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Background

The characterization of the original chemical structure and induced changes of micro- and
macro-molecules using analytical techniques with concise and detailed outcomes is potentially
one of the major challenges for food scientists. To this end, the non-invasive nuclear magnetic
resonance (NMR) technique can play a significant role through employment of different NMR
methods. The Nuclear Overhauser effect (NOE) and rotating-frame Overhauser effect (ROE)
techniques are powerful NMR methods that have attracted great interest because they provide
precise information about the three dimensional spatial structure of the molecules, as well as
about possible chemical reactions and interactions.

Scope and approach

In this article, we reviewed the basic principles as well as applications of two NMR techniques:
Nuclear Overhauser effect spectroscopy (NOESY) and rotating-frame Overhauser effect
spectroscopy (ROESY). Hereby, we focused mainly on the applications and importance of these
techniques in food science research. Both the structural (configuration and conformation)
changes and the complexes formed by interacting compounds could be better studied using
these techniques.

Key findings and conclusions

The inter- and intra-molecular interactions within food-based ingredient mixtures, as well as
configurational and conformational analyses can be more efficiently studied with the aid of
NOESY and ROESY. These methods as complementary analysis tools can be exploited for the
straightforward elucidation of the spatial proximity of either novel, native or modified
compounds. In the future, these techniques may be helpful to better understand the

interaction between polymers, such as protein-polysaccharide interactions.
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Background

The characterization of the original chemical structure and induced changes of micro- and
macro-molecules using analytical techniques with concise and detailed outcomes is
potentially one of the major challenges for food scientists. To this end, the non-invasive
nuclear magnetic resonance (NMR) technique can play a significant role through
employment of different NMR methods. The Nuclear Overhauser effect (NOE) and rotating-
frame Overhauser effect (ROE) techniques are powerful NMR methods that have attracted
great interest because they provide precise information about the three dimensional
spatial structure of the molecules, as well as about possible chemical reactions and
interactions.

Scope and approach

In this article, we reviewed the basic principles as well as applications of two NMR
techniques: Nuclear Overhauser effect spectroscopy (NOESY) and rotating-frame
Overhauser effect spectroscopy (ROESY). Hereby, we focused mainly on the applications
and importance of these techniques in food science research. Both the structural
(configuration and conformation) changes and the complexes formed by interacting
compounds could be better studied using these techniques.

Key findings and conclusions

The inter- and intra-molecular interactions within food-based ingredient mixtures, as well

as configurational and conformational analyses can be more efficiently studied with the aid
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of NOESY and ROESY. These methods as complementary analysis tools can be exploited for
the straightforward elucidation of the spatial proximity of either novel, native or modified
compounds. In the future, these techniques may be helpful to better understand the
interaction between polymers, such as protein-polysaccharide interactions.
Keywords
Nuclear magnetic resonance, Nuclear Overhauser enhancement, rotating-frame
Overhauser effect, stereochemical structure, complex inclusion

1. Introduction
The nuclear magnetic resonance technique, known as NMR spectroscopy, has been widely
utilized for more than 70 years. The early observation of NMR in solids and liquids goes
back to the 1940s when Isidor Rabi measured the magnetic properties of some nuclei
awarding the Nobel Prize. By now, the NMR technique is a frequently used analytical
method in basic and advanced research in different areas, mainly organic chemistry (Kumar
and Rani Grace, 2017). There are two types of NMR based on the resolution of the
obtained spectra: low and high resolution NMR. High resolution NMR spectra provide more
concise information about individual groups within one single molecule whereas these
individual contributions become unclear in low resolution NMR. For the first time, the
proton magnetic resonance spectrum was recorded at 30 MHz and explained by Arnold et
al. (1951) as a direct relation between the chemical shifts and the chemical structure of
ethanol. Since the 1950s, nuclear Overhauser enhancement (NOE) has become one of the
powerful and common tools in structural elucidation; the Overhauser effect of the nuclear
resonance in metallic lithium was initially observed through saturation of the electron spin
resonance (Vogeli, 2014, Carver and Slichter, 1953). The rotating-frame Overhauser effect
(ROE), which is basically similar to NOE, could be a potential alternative for NOE where the
NOE peaks become tremendously weak in the case of mid sized molecules with molecular
masses of about 1000 - 2000 Da. However, this phenomenon of decreasing NOEs is
dependent on the solution environment and the spectrometer frequency (Claridge, 2016b).
The rotating-frame Overhauser effect spectroscopy (ROESY) method was firstly proposed
by Bothner-By et al. (1984) to overcome the abovementioned problems. These two NMR
techniques are widely used not only in organic chemistry, but also in different research
areas and in particular in food science.

