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Hazelnut-based spreads are very popular, and they are available in a variety of
compositions and prices. They, therefore, require detailed quality control and
reliable fraud detection regarding the substitution of high-cost cocoa butter.
Transverse relaxation measured via *H time domain NMR (TD-NMR) is an approach
that is compatible with industrial quality control but allows an in-depth insight into
the materials. When transverse relaxation is measured as a function of
temperature in a moderate range T e [253, 353] K, the melting of cocoa butter
and palm oil can be studied. The observations can be taken as a basis for quality
control as the prices of these two components are significantly different. Fats
introduce different qualities to the spreads in addition. This paper describes the
experimental procedure and the findings on a spread sample basis with a
considerable span width regarding the ingredients of commercially available
hazelnut-based spreads.
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1 Introduction

Product fraud is a well-known problem in a wide range of industries. Apart from
branded clothing and cosmetics, criminals are not stopping at adulterated food products
(Ulberth and Buchgraber, 2000). Food fraud is often motivated by raw material costs to
maximize financial profit. Popular examples of adulterated foods are olive oil, honey, wine,
coffee, and fruit juices (Cordella et al., 2002; Ogrinc et al., 2003; Santos et al., 2016; Santos
et al., 2017; Siddiqui et al., 2017). The adulterants usually do not pose a health risk to the
consumer. The consumer, however, is deceived with respect to the quality, origin, and
physiological value of the food, thus violating the consumer’s basic rights. Efficient food
control procedures are indispensable due to these criminal intentions. Analytical techniques
should provide reliable quality parameters that can be easily and reproducibly measured. A
standard operating procedure (SOP) ensures that the method functions independently from
the user. In addition, fast and cost-efficient measurement procedures are preferred. Nuclear
magnetic resonance (NMR) represents a powerful and non-destructive device that is well-
established in the food environment and also in the detection of adulteration. Apart from
high-resolution NMR spectroscopy, the cost-efficient 'H time domain NMR (TD-NMR)
with low-field instruments is widely spread in the food industry for quality control (Hills,
2006; van Duynhoven et al., 2010; Meyer et al., 2016; Bliimich, 2019; Ezeanaka et al., 2019).
Measurements of transverse relaxation provide information about the intrinsic molecular
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mobility in the low-frequency range. Since the transverse relaxation
rate R, of substances (e.g., water, oil, and fat) differs, the composition
of samples is accessible not only by NMR-spectra but also with
integral relaxation measurements by TD-NMR. To establish such a
method, extensive preliminary investigations are necessary in both
high-field and low-field NMR to find suitable parameters that allow
conclusions to be drawn about the constituents of the samples.
Nut spreads are frequently consumed and, therefore, represent
an important market segment for food products. Nut spreads are
dispersions of solids in oils or fats derived from mostly hazelnuts
and other drupes. A creamy, spreadable mass is available at room
temperature due to the partial crystallization of high-melting
triglycerides, which are mainly found in solid fats such as palm
oil (PO) and cocoa butter (CB). A large proportion of the solids are
finely ground nuts, sugar, milk powder, and cocoa powder.
Commercial nut spreads are available in supermarkets in a huge
variety of recipes but also fineness, homogeneity, and viscosity
(Principato et al., 2022). PO is often added to nut spreads as a
fatty phase to give the product a creamy consistency and stability.
Due to the currently discussed ecological problems in PO
production, alternative structuring fats come into the focus of the
food industry and recipe development (Kovécs et al., 2021; Marra
etal., 2023). Some products are already constituted with CB instead
of PO. However, the substitution of PO 1is associated with
raw material

considerably higher costs,

parameters, and taste (Aydemir, 2019), and thus invites food

changed physical

fraud. For example, with a price of $830 per ton in September
2023 (World Bank, 2023), PO is nearly five to 10 times cheaper than
CB. A suitable analytical method is, therefore, highly desirable. To
the best of our knowledge, no analytical approach exists so far to
detect possible frauds in nut-based spreads in a fast, non-destructive,
and convenient way with good reproducibility. In this paper, we
describe the use of the multi-echo sequence CPMG (Carr, Purcell,
Meiboom, Gill) for that purpose and provide evidence for its
suitability.

The aim of this study was to show the suitability of TD-NMR for
the discrimination of PO- and CB-containing nut spreads and thus
provide a basis for fraud detection in the context of hazelnut-based
spreads. The NMR transverse relaxation properties of nut spreads
were investigated to find reliable and well-defined quality
characteristics with a focus on easily, but reliably, measurable
parameters. Spectrally resolved measurements provided the basis
for a TD-NMR application. Temperature-dependent measurements
with TD-NMR provide insights into fat melting and allow for
differentiation of the spreads. Measurements were performed on
20 commercially available hazelnut-based spreads and five fat raw
materials as reference samples: hazelnut oil (HNO), sunflower oil
(SFO), rapeseed oil (RO), PO, and CB.

