve the quality. Most foods have a complex and
heterogeneous micro-to-macrostructure consisting of different components, such as
water, lipids, proteins, carbohydrates, but also colorants, flavors, vitamins, phenolic
compounds, and minerals (21).

These compounds are found in a wide range of concentrations, and may be
subjected to different dynamic modifications due to molecular motions, chemical
and enzymatic reactions, in turn influenced by numerous factors, such as climatic
conditions, agronomic/processing practices, types of storage and conservation (21).

Therefore, the evaluation of the consequences in terms of composition,
texture, digestibility, etc. of those modifications on foodstuffs is essential since it
can provide food scientists with valuable information. On the other hand, the
existing characterization methods are often destructive and, thus, can cause partial,
or even full, loss of information about textural properties and three-dimensional
architecture of the food. These attributes are fundamental in order to assess and
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value final food products in the same way as the consumer does, which is mainly
based on sensory characteristics, such as taste, crispness and breakdown (1). For
these reasons, the key challenge to the food scientist is to be able to analyse the
composition and properties of foodstuffs in a non-invasive and non-destructive
manner. One of the most powerful and versatile techniques capable of performing
these tasks is nuclear magnetic resonance (NMR), which has become increasingly
popular in food science thanks to its capability to study in situ complex,
heterogeneous and optically-opaque foodstuffs both in terms of microstructure and
molecular dynamics.

Among the most complex food matrices there is milk, a multi-component
colloidal suspension, and its derived products. Milk is a complex mixture of specific
bio-active proteins, lipids and saccharides, which have a nutritious value not only
to the child, but also to the adult and the elderly. Furthermore, milk contains also
numerous biologically-active substances, such as immunoglobulins, enzymes,
antimicrobial peptides and growth factors (11, 15, 43). However, one major part of
milk, namely whey, has traditionally not been paid much attention for many years,
since it is a by-product of cheese production. Whey is the watery substance
remaining after coagulation of the casein in milk, either through the addition of
acid, or through the action of a protease such as chymosin (34). Most of it was
disposed of by feeding to animals, or running to waste. Recently, however, its
importance has been recognized and different processes have been developed for
the conversion of whey liquid into a range of several food ingredients, such as whey
protein concentrate (WPC) or isolate (WPI). The protein fraction in whey
constitutes approximately 10% of the total dry solids, and it is a mixture of mainly
B-lactoglobulin and a-lactalbumin, which constitute, respectively, ~50% and ~12%
of the protein fraction; the rest consist of immunoglobulins, bovine serum albumin,
proteose peptones, and other minor proteins (16). Whey proteins are now used
widely in food industry, not only for their health benefits beyond basic nutrition
(52), but also for their functions in food quality and stability: they have the ability
of forming interfacial films that stabilize emulsions and foams (17), as well as the
ability of forming gels upon heating (16).

The gelling ability of proteins provides important textural and water-holding
properties, improving the texture of protein-based foods. The mechanism of
forming gels have been the subjects of many studies (48, 28, 23, 16, 31), but it is
not yet completely understood. Nowadays, the process of gelation is considered as
the result of several steps and reactions. Firstly, the denaturation unfolds a native
protein so that functional groups are exposed. Then, these exposed groups may
rearrange to form aggregates, which tend to bind resulting in a three-dimensional
gel network, as shown in Fig.1 (39).
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Figure 1. Illustration of heat-induced gelation in whey proteins. Elaborated from Alting,
2003.

There are several factors which affect the gelling process. In fact, a protein
gel consists of a network of protein particles, and the spatial distribution of these
particles and the covalent and non-covalent bonds contribute to the functionality of
the network. In addition to the intrinsic properties of the protein, such as
hydrophobicity, amino-acid composition, di-sulphide bonds and concentrations of
the proteins, gelling properties depend also on the conditions applied during
gelation. As an example, the alteration of heat treatment conditions affects the gel’s
macroscopic and microscopic structural attributes, by changing the rates and
mechanism of denaturation and aggregation (6). The texture of WPI gels is affected
due to changes in the secondary structure of the individual whey protein during heat
treatment: between 60° and 70°C, denaturation of whey proteins increases slowly
with reversible changes. Above this temperature, the changes become irreversible:
denaturation of a-lactalbumin increases the viscosity, while denaturation of (-
lactoglobulin results in gel formation (6, 14). The pH has a profound effect on heat-
induced gelation reactions, which can be considered as governed by a balance
between attractive and repulsive forces (7). Figure 2 depicts how pH influences the
final gel properties during heat-induced gelation: generally, at low pH, far from the
iso-electric point (pl) of the protein, the formation of aggregates is slower and leads
to less elastic and weaker gels than those formed at pH 7 to 9.
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Figure 2. Relation between protein gel microstructure and pH at a micrometer length scale.
Figure elaborated from Alting, 2003.

In the present thesis work, the effects of pH and protein concentration, at a
fixed sample preparation temperature of 90°C, have been experimentally
investigated by means of H NMR relaxometry at two different measuring
temperatures, namely room temperature (RT) and 37 °C. The temperature during
sample preparation was kept fixed at 90 °C, as described in standard protocols, in
order to obtain stable WPI gels with properties similar to those typically found in
the literature (32, 13). The effect of changing the measuring temperature on
relaxation times is poorly understood, and the literature on this issue is scant. The
measurement temperature of 37°C was chosen in order to explore post-processing
structural-dynamical effects under conditions close to that of in vivo digestion.
Under such conditions, knowledge of how pH and protein concentration affect
NMR parameters that are sensitive to molecular dynamics in the WPI gel, such as
spin relaxation or self-diffusion, is key to understanding how food preparation steps
may alter protein functionality and, in turn, the nutritional and immunological
properties of protein-based foods. To this purpose, this experimental thesis work
has been based on H NMR relaxation measurements, well established as a
powerful characterization tool of dynamic processes in multi-component food
systems (36, 54, 42). In fact, food can be considered as a heterogeneous system
comprised of multiple constituents with distinct molecular mobility and, therefore,
distinct NMR relaxation and/or diffusive properties. More specifically, changes in
structural properties have a great influence on the two major NMR spin relaxation
phenomena, namely longitudinal relaxation and transverse relaxation, that
consequently can be used as a probe of molecular dynamics.

The next section contains a brief description about NMR applications in
food science and a general explanation of the most fundamental NMR concepts that
are needed to understand 1D and 2D NMR experiments carried out in this work.
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Nuclear Magnetic Resonance (NMR)

NMR is a powerful experimental technique, whose physical phenomenon was
discovered independently by Bloch (56) and Purcell (45), who both received the
Nobel Prize in Physics in 1952 “for their development of new methods for nuclear
magnetic precision measurements and discoveries in connection therewith.”

Since then, NMR methods and instrumentations have been developed and
applied to a wide variety of fields, such as biology, chemistry, medicine and
physics. However, the applications of NMR in food science were delayed until the
1970s, due to the lack of scientific expertise and high cost of equipment (54, 35).
By combining the unique microstructural-dynamical information that can be
obtained by NMR with the highly flexible and versatile of low- and high-field
spectrometers, this technique has become an important tool for food analysis (1).
'H NMR experiments can be performed on the three main states of matter, namely
liquid, solid and gas, and under a wide range of sample conditions, allowing to study
also kinetic processes such as rehydration, drying, freezing and gelation at variable
temperature conditions. Furthermore, NMR can be also hyphenated with other
techniques, like HPLC (or LC) and MS, to increase its capability of solving
identification of unknown compounds (50).

The main advantages of NMR and Magnetic Resonance Imaging (MRI)
methods, and combinations thereof, lie in their chemical, physical and/or spatial
resolution. In NMR spectroscopy, each of the resonances present in a spectrum is
characterized by its own chemical shift, measured in ppm, which varies depending
on the local chemical environment. In MRI, by applying magnetic field gradients
distinction between nuclear spins from different locations in the sample can be
obtained. In addition, NMR/MRI methods (i) are non-destructive, thus analyses can
be repeated on the same sample, (ii) do not require any ad hoc preparation or
chemical modification of the sample, (iii) are applicable to optically-opaque
materials, (iv) are motion-sensitive, which enables contrast between molecules with
different mobility, (v) can detect many different NMR-active nuclei, allowing the
study of a large variety of chemically-complex systems. More specifically within
the dairy field, *H, °C and 'P NMR measurements have been used to improve the
chemical information of the same sample (4). In 1999 Belloque et al. published a
review of the application of NMR techniques in dairy systems, ranging from
investigations which aim to get a deep knowledge of the mechanism underlying the
macroscopic processes, to the study of tools (like structural changes or water
interactions) useful for quality control and authentication, demonstrating the
versatility of NMR spectroscopy. Nowadays, NMR is more widespread and used in
dairy science and industry.



Some of the most used NMR methods in food science are: high-resolution
spectroscopy, time-domain NMR (TD-NMR), and Rheo-MRI. The latter is an
efficient hyphenated technique used to characterize food materials and complex
fluids: it combines elements of rheometry with NMR methods to characterize
nonsolid materials by studying their response to mechanical deformation (19). For
example, in the case of fluid food materials such as pastes, emulsions and liquid
suspensions, direct measurements of velocity maps can be provided, giving
information about structural features of them (47). Despite its potential usefulness,
Rheo-MRI could not be use in this work since the shear stress induced by
rheometric devices may break the structure of the whey protein gels. Rheological
tests suitable for these materials are, instead, those which apply small deformation,
like stress relaxation tests, creep compliance and dynamic shear stress, allowing for
studying the linear viscoelastic region. In this thesis work, instead, TD-NMR was
used for whey protein gels in the form of spin relaxation measurements. This
chapter gives an introduction to the basic concept of NMR, with a particular
attention to relaxation and chemical exchange theory.