To the best of our knowledge, there is no review on the utilization of these techniques in
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the field of food science. Therefore, the main focus of this review is firstly on the
fundamental theory of NOESY (nuclear Overhauser enhancement spectroscopy) and
ROESY, avoiding deep mathematical details because this is out of the scope of this review
paper. We attempted to shed light on these practical methods for food scientists in order
to gain a better understanding into the development of novel food products. Secondly, we
discussed the latest specific applications (in food science) of these two techniques in the
study of structural elucidation, conformational changes, and inclusion confirmation of
functional compounds. Finally, new insights in the current and prospective applications of
these techniques are provided.
2. Theory
2.1. Nuclear Overhauser Effect (NOE)

The nuclear Overhauser enhancement, also indicated as nuclear Overhauser effect,
concerns the net change of signal intensity from the enhanced spin (1) due to the relaxation
of a perturbed spin (S) that is dipole-dipole coupled to the first spin (Jung et al., 2000). In
other words, the cross relaxation of | due to dipole-dipole interaction either between
bonded nuclei or in the close vicinity of each other (< 5 A) results in an alteration of the
spin population of | (Attaur et al.,, 2016, Claridge, 2016b, Kumar and Rani Grace, 2017,
Vogeli, 2014). Hereby, perturbation of spin S from its equilibrium population might
originate from saturation (equalizing the spin population differences) or inversion of a
resonance (inverting the population differences across the transitions). The result can be
visualized through a 2D-spectrum called nuclear Overhauser effect spectroscopy (NOESY).
There are additional cross peaks (arising from the NOE effect) besides many expected
NOESY diagonal peaks (corresponding to the 1D-spectrum peaks). Large molecules tend to
tumble more slowly (relax faster) in solution, which means that nuclear Overhauser effect
interactions need more time to be developed. On the other hand, small molecules tumble
more quickly in solution (relax slower); the movement of the nuclei allows a significant
development of dipolar interactions. The result is that NOESY cross peaks may be too weak
to be observed. Because the cross peaks in NOESY spectra emerge from spatial
interactions, this type of spectroscopy is particularly well suited to investigate
stereochemical relationships in a molecule. In fact, the aim of the NOESY NMR technique is
to identify spins undergoing cross-relaxation and also to measure the cross-relaxation

rates.
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Typically, nuclei can have two types of magnetic interactions or couplings: dipole-dipole (D)
interaction (direct) and spin-spin interaction (indirect), which is known as scalar or J-
coupling. In terms of the NOE, the dipolar couplings that occur through space magnetic
interactions will be concerned (Claridge, 2016b).

Theoretically, NOE is defined as the variation of a resonance when the equilibrium of spin
populations is interfered with spin transitions of another. The magnitude of this transition
is stated as a relative intensity change according to the following equation (Gil and

Navarro-Vazquez, 2017):

Equation 1

— I
Ni(S) =

x 100 (%)
0

where N;(S) shows the NOE of spin | once it has been perturbed by spin S, | is the intensity
in the presence of NOE, and |y is the equilibrium intensity. The enhancement is referred to
the intensity variation that can be potentially either negative or positive depending on the
motional characteristics (molecular size and solvent viscosity), sign of the spin’s
gyromagnetic ratio, and the spectrometer frequency. Typically, NOE occurs when
longitudinal spin relaxation leads to the redistribution of the spin populations by transfer
from one nuclei spin population to the other resulting in perturbation. This would be as a
result of a stimulus i.e. the fluctuation of the magnetic field at the frequency relative to the
transition generated by molecular motion (Claridge, 2016b, Marco-Rius et al., 2014). The
rate of the relaxation is a function of the rotational correlation time (z.), an average time
needed for a molecule to rotate fully through an angle of 1 rad around any axis (Spyros and
Dais, 2012). Thus, molecules with a faster tumbling rate will have a short correlation time,
whereas slower tumbling molecules have accordingly a longer correlation time. Claridge
(2016a) suggested an approximate relation between the correlation time and molecular

weight (MW, in Da) as follows:

Equation 2
.~ MW x 10712(s)

The power presented within a molecular motion leading to the transitions is called the

spectral density (Rule and Hitchens, 2006). For the transition mechanisms in the relaxation

processes, two possible relaxation processes (WO and W2) can theoretically be
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distinguished. The complete explanation of the energy states and spin transition is out of
the scope of this article and full details can be found in a book chapter by Gil and Navarro-
Vazquez (2017). The spectral density can exhibit useful information about how the
relaxation rates (WO and W2) change against tumbling rates. Typically, a relatively higher
energy route (W2) belongs to the molecules with the faster tumbling rate in a solution and
thereby demonstrate positive NOEs. On the other hand, slow tumbling rate molecules
promote the WO rather than W2 leading to negative NOEs (Spyros and Dais, 2012). As the
relaxation rate (W) is inversely proportional to the internuclear separation distance (r°), it
may cause a rapid reduction in NOE with increasing distance. Thus, the NOE can be most
likely observed when the distance between the protons is about 5 to 6 A. Moreover, the
relaxation rate is directly dependent on the gyromagnetic ratio of the two spins. So,
variable rates might be obtained if the system is heteronuclear.