2 Materials and methods
2.1 Materials

Virgin HNO was obtained from Reichold Feinkost GmbH (Diez,
Germany), SFO from Nestlé (Vevey and Cham, Switzerland), RO

from RAPSO Osterreich GmbH (Aschach an der Donau, Austria),
PO from Landkrone Naturkost und Naturwaren GmbH (St. Ingbert,
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Germany), and CB from Alnatura Produktions-und Handels GmbH
(Darmstadt, Germany) as the main fat components of nut spreads.
Because of the high content of unsaturated fatty acids, HNO (95%
(Crews et al., 2005)), SFO (91% (Chowdhury et al,, 2007)), and RO
(93% (Lewinska et al, 2015)) are liquid at room temperature
compared to CB (36%-43% (Naik and Kumar, 2014; Ghazani
and Marangoni, 2021)) and PO (53% (Chowdhury et al., 2007)).
In total, 20 hazelnut-based spreads (sample a-u, Table 1) were
purchased from local supermarkets.

The samples were selected to cover a wide range of formulations.
It is common to all spreads that their main components are sugar,
vegetable oils or fats, cocoa, hazelnuts, and milk components
(Table 2). The details of formulation and even of composition or
fractions of the main ingredients are not disclosed to the consumer.
All samples were stored at room temperature for weeks before the
measurements, and melting was observed by transverse relaxation.

2.2 Instrumentation and NMR experiments

'"H-NMR  spectroscopy and  transverse relaxation
measurements with spectral resolution were performed on an
AVANCE NEO NanoBay 300-MHz spectrometer equipped with
a broadband BBFO probe and the acquisition software package
TopSpin 4.0.9 (Bruker, Ettlingen, Germany) at a temperature T =
298 K. The CPMG multi-echo sequence according to Carr,
Purcell, and Meiboom and Gill (1958) was used (Figure 1). In
addition,

performed on a 20MHz time domain Bruker minispec

CPMG transverse relaxation measurements were

mq20 instrument to investigate transverse relaxation as the
potential quality control parameter. T was varied in 5K steps
between 298 K and 373 K. A holding time of 10 min preceded
each NMR measurement, guaranteeing isothermal conditions
spatially and temporally. The samples were filled into 5-mm
(300 MHz) and 10-mm (20 MHz) NMR glass tubes with a filling
height of 10 mm to reduce temperature gradients and therefore
convection especially at elevated T. All samples were measured
undiluted to explore the capabilities of TD-NMR on samples, as
available in quality control.
The main NMR parameters are listed in Table 3.

2.3 Data processing

Pseudo-2D datasets were recorded on the AVANCE NEO
NanoBay 300-MHz spectrometer. Pseudo-2D means, in this
context, that one dimension of the dataset is a time scale, n-t. (T,
being the echo time and # the number of the echo), and the other
dimension is the free induction decay (FID) time scale. The data
were Fourier-transformed along that dimension and phase-
corrected, providing chemical shift information (Figure 2). The
waterfall plot shows largely unstructured spectra due to mainly
homonuclear dipolar interactions. The spectra do not allow for an
in-detail chemical analysis of fat composition. This would require
either dissolution of the fats at a low concentration and
higher
temperatures, leading to a comparison with spectra in the
literature and databases (Diaz et al.,, 2005; Trapp et al.,, 2023).

measurements with dedicated pulse sequences or

frontiersin.org


https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2023.1294332

Trapp et al. 10.3389/frfst.2023.1294332

TABLE 1 Ingredients as reported on the label packaging of the 20 commercial nut spreads.

Sample Ingredients

a Sugar, cocoa butter, hazelnuts, skimmed milk powder, cocoa (17%), sunflower oil, safflower oil, rice oil, sunflower fat, coconut fat, almonds, and
emulsifier: lecithin and vanilla

b Sugar, cocoa butter, rapeseed oil, hazelnuts (14%), defatted cocoa (11%), dried rice syrup, emulsifier: lecithin, butter fat, soy fiber (3%), and flavors
c Cane sugar, cocoa butter, hazelnuts (13%), skimmed milk powder, defatted cocoa (8.5%), sunflower oil, and emulsifier: lecithin

d Cane sugar, cocoa butter, hazelnuts (30%), skimmed milk powder, defatted cocoa, dried rice syrup, sunflower oil, and emulsifier: lecithin
e Sugar, cocoa butter, rapeseed oil (25%), sweet whey powder, hazelnut mass (5%), skimmed milk powder, defatted cocoa, sunflower oil, and

emulsifier: lecithin, salt, and flavors

f Sugar, cocoa butter, sweet whey powder, hazelnuts (20%), skimmed milk powder, lactose, defatted cocoa (7%), sunflower oil, and emulsifier:
lecithin
g Cane sugar, cocoa butter, hazelnuts (18%), roasted and chopped hazelnuts (4%), skimmed milk powder, defatted cocoa, sunflower oil, emulsifier:

lecithin, and vanilla

h Cane sugar, cocoa butter (6.5%), hazelnuts (18.5%), skimmed milk powder, defatted cocoa, sunflower oil, emulsifier: lecithin, and vanilla
i Cocoa butter, hazelnuts (33%), cocoa, sunflower oil, and xylitol
j Sugar, cocoa butter, rapeseed oil, shea nut oil, sweet whey powder, hazelnut mass (14%), skimmed milk powder, lactose, defatted cocoa, wheat

flour, sunflower oil, emulsifier: lecithin, butter fat, leavening agent, salt, and flavors (with chocolate biscuit crumbs and crispy brittle)

k Sugar, cocoa butter, corn starch, sweet whey powder, hazelnuts (13%), skimmed milk powder, defatted cocoa (9%), sunflower oil, emulsifier:
lecithin, and maltodextrin