The NMR principle is based on the fact that nuclei of atoms have magnetic
properties that can be utilized to obtain chemical and physical information. From a
quantum mechanical point of view, subatomic particles (protons, neutrons and
electrons) possess a property called nuclear spin, which is central in NMR. These
spins can be paired in some atoms (e.g. C, 120, 32S), cancelling each other so that
the nucleus of the atom has no overall spin. In certain isotopes, instead, the nucleus
contains an odd number of protons and/or neutrons, generating a magnetic moment
(1) and angular moment (7). The two quantities are related through the expression:

u=vyl [1]

where y, the gyromagnetic ratio, is a constant characteristic of a particular nucleus,
that for *H is 42.58 MHz/T and 10.71 MHz/T for 1*C.

In the absence of an external magnetic field, the individual nuclear magnetic
moments are randomly oriented and the net magnetization vector is considered to
be zero. When the nucleus is placed in a static magnetic field, B, parallel to the z-
component of the magnetic moment, its magnetic moment will interact with this
field resulting in an angular precession around the z-direction of B,. (Fig. 3) The
frequency w, of this precession of the nucleus is called Larmor frequency, and is
proportional to the strength of the applied field:
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wo =YBy [2]

During the application of this static magnetic field, the individual magnetic
moments align themselves along or opposite to B,, precessing around B,,. Parallel
and antiparallel hydrogen nuclei have equal, but opposite, magnetic moments and
cancel each other out. However, there are always slightly more hydrogen nuclei

parallel to B,, and this slight difference gives rise to a net magnetization M, along
the direction B,,.

magnetization
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Figure 3. (a) A nucleus with spin quantum number Y2, that, in the presence of a magnetic
field, precesses around it. (b) Alignment of nuclear spins after an external magnetic field
is applied. (c) Net magnetization along the z axis when the sample is at equilibrium.
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external magnetic field

For a spin-1/2, the two energy states have different population - the lower
energy state is more populated than the higher one - and the energy gap (4E)
between the energy levels depends on the gyromagnetic ratio and the external
magnetic field according to this equation:

where # is the reduced Planck’s constant. The net magnetization can be represented
by a vector pointing along the direction of the applied field (z), as shown in Fig. 3

(©).
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When the magnetization vector is aligned along By, it is not possible to
measure any signal since the detection coil is placed along x- and y- axis. In order
to do that, the system needs to be perturbed. This is done by applying a
radiofrequency (r.f.) pulse, e.g. a 90° pulse, represented by the r.f. field B, in a
direction perpendicular to that of B,. Then, the magnetization vector is tipped into
the xy-plane that is transverse to B,. While in this plane, the magnetization rotates
around the direction of B,. The precession of the net magnetization vector is what
is actually detected in an NMR experiment: it creates a voltage in a receive coil,
which is acquired for subsequent processing.

In the static laboratory frame, when the r.f. pulse B; is applied the result is
a magnetic field which oscillates along the x axis. For a better understanding of how
this happens, since B, is a very small magnetic field compared to B,, the rotating
frame theory has to be introduced to simplify the complex motion of precessing
spins before, during, and after the r.f. excitation (27). In such a co-ordinate system
which rotates about the z axis at the same Larmor frequency as B,, the B, appears
to be static and directed along the x axis of the rotating frame. The difference Q
between the Larmor frequency in the fixed frame (w,) and the frequency in the
rotating frame (wyo¢. rrame) i called offset and is given by:

Q= wy— Wrot frame = —YAB [4]

If the rotating frame rotates at the same frequency as the fixed frame, the
magnetization will appear not to move and the offset will be zero. Consequently, it
means that also the apparent magnetic field in the rotating frame must be equal to
the actual applied field. This apparent magnetic field in the rotating frame is called
the reduced field, AB. Therefore, when an r.f. field is being applied there are two
magnetic fields in the rotating frame: the B, field, and the reduced field 4B. In the
rotating frame, the reduced field (which is along z) and the r.f. or B; field (which
is along x) add vectorially to give an effective field, B, as illustrated in Fig. 4.
The size of this effective field is given by:

Besr = /Bf + AB? 5]

To conclude, also if By is much larger than B;, we can affect the
magnetization with B; by making it oscillate close to the Larmor frequency, so that
the offset is small, or zero, and the effective field and the magnetization lie close to
the xy-plane. The angle between AB and B, is called the tilt angle (27).
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Figure 4. The effective field B, in the rotating frame, represented as the sum of the
reduced field 4B and B; field.

The precession of the magnetization vector induces a signal in the detector
coil that can be amplified and recorded: this is the so-called free-induction decay
(FID) signal, which will eventually decay due to the action of relaxation. Then, by
performing Fourier analysis on the received signal, the time domain FID can be
converted into a frequency domain spectrum. The entire process, from the
application of the static magnetic field B, to the data processing, is summarized in
Fig. 5.

Bo=0 Bo>0 FID FT
(a) (b} (c) (d) (e)

| alh,

Freguency (ppm)

Figure 5. When a stationary magnetic field is applied, nuclei tend to align parallel or
antiparallel with it (a). The dipoles oriented against the B, are less stable and are present in
a lower population, which give rise to the net magnetization (b). When the sample is irradiated
with ar.f. pulse, the net magnetization changes (c), and when the system goes back to its initial
state, a signal is induced in the coil and recorded (d). The radiofrequency spectrum is then
obtained by applying the Fourier transform (e).
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Spin-spin and spin-lattice relaxation processes

Origins of relaxation

The major molecular-scale mechanisms underlying T; and T, relaxation are here
summarized.

>

Dipole-dipole interaction: each particle can be considered as a tiny magnet
whose electromagnetic fields interact through space. This interaction is the
major source of relaxation for nuclear spin with I = 1/2. Three major
factors determine the strength of the dipolar interaction: (1) types of spins,
a proton-electron dipolar interaction is much more powerful than a proton-
proton interaction due to a larger gyromagnetic ratio of the electron; (2) their
distance, in fact intramolecular interactions are much more effective than
intermolecular; (3) molecular motion, that determines the degree of
relaxation: if the spin resides on a molecule that is rotating at frequency
close to the Larmor frequency, the conditions are optimal to cause T;
relaxation. Conversely, if the molecule is hardly moving, the dipolar field
will be static producing a dephasing and predominantly T, relaxation.
Chemical Shift Anisotropy (CSA): chemical shifts are dependent on the
orientation of the molecule relative to B,. If the molecule is rapidly
tumbling, directional asymmetries average out and CSA is not important.
On the contrary, if the molecule is restricted in its motion, then the CSA
effects may be important. This relaxation mechanism is proportional to B,?
and therefore it is more important at higher fields.

Flow and Diffusion: any physical process that causes movement of
molecules between different environments can enhance relaxation when the
external magnetic field is not uniform.

Chemical Exchange: hydrogens atoms are frequently involved in chemical
exchange processes, in which they are physically transferred from one
molecule to another, or also by residing on a molecule that changes its
structure. In both cases, the experienced environment is different and
different will be the relaxation.

Scalar (J)-Coupling: it is a through-bond interaction, in which two nuclear
spins interact through distortions in electron clouds. This contrasts with
dipole-dipole interactions that occur via direct electromagnetic interactions
"through space” and do not require an electron cloud intermediary.
Interaction with unpaired electrons: paramagnetic species in solution are
particularly effective at promoting relaxation since the interaction is very
large but it has a short distance range.
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Equations for T; and T, time-evolutions

The return of a perturbed magnetic state of nuclear spins into equilibrium can be
analyzed in terms of two separate processes, each with their own time constants,
called spin-lattice relaxation and spin-spin relaxation.

The mechanism involved for the two relaxation processes are different: the
spin-lattice relaxation re-establishes the spin population (of the longitudinal
component of magnetization, M,), while the spin-spin relaxation indicates the loss
of phase coherence of the M, ,, components of magnetization between different spin
states.

The reciprocal of the spin-lattice, or longitudinal, relaxation time T; is the time
needed for M,, to return to its thermodynamic equilibrium by means of energy
transfer from the nuclear spins towards the ‘lattice’, or external environment,
through collisions, rotations or electromagnetic interactions. The lattice represents
the ensemble of non-spin degrees of freedom of the system. The equation governing
this time evolution as a function of time t when the inversion recovery sequence
(see Section “Pulse sequences for measuring T; and T,’for more details) is used is:

M, = My(1 — 2et/T) [6]

Therefore, T; can be viewed as the time required for M, to reach about 63% of its
maximum value M,.

Whereas longitudinal (T;) relaxation causes a loss of energy from the spins,
spin-spin relaxation occurs by dephasing, or loss of phase coherence, between
spins. The equation which describes this phenomenon is (see Section “Pulse
sequences for measuring T; and T,” for more details on the parameters):

My, = My - e /T2 [7]

Several factors may contribute to the measured decay of the transverse
magnetization; among the most important there are:

1. Spin dephasing in the presence of intra- and inter-molecular dipolar
interactions, governed by the ‘true’ T, (10).
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2. Spin dephasing due to spatial variations in By and/or in internal magnetic
susceptibility properties of the sample (inhomogeneous T,, T5;,,)-

3. Chemical exchange between different molecular environments (T ¢xcp)-

4. Diffusion caused by “background” instrumental magnetic field

inhomogeneities (T59).

The linear combination of the rates (R, = 1/T,) from the above factors is
what governs the experimentally observed decay of the transverse magnetization.
The effective transverse rate constant 1/T, is given by:

11t 1 1 [8]
TZ* T2 Tzin Tz,exch szg

T, is always less than or equal to T, and in bulk small molecules, such as water,
the T, /T, ratio is close to 1, while it may largely exceed this value in highly viscous
liquids or in materials with liquid/solid interfaces, such as gels or porous media
(49).

Molecular dynamics

Fundamental for determining T; and T, values is the random thermal motion of the
molecule on which the hydrogen nucleus resides, which provides the time
dependence to the local fields. A molecule can experience two kinds of motions,
vibrations and overall rotation. Vibrations of bonds and bond angles take place at
higher frequencies than the Larmor frequency, and therefore don’t affect the
relaxation, unlike the overall rotation of a molecule, which result in the modulation
of the local fields and therefore is a source of relaxation. However, the ability of the
molecule to rotate depends on the density and size of molecules in the sample. This
motion, called rotational diffusion, can be quantified by the rotational correlation
time 7., which is the average time it takes for a molecule to end up at an orientation
about 1 radian from its starting position. For small molecules t, turns out to be
around 10 ps, rising to 10 ns for small proteins.