In the final 2-D NOE spectrum, there are two types of peaks known as diagonal and cross
peaks. Diagonal peaks indicate the proton peaks observed in the 1-D spectrum, whereas
the cross peaks indicate protons which are spatially close showing NOE interactions
between the correlated spins (< 5 A) (Gil and Navarro-Vazquez, 2017, Claridge, 2016b). In
NOESY cross peaks, dipolar relaxation and exchange contributions cannot be distinguished
as both contribute and have the same sign.

Practically, NOESY measurements can be performed in two common forms (i.e. transient or
steady-state), known as two-dimensional NOESY and NOE difference techniques,
respectively. The former case is typically suitable for small (MW < 1000 Da) and large
molecules (MW > 2000 Da), in which the NOEs are positive and negative, respectively,
while the inversion of a target generates transient NOEs. On the other hand, NOE
difference can be applied for small molecules by generation of steady-state or equilibrium
NOEs from saturation of a target with positive NOEs (Claridge, 2016a, Kumosinski et al.,
1991).

Whereas steady-state NOE measurements are suitable for molecules that tumble rapidly in
a solution, larger molecules or small molecules in a viscous solution that tumble slowly can
be studied with the transient NOE technique. On the other hand, molecules with
intermediate molecular weight (MW = 1000 to 2000 Da) and tumbling rates between the
abovementioned conditions may have no or very weak NOE signals. Typically, NOESY is

used as a homonuclear *H technique. In this method, direct dipolar couplings provide the
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primary means of cross-relaxation and spins undergoing cross-relaxation are those which
are close to each other in space. Thus, the cross peaks of a NOESY spectrum indicate that
protons are close to each other in space. For instance, those which rely on J-coupling to
provide spin-spin correlation and cross peaks, indicate that their protons are close to each
other e.g. by means of molecular bonds. The basic NOESY succession consists of three /2
pulses. The first pulse creates transverse spin magnetization. This process happens during
the evolution time (t1), which increments during the course of the 2D experiment. The
second pulse produces longitudinal magnetization that is equal to the transverse
magnetization component orthogonal to the pulse direction. Thus, the basic idea is to
produce an initial situation for mixing time (t.,), the time elapsed when a target resonance
is monitored after initial inversion prior to the observation pulse and acquisition as a
function of exchange time (Canet, 2018, Claridge, 2016b, Gil and Navarro-Vazquez, 2017).
The third pulse creates transverse magnetization from the remaining longitudinal
magnetization. Acquisition immediately begins after the third pulse, and the transverse
magnetization is observed as a function of time (t;). The NOESY spectrum is generated by
2D Fourier transform with respect to t; and t,. Axial peaks, which originate from
magnetization, have been relaxed during 1, and can also be removed by an appropriate
phase cycling. NOESY spectra can be obtained in 2D absorption mode. Occasionally,
correlation spectroscopy-type artefacts appear in the NOESY spectrum. However, it is easy
to identify them by their anti-phase multiple structure (Winning et al., 2007).

NOESY suffers from a detrimental effect known as spin diffusion. Spin diffusion occurs
when other spins exist in close vicinity of the desired spins, which affect the magnetization
process leading to the creation of negative cross peaks (Poveda and Jimenez-Barbero,
1998). Rotating frame NOE techniques may offer an appropriate solution for this problem.

2.2, Rotating-frame nuclear Overhauser effect spectroscopy (ROESY)

Rotating frame nuclear Overhauser effect spectroscopy (ROESY) is similar to NOESY, but
the initial state is different. ROESY is sometimes called "cross relaxation appropriate for
minimolecules emulated by locked spins" (CAMELSPIN). Instead of observing cross
relaxation from an initial state of z-magnetization, the equilibrium magnetization is rotated
to the x-axis and then spin-locked by an external magnetic field, so it does not precess. This
method is useful for certain molecules of which their rotational correlation time is in the

range where the nuclear Overhauser effect is too weak to be detected, usually molecules
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with a molecular weight around 1000-2000 Da. With respect to this range, several types of
molecules can be considered, including small molecule surfactants, glycosides, peptides,
macro-cyclic natural compounds, dimers of diterpenes, triterpenes, steroids, and large
alkaloids (Gil and Navarro-Vazquez, 2017).