1 Sugar, palm oil, hazelnuts (13%), skimmed milk powder (8.7%), defatted cocoa, emulsifier: lecithin, and vanilla

m Sugar, palm oil, hazelnuts (13%), skimmed milk powder (5.5%), defatted cocoa (3.7%), almonds, and emulsifier: lecithin

n Cane sugar, palm oil, hazelnuts (14%), defatted cocoa, sunflower oil, vanilla, and sweet lupine flour

o Cane sugar, palm oil, hazelnuts (13%), skimmed milk powder, defatted cocoa (7%), sunflower oil, and vanilla

P Sugar, palm oil, rapeseed oil, hazelnuts (13%), skimmed milk powder (7.5%), defatted cocoa (7.5%), emulsifier: lecithin, and lactase

q Cane sugar, palm oil, hazelnuts (45%), skimmed milk powder (10%), defatted cocoa (4%), and vanilla

r Cane sugar, palm oil, hazelnuts (15%), defatted cocoa (9%), sunflower oil, emulsifier: lecithin, and vanilla

s Sugar, palm oil, rapeseed oil, hazelnuts (13%), skimmed milk powder, defatted cocoa (9%), sunflower oil, and emulsifier: lecithin

t Sugar, palm oil, rapeseed oil, sweet whey powder, hazelnuts, skimmed milk powder (2.5%), defatted cocoa (6.5%), and emulsifier: lecithin

(inhomogeneous distribution of defatted cocoa (black-white pattern))

TABLE 2 Typical ranges of mass fractions of the main components in commercial nut spreads.

Vegetable oils

Hazelnut Milk ingredients

% [2.1, 57] (28, 53]

[5, 45] (5.5, 11] (3.7, 9]

The normalized signal attenuation SS,™" of the designed regions
(unitless) was plotted as a function of n-t., showing the
magnetization decays (Figure 3). The signal decays of the three
integration areas show identical time dependence within the
experimental error and are discussed in more detail in Section 3.1.

As the decays are independent of the chemical shift, the signal
can be measured integrally without loss of information as it is
usually done in TD-NMR. The echo maxima S were recorded as an
average over a few data points for each echo as a function of n-t,
(Figure 1). These TD-NMR 'H relaxation curves were normalized to
the signal amplitude of the first echo Sy and analyzed via fits of Eqs 1,
2 using Origin software, version 2021 (OriginLab Corporation,
Northampton, United States), using the Levenberg-Marquardt

Frontiers in Food Science and Technology

algorithm. The coefficient of determination R* was always larger
than 99%.

Nut spreads and raw oils and fats cannot be regarded as “simple”
spin systems, which is already evident from their chemical
composition and additionally motivated by the state of
aggregation of the components. Thus, magnetization decays differ
from a mono-exponential decay function which would be expected
for liquid and often diluted small molecules. To extract interesting
material parameters, the measured decays were further condensed
by modeling the decays with gamma distributions (Forster et al.,
2017), which allows the extraction of the mean value and the
distribution width of the transverse relaxation rates. The mean

transverse relaxation rate <R,> and the associated distribution
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FIGURE 1

The CPMG pulse sequence is a multi-echo sequence for the measurement of transverse relaxation. A 90° pulse is followed by repeated refocusing
by 180° refocusing pulses and echo acquisitions at intervals of half the echo time 1./2 with n-fold repetition until the signal decay was complete. In the
case of spectrally resolved measurements, n is incremented while only the last echo is acquired (high-field, top), whereas the entire echo train is acquired

in TD-NMR (low-field, bottom).

TABLE 3 Main parameters of the "H-NMR experiments.

Single pulse (300 MHz)

CPMG (300 MHz) CPMG (20 MHz)

Number of averages [-] 8 8 8
Number of acquired echoes [-] - 32 1,500
Acquired data points per spectrum [-] 8,192 8,192 -
Repetition time tg [s] 4 4 5
Echo time T, [ms] - 1.2 2
Temperature T [K] 298 298 [298, 373]
Measurement time [min] 1 19 1

width o were derived from the NMR raw data, according to the
following equation:

_(Rp?

02

£—<1+n-‘r-0— (1)
So © (Ry)

A bimodal distribution is required to describe numerically well
the magnetization decays of fats and multicomponent blends such as
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hazelnut-based spreads at temperatures below the melting
temperatures T < Ty

5 _R)? 5 _(Ryp)?
S o 7 o -
—=A|l+n1, - —— +A 1+n-re-—2>
So ( <Rz,l>> ( (Ro2)

The amplitudes A; and the relaxation parameters <R, ;> and o;
were determined by non-linear least squares fits. The fit parameters

)
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FIGURE 2

The spectrally resolved transverse relaxation at 300 MHz on a
hazelnut-based spread shows a continuous decay independent of the
chemical shift, apart from the significant line broadening.
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FIGURE 3

The normalized transverse signal decays at 300 MHz of the two
broad main signal regions 1 (inset, black region) and 2 (inset, red
region) on a hazelnut-based spread show identical transverse
relaxation behavior down to the noise level. An integral (inset,

blue region) measurement of the transverse relaxation is, therefore,
appropriate. The curvature of magnetization in the semi-log graph
indicates a distribution of relaxation rates.

provide detailed insights into the relaxation behavior of the spreads
and will be discussed in the context of quality control and fraud
detection.