To characterize the time dependence of the random motion in the sample,
the correlation function can be used. For a macroscopic sample, each spin
experiences a different random field, F;(t). The average field experienced by the
spins is found by adding up the fields for all members of the system:

16



F(t) = Fi(t) + F(t) + Fs(D)+... [9]

For random thermal motion, this ensamble average turns out to be
independent of the time; this is a property of stationary random functions. Another
important property is the correlation function G (¢, 7), defined as

G(t, 1) =F(O)F(t+1)+ F,({)F,(t+1) [10]
+ F;(O)F5(t + 7)+.

= FOF (t + 1)

F;(t) is the field experienced by spin 1 at time t, and F;(t + 7) is the field
experienced at a time t later; the star indicates the complex conjugate, which allows
for the possibility that F (t) may be complex. If the time 7 is short the spins will not
have moved very much and so F;' (t + ) will be very little different from F, (t). As
a result, the product F; (t)F; (t + t) will be positive. The same is true for all the
spins, so when the terms are added together, the result will be reinforced. As 7 gets
longer, the spin will have had more change of moving and so F; (t + t) will differ
more and more from F, (t), and their product will not be necessarily positive. The
ensamble average of all these terms is thus less than it was when t is shorter. In the
limit, when 7 is sufficiently long, the ensemble average, G (t, ) goes to zero. G(t, T)
thus has it maximum value at = = 0. This is illustrated in Fig. 6.

@ gy Y- 17%) ©  FyFE15)

Figure 6. A plot of the random function F (t) against time. From Keeler, 2013.

For stationary random functions, the correlation function is independent of the time
t; it will therefore be written G (7). The correlation function, G (1), is thus a function
which characterises the memory that the system has of a particular arrangement of
spins in the sample. For times 7 which are much less than the time it takes for the
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system to rearrange itself, G(t) will be close to its maximum value. As time
proceeds, the initial arrangement becomes more and more disturbed, and G (7) falls.
For sufficiently long times, G (t) tends to zero. The simplest form for G (7) is

G(t) = G(0) exp <— I;I) [11]

[of

Where 7. is the correlation time. For times much less than the correlation time the
spins have not moved much and the correlation function is close to its original
value; when the time is of the order of 7., significant rearrangements have taken
place and the correlation function has fallen to about half its initial value (27).

The correlation function is a function of time; it can be Fourier transformed
to give a function of frequency. The resulting function is called the spectral density
and gives a measure of the amount of motion present at different frequencies. Short
correlation times have a broad spectral density function. This makes sense:
molecules that tumble very rapidly can sample a wide range of frequencies.
Molecules that tumble slowly and have very long correlation times only sample
lower frequencies.

To appreciate more the influence of these dynamics on relaxation, T; and
T, relaxation times has been plotted as a function of correlation time (Fig. 7). Water
molecules, which are the source of most of the signal, can be found in three states
which affect their tumbling. In mobile liquid near room temperature the average
rates of molecular rotation are several orders of magnitude higher than the Larmor
frequency, so only a very small fraction of the motions are at the proper frequency,
leading to very inefficient relaxation (long T;). For larger molecules and more
viscous solutions molecular motions become slower and more efficient relaxation
results (short T;). However, at some point the average molecular motions become
slower than w,, and T; becomes longer again. Therefore, T; and T, depend on the
rate of rotational motion of the molecules. In particular, T, decreases if the mobility
of the molecule decreases, while a larger T, generally means greater mobility.
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Figure 7. Behavior of T; and T, as a function of correlation time.

Furthermore, the rotational correlation time t., depends also on other
parameters. For globular proteins a spherical approximation can be used and the
rotational correlation time is given by Stoke’s law:

_ Amr®
fe = T3t [12]

where 7 is the (local) viscosity of the solvent, r is the effective radius of the protein,
k is the Boltzmann constant and T is the temperature (26). From this equation, it
can be seen that 7 is inversely correlated to the temperature; consequently, T; and
T, should be smallest (the relaxation occurs faster) at higher temperature.
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Molecular dynamics as probed by T, and T, measurements

When the irradiation energy is transmitted to the spinning nuclei, as mentioned
above, the magnetization vector is moved in the x, y-plane: the angle of this rotation
depends on the intensity and length of the B; fieldtransmitted. A combination of
pulses and delays is called pulse sequence, a collection of oscillating waves with a
broad range of frequencies, described using two parameters, the angle and the
phase. Practically, the angle can vary from 0°-180°, while the phase can take values
from 0°-360° and is referred to the axis along which the B, field is applied. Delays,
instead, are times when pulsing and detection are not occuring and are very
important in pulse sequences, as NMR interactions occur during these evolution
times (8).

Listed below are just some of the most common pulse sequences used also in the
present work.

Measurement of T; by Inversion-Recovery

T, decays can be measured using a pulse sequence called Inversion recovery (IR).
In this sequence, a 180° pulse is first applied which rotates the net magnetization to
the -z-axis. After this pulse, the magnetization undergoes spin-lattice relaxation and
tends to return toward its equilibrium position along the +z axis during the time t,,,.
A 90° pulse is applied after this time, which rotates the longitudinal magnetization
into the x, y-plane. Once magnetization is present in the x, y-plane, it rotates about
the z axis and dephases giving a FID decay (24). In an IR measurement the signal
acquisition is repeated at different values of t, until full recovery of the
magnetization is observed. In turn, the time period between scans during which the
initial equilibrium state is reached is called recycle delay and needs to be much
longer than Tj;.

180° 90°

TR I £, I . Acquisition
RF WA n >
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Figure 8. Inversion Recovery Sequence: the nuclei are first allowed to relax to equilibrium
(TR), then, a 180° pulse is applied to invert the signals. The signals relax for a length of
time (t,,,) that is varied for each experiment. After that, a 90° pulse is applied and the FID
is recorded.

Measurement of T, by the CPMG sequence

An approach for measuring T, is the Carr-Purcell-Meiboom-Gill (CPMG) method,
based on the spin-echo pulse sequence. In this sequence, a 90° pulse is first applied
to the spin system, inducing a rotation of the net magnetization into the x, y-plane.
The transverse magnetization begins to dephase. If the magnetic field was
homogeneous, the signal would decay with a time constant T,,. However, since the
field has some inhomogeneities, the signal actually decays faster, with a time
constant T,;. The de-phasing resulting from T, occurs at a constant rate (as long as
diffusion effects can be ignored),since it arises from the spatial inhomogeneity of
the magnetic field. T, de-phasing on the other hand fluctuates randomly since it
results from the interaction among the nuclei themselves. In order to measure T,
the signal loss must be refocused. Therefore, at a time t after the 90° pulse, a
refocusing pulse (180°) is applied which flips the protons in a manner than those
with a higher lag go beyond those with a lower one. Due to refocusing, an echo is
built up and reaches its maximum after 27, the echo time (TE). In order to acquire
the whole decay process several refocusing pulses are needed since each of these
pulses causes an echo that will be the measured signal.

Two important parameters to set up for each experiment are:

e The echo time (TE o 27); refers to the time between the application of the
radiofrequency excitation pulse and the peak of the signal induced in the
coil.

e The recycle delay (TR); it is the time period between scans (from the end of
echo train to next 90° pulse) during which the initial equilibrium state is
reached. TR is determined by the spin-lattice relaxation and it should be 4
or 5 times T in order to allow the system to relax back before the next pulse
is applied.
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TR TE
Figure 9. CPMG sequence.

The spin relaxation times, T; and T,, depend on many factors, such as:
temperature, viscosity, magnetic field intensity and, in the case of liquids in contact
with liquid/solid interfaces, or confined within a soft/rigid porous structure, the
nature of the interaction among hydrogens and the surrounding matrix (2). For
instance, the relaxation time of bound water protons near a solid surface is typically
shorter than that (T, , ) of free water protons in bulk state, by definition unaffected
by confinement. In the former case, the relaxation rates of protons will depend on
the ratio between the local surface area (S) and the local volume of confinement (V)
via a system-dependent parameter called “surface relaxivity”, which in turn differs
for longitudinal and transverse relaxation.

First, the dependence of the measured relaxation rates on the local g ratios
is typically represented as (29):

1 _(V—S-h) 1 +<S-h) 1 [13]
T1,2 V T1,2 B V T1,2 S

where h is the thickness of a monolayer of water molecules next to the material’s
surface, and the surface relaxation time T , ¢ depends on the magnetic composition
of the pore wall (18).

Typically, one has V >> S - h, and so the above expression can be simplified as
(30):

1 1 S [14]




h . . . .o
where p;, = Tios is the (longitudinal or transverse) surface relaxivity, usually

expressed in units of um/s. Further details on the surface relaxation models would
be beyond the scope of this MSc thesis, therefore it is here sufficient to underline
that the surface relaxivity expresses how fast the 'H magnetization within a
monolayer of liquid molecules in direct contact with the surface decays due to spin
interactions with electronic or nuclear dipolar moments at surface relaxation sinks
(30). It is to notice that the model in equations 13 and 14 holds true if the surface
relaxivity can be considered as a macroscopic parameter: this is likely to be the case
when the distribution of magnetization is spatially nonuniform, due to the local
environments with different S/V ratios which yield distinct local relaxation times.

