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Abstract: Low-cost and user-friendly benchtop low-field nuclear magnetic resonance (NMR) spec-
trometers are typically used to monitor food processes in the food industry. Because of excessive
spectral overlap, it is difficult to characterize food mixtures using low-field NMR spectroscopy. In
addition, for standard compounds, low-field benchtop NMR data are typically unavailable compared
to high-field NMR data, which have been accumulated and are reusable in public databases. This
work focused on NMR parameter visualization of the chemical structure and mobility of mixtures
and the use of high-field NMR data to analyze benchtop NMR data to characterize food process
samples. We developed a tool to easily process benchtop NMR data and obtain chemical shifts and
T, relaxation times of peaks, as well as transform high-field NMR data into low-field NMR data. Line
broadening and time—frequency analysis methods were adopted for data processing. This tool can
visualize NMR parameters to characterize changes in the components and mobilities of food process
samples using benchtop NMR data. In addition, assignment errors were smaller when the spectra of
standard compounds were identified by transferring the high-field NMR data to low-field NMR data
rather than directly using experimentally obtained low-field NMR spectra.

Keywords: food process monitoring; agriculture; fishery; livestock; benchtop NMR; short-time
Fourier transform; fitting; transfer simulation; composition; physical properties

1. Introduction

The sensitivity and resolution of an analytical nuclear magnetic resonance (NMR) spec-
trometer are significantly related to its magnetic field strength. Thus, state-of-the-art high-field
NMR spectrometers that achieve field strength of up to 1200 MHz using superconductors have
been developed [1]. However, a high-field NMR spectrometer has high initial investment,
running, and maintenance costs [2]. Therefore, such spectrometers are expensive for small
to medium-sized companies, government agencies, and public institutions, including those
operating in primary agriculture, forestry, fishery sites, and food and chemical industries.
Therefore, affordable low-field benchtop NMR spectrometers have been developed. These
spectrometers are typically equipped with permanent magnets (42-100 MHz), which do not
require expensive cooling systems and consumables [3]. Furthermore, these spectrometers
require a smaller footprint than high-field NMR spectrometers; thus, they are easier to operate,
and their operational costs are typically 1/5-1/20 of high-field spectrometers [3,4]. Benchtop
low-field NMR spectrometers are widely used in different fields, such as agriculture, food
chemistry, geology, pharmaceuticals, and materials science [5-12]. In recent years, we devel-
oped a database and performed statistical multivariate analyses such as nonnegative matrix
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factorization [13,14] for separating small and large molecules using a benchtop low-field NMR
spectrometer. The focus of our applications is on the accumulation of NMR spectra of samples,
which are obtained from a variety of food processes [15,16].

The low sensitivity and resolution of low-field NMR spectrometers [4,12] overlap
NMR peaks, making NMR spectra difficult to analyze [3,17]. Furthermore, benchtop low-
field NMR poses challenges in terms of sample throughput and measurement accuracy in
the food industry [18]. Therefore, computational methods [19,20] and data-driven analy-
ses [21,22] have been commonly used to improve low-field NMR spectra. The application
of a computational method enables the extrapolation of information hidden in experi-
mental data. Moreover, the accumulation and use of extrapolated information typically
significantly reduces the amount of time and effort required for the measurements.

Various computational methods have been developed, including nmrglue [23], SIMP-
SON [24], SPINEVOLUTION [25], dmfit [26], EASY-GOING deconvolution [27], INFOS [28],
Fityk [29], ssNake [30], spectral correction [31], spectral separation [32], fitting [33], numer-
ical simulation [34], and noise reduction methods via principal component analysis [35].
During the analysis of low-field NMR spectra with extensive peak overlapping, sufficient
data processing must be performed before the fitting process because of the dependence on
the spectral phase, baseline, and signal-to-noise ratio (SNR) [31]. Moreover, spectral separa-
tion by fitting can determine the intensity, chemical shift, line width, and T,* relaxation
time of the peaks measured [35]. The simulation and fitting of low-field NMR spectra have
generally been performed in either the frequency or time domain. We previously proposed
a time—frequency analysis method, which is a signal deconvolution method that combines
short-time Fourier transform (STFT) with probabilistic sparse matrix factorization [36] and
nonnegative tensor/matrix factorization [22]. By simulating signals for both the frequency
and time domains, we could separate signals related to the motility characteristics of
the domain structure on the basis of chemical shift and T>* relaxation time indicators in
NMR spectra.