2.4 Statistical validity

In quality control, the meaningfulness of sample preparation,
raw data, and processing errors need to be known to be able to grade
an analytical tool. The repeatability of a typical TD-CPMG
measurement was, therefore, measured by investigating a single
nut spread under worst-case conditions, i.e., measurements at room
temperature, on a sample containing PO, taking 10 measurements
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FIGURE 4

Mean measured signal <S> in a repeated CPMG experiment at

20 MHz on a nut spread at room temperature. The error bars indicate
the calculated standard deviation of each measured echo over

10 repetitions. The noise level scatters by less than 1% absolute;

the first echoes with the largest signal intensity in the inset show an
absolute scatter below 2%.

on the same sample tube to detect the error of the instrument (case
A). In addition, the sampling error was investigated by filling and
measuring 10 independently prepared samples of the same nut
spread (case B).

The mean value of the measured data points (Figure 4) and the
standard deviations of each data point in a low-field CPMG were
deduced for cases A and B. The sample temperature was room
temperature, which is a worst-case scenario: The permanent magnet
was thermostated at 308 K with a potential impact on the sample
temperature, which should be constant at 293 K. A probe was used
which compensates this effect of temperature gradient at least
partially; this high-temperature probe allows for measurements in
the temperature range [173, 473] K as it is equipped with a vacuum-
isolated glass dewar with the drawback that the radio frequency coil
is much larger in diameter than the optimum diameter at
approximately 12mm for a 10-mm sample. The sensitivity of
this probe is, therefore, lower than that of a non-thermostated
probe. The vendor specification of a reproducibility of 5% of an
NMR signal is met over the complete time scale of the CPMG
measurement (Figure 4, case A); the observed values are significantly
smaller than the specification. For case A, the statistical error in the
time range n-T, > 1s is less than 1%, measured as the absolute
standard deviation of the raw signal; it amounts to a maximum of
2% measured as the relative error for n-t. < 1s. For the
reproducibility of sampling (case B), the errors are similar; the
relative error for n-1, < 1 s amounted to 4%. Sample preparation
induces, therefore, an additional error, as expected. In addition,
the errors induced by data processing were quantified for both
cases. As expected, modeling leads to additional statistical and
systematic errors (Table 4). The mean relaxation rates show a
relative error of the standard deviations of 4% (<R, ;>) and 5%
(<R,,>), while the relative error of the amplitudes is
approximately 4% (A;) and 10% (A,) for case A. For case B,
the relative errors are slightly larger.

frontiersin.org


https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2023.1294332

10.3389/frfst.2023.1294332

Trapp et al.

TABLE 4 Reproducibility of the measured NMR parameters deduced from CPMG measurements at 20 MHz on nut spreads. The model used was the bimodal gamma
distribution model, leading to the mean relaxation rates, the width of the distributions, and their amplitudes. Ten NMR measurements were performed on the
same sample to determine the measurement error of the instrument (case A). To determine the additional error introduced by sample preparation, 10 samples of
the same nut spread were prepared and measured (case B). Different nut spreads were used for cases A and B, and the absolute values, therefore, differ slightly.

Parameter <Ry1> [s7] <Ry> [s]
A) Errors in raw data and data treatment
Mean value 16.0 2.5 49 0.6 0.7 0.3
Standard deviation 0.7 0.2 0.3 0.1 0.03 0.03
Relative error [%)] 42 9.5 5.5 16.9 3.6 9.6
B) Errors in sample preparation, raw data, and data treatment
Mean value 18.1 1.9 5.4 0.4 0.8 0.2
Standard deviation 0.9 0.2 0.4 0.04 0.03 0.03
Relative error [%] 5.1 10.3 7.4 11.0 32 13.0

A 10°:% cegl B 10°3{ PO
— 1074 107
o 10724 » 1024
1024 10°4
00 05 10 15 20 25 3.0 00 05 10 15 20 25 3.0
N, [s]

n, [s]

FIGURE 5

Normalized "H-CPMG magnetization decays (t. = 2 ms, TD-NMR, 20 MHz) of CB (A) and PO (B) for T ¢ [298, 373] K: 298 K (Hl), 303 K (@), 308 K (A),
313 K(V), 318 K (@), 323 K (d), 328 K (), 333 K (), 338 K (), 343 K (@), 348 K (@), 353 K (+), 358 K (X), 363 K (K), 368 K( ),and 373 K (). Please note
the step in the relaxation decay of CB between 308 K and 313 K compared to PO, indicating melting at lower temperatures.