In other words, ROESY and NOESY do not have a similar dependency on the correlation
time and the cross-relaxation rate constant. Therefore, a different 7., should be set during
the pulse sequences (Chary and Govil, 2008). The pulse sequence of ROESY is basically
similar to the pulse sequence of homonuclear 2D experiments, which is a transverse
magnetization after a T/2 'H excitation followed by applying a spin lock period during Tm
resulting in the detection of the proton resonances.

The selection of the appropriate mixing time for both NOESY and ROESY is critical. With a
short 7, there would not be enough time for the NOE peaks to be observable or they are
weak. By contrast, at relatively longer times, the intensity peaks would be decayed through
relaxation. It should be taken into consideration that ROESY grows faster than NOESY and
therefore a shorter 7, (300 - 400 ms) may be chosen (Gil and Navarro-Vazquez, 2017). The
readers are referred to Cavanagh et al. (2007) and Claridge (2016b) for the detailed
explanation about the experimental parameters and the choice of an optimum mixing time.
NOE intensities go from positive to negative as the correlation time increases, becoming
close to zero, whereas in ROESY the cross-relaxation rate constant is always positive (Figure
1). ROE and NOE have the same power for small molecules (around +38%). In terms of
larger molecules, NOE intensity values become bigger giving maximum intensity (negative
values), as compared to ROE. As can be seen in Figure 1, for medium size molecules, the
ROE is still positive and maximum, while the NOE goes theoretically to zero. Although these
values are not zero in practice, very small intensities will be recorded which makes the
interpretation impossible.

Unlike the NOESY cross peaks, dipolar relaxation peaks appear with a negative sign in the
ROE cross peaks, while the proton exchange peaks are positive, similar to the diagonal

peaks (Sandstrom and Kenne, 2006).
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Figure 1. NOE (full line) and ROE(broken line) magnitudes as a function of molecular tumbling rate (t.), reprinted with
permission from Williamson (2009).

Similar to other techniques, NOESY and ROESY also have some practical drawbacks that
should be considered. For instance, spin diffusion in large molecular weight molecules
(macromolecules) or lack of longitudinal cross relaxation can potentially interfere with the
NOE results (Allard et al., 1997). Although ROE suffers less from spin diffusion (direct ROE
cross peaks have opposite sign as three-spin effect cross peaks), homonuclear Hartman-
Hahn transfer of magnetization might be a problem for such quantitative studies. However,

off-resonance ROESY could be a solution (Allard et al., 1997).

3. NOESY and ROESY Applications
Typically, these techniques can be employed to study the spatial influence and relation

between nuclei of many compounds (Bellogue and Ramos, 1999).

3.1. Structure elucidation
The structural characterization of organic compounds as well as of the secondary, tertiary,
or quaternary structure of biological micro- and macro-molecules can be identified using 1-
D or 2-D NOESY (Lau and Abdullah, 2017). For instance, NOESY is helpful to reveal the
nature of glycosylic linkages between sugar residues (Cui, 2005) or intra- and inter-residue
connectivity of molecules (Ai et al.,, 2016). Catechin polyphenol compounds are of
particular interest due to their contribution to health benefits, which is attributed to the
biological activity related to the hydroxyl groups in their chemical structure (Sedaghat

Doost et al., 2018c). Chemical shift fingerprinting of the substituted catechins was used to
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determine the structure profile of these compounds by Hong et al. (2017). The recorded
NOESY spectrum of the modified (+)-catechin hydrate is presented in Figure 2-a. The cross
peaks region of the protons within the hydroxyl groups is highlighted by a red square and
the enlarged view is shown in Figure 2-b. It can be seen that the —OH group attached to C7
had a correlation associated with the protons of C6 and C8. Similarly, a cross peak was
observed, which shows the correlation of the hydroxyl hydrogen attached to C5 and the
proton connected to C6. The weaker contribution was attributed to the fact that there is
only one proton in the close vicinity of —OH-C5, which is H-C6, as can be seen from the

presented chemical structure in Figure2-b (Hong et al., 2017).
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Figure 2. The full (a) and enlarged (highlighted area by red rectangle in the full spectrum, b) NOESY spectrum of catechin.

The NOESY correlation of the hydroxyl protons is also shown in the chemical structure (b). Reprinted from Hong et al.
(2017) with permission from Elsevier.