In principle, the T, relaxation time is the decay constant of a free-induced decay (FID),
which is obtained by decaying the transverse magnetization resulting from the application
of a 90° pulse. This study dealt with T,* which includes magnetic field inhomogeneity.
The analysis of the FID relaxation time of a sample can provide important insights into the
sample’s chemical composition, structure, and mobility [37,38]. The FID relaxation times
can be calculated using Lorentzian, Gaussian, Voigt, and other functions in the frequency
domain and the T,* relaxation time equation in the time domain during the simulation and
fitting of NMR signals [39,40]. The differences in T,* relaxation times can be adjusted using
the Weibull coefficient [37].

Spectral data transfer that adapts information about an acquired spectrum to the target
spectrum is used when using data from different instruments [41]. Various methods were
proposed for spectral data transfer from low-field to high-field NMR, which include direct
standardization and piecewise direct standardization [42,43]. The possibility of NMR data
transfer from a low field to a high field has also been investigated in time-domain NMR [44].
In addition, calibration transfer of low-field proton NMR (*H-NMR) spectra using partial
least squares regression in 40-, 60-, and 80-MHz benchtop NMR has been investigated [45].

In this study, we propose an approach that combines STFT fitting and data transfer
simulations for food mixtures, which are analyzed using benchtop low-field NMR spec-
trometers. We note that the use of STFT fitting leading to NMR data transfer from high-field
to low-field NMR has not been reported. We investigated the application of the proposed
method to food process samples (boiling of carrot, fermentation of yogurt, and sashimi
(raw fish)) characterized using low-field NMR spectrometers in a previous study [15].
First, we developed a parameter visualization tool to process benchtop NMR data and
easily obtain chemical shifts and T, relaxation times of peaks. Second, we transformed
high-field NMR data for standard compounds, which have been accumulated in public
databases over many years, into low-field NMR data. Assignment and root-mean-square
deviation (RMSD) values [46] were calculated for three fish food mixtures using spectral
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data measured using a 60 MHz benchtop low-field NMR spectrometer and simulated
spectra transferred from 700 MHz NMR. Furthermore, the proposed method was applied
to the evaluation of compositional changes in the milk fermentation process using 60-MHz
NMR spectra. The results obtained using our method were then compared with previously
reported simulated NMR spectra obtained using GISSMO [19].

2. Materials and Methods
2.1. NMR Measurements

High- and low-field NMR measurements were conducted using the AVANCE II-700
spectrometer (Bruker, Billerica, MA, USA) and benchtop NMReady-60PRO spectrometer
(Nanalysis, Calgary, AB, Canada), respectively. TH-NMR measurements were conducted
using both spectrometers. In the high-field NMR measurements, 65,536 data points were
collected with a spectral width, relaxation time, dummy scans, and integration times of
16 ppm, 3 s, 4, and 32 s, respectively. In the low-field NMR measurements, 2048 data
points with a spectral width of 12 ppm and a relaxation time of 3 s were obtained from
previously measured food process monitoring data collected from primary industries such
as agriculture (boiling process (0, 10, 30, 60 min) of carrot), dairy farming (fermentation
process (0, 1.5, 3, 6, 8.5, 20, 24, 48 h) of milk), and fisheries (sashimi (raw fish) process of
tuna (n = 2), sardine (n = 2), and flatfish (n = 1)) [15].

2.2. Data Processing and Parameter Visualization

The measured FIDs obtained using the high- and low-field NMR spectrometers were
processed using nmrglue and the Python library. In particular, zero-filling, phase correction,
baseline correction, and line broadening with a window function were performed (Figure S1).
The processed FID data were then subjected to STFT to generate three-dimensional (3D) data
with frequency/time/intensity information (Figures S2-54). Data processing and parameter
visualization (chemical shifts and T relaxation times of peaks) results are output to a CSV file
and images. By STFT, frequency information may be lost if the number of data points is small.
The number of data points was adjusted to compensate for that frequency information.

2.3. Fitting Method

For the STFT-processed 3D data, a fitting method was used to identify and quantify
the ingredients in a food sample. To fit frequency information, we used the Lorentz
function [47,48], which is given by Equation (1).

L(x) = M0<n(x]+72)). (1)

where M) represent intensities, -y is the half-width at half-maximum in the Lorentzian
function, and x is the frequency information.
To fit temporal information, we used the T,* relaxation time function [49] given by

Equation (2).
M) = Myerp{ (72 )} @

where M6 represent intensities, T; represents the T,* relaxation time, and t is the time
information.