A number of factors can make the theory more complicated: for instance, other than
being influenced by the thickness of a monolayer of water h, the two relaxivities
are dependent also on the number of surface sites occupied by paramagnetic metal
ions ny, (18):

[15]
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Two-site chemical exchange theory

As already mentioned above, T, relaxation is also affected by chemical
exchange, an inter-molecular process which represents the mutual transfer of
individual *H nuclei from one molecular environment to another. Generally,
chemical exchange takes place between chemically-inequivalent protons (AS # 0)
that could in principle also exhibit different mobilities, and thus have distinct T,
values. For instance, protons of bound water may exchange with nearby protons of
macromolecules, or protons of more mobile water exchange with protons of less
mobile water molecules, etc. Apart from being an interesting aspect of
spectroscopy, chemical exchange is important and useful because it tells us
information about the chemical kinetics of conformational states, one of the few
tools to explore the conformation of biomolecules. In fact, the kinetic information
adds the dimension of time defining the “dynamic process” to which a biomolecule
undergoes (41).

Chemical exchange in protein systems is often described as a two-sites
exchange, characterized by bound water and free water: protons in these states
differ in their mobility and in turn affects the transverse relaxation time T,.
Therefore, as demonstrated by the literature, chemical exchange is a good way to
explore those phenomena which lead to changes in conformational states, e.g.
aggregation during protein gelation, and it is already been used for WPI gels (12).

The time scale of exchange has a great influence on the observed T, value(s),
and it can vary from nanoseconds to many seconds (37) yielding fast, intermediate
or slow exchange regimes. As illustrated in Figure 10, if the rate of exchange k., is
much higher than the NMR frequency difference Av between the two exchanging
sites (k.. >> Av), the respective T, values are averaged out and only one 'H
spectral peak is observed at a weighted-average NMR frequency given by the
relative populations of the two chemical species (Fig. 10 (a)). In the opposite case,
if exchange is slow (k,, << A4v), distinct *H spectral peaks, possibly with different
T, values, and for each site are observed and separate signals are observed (Fig. 10
(c)). At intermediate exchange rates (k., = Av) very broad, yet single-component,
spectral peaks are observed (Fig. 10 (b)) (Bain, 2004). It is important to underline
that peaks undergoing chemical exchange may have in principle different T, values
when they also exhibit different mobilities due to different environments, making
it necessary to distinguish the effects caused by chemical exchange from those of
mobility. For protein gels, fast exchange conditions may be expected (12, 20).
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Figure 10. NMR spectra for spins, as a function of reaction rate (k,,) and chemical shift
(4v), for fast exchange (a), intermediate exchange (b) and slow exchange (c).

The most widely used experimental way to detect chemical exchange by
NMR is based on CPMG measurements conducted at increasing echo time tj.
Then, the dispersion of the transverse relaxation rate, R,, is plotted against the
inverse of the echo time giving the dispersion curve, whose functional form depends
on the chemical exchange regime (20). The first to describe the effect of chemical
exchange on the CPMG decay were Luz and Meiboom (33). Their equation is
restricted for the two-site fast exchange process between site A and site B, and can
be expressed as:

¢ex 4UCPMG kex
Ryesf=RI+—|1———"-¢ h( )
2eft 2 * kex kex an 4'UCPMG [16]

Here, k., and vcpue =Tiare the exchange rate and the CPMG frequency,
E

respectively, while R? is the relaxation rate at the short 7 limit. Instead, ¢,, =
P, - P, - Aw?, where P, and P, respectively represent the proton populations of site
A and site B, while Aw is their corresponding chemical shift difference in Hz. The
relationship between the chemical shift § (ppm) and the NMR frequency w of the
signal (Hz) is given by:
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5= w
~ wSpect [17]

where wSP¢¢t is the spectrometer frequency.

A modification was proposed in 1969 by Carver and Richards (9) in order
to obtain a general model useful for both slow and intermediate exchange:

1(1 1 1
_ = _ -1 _
Ryerfr = > {T2,1 + T + Koy TE cosh™[D; cosh(n,) — D_ cosh(n_)]}

[18]

where:

2
D, = % <i1 | ¥+ 2QmA8B) > 91

:; — 2 2
n 2vcpmx/§‘/ W+ +¢ [20]

2
Y = (kex(AB) - kex(BA)) — (2mASBy)? + 4keox(apykexsa) [21]

Z = 4HASBO(kex(AB) - kex(BA)) [22]

However, this equation is quite complex, therefore most of the times the Luz and
Meiboom model is used for fast exchange regimes, while in case a slow regime is
observed, the Tollinger model can be considered as a relatively simple analytical
model for obtaining R, ¢ (53):
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zeff=, T Kex |1 T T 05 A0 TE [23]

Unlike fast exchange, for slow exchange oscillations in the plots of Ry f
versus the CPMG field strength can occur, leading to discrepancies between exact
numerical values of R,.r and rates (53). These oscillations occur at low CPMG
field strengths, and their frequency are determined by the sinusoidal term in the
previous equation, function of the chemical shift difference between the two sites.

It is necessary to remind that the frequency difference between the chemical shifts
of the two sites is dependent on the static magnetic field strength according to Eq.
2. Thus, since Aw is involved in the model used for studying chemical exchange, it
seems obvious that there is a certain dependence of the chemical exchange
contribution to the transverse relaxation rate on the static magnetic field strength
(37). Despite knowledge of it was not the focus of this study, it is worthwhile noting
that the results obtained from a chemical exchange study are specific for the static
magnetic field used since it defines the chemical shift time scale. Here chemical
exchange is investigated at 30 MHz.
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Two-dimensional (2D) Time-Domain (TD) NMR

NMR One-dimensional time-domain NMR (TD-NMR) measurements are
particularly useful for quality and process control in food industry and are widely
used to measure the solid fat content especially by using low-field relaxometers.
However, the potential of time-domain NMR is much wider: the behaviour of
molecular environments with distinct relaxation times can be better investigated by
using multidimensional approaches, such as for example T;-T, correlation
experiments. As already discussed, T; and T, relaxation times are characteristic of
molecular species and molecular dynamics, thus depend on the molecule
environment and dipolar interactions. Therefore, spins can be differentiated or
correlated due to their different T; and T, relaxation times (40). In particular, as
long as the tumbling frequency is high compared to the Larmor frequency, the
system is in the fast motion regime and the longitudinal and transverse relaxation
times are equal. When the system contains large molecules or aggregates, as in the
case of WPIgels, some of the tumbling motions are slower than the Larmor
frequency and the two relaxation times T; and T, differ and will be related to the
environment, which can restricts or not the spin movements leading to an alteration
of the proton relaxation times. In such cases, both the overall molecular
reorientation and the internal molecular motion have to be considered. Furthermore,
with 2D TD-NMR experiments, useful information related to chemical exchanges
and molecular transfers are obtainable (46).

Two-dimensional T,-T, measurements are based on using a classical
sequence such as CPMG combined with an IR experiment and recording results in
a 2D matrix. An example of the sequence used is presented in Fig. 11.

IR period CPMG period
180° 90° 180° 180°
. KB 1 |1} i .
N Jn
TR tm TE/2 TE

Figure 11. Pulse sequence used to acquire T; —T, correlation spectra.

The sequence is repeated for different values of t,, delay, and for each
repetition a signal is recorded when the echo reaches its maximum. Then, 2D T;-T,
maps are obtained through a 2D inverse Laplace transform (ILT): based on the T;-
T, ratio, information about molecular mobility and confinement of proton
environments can be extracted (46).
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Several papers have explored the potential of multidimensional relaxometry
for characterising cellular plant tissues (55) and complex processed foods such as
cheese (25) and egg (55). In fact, the resulting 2D spectra are a good tool for
monitoring complex food changes related to phase transformations, aggregation,
gelation and crystallization. Model systems based on aqueous biopolymer gels were
also evaluated using 2D correlation experiments: the authors used bovine serum
albumin (BSA) to study effective water diffusive exchange processes without the
use of field gradients. They also demonstrated the capacity of 2D NMR
spectroscopy to monitor microstructural changes associated with BSA thermal
denaturation (55).

2D correlation data can be processed by using 2D ILT algorithm developed
by Song et al. which generates the so called “T, distribution” giving information on
the different water population in the sample. The Laplace transformation F(t) can
be written according to this equation:

F() = jOOM(Tz)e_t/TZde [24]
0

The inverse Laplace transform is a ill-posed problem which means there is
no unique solution for a certain signal. Furthermore, data sets obtained from the
experiments are affected by some noise, and this will have influence on the search
algorithm. Thus, this algorithm should be applied carefully; however, the use of
ILT is really helpful if used together with other methods.
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2. Aim of the thesis

The aim of the present work was to characterize, by using 1D and 2D TD-NMR,
WPI gels obtained at different concentrations and pH to evaluate their impact on
the gel structure, at room temperature and 37°C, and to explore if NMR parameters
can be used to monitor proteins during gastric digestion.

The motivation to study WPI gels is based on their significant importance
in food industry to provide structure in foods. As a consequence, they have been
used as a model system for understanding how physical conditions, typical of
protein digestion, can impact the gel structure. By using NMR, we wished to know
whether the water proton relaxation parameters are a useful probe of the
conformation of WPI gels under gastrointestinal pH and temperature conditions.

The results obtained by this work might be useful for a future project funded by the
University of Wageningen which has the following overall aim: to identify
immunological characteristics of milk proteins in infant nutrition, in relation to their
digestibility, as affected by thermal processing. The project will lead to different
innovations, including the development of new MRI markers to monitor gastric
protein digestion in vivo.

In addition, a study of the state of water and its interaction with the protein
was done by measuring transverse relaxation-time dispersions at low field (two-site
chemical exchange). This second part of the thesis is more challenging, because it
would have required a thorough investigation of instrumental field inhomogeneities
in order to correct the measured relaxation dispersion from effects due to T;, and
thus obtain the “true” chemical exchange kinetics.
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3. Materials and Method

Materials

Whey protein isolate (WPI) (BiPRO®, Davisco, MN, US) was supplied by Human
Nutrition and Health Department of Wageningen University & Research, with a
declared protein content of 97.7% (see Appendix A). All the chemicals used were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO, U.S.A.). Milli-Q water
(resistivity 18.2 MQ cm at 25 °C) was used for all experiments.