In a different study, the stereochemistry of goitrogenic 1,3-oxazolidine-2-thione
derivatives, food compounds that may give (thyreo)toxicity to cruciferous vegetables, from
Brassicales taxa was inferred by both NOESY and ROESY as complementary techniques to
other NMR methods, as well as by selective homonuclear decoupling experiments
(Radulovi¢ et al., 2017). Flavonoids are another group of food constituents which can
chemically have an inter-flavonoid linkage that is susceptible to cleavage under different
(e.g. acidic or alkaline) conditions. Different NMR techniques, including NOESY and ROESY
can be employed to identify the inter-flavonoid interaction as well as the type of the upper
and lower monomer units in order to recognize procyanidins from prodelphinidins (Teixeira
et al., 2016, Esatbeyoglu et al., 2013).

In addition to the important role of the chemical structure of bioactive compounds for their
absorption, their configuration is also believed to affect their bioavailability (Rein et al.,
2013). For instance, it is shown that the S configuration of hesperitin-7-glucoside is more
bioavailable than the R configuration (Léveques et al., 2012). For a better understanding of
the stereochemistry of such functional ingredients, NOESY and ROESY complementary

techniques can be useful. For instance, twenty seven main bioactive compounds of Ziziphus
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jujuba were isolated and their relative stereochemistry was established based on the
NOESY correlation peaks (Bai et al., 2016). Based on the NOESY spectrum analysis, either
cis or trans configurations were designated to the double bond present within the
structure of some studied compounds. Secondary metabolite terpene compounds such as
geranylphenol, mainly found in marine organisms, have been proved to be able to exert an
antifungal effect (Taborga et al.,, 2017). Recently, the chemical structure of some
geranylphenol compounds was evaluated by Taborga et al. (2017) who involved 1D NOESY
correlations in the chemical structure evaluation.

Since protobassic acid saponins present in Sapotaceae family plants are reported to have
cytotoxicity and antifungal properties, Chen et al. (2017) studied their isolation from the
kernels of Palaquium formosanum, which are thought to be effective as a prostate
anticancer. In this study, different analysis methods were used, including NMR techniques.
Together with those NMR techniques, NOESY spectrum interpretation revealed that there
was an equilibrium between two conformations of the 3’ -deglucosylated 10 compound. In
fact, the determination of the structure of a new compound plays a key role to predict its
functional properties, which can be elaborated using NOESY or ROESY as complementary
techniques. To this end, Zeraik et al. (2016) conducted a comprehensive work to elucidate
the structure of a potential functional food ingredient from Spondias tuberosa fruit
combining various methods, including 2D NOESY.

A full list of recent articles published in food science related journals that used NOESY to
elucidate the chemical structure of food compounds is given in Table 1.

ROESY spectra were acquired by Masullo et al. (2017) with a 400 ms mixture time at 600
MHz to confirm the chemical structure of the extracted phenolic antioxidants from
hazelnut shells. It was evident from the intensity signals that there was a correlation
between the hydroxyl protons located in the same orientation, which ultimately resulted in
a final structure assignment together with other NMR analyses.

The exploration of new functional food sources has been a challenge to food scientists.
New lanostane-type bioactive compounds were found and characterized in the edible
portion of sea cucumbers by Elbandy et al. (2014). In their study, the relative
stereochemical structure of the isolated non-sulphated triterpene glycosides was
elaborated using ROESY with the aid of other NMR techniques. For instance, the a —

configuration of the oligosaccharide sequence and their attachment points were obtained

11
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by interpretation of ROESY spectra. Iridoid monoterpenes, another type of functional
compounds, mainly found in Cornacae family plants were isolated and identified with
different NMR techniques, including ROESY (Kucharska et al., 2015). The information about
the glycosilation position within the anthocyanin structure was thought to be worthwhile
for color stability assessment of maqui anthocyanins (Brauch et al., 2017). ROESY revealed
that the glucosyl moiety had a linkage to the delphinidin C-5 position in the studied

anthocyanin.
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316 Table 1. Relevant examples of the structure elucidation of functional food ingredients based on NOESY.