2.4. Identification of Components in Food Mixtures

Spectra of food process samples such as carrot, yogurt, and fish were annotated with
reference to GISSMO [19] (Tables S1-S3). Data obtained from five standard compounds,
including choline, trimethylamine N-oxide (TMAO), lactate, creatine, and histidine, as
components based on previous analyses of fish and yogurt were obtained by fitting (see
Table S4) [13,15,32]. Data obtained from tuna, sardine, and flatfish food mixtures were used
for the characterization (see Tables S5-S7).
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2.5. Removal of Water-Derived Spectra

Peaks within the range of 5.507-5.86 ppm were water-derived by low-field NMR. The
calculation process was performed so that the peak intensities in this range were the same.

2.6. Transfer Simulation Method of NMR Data from High-Field to Low-Field NMR

An NMR data transfer simulation method was used to identify the peaks of benchtop
NMR spectra with the reuse and transformation of high-field NMR spectra in the food
mixtures. To account for errors in the spectral chemical shifts, we adjusted the £0.03-ppm
spectra by referring to previous studies [50]. In addition, we adjusted the pH of histidine
in the standard compounds to reduce the RMSD value. The line broadening method [51],
which integrates the window function of the exponential function into the spectrum, was
used to convert high-field NMR data to low-field NMR data. The broadening parameter
was 1 Hz, which was derived from a spectral width of 1.0 Hz ((11,600 Hz) x 0.0000896).

3. Results and Discussion
3.1. Parameter Visualization and Fitting

In our previous study, food processes, such as boiling carrots and fermentation of
yogurt and sashimi raw fish, contain both small and large molecules, which produce broad
NMR spectrum peaks [13,14,52]. Their components and physical properties change during
food processes. In this study, we investigated methods and tools for parameter visualization
and characterization of the components and the physical properties of mixtures in the food
process (Figure 1la—c). The parameter visualization and transfer of NMR spectra from high-
field to low-field NMR for NMR spectral characterization of compounds in food process
samples in agriculture (a; boiling process of carrots), livestock (b; fermentation process
of milk), and fishery (c; sashimi process of fishes) is summarized in Figure 1. The output
of the parameter visualization process in tuna’s 'H NMR data are shown in Figure S1.
NMR data are processed as follows. (1) original FID, (2) zero-filling, (3) Fourier transform,
(4) autophase correction, (5) manual phase correction, (6) autophase correction after manual
phase correction, (7) baseline correction, (8) inverse Fourier transform, (9) water signal
deletion and z-score calculation, (10) inverse Fourier transform after water signal deletion,
(11) window function processing, (12) STFT, (13) visualization of the frequency domain
of STFT-processed data, (14) z-score calculation and peak detection, (15) fitting of the
frequency domain, and (16) visualization of peaks in the time domain.

Parameter visualization of 'H NMR spectra involved in primary industry processes
can provide information about the chemical shift and T? relaxation time for food process
monitoring (Figures 2 and 52). In the boiling process of carrots, the T, relaxation time
of sucrose changes with the boiling time (Figures 2a and S2a and Table S1). Thus, we
could monitor the differences in the motility of carrot sucrose (3.54 ppm) due to heating.
In the fermentation process of milk, there were no differences in the T, relaxation time
of lactose (5.26 ppm) with fermentation time (Figures 2b and S2b and Table S2). Thus,
the components and conditions of the fermentation process can be monitored. In the
sashimi process, differences in the T relaxation time of lactate (1.35 ppm) were observed
among different fish species and individuals (Figures 2c and S2c and Table S3). Therefore,
differences in composition and meat quality among fish species and individuals could be
used for monitoring.

We performed STFT on both high-field and low-field NMR data of five standard
compounds and a food mixture (i.e., tuna) to generate a set of 3D data with time/frequency
information (Figures S3 and S4). The chemical shifts, intensities, and line widths of NMR
peaks were obtained via peak picking and fitting to the frequency information contained in
the generated 3D data. The T5* relaxation time was obtained by fitting the time information.
The parameters for the sample compounds and food mixture (i.e., tuna, sardine, and flatfish)
tested are summarized in Tables 54-56, respectively. The amounts of the five standard
compounds found in the food mixture were calculated via low-field NMR spectroscopy
(Figure 3a). The two peaks in the food mixture (black curve) shifted significantly from the
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histidine assignment of the standard compound to the low-field NMR data (blue curve).
This could be due to the difference in pH between the food mixture and sample compounds.
The shifts observed for the lactate peaks (orange curve) were also similar. A representative
T,* relaxation time at an FID of approximately 4.5 ppm in the 3D data was calculated.
The T»* relaxation times for TMAO in the food mixture and its standard compound were
0.0428 and 0.0342 s, respectively. When the number of included standards was five, the
RMSD value that evaluates the difference between the mixture and the set of standards was
0.191. Lactate was the most abundant component, followed by histidine, creatine, choline,
and TMAO.