Preparation of gel samples

WPI gels, prepared at four different concentrations (12, 15, 17 and 20% w/w, where
the mass concentration is intended as g protein/100 g gel), were made as follows:
whey protein isolate (WPI) powder was dissolved in water and stirred at room
temperature for at least 2 h with a magnetic stirrer until the protein was completely
dissolved. To prevent water evaporation, the solution was covered with Parafilm
(Pechiney Plastic Packaging, Inc., IL, U.S.A.). After mixing, the solution was
centrifuged (Thermo Scientific, MA, USA) at 1000 rpm for 10 min to eliminate air
bubbles, and poured into Teflon tube which was then sealed. The Teflon tube was
rotated at 50 rpm heated in a 90°C water bath for 30 min. After that, it was
immediately cooled in an ice-water bath. The gels were sealed with layers of
aluminium foil and stored at 4°C. Visual inspection showed that gels with higher
concentration (17 and 20% w/w) are much more compact than those with a
concentration of 15 and 12% wi/w.

The gels were stored 1-5 days prior to use.

To obtain gels made at different pH, the pH of the solutions was adjusted to the
desired one (3, 8 and 9) after stirring, using 1N of HCI or NaOH.

Low-field *H NMR relaxometry

'H NMR relaxation measurements were performed at RT with a Maran Ultra NMR
spectrometer operating at 30.7 MHz proton resonance frequency (Resonance
Instruments LTD., Witney, United Kingdom). For the measurements at 37°C, the
samples, placed in NMR test tubes (7 mm), were kept in a water bath heated to the
target temperature, and then measured immediately. The heating procedure was
repeated every time before starting a new measurement, which in turn lasted about
1 minute. The validity of this heating procedure was tested by keeping the sample
in the water bath for three different times (3, 5 and 10 minutes) before measuring
it, to verify if 3 minutes was enough to heat the sample and if there was any change

31



after 3 minutes. Furthermore, to evaluate repeatability, the same measurement was
carried out multiple times by choosing a heating time of 3 minutes.

The durations of the 90° and 180° pulses were calibrated to 3.7 and 7 ps,
respectively, and in each relaxation measurement the NMR signal was averaged
over four acquisitions, interspaced by a recycle time (T R) between successive scans
of 6 s, with a receiver gain set to 0.25.

Spin-spin relaxation measurements were carried out by means of a one-shot
CPMG pulse sequence, performed at increasing echo times, namely: 1, 1.5, 3, 5, 7,
12, 15, 20, 25, 30, 35, 40, 45 and 50 ms, correspondingly reducing the number of
echoes from 2048 to 50 (five data points per echo). Each measurement was repeated
two times and the average considered as the result.

Spin-lattice relaxation measurements were carried out by using a one-shot
T,-T, correlation pulse sequence, consisting of an inversion recovery followed by
a CPMG-based acquisition. A number of 9 inversion times was chosen to span the
interval between 1 ms and 5 s. Each measurement was repeated two times and the
average considered as the result.

All the measured relaxation decays had a single-exponential behaviour, as
tested by fitting the data in the evolution-time domain using a Levenberg-Marquardt
non-linear least squares algorithm (MATLAB R2019a), as well as a 1D inverse
Laplace transformation by CONTIN (44) resulting in a distribution of amplitude at
different transverse relaxation times. The spectra were subsequently analyzed to
determine, based on the top of the peaks, the T, values of the water fractions and
compare them with the results obtained by the fit. The error was calculated by
measuring the interval width of the confidence bounds for fitted coefficients,
displayed as a fitting result by Matlab, and dividing it by two. T;-T, correlation
maps were obtained by 2D ILT; for the T, /T, ratio, propagation of uncertainty was
calculated.

High-field *H NMR relaxometry

T,-dispersion CPMG experiments for studying chemical exchange were
performed also at high field on a 7.0 T Bruker Avance Il spectrometer (resonance
frequency 300 MHz for *H), using micro-imaging probe. NMR tubes (25 mm)
were used, and all the measurements were conducted at room temperature. The
90° pulse was calibrated to 50 ps, and a recycle time of 7 s was used, while the
receiver gain was set to 0.25. T, relaxation-time dispersions were measured using
a spectrally-resolved CPMG pulse sequence with echo times ranging from 500 ps
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to 20 ms. A total of four scans was collected for each measurement, which was
then replicated twice. Data were processed in Topspin and MATLAB.
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4. Results and discussion

Effect of protein concentration, temperature and pH on relaxation
times

WPI gels prepared at different concentration, measured at room temperature (RT)
and 37°C

The first step was answering the research question: exploring the utility of NMR
parameters (T; and T,) to follow the digestion of proteins, by characterizing WPI
gels under different conditions. Therefore, in this section I will report the results
obtained by measurements of WPI gels prepared at different concentration and
analyzed at RT and 37°C, the latter one to simulate the temperature during gastric
digestion.

Table 1 shows the relaxation times T, and T, for the WPI gels at different
concentration (12, 15, 17, and 20 %w/w) and measured at RT and at 37°C. Another
parameter displayed in the table is the ratio between the values at the lowest and

. . T1(12%w/w) T2 (12%w/w)
highest concentration, T 20%m ) T @20%m /W)’

measure the change along with the concentration and assess which parameter, T; or
T,, is more sensitive to the phenomenon studied.

employed as an index number to

RT 37°C
Conc (% w/w) T4(ms) T3 (ms) Ty (ms) T, (ms)
12 827 + 16 101+1 886 + 17 761
15 680+ 7 74.4+0.1 725+ 19 58 +1
17 622 +8 66 + 2 644 + 15 50 +3
20 539+ 7 55+ 1 582 + 13 42 +1
T12) (12% w/w) 15 1.8 15 1.7
T1(2) (20% w/w)
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Table 1. Relaxation times T; and T, obtained by single exponential fitting domain using a
Levenberg-Marquardt non-linear least squares algorithm (MATLAB R2019a), and fitting
errors for WPI gels concentrations measured at RT and 37°C, at 30 MHz.

The T2 values of the gels are in good agreement with the previous findings
in the literature (12, 13, 42), taking into consideration that different conditions were
used during sample preparation. In addition, mono-exponential behavior for WPI
gels with a concentration between 6 and 36% (w/w) has also been found by others
(12, 39, 42). The single component of T, describes the water proton relaxation: in
fact, the coagulation to which gels have been undergone, reduces the relaxation
times from the nonexchangeable protein protons, not anymore detectable in the
CPMG decay curve (12). Moreover, by looking at the ratio, for both T; and T, it is
noticeable that the decrease of T, is slightly more important than what is observed
with the T, suggesting that T, may be more sensitive than T; to the increasing
concentration. This is true both at RT and 37°C.

Figure 12 represents T; and T, values for each concentration at 1 ms of echo time:
a curved dependency between the spin-lattice relaxation rate and WPI gel
concentration was observed for both the spin-lattice and transverse relaxation time.
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Figure 12. Dependence of the relaxation times (T; (a) and T, (b)) on whey protein gel
concentrations at RT and 37 °C.
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For tests conducted at RT, the T, relaxation time of the protein gels decreased from
about 101 ms to 55 ms as protein concentration was increased from 12 to 20 % wi/w.
The T; results confirm the behaviour of T,, as T; also decreased with increasing
protein concentration in the gel.

At 37°C, the trends in both sets of data (T; and T,) were contrasting: T;
increased while T, went down with increasing temperature. These results were
unexpected since, theoretically, relaxation time T, should increase along with T;
because of the dependence on the rotational correlation times (z.) of molecules,
which decreases as the temperature increases. A possible explanation could be
found if the structure of the WPI gels is taken into account: during the gelation of
proteins, a three-dimensional network of polypeptides, that is able to enclose water,
is formed (39). Therefore, WPI gels could be considered as soft porous media where
the relaxation times are the result of two relaxivity contributions, the bulk water and
the interaction at the pore surface, directly correlated with the surface relaxivity
parameters, p; and p,. In turn, p; and p,, depend on both the surface and liquid
characteristics (30), and may (i) act differently from each other and (ii) change by
temperature, explaining the anomalous behavior of T; and T5,.

Regarding this last point, the dependence of the surface relaxivity on the
temperature is related to the correlation time t., to which the surface relaxivity
parameters are proportional:

AE
7.(T) = 1c,€Xp (— ﬁ) [25]
p12(T) x a . (T) [26]

In turn, the correlation time depends on temperature according to the Arrhenius law:

7.(T) = ¢ exp (— %) [27]

where AE = E,, — E is an effective activation energy describing the surface
translational motion, R is the gas constant, and T is the temperature. E,,, is the usual
activation energy associated to the individual molecular diffusing jumps. E; is the
activation energy associated to the surface interaction. When AE > 0 (the diffusing
barrier is larger than the surface interaction)p decreases when the temperature T
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increases. On the contrary, when AE < 0, p increases with temperature occurs, and
may give an explanation to the opposite trends of relaxation rates as a function of
heating (29).

It is well documented, instead, the observed decrease in T, when the
concentration was increased, which can be attributed to the interaction of the protein
and water molecules: in the presence of solutes, the relaxation rate of water is
enhanced due to the association of water molecules with the solvation shell of the
solute. Hills (2004) reported that the enhancement in relaxation rate was
proportional to the solute concentration. Consequently, the reverse is also true:
increasing the water concentration in a solution increases the relaxation time. As a
gel absorbs water the relative proportion of protein in a gel decreases and thus the
relaxation times increase, as was observed in this case.

Two-dimensional T;—T, correlation measurements were also performed
and the results obtained for WPI gels at 12, 15, 17 and 20% w/w are displayed in
the following figure (Fig. 13) for both RT and 37°C:
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Figure 13. T;-T, correlation plots for whey protein gels with increasing concentration from top to bottom at RT ((a), (c), (e),
(9)) and 37°C ((b), (d), (f), (h)). The color bars in the right are normalized to the maximum value of each series at the two
temperature.