B 1.0 [ s T S o e ey
b “gecc
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FIGURE 6

Parameters of transverse relaxation measured on the reference samples HNO (Hl), RO (@), SFO (V), PO (@), and CB (A) as a function of T e [298,
373] K at 20 MHz: (A) <R,1> € [9, 37] s™* (unfilled symbols) and <R, > € [2, 12] s™* (filled symbols) with o; and o, as error bars, respectively. (B) A; (unfilled
symbols) is in the range [0, 78] %, while A, = 1-A; (filled symbols) dominates in the liquid state. <R, 1> of both PO and CB are larger than <R,> of the
vegetable oils HNO, RO, and SFO at T < Tyw. The phase transitions between solid and liquid phases (colored regions) of CB (blue) and PO (red) were

deduced from transverse magnetization decays.
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FIGURE 7

Magnetization decays at 20 MHz of two exemplary spreads were modeled by monomodal gamma distributions for large T, whereas at lower T, the
bimodal description was appropriate. (A) The fast relaxing component is given by the mean value of distributions <R, 1> € [11, 24] s™* (unfilled symbols) and
the slower component by <R, »> e [3, 11] s™ (filled symbols) with o, and o, as the corresponding distribution widths (error bars). (B) A; (unfilled symbols) in
the range [0, 70] % and A, = 1-A, (filled symbols) of the nut spread samples a (M) and | (@) as a function of T e [298, 373] K. The colored regions
indicate the temperatures where the spreads appear as molten, as measured by <R, ;>. The spread with PO (sample |, Ty = 327 K) can easily be
distinguished from the spread with CB (sample a, Tu = 317 K) not only by the melting temperature range but also especially by the temperature

dependence of <R,>.

3 Results and discussion

3.1 'H transverse relaxation of hazelnut-
based spreads at 300 MHz

The 'H magnetization decays were measured at 300 MHz
(Figure 3). This NMR spectrometer has a good magnet
homogeneity, which allows measuring 'H spectra with a good
line width, i.e., the spectra are spectrally resolved, in contrast to
TD-NMR at 20 MHz discussed below in Section 3.2. The
magnetization decays were analyzed for the two broad signals,
which are superpositions of the NMR signals of different
functional groups. It should be noted that the lines are broad,
significant homonuclear dipolar couplings, thus
the information. Molecular ~dynamics
averages this dominant spin-spin interaction only partially and is

indicating
obscuring chemical
exploited to get access to the quality of the hazelnut-based spreads. A
deduction of chemical composition from these 'H NMR spectra is
hardly possible; dilution in an adequate solvent like deuterated
chloroform would be needed. Nevertheless, the mean transverse
relaxation rates and the corresponding distribution widths can be
obtained. Modeling with a bimodal gamma distribution results in
two mean relaxation rates <R,;> and <R,,>, their distribution
widths o, and o,, and amplitudes A; and A,, which are almost
identical and independent of the chemical shift. The analysis of the
marked ranges results in identical signal amplitudes within the
experimental error. The transverse relaxation depends on the
Larmor frequency which is modeled, for example, in the BPP
theory (Bloembergen et al, 1948), the
that of correlation times near the

dominant
field-
independent inverse line width. This circumstance and the

while
contribution is

above-discussed observations pave the way for TD-NMR. The

mq20 low-field instrument, which is suitable and well-established
in quality control, can be used to measure the integral transverse
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relaxation. This is justified by the analysis of the 300-MHz transverse
relaxation measurements and leads to significantly reduced
measurement times (Table 3).

3.2 'H transverse relaxation of fat and oil
reference samples at 20 MHz (TD-NMR)

Transverse relaxation is clearly different for liquid and solid
phases of fats, as utilized already in solid fat content (SEC)
measurements (Bosin and Marmor, 1968; Mansfield, 1971; Van
Putte and Van den Enden, 1974; IUPAC (International Union of
Pure and Applied Chemistry, Commission on Oils, Fats and
Derivatives), 1987; International Organization for Standardization
ISO 8292, 1991; AOCS Official Methods Cd 16-81, 1993; AOCS
Official Methods Cd 16b-93, 1997; Marangoni et al., 2000). Thus, it
is possible to distinguish the reference samples contained in spreads,
such as the liquid oils HNO, SFO, and RO, from the solid fats PO
and CB at room temperature. In addition, the solid-liquid phase
transitions of PO and CB can be detected, as shown in the example
of the normalized transverse signal decays of CB and PO, measured
in the temperature range T € [298, 373] K (Figure 5).

The transverse signal decays cannot be described in a physically
meaningful way with a monomodal gamma distribution at T' < Ty,
in contrast to HNO, SFO, and RO. Ty, here defined as the melting
temperature, must be known for the fats and the spreads as it shows
up in the CPMG measurements. The definition within this paper is
as follows: to determine T, all data were modeled with a bimodal
gamma distribution over the complete temperature range.
Subsequently, the amplitude fractions of the two distributions are
compared to quantify the temperature transition range
characterized by T, above which the data are better described
by a monomodal gamma distribution, neglecting a small
magnetization fraction in the range of 2% (Figure 6). Ty is, thus,
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(A+C) <R 1> €[7,29] s (unfilled symbols) and <R, »> € [2, 10] s* (filled symbols) with o; and o5 (error bars), respectively, (B + D) A; (unfilled symbols) in
the range [0, 80] % and A, = 1-A; (filled symbols) of the nut spreads with CB (top, blue: sample a (l), b (@), c (&), d (¥), e (@), f (d), g ). h (@), i (%), ]
(®), and k (@); Table 1) and with PO (bottom, red: sample | (l), m (@), n (A&), o (V¥), p (@), g (), r (), s (®), and t (*); Table 1) as a function of T e [298,
373] Kat 20 MHz. The colored regions indicate the temperature range where all nut spreads with CB (blue, Ty € [317, 325] K) and PO (red, Ty € [325,
336] K) appear as molten, as deduced from transverse magnetization decays. Nut spreads with CB have a larger dispersion of <R ;> € [3, 29] s* compared

to PO.

defined as the cross-over point of the two amplitudes A; and A, in
this approach.