The same food mixture and standard compounds were also analyzed by high-field
NMR spectroscopy. The content of each standard compound in the food mixture was
calculated similarly (Figure 3b). The assignment of histidine in the high-field NMR data
(blue curve) demonstrated that the two peaks in the food mixture (black curve) shifted
similarly compared to the low-field NMR data (Figure 3a). The calculated representative
T* relaxation times for TMAO in the food mixture and its standard compound were 0.226
and 0.120 s, respectively. When the number of included standards was 5, the RMSD value
was 0.210. Interestingly, the amounts of the components found followed the order of lactate,
creatine, histidine, choline, and TMAO.

a) Boiling process of carrot d) Food process monitoring
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b) Fermentation process of milk

l

=
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1) Parameter visualization
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Figure 1. Conceptual diagram of the proposed proton nuclear magnetic resonance ('H-NMR) spectral
analysis using parameter visualization of benchtop NMR spectra toward food process monitoring.
This study focused on food process monitoring in primary industries such as fishery, dairy farming,
and agriculture. For example, food processes of the boiling status of carrot (a), the fermentation
status of milk (b), and the quality of fish meats (c) were handled. (d1) For food process monitoring, a
parameter visualization of NMR data is depicted. (d2) Conceptual diagram of transition simulation
to use high magnetic field NMR data are shown.
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a) Boiling process of carrot b) Fermentation process of milk
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Figure 2. Parameter visualization of 'H NMR spectra involved in primary industry processes. An
example of parameter visualization about chemical shift and T, for NMR datasets for fisheries,
livestock, and agriculture is shown. (a) NMR dataset of the boiling process of carrots in agriculture.
(b) NMR dataset of the fermentation process of milk in the livestock industry. (¢) NMR dataset of
sashimi process of fishes (tuna, sardine, and flatfish) in the fishery industry.
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Figure 3. Assignment results and root-mean-square deviation values for standard compounds to food
mixtures (tuna), which were measured through (a) low-field and (b) high-field NMR spectroscopy.
The black curves represent the spectra of the food mixture. Red, green, orange, blue, and yellow
represent the spectrum and component ratio of choline, trimethylamine N-oxide (TMAO), lactate,
histidine, and creatine, respectively. Calculated representative T,* relaxation times are depicted for
TMAQO in the food mixture and its standard compound.
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We observed a difference in the creatine content between the low-field and high-field
NMR spectra, which are shown on the right side of Figure 3a,b, respectively. This was
primarily due to the smaller SNR in the low-field NMR spectra because their RMSD values
were lower than those in the high-field NMR spectra. The higher the SNR values in the
high-field NMR spectra, the lower the errors; therefore, transforming this feature into
low-field NMR spectra will be beneficial. Meanwhile, the T,* relaxation time was longer in
the high-field NMR data.

3.2. Transfer Simulation of NMR Data Transfer from High-Field to Low-Field

We simulated NMR data transfer from high-field to low-field and assigned the trans-
ferred data to food mixture spectra in low-field NMR. The transfer of 700-MHz NMR
data for the standard compounds to 60-MHz data are depicted in Figure 4a. The results
of assigning the five standard compounds to the low-field NMR spectrum for the food
mixture (i.e., tuna) via data transfer simulation are summarized in Figure 4b. The RMSD
value shown in Figure 4b (center) is increased by 42% compared with the low-field value
shown in Figure 3a (center). The creatine content shown in Figure 4b (right) is close to
the observed high-field data shown in Figure 3b (right). Therefore, the proposed transfer
of high SNR in high-field NMR to low-field NMR data could be useful for improving the
assignment of low-field NMR spectra.

a
( ) High field Low fleld
i .
‘ Transfer
m Slmulatlon
” Apodlzatlon
10 é : 6 4
TMAO, *H Chemical shift [ppm] H Chemlcal shlf’t [ppm]
’ AY .
(b) | Mixture Standard compoundsi RMSD Component ratio[%]
1 7," relaxation time[s T,'relaxation time[s
" dc:, [s] o sy 0.2 31.495%
=" 1 14.706%)
Transfer 1| T.* = 0.0428s T,* = 0.0391s
spectrum } « - 42.279%

) o
l
\

TR .,
1H Chemical shift [ppm]

Figure 4. (a) High-field 'H-NMR spectra before and after the data transfer simulation. (b) Assignment
results and root-mean-square deviation values of spectra for standard compounds, which were
transferred to the corresponding compounds in the food mixtures (tuna) analyzed by benchtop
low-field NMR. Red, green, orange, blue, and yellow represent the spectrum and component ratio of
choline, TMAOQ, lactate, histidine, and creatine, respectively. Calculated representative T,* relaxation
times are displayed for TMAOQ in the food mixture and its standard compound.