38



0‘ RT I
T]-/T'2 14 - @® 37°C /'{’#

Conc (% wiw) | RT 37°C * A
12 82402 117403 N
15 9.1£0.1 13.2+04 sz
17 9.4+03 132 PN S
20 9.8+0.2 13.8%05 gl &

1‘2 14 16 18 2IO

WPI Concentration (% w/w)

Figure 14. T, /T, ratio for samples of WPI gels prepared with different concentrations at
RT and 37°C.

Figure 14 shows the T, /T, ratio, obtained by considering the ratio of the
individual T; and T, measurements, while the uncertainty was calculated making
use of the expression for the propagation of error for the case of division:

SR = IR|- j(?)z + (?)2 [28]

where R is the final result, SR is the uncertainty, T; and T, are the measured values
with uncertainties 6T; and 6T,.

All the values were between 8 and 14, which typically corresponds to bound
immobile water molecules or to rigid macromolecular protons (5). Furthermore, the
data presented here demonstrated that the T;-T, measurements made at 30 MHz are
dependent of the effect of concentrations and temperature: the T; /T, ratio raised as
concentration and temperature increased. This is due to the fact that when the
concentration of WPI gel is higher, there is also an increment of the interactions
between bulk-like water and bounded water of the soft porous network, to which is
more sensitive the transverse surface relaxivity (p2) rather than the longitudinal
surface relaxivity (p1), resulting in an enhanced T, /T, ratio.
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WPI gel at 15 %w/w prepared at different pH, measured at RT and 37°C

Electrostatic interactions contribute to protein-protein association in most
biological systems, and they can be altered by changes in pH. Therefore, the
relaxation behaviour of WPI gels was monitored under different acidic and basic
conditions.

Gels were prepared at pH 3, 5, 7, 8 and 9, but at pH 5 precipitation of
proteins occurred since at that value, which corresponds to the pl (isoelectric point),
proteins substantially reduce their net charges, facilitating intermolecular
interaction and bonds.

Measurements of the relaxation times at pH of 3, 7, 8 and 9 for gels at each
concentration were performed. As an example, the results for the 15% w/w are
shown in Table 2, while relaxation times are plotted versus pH in Figure 15. The
most noticeable difference was the decrease of T, as pH increases, while less
noticeable was the change for T;, which went from 868 ms at pH 3 to 724 ms at pH
9.

RT 37°C
pH [Ty (ms) T, (ms) T4 (Ms) T, (ms)

3 868+4 99.7+04 |910+12 115.6%0.2
7 6807 744+01 ([725+19 55%1
8 746+8 68902 |805+18 53.6+0.1

9 724+3 49+2 769 +9 46.0+0.1
Ty (pH 3)
T12) (PH9)

Table 2. Relaxation times for samples of WPI gels of 15% w/w prepared at different pH at
30 MHz.

12 2 |12 138
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Figure 15. Dependence of T (a) and T, (b) for WPI gel 15% w/w on pH at RT (green
diamonds) and 37 °C (magenta circles). The dotted vertical line indicates the pH at the
isoelectric point for the WPI gels, namely 5.2, when the protein ha a net charge of 0 and
will precipitate out of solution.

The exact cause of this dependence is not clear, but it may be related to the
different mechanism of protein-protein aggregation below and above pH 6.5. It has
been reported that WPI gels above pH 6.5 were translucent, as observed also with
our samples, owing to the increased intermolecular disulfide bonds formed at high
pH. In fact, the formation of disulfide bonds between the constituent proteins has
been indicated as the most important event occurring during gelation at higher pH,
leading to permanent cross-links within the protein network (39). These results
were consistent with the present findings in which increased pH were associated
with a lower relaxation time: the gels formed at an acid pH were weak and
nonelastic, different from the highly elastic, basic pH gels, indicating that the gel
network is stabilized by hydrophobic interactions, as disulfide bonds, which are
broken under reducing conditions leading to less bonds and stability of gels, and
consequently, longer relaxation times.
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Summary

For the first part of the thesis it can be concluded that structural changes in WPI
gels due to pH and concentrations effects can be analyzed by measuring relaxation
times T, and T,. The main observations are:

e decrease of both T; and T, with an increase in concentration;

e contrasting T; and T, behaviours when the measurement temperature is
raised: T; tends to increase while T, decreases. The soft-porous structure of
the gels could be the reason why this happens;

e spin relaxation occurs faster when the pH is lower: both T; and T, increase
with decreasing pH values, but T, undergoes larger variation

e significant and consistent increase of the T, /T, ratio when either pH or
concentration are increased, as shown in the following figure (Fig. 16):
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Figure 16. Three-dimensional plot of the T,/T, ratio versus both pH and WP gels
concentration % (w/w).
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Water/protein chemical exchange

Physical properties and the high dependence on gelation conditions make WPI gels
structure difficult to study, especially when interactions between protein protons on
the pore surface and the hydrated layer of water take place, affecting the
measurement outcome. In fact, the measurement results may be influenced not only
by the degree to which the water molecules are locally immobilized but also internal
dynamics which a protein can undergo (20).

Under these circumstances, the ability to measure chemical exchange rate
using TD-NMR would be very useful for an assessment of the water holding
capacity and the binding degree with proteins, not only to have a better
understanding of the internal motions but also to be used as a marker along with the
previous T, /T, ratio.

For this purpose, in the second part of the thesis, one-shot CPMG
measurements of T, decays were carried-out as a function of the echo time at 0.7 T,
in order to obtain information about chemical exchange effects between water and
exchangeable protein protons (-OH, -NH, -COOH) within the WPI gels. The
interpretation of these relaxation-dispersion data was not straightforward, because
“background” instrumental magnetic field inhomogeneities, G?9, may have
affected the apparent relaxation rate R3’? via an additional diffusion-weighted

“relaxation” rate (see Eq. 30), Rlz’g (tg), which in turn depends quadratically on both
the echo time 7 and the amplitude of the background gradient G?9 (Eq. 29):

1 2
RY (tp) ==V (6") Dz [29]

ﬁ)/

where GP9 is, assuming a linear deviation of B along the sample, given by:

cbg LB _ 1
T Ax TpyAx [30]
Therefore, Eq. 29 can be written as:
2
1 1
bg — ==Y .pl.;2
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The above expression is derived for CPMG measurements, where D is the self-
diffusion coefficient and y is the gyromagnetic ratio. In the second equation, T and
Ax are the transverse relaxation in an inhomogeneous instrumental field and the
sensitive volume of the coil.

Therefore, at each echo time g, in the WPI gels the observed attenuation of
the total magnetization M (ntgz) with respect to its initial value M is given by:

exchange

M(ntg) = Mye Fe"" @onte ~ M e IR; @) +R ey [32]

where the effects of both bulk relaxation rate and diffusion for water have been
neglected.

In order to verify and quantify the presence of instrumental background
gradients at 30 MHz, CPMG experiments were carried out for three 7y values,
namely 1, 5, and 20 ms, on a pure bulk water sample. The results showed an

important decrease of T, (see Table 3) with increasing echo time, as well as a

significant deviation (of about 13%) from its pure bulk value, R5“¥ ~ 0.4s%,

already at the shortest echo time used here, namely of 1 ms. These data enabled
predicting that, for background gradient corrections, T and Ax must be set to 0.3
ms and 0.3 cm at 30 MHz, respectively, yielding G?9 ~ 2.6 G/cm. Hence, the R,-
dispersion data for the WPI gels must have been checked for correction from such
background gradient effect, by considering the molecular self-diffusion coefficient
of water at room temperature D ~ 2.1-10° m?/s.

Tg (ms) | T, (s)
1 2.268 + 0.003
5 1.796 + 0.001

20 0.709 £ 0.002
Table 3. Transverse relaxation times at three echo times (namely, 1, 5 and 20 ms) for a
bulk water sample, measured at 30 MHz and RT.

For that purpose, firstly Rgg (tp) was estimated according to the Eq. 31; then,
the obtained value was subtracted from the measured R3’"(tz) to extract

RE¥ham9e (1) As it can be seen in Table 4, the effect of the correction is not
significant compared to the measured relaxation rates R3"? (zj;), and the background
gradient G?9 is quite small. However, the corrected dispersion data were fitted with
an exchange model assuming, based on what it is reported in the literature (12), that
keoy >> Av.
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tp (ms) | RSP (s7) | RDY (s RE¥MMI€ (5)
0.4 13.66 3.46E-05 13.66
1 13.72 2.16E-04 13.72
15 13.60 4.86E-04 13.60
3 13.58 1.94E-03 13.58
5 13.54 5.40E-03 13.53
7 13.60 1.06E-02 13.59
12 13.69 3.11E-02 13.66
15 14.17 4.86E-02 14.12
20 14.50 8.64E-02 14.41
25 14.93 1.35E-01 14.79
30 15.46 1.94E-01 15.27
35 16.03 2.65E-01 15.77
40 16.68 3.46E-01 16.33
45 17.28 4.38E-01 16.84
50 17.73 5.40E-01 17.19

Table 4. The corrected dispersion data for WPI gel of 15 %w/w, RS*"*"9¢  obtained by

subtracting RY9 from the measured R2PP, are here shown for each echo time, from 1 to 50
ms.

The fast exchange model used to fit the dispersion is given in Eq. 16.
Therefore, the results shown in Fig. 16 are based on the following initial guesses
(with lower and upper boundary values) for the fitting parameters: Py is given by
the number of exchangeable protons in whey proteins, roughly estimated by
integration of the spectrum obtained by separate measurements at 300 MHz. The
ratio Pgz /P, between the two partially-overlapping peaks gave 0.7 (see Appendix
D), which has been used in our model. The initial guess RS ~ 13.6s is the
relaxation rate measured at the shortest echo time of 1 ms. Aw instead is the
chemical shift difference between water and exchangeable protein protons (-OH, -
NH, -COOH) which, according to Gottwald et al., was set to 1-3 ppm,
corresponding to 30-90 Hz for a 30 MHz instrument. The last parameter for which
an initial value was required is our unknown, k.., which, since it was supposed to
be fast exchange, was considered to be bigger than than Aw.