This approach differs from SFC determination. For the direct
SEC determination, the signal amplitude A of an FID is recorded at
approximately 10 ps, directly after the probe’s dead time of
approximately 6 us, and 70 ps. This leads to the amplitude of the
solid Ag = A (10 ps)-A (70 ps), while A (70 ps) = Ay is the amplitude
of the liquid oil fraction. The corrected ratio of these amplitudes is
SEC. SFC is temperature-dependent and already allowed the
detection of crystal morphologies of CB and similar fats in
combination with well-defined tempering schemes (Petersson
et al, 1985; van Duynhoven et al, 2002). With echo times of
1.2 ms and 2 ms (Table 3), the solid fractions in the sense of SFC
are not detected in the current approach of exploring CPMG decays.
The approach in this study leads, therefore, to different ranges of
melting temperatures and reflects changes in molecular dynamics of
the liquid part of SFC (Petersson et al, 1985). In addition, we
observed only the melting of the samples without tempering them
along a protocol. All samples were, however, stored at room
temperature for weeks before the measurements.

The the
components <R, ;> € [9, 37] s with a larger fraction A, e [0.52,
0.78] of both solid fats CB and PO are considerably larger than the
mean relaxation rates <R,> € [2, 11] s* of HNO, SFO, and RO for

mean relaxation rates of faster relaxing

Frontiers in Food Science and Technology

T < Ty. The mean relaxation rates of the slower relaxing
components <R,,> € [2, 12] s instead are in a similar order of
magnitude, indicating the wide spread of molecular fluctuation time
scales in these fats. <R, ;> of CB and PO could possibly represent the
high-melting triglycerides (e.g., 1,3-dipalmitoyl-2-oleoylglycerol
(POP)), whereas <R,,> could be assigned to the low-melting
triglycerides (e.g., 1,3-dioleoyl-2-palmitoyl glycerol (POO)) in
both fats (Miiller, 2020; Ghazani and Marangoni, 2021).

HNO, SFO, and RO mainly have a high content of unsaturated
fatty acids, i.e., lipophilic molecules in the liquid form at room
temperature. The intramolecular, specifically homonuclear dipolar,
interactions are time-averaged, leading to long magnetization decays
and relatively low relaxation rates in the CPMG experiments. The
intrinsic mobility in these fat molecules is larger, i.e., the fluctuations
are on a faster time scale than in the structured solids CB and PO in
the temperature range observed. At T = 298 K, CB and PO, both
known for their polymorphism, consist of both “liquid” and “solid”
triglycerides on the time scale of R,. In contrast to HNO, SFO, and
RO, the polymorphic crystalline structures in CB and PO influence
intrinsic mobility and thus cause faster "H transverse relaxation.
Thus, <R,> of HNO, SFO, and RO is smaller than <R, ;> of CB and
PO for T < Ty. In contrast, <R,,> of CB and PO reflects mobile
fractions or functional groups, which relax on a time scale similar to
HNO, SFO, and RO. As temperature increases, <R, ;> decreases, and
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TABLE 5 Mean values (M), standard deviations (SD), and minimum (Min) and maximum (Max) values of the mean relaxation rates <R,,;>, and the corresponding
distribution widths o; and amplitudes A; as a function of temperature T for the nut spreads with cocoa butter (A) and with palm oil (B). Melting ranges are Ty, € [317,
325] K for nut spreads with cocoa butter and Ty, € [325, 336] K for nut spreads with palm oil and are marked in color.

A) Nut spreads with cocoa butter

T [K] <Ry1> [s]