We extended our approach of transfer simulations to two sashimi (raw fish) food
mixtures, including migratory (i.e., sardine) and stationary (i.e., flatfish) fishes (Figure 5).
The contents of the same compounds were calculated because these compounds were
also found in the additional samples. The results for the sardine and flatfish samples are
depicted in Figure 5a,b, respectively. We note that both tuna and sardine are migratory
fishes. A high level of lactate was found in the sardine sample, as in the case of the
tuna sample (Figure 4b). Meanwhile, a high level of TMAO was detected in the flatfish
sample, which agreed with our previous finding that TMAO as a compatible solute is
abundant in stationary fishes [13]. In addition, the amount of histidine found in the flatfish
sample was lower than that in the tuna and sardine samples. This result implied that the
histidine content increased because of pH buffering by lactate [49]. In addition, our findings
enabled us to detect the differences in the content ratios of the targeted compounds among
fish species.
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Component ratio[%]
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spectrum
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0.2

0.1

0

1 2 3 4 5

Figure 5. Contents of compounds obtained from low-field, high-field, and transferred NMR spectra
in the two fish samples: (a) migratory (sardine) and (b) stationary (flatfish) fish samples. Component
ratios are obtained (from left to right) by low-field NMR, high-field NMR, and transfer NMR simulated
spectra. Red, green, orange, blue, and yellow represent the spectrum and component ratio of choline,
TMADO, lactate, histidine, and creatine, respectively.

The RMSD values for the tested sardine sample for the low-field (Figure 5a, left, black
line), high-field (Figure 5a, left, red line), and transfer spectra (Figure 5a, left, gray line)
were 0.208, 0.156, and 0.0810, respectively. For the flatfish sample, the values were 0.00301,
0.00132, and 0.00101, respectively (Figure 5b, left). These results implied improvements in
the low-field NMR analyses applying the proposed transfer simulation method to high-field
NMR. A possible reason for the larger RMSD value in (a) was the effect of pH in vivo. We
have previously observed chemical shifts caused by the pH differences in the high-field
NMR data of standard compounds [46]. In this study, we focused on histidine, which
showed large differences in chemical shift between the spectra of food mixtures and sample
compounds. We found significant chemical shifts in the data obtained from different
pH values (e.g., Figure S5) against each standard compound. The use of experimental
optimization will probably increase the RMSD values, therefore improving the proposed
transfer simulation method.

We also successfully performed the transfer of transferred 60-MHz NMR spectra of
the milk fermentation process by introducing yogurt samples (Figure S6), suggesting that
the proposed method can be used to evaluate other foods and their changes. There is still
room for technological development regarding the handling of multiplets in the proposed
method, and this is an issue for future study. The proposed method is limited to singlets or
very simple multiples. However, for reliable spectral transfer to low fields, more complex
multiplet simulations must be performed; GISSMO simulations can generate high-field
NMR data with good peak separation and simulate “ideal” low-field NMR data (Figure S7).



Processes 2022, 10, 1264

9o0f 11

References

Therefore, GISSMO can be used to generate spectra from singlet to multiplets. In future
studies, we aim to apply the proposed method to components, such as meat, food-derived
proteins, and plastics, which generate more complex spectra.

4. Conclusions

We developed a tool for parameter visualization and simulation for transferring high-
field NMR data to low-field NMR to characterize the chemical structures and mobilities
of mixtures in food processes, which were analyzed using a benchtop low-field NMR
spectrometer. This tool can easily obtain chemical shifts and T; relaxation times of peaks
from benchtop NMR data. In addition, the results demonstrated the feasibility of the data
transfer despite the significantly different dispersion (separation) of peaks between high-
field and low-field NMR spectrometers. In addition, the assignment errors were smaller
when the spectra of standard compounds were identified by transferring high-field NMR
data rather than directly using the experimentally obtained low-field NMR spectra. These
findings will likely promote digitization and monitoring in food processing industries,
where low-cost benchtop low-field NMR data can be analyzed by reusing NMR spectral
data acquired with expensive high-field NMR data.
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