Figure 17 shows the transverse relaxation dispersion observed for a 15%

w/w protein gel at pH 7 and at RT, while in Tab. 4 the fit results for RS, k., and Aw
are reported.
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Figure 17. T, dispersion curves for gel at 15% w/w at 30 MHz (room temperature). The
relaxation rate 1/T, is plotted vs the reciprocal of the echo time, 1/75.

R} (s™V) | Aw (ppm) | key (s71)

13.6+0.2 2.4+0.2 90+20

Table 4. Fit results for T, dispersion at 30 MHz of a 15% w/w protein gel at pH 7 and at
RT.

The fit succeeds to match almost every data point, and the final fit values
are reasonable and quite consistent with the initial estimate. An encouraging feature
of the fit is the robustness of the fit parameters which don’t show noteworthy
differences when the initial values are changed, meaning that they do indeed
describe the properties of the chemical exchange.

RY is close to 13.6 s, the chemical shift difference is about 78 Hz, and the
exchange rate k,, is about 92 s®. This points to that chemical exchange is
presumably better represented by the intermediate exchange regime, for which an
exact formula is not available. This might explain why the fitting, although
providing reliable results, does not accurately describe the entire dispersion
behavior

With this feasibility study, it has been found that the WPI gel system studied
in this work undergoes fast-to-intermediate chemical exchange with characteristic
time of about 10 ms, comparable to the order of magnitude of the measured T,
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relaxation times. However, the interpretation of data has to be done carefully, since
a proper calibration of the effect of background gradient could not be done, and the
correction based on its theoretical estimation didn’t alter significantly the results.
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5. Conclusions

In the present thesis work, | have demonstrated that the influence of pH and protein
concentration on structural changes and molecular dynamics in WPI gels can be
measured in detail by 'H spin relaxation parameters. The main effect of the
increasing protein concentration is to reduce the'H transverse relaxation time due
to the hydrogen bonding between protein surface and water molecules, causing a
significant restriction of their mobility, while at lower pH values higher relaxation
times were obtained, due to the lower stability and reduced number of cross-linking
bonds in the three dimensional gel network at those low pH values.

Thus, of a crucial aspect were the independent measurements of both T; and
T,, since they exhibited different behaviors when temperature changes, giving a
deeper understanding of the structure of proteins, the role of pore surfaces in
relaxation and consequently, relaxivity and correlation times. In addition to separate
T, and T, values, remarkable was also the result emerging from measuring T, /T,
ratio: the utility of it as a markers of water-protein gel binding state was confirmed.

In order to study the dynamic motions of WPI gels and water binding
degree, the water-protein chemical exchange has been investigated by spin-spin
relaxation measurements at varying echo times, also referred to as T, dispersion
measurements. The experimental data were described using the Luz-Meiboom
model, which provides a good description of the dispersion; despite it, it seems
reasonable to suppose that intermediate-exchange model may work better since the
chemical exchange rate obtained is pretty similar to the *H NMR frequency
difference for such environments at 30 MHz.

To conclude, | would argue that the combination of measurements of
relaxation times and relaxation dispersion analysis, in spite of the experimental
limitations encountered in estimating the exchange phenomenon, represents a
useful approach in the analysis of water binding for WPI gels. More precisely, the
results provide further and compelling evidence for the usefulness of water proton
relaxation parameters, T; and T, and their ratio, as NMR markers to follow the
digestion of protein-based foods. On the other hand, as expected, experiments on
chemical exchange were quite hard to control because of magnetic inhomogeneity,
and consequently our findings should be treated with considerable caution. Given
that, further investigations, possibly at variable magnetic fields, would be needed
in future to clarify this limitation.
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Appendices

Appendix A: Description and composition of WPI powder

9,

DAVISCO

FOODS INTERNATIOMNAL , INC.*

BiPRO"
Whey Protein [solate

Product Deseription
BiPRO is manufactured from fresh, sweet dairy whey that is concentrated and spray dried. The product is a
homogenous, free flowing, semi-hygroscopic powder with a clean, bland flavor,

Praduct Functionality
RiPRO is a unique, natural and pure dairy protein comprised of beta-lactoglobulin and alpha-lactalbumin, 8/PROs

functional protein groups have valuable gelling, water binding, emulsification, and aeration properties. S/PRO
replaces larger quantities of other functional imgredients providing improved flavor and mix efficiency. B/PRO is not
denatured and is fully soluble over the pH range 2.0 to 9.0, BPRO is lactose-freet.

Analysis* Specification Twpical Range Test Method
Modsture (%) 5.0 max, 4703 Vacuum Oven AQAC 927.05
Protein, dry basis (N x 6.38) (%) 9510 min. 97.7=0.7 Leco Combustion AO0AC 990,03
Fat (%) 1.0 max. =0.5 Muojonnier AQAC 98905
Ash (%) 3.0 max. 1.9+03%  Residue on Ignition AQAC 93030
Lactose (%) 0.5 max. =0.2 By difference AQAC 98625
pH 6.7-7.5 7003 10%4 Sol. (@ 20°C AQAC 94527
Scorched Particles 15 mg/25g max, T.5mg ADPL, AOAC 952.21
Microbiological Profile Specification Typical Range Test Method
Aerobic Plate Count <10,000/g <2,500 FDA/BAM, AOAC 96623
Caoliform (MPN) <1lig <10 FDA/BAM, ADAC 966.23
E. coli (MPN) Megative/g Megative FDA/BAM, AQAC 96623
Yeast & Mold 10V max. =10 FDABAM
Coag. Pos, Staphi MIPN) <1lg <10 FDA/BAM, AOAC 966,23
Salmonella sp Megative/ 1500 g Megative FDA/BAM, ELISA ADAC

2004.03
Listeria sp. Megative/25 g Megative  FDA/BAM, ELISA AOAC 999.06

*All results reported on “AS 157 basis except where noted

Storage and Packaging

Dried dairy products can absorb odors and moisture. Therefore, adequate protection is essential. Shelf life is 3 years
from the manufacture date. Shelf life will be enhanced through ideal storage conditions which include temperatures
below 25°C., relative humidity below 65%, and an odor free environment, Avoid less than ideal storage conditions.

Packaged in Kraft multiwall bags, incorporating a polyvethylene bag liner, individually closed.
Met wt.: 33 |b. Bag
Contact your Sales Representative for additional packaging options,

tBased on US regulatory labeling of sugars and carbobydrates in products that contain bess than 0.5g per servang as “0g" or “Sugar Free™,
Always consult with qualified legal representation for proper kabeling and clamms on your final product.

Version 1500-1123
T500 Flying Clowd Drive, Suite 2504 Eden Prainie, Minnesota 55344
Phone: 952-914-0400 Fax: 932-914-0E87
wwvw, DaviscoFoods com



Appendix B: T, distribution profiles obtained by ILT at RT

a b
800 — WPI 12%w/w 800 - —WPI 15%w/w
® 600 ® 600
ge] pe]
= 2
a S|
g 400 £ 400
< <
200} 200+
0 4 0
107" 10° 10" 107! 10% 10"
T,(s) T,(s)
c d
800 | \——WPI 17%wiw 800 | [——WPI 20%wiw| ﬂ
® 600 ® 600
e o
= 2
3 B onl
g 400 g 400
< <
200 200
0 l S 0 A A
107" 10° 10" 107" 10° 10"
T,(s) T,(s)
e
800 | |——WPI 12%wiw
——WPI 15%w/w
——WPI 17%w/w
o 600 F[——WPI 20%w/w
e]
=
5
g 400
<
200 |
0
107" 10° 10"
T,(s)

Figure 18. T, distribution profiles by Inverse Laplace transform at RT for whey protein
gels at 12%wi/w (a), 15%w/w (b), 17%w/w (c) and 20%w/w (d).
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Appendix C: T, distribution profiles obtained by ILT at 37°C
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Figure 19. T, distribution profiles by Inverse Laplace transform at 37°C for whey protein
gels at 12%w/w (a), 15%w/w (b), 17%w/w (c) and 20%w/w (d).
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Appendix D: T, distribution profiles obtained by ILT for WPI 15 %w/w at different

pH
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Figure 20. T, distribution profiles by Inverse Laplace transform at RT for WP gel 15%w/w

at different pH values: 3 (a), 7 (b), 8 (c), 9 (d).
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Appendix E: *H NMR spectrum of WP1 15% w/w acquired at RT and 300 MHz
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Figure 21. Spectrum of WPI gel 15%w/w acquired at RT and 300 MHz.

54

[rel]

14

12

10



Bibliography

10.

11.

Ablett, S. (1992). Overview of NMR applications in food science. Trends in
Food Science & Technology, 246-250.

Abragam, A. (1962). The principles of nuclear magnetism. Oxford: Oxford
Univ. Press.

Alting, A. (2003). Cold gelation of globular proteins. Doctor of Philosophy.
Wageningen University.

Belloque, J. (1999). Application of NMR spectroscopy to milk and dairy
products. Trends in Food Science & Technology, 10(10), 313-320.

Bonnet, M., Courtier-Murias, D., Faure, P., Rodts, S. and Care, S. (2017). NMR
determination of sorption isotherms in earlywood and latewood of Douglas fir.
Identification of bound water components related to their local environment.
Holzforschung, 71(6).

Boye, J., Alli, I, Ismail, A., Gibbs, B. and Konishi, Y. (1995). Factors affecting
molecular characteristics of whey protein gelation. International Dairy Journal,
5(4), 337-353.

Brnci¢, S., Lelas, V., Badanjak, M., Brn¢i¢, M., Bosiljkov, T. and Jezek, D.
(2009). Thermal gelation of whey protein at different pH values.

Calle, D. and Navarro, T. (2018). Basic Pulse Sequences in Magnetic
Resonance Imaging. In: M. Garcia and L. Lopez, ed., Preclinical MRI. Methods
in Molecular Biology. New York: Humana Press, 21-37.