Subject of the study

Reference

Arabinan-rich rhamnogalacturonan-I extracted from flaxseed

Arabinoxylan purified and isolated from Plantago asiatica L. seeds

Structural determination of catechin-(4-8)-dimer derivatives

Non-starch polysaccharide extracted from roots of ginseng

crude polysaccharide extracted from leaf skin of Aloe barbadensis

Miller (Aloe vera)

Prebiotic activity of mannanoligosaccharides isolated from palm

kernel cake

a-1, 6-linked galactomannan extracted from

natural Cordyceps sinensis

water-soluble heteropolysaccharide (TAPB1) purified from

Tremella aurantialba

Isolation of a novel polysaccharide from Boletus edulis

exopolysaccharides of Lactobacillus casei LC2W characterization

A novel two-step enzymatic synthesis of Blastose

Neuroprotective sesquiterpenes isolated from Petasites japonicus

a-Glucosidase inhibitor from Buthus martensi Karsch

Structure elucidation of Baeckea frutescens as an aromatic shrub

New triterpene saponins from flowers of Impatiens balsamina L.

Isolation of a new caffeic acid derivative from Tithonia diversifolia

Ding et al. (2015)

Yin et al. (2016)

Hayashi et al. (2018)

Guo et al. (2015)

Shi et al. (2017)

Kalidas et al. (2017)

Wang et al. (2017)

Du et al. (2015)

Zhang et al. (2014a)

Ai et al. (2016)

Miranda-Molina et al. (2017)

Wang et al. (2013)

Kim (2013)

Jia et al. (2014)

Li et al. (2017)

Pantoja Pulido et al. (2017)
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3.2. Conformation and configuration analyses
NOESY and ROESY can be applied as complementary techniques to establish not only the
conformational changes of small and large molecules but also configurational variations
depending on the distances between nuclei, molecular motion speed, and the capability of
the functional groups in rotation (Efimov et al., 2016). The spectrum obtained from NOE
cross relaxation of the nuclear spins can be exploited to assign a conformation or
configuration. As the conformation of a chemical compound determines its unique
physical, chemical, and biological characteristics, it is substantial to distinguish the
conformation of a compound, particularly an unknown compound (Carey and Sundberg,
2007). Similarly, different configurations of a chemical compound may have a significant
influence on its physicochemical properties. For instance, the functional properties of a
polysaccharide (such as the nutritional, technological, and physiological features) vary
depending on the fact whether the polysaccharide has an a- or f-configuration (Hu et al.,,
2017). The NOE spectrum as complementary data to 1-D 'H and *3C as well as
2D HMQC (Heteronuclear Multiple-Quantum Correlation) NMR spectra was interpreted to
determine the configuration of a glucan, an alkali-soluble polysaccharide extracted from an
edible mushroom (Hu et al., 2017). In another study, NOESY spectra combined with x-ray
diffraction data were used to establish the configuration of new cucurbitane-type
glycosides extracted from the fruits of Momordica charantia (Zhang et al., 2014b). Similarly,
the relative configuration of an ethanol extract of the sclerotia of Poria cocos was
determined using NMR and high resolution mass spectrometry analysis (Lee et al., 2017).
The relative configuration of some extracts was assigned by analysis of their NOESY
spectra, the coupling constants, and *H NMR chemical shifts. For instance, as the dashed
arrows display in Figure 3, a [f-orientation was designated to compound 2 based on the
correlation between H-15 and H-18, as well as the correlation between an acetyl proton

with H-30 and H-17.
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Figure 3. NOESY proton correlations (dashed arrows) of compound 2 in theethanol extract of the sclerotia of Poria cocos.
Reprinted from Lee et al. (2017) with permission from Elsevier.

Carotenoids have different health benefits by decreasing the risk of diseases and among
them, allene carotenoids showed an anti-carcinogenic activity in mammalians by triggering
apoptosis in certain tumor cell lines (Krinsky and Johnson, 2005, Agdcs et al.,, 2018).
Recently, the relative configuration (axial and equatorial arrangements) of the isolated
allene carotenoids from mamey using acetone with subsequent saponification was
determined by the interpretation of the ROESY spectrum (Agocs et al., 2018). Previous
research has shown that specific functional foods can inhibit the degeneration of human
neurons leading to Alzheimer’s disease. In a study performed by Xu et al. (2016), two new
functional sesquiterpenoids were isolated and different conformations as well as
configurations of an edible sesquiterpenoid were deduced using NOESY experiments.
Owing to the precise information obtained from the NOESY technique combined with 3D
modelling, a normal chair and envelope conformation was assigned to these
sesquiterpenoids.

A list of recent articles related to food compounds that used NOESY to determine the

structural conformation and configuration is given in Table 2.
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368

369 Table 2. Overview of recent research to analyze the conformation and configuration of food components using NOESY.
Subject of the study Reference (year)
Sesquiterpenoids from Petasites japonicus Xu et al. (2016)

Jasmonoid glucosides, sesquiterpenes and coumarins from the
Xu et al. (2014)
fruit of Clausena lansium

Anti-inflammatory effect of birsonimadiol from seeds of Pérez Gutiérrez

Byrsonima Crassifolia (2016)

Sesquiterpene lactones and scopoletins from Artemisia scoparia
Cho et al. (2016)
Waldst. & Kit.