M SD Min Max

303 19.0 2.7 15.6 260 | 10 | 26 0.0 8.6 6.5 0.7 52 7.6 06 | 0.6 0.1 1.8 0.37 | 0.02 = 033 0.40
308 17.3 3.1 12.9 252 | 18 3.1 0.0 8.4 6.0 1.0 4.3 8.1 05 | 0.6 0.1 1.8 039 | 0.03 | 034 0.44
313 15.7 35 10.8 246 | 22 2.5 0.0 6.1 53 0.8 3.8 6.6 0.7 0.6 0.1 1.8 045 | 0.03 | 039 0.49
328 - - - - - - - - 7.1 1.1 5.6 9.5 3.1 0.6 2.4 4.4 096 = 0.03 | 0.90 0.99
333 - - - - - - - - 6.6 11 5.1 8.8 29 06 2.1 4.1 095  0.03 090 0.98
338 - - - - - - - - 6.1 12 4.7 8.9 26 06 1.9 4.2 095 0.02 091 0.98
343 - - - - - - - - 5.7 1.1 4.3 8.3 24 | 06 1.7 3.8 095 | 0.02 | 0.90 0.97
348 - - - - - - - - 5.5 12 4.0 8.3 2.3 0.6 1.5 3.7 095  0.02 091 0.97
353 - - - - - - - - 5.2 12 3.7 8.0 2.1 0.6 14 3.6 0.94  0.03 090 0.97
358 - - - - - - - - 5.0 12 3.6 8.0 2.1 0.6 1.4 3.6 0.94  0.03 090 0.97
363 - - - - - - - - 4.9 1.3 33 8.1 2.1 0.7 12 37 0.94  0.03 090 0.97
368 - - - - - - - - 4.8 1.4 32 8.2 20 07 11 3.7 0.94  0.03 090 0.97

B) Nut spreads with palm oil
T[K] <Ry1> [s]

M SD Min Max M SD Min Max

343 - - - - - - - - 4.9 0.8 3.7 6.3 2.0 0.4 1.7 27 095 0.3 0.91 0.98
348 - - - - - - - - 4.6 0.8 34 6.2 1.9 0.4 1.5 28 095 0.2 0.91 0.98
353 - - - - - - - - 4.4 0.9 3.0 59 1.7 0.4 13 26 095  0.02 0.90 0.98
358 - - - - - - - - 4.1 0.9 2.7 5.8 1.6 0.5 12 26 095  0.02 0.90 0.98
363 - - - - - - - - 3.9 1.0 2.5 57 15 0.5 1.0 26 094 003 0.90 0.98
368 - - - - - - - - 3.8 1.0 2.4 54 15 0.5 0.9 25 094 0.02 0.91 0.97
373 - - - - - - - - 3.6 1.1 2.3 55 14 0.6 0.8 26 094 003 0.90 0.97

In the original version, the lines of the transition temperatures were marked in color (A) for cocoa butter T = 318 and 323 K, blue and (B) for palm oil T = 328 and 333 K, red).
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the amplitude proportions of faster and slower relaxing components
in CB and PO, reflecting temperature-dependent melting, change.

<R,1>=37s" of CB is larger than <R, ;> =29s" of PO at T =
298 K. <R, ;> decreases steadily with temperature for CB, whereas
the decrease in <R, ;> of PO, reflecting the transition from a solid to
a liquid phase, is observed over a wider temperature range. Thus,
melting as monitored by TD-NMR CPMG is determined for CB at
Ty = 314K, for PO at Ty; = 324 K. This reflects the multiscale
properties of fats and is consistent with other studies, for example,
Sonwai et al. (2014), Nikolaeva et al. (2018), and Nikolaeva et al.
(2019) and references therein. At T > Ty, ie., in the liquid state,
transverse relaxation occurs on a similar time scale for all measured
reference samples. Due to the different characteristics of triglyceride
compositions of CB and PO, the fats do not have well-defined
melting temperatures but melting temperature ranges which are
additionally strongly influenced by the polymorphism of the
respective fat crystals (Garti and Sato, 2001; Chong et al., 2007).
Different triglycerides of PO with their respective different melting
ranges allow diverse fractions to be obtained from PO (Omar et al.,
2015; Yilmaz and Agagiindiiz, 2022). The two best-known products
of fractionation are palm olein and palm stearin. Fractionation
allows one to separate oils or fats with different physical
properties and mix them in specific ratios to produce products
such as nut spreads with defined phase transition ranges. For
example, a higher proportion of palm stearin can give the
product a higher Ty = 325K (Hubbes et al., 2020). In addition,
the time scales of tempering and of observation, i.e., the analytical
method, need to be considered when defining a solid-liquid phase
transition.

3.3 'H transverse relaxation of hazelnut-
based spreads at 20 MHz (TD-NMR)

Hazelnut-based spreads can be classified into spreads with CB or
with PO when considering fat composition, as indicated on the
packaging. The measurements on two representative nut spreads
with CB (sample a, Table 1) and PO (sample ], Table 1) result in the
temperature dependence of transverse relaxation shown in Figure 7.
The low-temperature magnetization decays need to be modeled by
bimodal gamma distributions, while at T'> 330 K, similar behavior is
observed, as for the reference samples CB and PO (Figure 7). This
similarity led to the conclusion that the melting of these two fats is
mainly observed as changes in magnetization decays when
measuring CPMG on the spreads as a function of temperature in
the range [298, 373] K. Monomodal distributions describe the data
sufficiently for T' > Ty, and the cross-points of the amplitudes can be
defined according to the previous definition. This leads to Ty =
317 K in the case of sample a and to Ty; = 327 K for sample 1.