Carver, J. and Richards, R. (1972). A general two-site solution for the chemical
exchange produced dependence of T, upon the Carr-Purcell pulse separation.
Journal of Magnetic Resonance (1969), 6(1), 89-105.

Chavhan, G., Babyn, P., Thomas, B., Shroff, M. and Haacke, E. (2009).
Principles, Techniques, and Applications of T,-based MR Imaging and Its
Special Applications. RadioGraphics, 29(5), 1433-1449.

Clare, D. and Swaisgood, H. (2000). Bioactive Milk Peptides: A Prospectus.
Journal of Dairy Science, 83(6), 1187-1195.

55



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Colsenet, R., Mariette, F. and Cambert, M. (2005). NMR Relaxation and Water
Self-Diffusion Studies in Whey Protein Solutions and Gels. Journal of
Agricultural and Food Chemistry, 53(17), 6784-6790.

Deng, R., Janssen, A., Vergeldt, F., Van As, H., de Graaf, C., Mars, M. and
Smeets, P. (2019). Exploring in vitro gastric digestion of whey protein by time-
domain nuclear magnetic resonance and magnetic resonance imaging. Food
Hydrocolloids, 99.

deWit, J. and Klarenbeek, G. (1984). Effects of Various Heat Treatments on
Structure and Solubility of Whey Proteins. Journal of Dairy Science, 67(11),
2701-2710.

Ebringer, L., Ferenc¢ik, M. and Krajcovic, J. (2008). Beneficial health effects of
milk and fermented dairy products — Review. Folia Microbiologica, 53(5),
378-394.

Fitzsimons, S., Mulvihill, D. and Morris, E. (2007). Denaturation and
aggregation processes in thermal gelation of whey proteins resolved by
differential scanning calorimetry. Food Hydrocolloids, 1Z(4), 638-644.

Foegeding, E., Davis, J., Doucet, D. and McGuffey, M. (2002). Advances in
modifying and understanding whey protein functionality. Trends in Food
Science & Technology, 13(5), 151-159.

Foley, 1., Farooqui, S. and Kleinberg, R. (1996). Effect of Paramagnetic lons on
NMR Relaxation of Fluids at Solid Surfaces. Journal of Magnetic Resonance,
Series A, 123(1), 95-104.

Galvosas, P., Brox, T. and Kuczera, S. (2019). Rheo-NMR in food science-
Recent opportunities. Magnetic Resonance in Chemistry, 57(9), 757-765.

Gottwald, A., Creamer, L., Hubbard, P. and Callaghan, P. (2005). Diffusion,
relaxation, and chemical exchange in casein gels: A nuclear magnetic resonance
study. The Journal of Chemical Physics, 122(3).

Hatzakis, E. (2018). Nuclear Magnetic Resonance (NMR) Spectroscopy in
Food Science: A Comprehensive Review. Comprehensive Reviews in Food
Science and Food Safety, 18(1), 189-220.

56



22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Hills, B. (2004). Magnetic resonance imaging in food science. Norwich, NY:
Knovel.

Hollar, C., Parris, N., Hsieh, A. and Cockley, K. (1995). Factors Affecting the
Denaturation and Aggregation of Whey Proteins in Heated Whey Protein
Concentrate Mixtures. Journal of Dairy Science, 78(2), 260-267.

Hornak, J. (1996). The Basics of MRI. [ebook] Interactive Learning Software,
Henietta, NY. Available at: https://www.cis.rit.edu/htbooks/mri/inside.htm

Harlimann, M., Burcaw, L. and Song, Y. (2006). Quantitative characterization
of food products by two-dimensional D-T; and T; — T, distribution functions
in a static gradient. Journal of Colloid and Interface Science, 297(1), 303-311.

Kalbitzer, H. (1997). Protein NMR Spectroscopy. Principles and Practice.
Zeitschrift fur Physikalische Chemie, 202, 297-297.

Keeler, J. (2013). Understanding NMR Spectroscopy. Wiley.

Kessler, H. and Beyer, H. (1991). Thermal denaturation of whey proteins and
its effect in dairy technology. International Journal of Biological
Macromolecules, 13(3), 165-173.

Korb, J., Godefroy, S. and Fleury, M. (2003). Surface nuclear magnetic
relaxation and dynamics of water and oil in granular packings and rocks.
Magnetic Resonance Imaging, 21(3-4), 193-199.

Korringa, J., Seevers, D. and Torrey, H. (1962). Theory of Spin Pumping and
Relaxation in Systems with a Low Concentration of Electron Spin Resonance
Centers. Physical Review, 127(4), 1143-1150.

Lorenzen, P. and Schrader, K. (2006). A comparative study of the gelation
properties of whey protein concentrate and whey protein isolate. Le Lait, 86(4),
259-271.

Luo, Q., Boom, R. and Janssen, A. (2015). Digestion of protein and protein gels
in simulated gastric environment. LWT - Food Science and Technology, 63(1),
161-168.

Luz, Z. and Meiboom, S. (1963). Nuclear Magnetic Resonance Study of the
Protolysis of Trimethylammonium lon in Aqueous Solution—Order of the

57



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Reaction with Respect to Solvent. The Journal of Chemical Physics, 39(2), 366-
370.

Mangino, M., Kim, J., Dunkerley, J. and Zadow, J. (1987). Factors important to
the gelation of whey protein concentrates. Food Hydrocolloids, 1(4), 277-282.

Marcone, M., Wang, S., Albabish, W., Nie, S., Somnarain, D. and Hill, A.
(2013). Diverse food-based applications of nuclear magnetic resonance (NMR)
technology. Food Research International, 51(2), 729-747.

Mariette, F. (2009). Investigations of food colloids by NMR and MRI. Current
Opinion in Colloid & Interface Science, 14(3), 203-211.

Millet, O., Loria, J., Kroenke, C., Pons, M. and Palmer, A. (2000). The Static
Magnetic Field Dependence of Chemical Exchange Linebroadening Defines the
NMR Chemical Shift Time Scale. Journal of the American Chemical Society,
122(12), 2867-28717.

Opazo-Navarrete, M., Altenburg, M., Boom, R. and Janssen, A. (2018). The
Effect of Gel Microstructure on Simulated Gastric Digestion of Protein
Gels. Food Biophysics, 13(2), 124-138.

Oztop, M., Rosenberg, M., Rosenberg, Y., McCarthy, K. and McCarthy, M.
(2010). Magnetic Resonance Imaging (MRI) and Relaxation Spectrum Analysis
as Methods to Investigate Swelling in Whey Protein Gels. Journal of Food
Science, 75(8), 508-515.

Palmer, A. (2001). NMR Probes of Molecular Dynamics: Overview and
Comparison with Other Techniques. Annual Review of Biophysics and
Biomolecular Structure, 30(1), 129-155.

Palmer 1llI, A. and Koss, H. (2019). Chemical Exchange. Methods in
Enzymology, 615, pp.177-236.

Peters, J., Vergeldt, F., Van As, H., Luyten, H., Boom, R. and van der Goot, A.
(2016). Time domain nuclear magnetic resonance as a method to determine and
characterize the water-binding capacity of whey protein microparticles. Food
Hydrocolloids, 54,170-178.

Pouliot, Y. and Gauthier, S. (2006). Milk growth factors as health products:
Some technological aspects. International Dairy Journal, 16(11), 1415-1420.

58



44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Provencher, S. (1982). CONTIN: A general purpose constrained regularization
program for inverting noisy linear algebraic and integral equations. Computer
Physics Communications, 27(3), 229-242.

Purcell, E. (1953). Research in Nuclear Magnetism. Science, 118(3068), 431-
436.

Rondeau-Mouro, C. (2018). 2D TD-NMR analysis of complex food products.
In: G. Webb, ed., Modern Magnetic Resonance, 2nd ed. Springer, 1483-1502.

Serial, M., Nikolaeva, T., Vergeldt, F., van Duynhoven, J. and Van As, H.
(2019). Selective oil-phase rheo-MRI velocity profiles to monitor
heterogeneous flow behavior of oil/water food emulsions. Magnetic Resonance
in Chemistry, 57(9), 766-770.

Schmidt, R., Packard, V. and Morris, H. (1984). Effect of Processing on Whey
Protein Functionality. Journal of Dairy Science, 67(11), 2723-2733.

Schoenfelder, W., Glaser, H., Mitreiter, I. and Stallmach, F. (2008). Two-
dimensional NMR relaxometry study of pore space characteristics of carbonate
rocks from a Permian aquifer. Journal of Applied Geophysics, 65(1), 21-29.

Silva Elipe, M. (2003). Advantages and disadvantages of nuclear magnetic
resonance spectroscopy as a hyphenated technique. Analytica Chimica Acta,
497(1-2), 1-25.

Solak, B. and Akin, N. (2012). Health Benefits of Whey Protein: A Review.
Journal of Food Science and Engineering, 2(3).

Song, Y., Venkataramanan, L., Hlrlimann, M., Flaum, M., Frulla, P. and
Straley, C. (2002). T,—-T, Correlation Spectra Obtained Using a Fast Two-
Dimensional Laplace Inversion. Journal of Magnetic Resonance, 154(2), 261-
268.

Tollinger, M., Skrynnikov, N., Mulder, F., Forman-Kay, J. and Kay, L. (2001).
Slow Dynamics in Folded and Unfolded States of an SH3 Domain. Journal of
the American Chemical Society, 123(46).

van Duynhoven, J., Voda, M., Witek, M. and Van As, H. (2010). Time-Domain
NMR Applied to Food Products. Annual Reports on NMR Spectroscopy, 69,
145-197.

59



55. Venturi, L., Woodward, N., Hibberd, D., Marigheto, N., Gravelle, A., Ferrante,
G. and Hills, B. (2008). Multidimensional Cross-Correlation Relaxometry of
Aqueous Protein Systems. Applied Magnetic Resonance, 33(3), 213-234.

56. Wangsness, R. and Bloch, F. (1953). The Dynamical Theory of Nuclear
Induction. Physical Review, 89(4), .728-739.

60