Isolation and characterization of a polysaccharide from the
Ge et al. (2013)
fruiting bodies of sanghuang mushroom (Phellinus Baumii Pildt)
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3.3. Inclusion complexes

Another practical application of these techniques is to confirm the interaction of
compounds via complexation. They can be potentially employed as a direct proof for
spatial proximity between two molecules.

For instance, inclusion complexes of anethole (AN), a flavouring agent in bakery, sweets,
and alcoholic beverages, as a guest molecule within cyclodextrins (CD) as host molecules
were studied using 2D ROESY (Kfoury et al., 2014). In this work, they proved that anethole
penetrated the CD cavity via its ethylene group leading to the creation of complexes of the
AN aromatic ring in two different orientations within the CD cavity. Indeed, NOE cross
peaks indicated that AN molecules had an internal interaction with the CD cavity without
outside binding, which confirmed that AN was complexed inside the CD cavity. Likewise, in
another work, Jahed et al. (2014) showed that this technique was capable to confirm the
formation of complexes between the host and guest molecules; the complex of (-
cyclodextrin and curcumin was evaluated via NOE cross peaks (Figure 4) as well as by
changes in the chemical shift of internal protons. The results indicated that curcumin
formed a complex with f-cyclodextrin via its hydrophobic aromatic ring which promoted
the solubility of curcumin. This conclusion was derived from the presence of cross peaks
between the H-3 proton of 5-CD and the protons from the aromatic ring of curcumin as

shown in Figure 4.
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Figure 4. Inclusion complex ROESY peaks (a) and schematic chemical structure (b) of curcumin incorporated within f3-
cyclodextrin. Reprinted from Jahed, Zarrabi, Bordbar, & Hafezi (2014) with permission from Elsevier.

The utilization of this technique could potentially provide us new insights in the functional
mechanism of host molecules. For instance, in the abovementioned work, one of the
proposed aims for encapsulation of curcumin within S-cyclodextrin was to enhance its
water solubility. Therefore, obtaining information about chemical and physical complexes
and knowledge about which part of the molecule is specifically involved in the interaction
of a guest molecule with other molecules may help to explore new delivery systems.
Recently, there has been a great demand for consumption of food products containing
natural ingredients, including essential oils (EOs). The latter are hydrophobic volatile
compounds that are increasingly attracting interest due to their antimicrobial and
antioxidant properties (Sedaghat Doost et al., 2018b, Sedaghat Doost et al., 2019).

Eugenol EO, primarily extracted from the flower buds of clove or cinnamon, was used in a
study by Gong et al. (2016) as a guest molecule inside the [-cyclodextrin host site. These
eugenol - f-CD complexes were intended to be used as an antifungal to preserve litchi

fruits during postharvest storage and transportation. In order to confirm the formation of
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complexes and the interaction sites of the molecules, 2D NOESY spectra were acquired,
which revealed that eugenol interacted via the methyl group of its aromatic ring with the
lipophilic site inside the cavity. Similarly, carvacrol as a major constituent of some EOs
(Sedaghat Doost et al., 2018a, Sedaghat Doost et al., 2017) was encapsulated into f-CD not
only to promote its solubility but also to prolong the release and thereby enhancing its
functional features, such as its antimicrobial activity (Lavoine et al., 2014). This inclusion
was confirmed through 2D-NOE peaks. Lavoine et al. (2014) reported the dipolar
interaction between the aromatic group protons of carvacrol and the H-5 proton of 5-CD in
its cavity.

CD, a biodegradable oligosaccharide, has been the subject of several studies owing to its
special chemical structure which enables it to make an inclusion complex with different
organic compounds. This increases their water solubility and therefore bioavailability
(Birck et al., 2016). Depth penetration of sodium benzoate, a preservative, inside the
hydroxypropyl- f-cyclodextrin cavity within a polyvinyl alcohol-citric acid film was
established using 2D ROESY. Birck et al. (2016) concluded from the proton correlations
obtained by ROESY cross peaks that sodium benzoate was successfully placed inside the
cavity and the Job’s method analysis showed that the stoichiometry of the interaction
between hydroxypropyl- f-cyclodextrin and sodium benzoate was 1:1.