This difference is explored in the following for other commercially
available nut spreads to prove the reliability of the approach and to get
an estimate of the span of the values within the two classes of hazelnut-
based spreads: Eleven hazelnut-based spreads with CB are compared to
nine samples with PO, regarding their transverse relaxation behavior
(Figure 8). When collecting the samples, special emphasis was placed on
the maximal variation of ingredients and of origin to sense the span
width of transverse relaxation of commercially available hazelnut-based
spreads.
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At T < Ty, bimodal distributions describe the measured
magnetization decays numerically very well, while above Ty, a
monomodal distribution leads to relaxation rates in the order of
the reference oils. Spreads with CB show a pronounced decrease
in <R,;> in the temperature range Ty € [317, 325] K, whereas
spreads with PO show a decrease at higher temperatures Ty € [325,
336] K. Common to all of them is that Ty values of spreads are larger
than those of the reference samples, which is attributed to the
presence of solid components and the composition detailed in
Table 1.

Since spreads are multicomponent systems (Table 1), the
observation is in line with findings on other materials and is
caused by interactions between different ingredients, leading to
changes in the microscopic structure, which affect R,. The critical
temperature range marked in Figure 8 depends on the fat type and
content, sugar content, and other ingredients, especially solid
particles like fibers, crunchies, and pieces of chocolate. The
higher Tj; value of spreads containing PO is in line with the
finding on PO. Furthermore, the scatter in Ty of different nut
spreads can be attributed to different triglyceride compositions by
fractionation; a wider Ty, range is, therefore, expected.

A larger dispersion of the relaxation values <R,;> € [3, 29] s’
was measured for nut spreads with CB. It is possible that the
faster <R,;> is related to a higher content of solid components
contained therein, such as dried rice syrup or dietary fiber, or a low
addition of clarified butter, for example, spread j. The hazelnut-
based spreads containing PO show a larger span-width in the
amplitudes, which is mainly due to sample t with a white-brown
pattern in the spread. This indicates that the coloring agent defatted
cocoa powder also plays a major role in transverse relaxation at T' <
Ty Despite large recipe variations, it, nevertheless, is possible to
distinguish spreads with PO or CB via transverse relaxation with
TD-NMR. As a supplement to Figure 8, Table 5 shows the mean
values (M), standard deviations (SD), and minimum (Min) and
maximum (Max) values of the respective parameters of the data
analysis as a function of temperature.

The difference in the transverse relaxation behavior as a function
of T provides the basis for an SOP to characterize hazelnut-based
spreads in the sense of quality control and to detect frauds:

1) Sensitive low-field NMR spectrometer capable of "H multi-echo
detection in a temperature range T € [253, 353] K, preferentially
equipped with a 10-mm probe and a cylindrical sensitive region
of 10 mm height.

Sample preparation: Conventional 10-mm glass tubes are filled
with the spread up to a filling level of 10 mm for defined rf-
pulse properties and decently homogeneous temperature
within the sample volume. To avoid smearing over the
whole NMR tube, two approaches can be used: one
approach is applied where the spread is extracted from the
package using a plastic or metal tube with an outer diameter
smaller than the inner diameter of the NMR tube. The spread is
pulled out into the NMR tube by either pressurized air or
mechanically by a stamp fitting into the plastic or metal tube.
The alternative is to use a dedicated cylindrical vial with an
outer diameter of <10 mm and a height of <20 mm. The small
sample-containing vial is placed into the NMR instrument with
a dedicated holder, preferentially equipped with a thread for a
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stable connection to the vial and made of a material with low
heat capacity and small diameter for minimal temperature
gradients.

The sample is placed into the instrument. The sample chamber is
at the lowest temperature when starting the analysis. The sample
is kept for a minimum of 10 min at that temperature in the NMR
instrument, the NMR pulse sequence parameters and the
matching of the NMR probe are checked, and finally, the
measurement is determined.

4) Data processing needs to be done with either the inverse Laplace
transform or with a mathematic analytical distribution model as
the preferred gamma model described above.

T-dependent measurements are performed, and the relaxation
rates are plotted, including the distribution width as a function of
T. The steepest slope and change of the magnetization decays are
deduced, and it is compared with values of known hazelnut-
based spreads according to the procedure described above.
The thus the
classification of the measured spread as mainly based on CB
(Ty < 325K) and PO (Ty; > 325K).

determined melting temperature allows

The method was found to work reliably for commercially available
hazelnut-based spreads. Deviations occur and are expected for spreads
containing other oils and fats and of drastically different compositions.
For example, almond-containing spreads show a different melting
behavior and need, therefore, a separate treatment.

4 Conclusion

Transverse relaxation was measured by TD-NMR, which was
justified by comparative measurements on a 300 MHz NMR with a
spectral resolution revealing unique relaxation over the chemical
shift range. TD-NMR, thereby, has the advantages of being relatively
simple and comparable low costs in investment and maintenance,
which makes a dedicated application suitable for industrial
application in quality control and fraud detection.

Cocoa butter and palm oil can be distinguished by transverse
relaxation, even in more complex recipes of spreads containing solid
fractions or inhomogeneously distributed defatted cocoa powder. Care
should be taken regarding the choice of temperatures that need to be
scanned to obtain a reliable evaluation of the spread under investigation.

From the scientific point of view, the results show that the main
components which cause the steep change in relaxation as a function of
temperature are the two named fats, while the other ingredients are not
neglectable but determine the span-width, especially in the temperature
range below the melting temperature range. Further investigation will
consider the impact of palm oil fractionation and of other oils, almonds,
or peanuts, which were excluded in the present study.
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