Another study carried out by Matencio et al. (2017) showed the host-guest inclusion
complex of oxyresveratrol, a stilbenoid extracted from mulberry fruits, with a modified CD
using NOESY. Similar to the previously mentioned studies, the analysis of the correlated
protons exhibited that the oxyresveratrol aromatic ring was involved in an interaction with
the internal cavity.

In another case, the interaction of caffeine with an aqueous solution of di-O-caffeoylquinic
acid was studied. In this research, analyses of NOESY and ROESY peaks revealed that the
three methyl groups of caffeine interacted with the aromatic groups of di-O-caffeoylquinic

acid isomers (D’Amelio et al., 2015).

3.4. Other applications
An alternative application is using NOESY as a tool for solvent suppression, primarily in
metabonomic studies. Most biological or medicinal samples have to be analyzed in water,

which makes the observation of relevant peaks challenging. Although in most of the cases
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deuterated water (5-10 %) is added to do a lock spin, the prominent proton peak of water
prevents the efficient detection of solutes with low concentration (i.e. mM range)
(Claridge, 2016c, Kew et al., 2017). In order to suppress the proton peak of water (i.e.
reduce the magnitude of the solvent resonance) before it can be detected by the receiver,
several approaches have been suggested, including saturation, zero net excitation, and
destruction using pulsed field gradients of the water resonance (Cavanagh et al., 2007, Ross
et al., 2007).

The non-selective 1-D NOESY-based approach, which is obtained at short mixing times
(usually 0 to 10 ms), is commonly utilized in metabonomics for solvent suppression.
Recently, digested food samples were studied to figure out the amino acid fraction that is
solubilized at different digestion levels (Ménard et al., 2018). The final amino acid
composition of the digested proteins through the infant gastrointestinal tract was analyzed
using different techniques, to determine the extent of digestion. Solvent suppression was
applied using first increment NOESY NMR and the relative proton intensity of the
solubilized products of proteolysis was obtained.

The composition of the complex mixture of gut microbiota could be studied to establish
low molecular weight metabolites in fecal waters and study the relation between the host
metabolism and constituents of gut microbiota (Le Roy et al., 2015). To analyze these types
of samples using NMR, water suppression had to be applied. A presaturation approach
using NOESY was carried out prior to recording metabolic and fecal water spectra (Matysik
et al., 2016). It has been shown that the microbial activity during fermentation of dairy
products can be investigated using mass spectrometry or NMR techniques. The metabolites
of set-yoghurt containing different proteolytic strains of Streptococcus thermophilus co-
cultured with Lactobacillus delbrueckii subsp. Bulgaricus was studied using ‘H NMR
spectroscopy, but 1-D NOESY was utilized for solvent suppression (Settachaimongkon et al.,
2014). Dellarosa et al. (2016) also used a NOESY sequence to suppress the signal of residual
water in order to study the final metabolic profiling of fresh apples treated with pulsed

electric fields using high resolution *H NMR spectroscopy.

4. Conclusions and future research
The basic principles of two NMR techniques including nuclear Overhauser and rotating-

frame Overhauser effect and their applications in food science were thoroughly reviewed.
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Whereas NOESY is mostly appropriate for relatively large and small molecules, ROESY could
be a more efficient choice for mid-sized molecules (1000-3000 Da). The chemical structure
of novel extracts or compounds could be elucidated using these methods. Moreover, the
conformation, configuration, as well as inclusion complex formation of chemical structures
can be determined using these NMR techniques in combination with other analysis tools.
Practically, only very low amounts of the sample (microliter) are needed, which provides a
big advantage because of the cost or the limited availability of specific samples. However,
NMR techniques are generally not considered as highly sensitive methods, and hence
require a relatively high concentration (preferably in the mM range). Moreover, in the
selection of the method and the practical parameters, some detrimental effects such as
spin diffusion should be taken into consideration.

In the future, these techniques can be potentially significant analysis tools for the
development of novel food products. The valuable information about the chemical
structure of food constituents obtained by these methods could substantially proceed the
production of innovative foods. For instance, protein and polysaccharide interaction has
been widely studied as it has a number of different applications, e.g. in food science.
Despite the complex chemical structure of proteins like whey protein isolate, which is a
mixture of different proteins, useful information of the interaction sites with
polysaccharides might be obtained through these techniques rather than present computer
simulations. The conformation and binding site of surfactants on the surface of oil droplets
as well as the effect of environmental conditions on their chemical structure may be
another future perspective that can be considered using NOESY and ROESY NMR methods

in food science.
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Highlights

e Principle and applications of nuclear and rotating-frame Overhauser effects.
e Characterization of stereochemical structure using the NMR techniques.

* The complex inclusion of novel compounds could be investigated.



