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INVITED SPEAKERS

WELCOME TO THE MRFOOD 2022
Following the necessity for cancellation of
MRFOOD 2020 due to the pandemic covid-19
situation, we are extremely delighted to host
the 15th International conference on the
applications of Magnetic Resonance in Food
Science for the second time in Denmark (the
6th conference was held in Copenhagen in
2004) and for the first time in Aarhus. The
MRFOOD 2022 is organized in collaboration
between Department of Food Science and
the Interdisciplinary Nanoscience Center at
Aarhus University (iNANO), Aarhus University
where the conference is physically held. The
organizing committee consists of members
from the Department of Food Science, iNANO
and International Flavors & Fragances Inc.
(IFF).
The 15th conference will cover multiple aspects of magnetic resonance applied to food
products and/or food processing by presenting the latest developments to understand
technological and biofunctional attributes of
foods that are pivotal for enhancing utilization, optimizing handling and processing of
healthy and nutritious foods that give high
satisfaction when consumed. Oral and poster
presentations will deal with new techniques
in both low- and high-field NMR including
portable solutions, magnetic resonance
imaging in digestion and appetite research,
food physics, water state and understanding its role in food, quality and authenticity,
foodomics and food chemistry.
The conference has received financial support
through grants from The Carlsberg Foundation and Aarhus University Research Foundation and sponsorships from Bruker, Magritek,
Nanalysis/RS2D, AAK, IFF, Oxford Instruments  
and the journal Foods by MDPI. The organizing committee would like to thank each
organization and company for their support
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to MRFOOD 2022.
MRFOOD 2022 will start with workshop
tutorials organized on Tuesday June 7 in the
afternoon with two subjects: 1. Processing
of proton NMR metabolomics data, and 2.
Principles and applications of relaxation and
diffusion NMR measurements.
From Wednesday to Friday, daily plenary presentations will be introduced by 8
renowned invited speakers from all over the
world (Canada, Denmark, Germany, Netherlands, Sweden, United Kingdom, USA) who
will give lectures in sessions on following
topics: Taking NMR to the sample, MR in
whole meal and appetite, Food Physics &
Design, Water state: understanding its role
in food, and Foodomics. In addition, a total
of 25 abstracts have been elected for oral
presentations that are predominantly given
by younger researchers.
On Thursday evening, a conference dinner
is held at Centralværkstedet, and we hope
that this social event will stimulate further
scientific interactions and exchange of ideas.
During the conference dinner, the best poster
presentation will be announced and awarded.
We wish you a pleasant and fruitful conference, good discussions that hopefully can
provide new ideas for developments in the
fascinating area of Magnetic Resonance in
Foods.
HANNE CHRISTINE BERTRAM
On behalf of
the Scientific and Organizing Committee
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PROGRAMME OVERVIEW
TUESDAY, JUNE 7

THURSDAY, JUNE 9

FRIDAY, JUNE 10

13.00-16.00

9.00
Session on Taking NMR to the
sample
Keynote speaker
Prof. Niels Chr Nielsen
(Chair: Corinne Rondeau)

9.00

Session on MR in whole meal
and appetite
Keynote speaker:
Prof. Paul Smeets
(Chair: Jean-Marie Bonny)

9.00
Session on Foodomics and food
chemistry
Keynote speaker:
Prof. Andre Simpson
(Chair: Søren Engelsen)

14.00-16.00
Workshops at AU-iNANO

10.05 Coffee + posters

10.05 Coffee + posters

10.25 Coffee + posters

17.00-19.00
Welcome reception at Aarhus
Town Hall

10.35
Session on Taking NMR to the
sample
Keynote speaker:
Prof. Victoria Gomez

10.35
Session on Food Physics & Design
Keynote speaker:  
Alan Mackie
(Chair: Antonio Ferreira)

10.55
Session on Foodomics and food
chemistry
(Chair: Søren Engelsen)

12.15 Lunch

12.20 Lunch

12.15 Lunch and end

13.15
Session on Foodomics - Quality
and Authenticity
(Chair: Francesco Capozzi)

13.15
Session Water state: understanding its role in food
Keynote speaker:
Prof. Daniel Topgaard
(Chair: John van Duynhoven)

14.40 Coffee + posters

15.20 Coffee + posters

15.20
Session on Foodomics
Keynote speaker:
Prof. Carolyn Slupsky

16.00
Session on Taking NMR to the
sample
Keynote speaker: Prof. Bernhard
Blümich
(Chair: Gisela Guthausen)

17.05
End of the day

18.00 Conference dinner at Centralværkstedet

Registration open
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WEDNESDAY, JUNE 8
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TUESDAY, JUNE 7

WEDNESDAY MORNING, JUNE 8

13.00-16.00
Registration open.

Session on Food Taking NMR to the sample

14.00-15.00
High field 1H-NMR metabolomics data processing
Bekzod Khakimov (Dept. Food Science, Univ. Copenhagen, DK)

9.00-9.45
Keynote speaker:  A universal low-field NMR sensor for industrial applications: Food, agriculture, shipping, and more
Niels Christian Nielsen (NanoNord, DK)

15.00-16.00
Principles and Applications of Relaxation- and Diffusion-NMR Measurements
Bernhard Blümich (RWTH Aachen University, Germany)

9.45-10.05
LF-NMR spectrometry as a tool for at-line monitoring and Optimization of food production
systems
Tomasz P. Czaja (Univ. of Copenhagen, Denmark)

17.00-19.00
Welcome reception at Aarhus Town Hall

10.05-10.35 Coffee + posters
10.35-11.20
Keynote speaker:  Pushing NMR sensitivity limits with microcoils
Maria Victoria Gomez (Mancha Univ., Spain)
11.20-11.40
Benefits of chemometrics to analyze large-scale raw time-domain NMR data, an alternative
to classical signal processing
Silvia Mas Garcia (INRAE, France)
11.40-12.00
Benchtop NMR for wine analytics
Johnnie Phuong (Technical Univ. Kaiserslautern, Germany)
12.00-13.00
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Lunch and posters
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WEDNESDAY AFTERNOON, JUNE 8

THURSDAY MORNING, JUNE 9

Session on Foodomics - Quality and Authenticity

Session on MR in whole meal and appetite

13.20-13.40
Metrofood-CZ: NMR-based database for wine quality control and fraud detection of Czech
wines
Anna Mascellani (Czech Univ. of Life Sciences Prague, Czech Republic

9.00-9.45
Keynote speaker: MRI-measurements of gastric food digestion and satiety, food intake
Paul Smeets (Wageningen University, Netherlands)

13.40-14.00
Italian local products characterization by NMR methodologies
Giacomo Di Matteo (Sapienza University of Rome, Italy)
14.00-14.20
NMR metabolomic profiling approach for the characterization of PDO and non-PDO cheeses
Valentina Maestrello (FEM & University of  Trento, Italy)
14.20-14.40
Hemp products: NMR characterization of inflorescences and hemp sees oils
Mattia Spano (Sapienza University Rome, Italy)
14.40-15.20 Coffee and posters
Session on Foodomics
15.20-16.05
Keynote speaker: Citrus Greening Disease: From Understanding the Biology to a Validated
Screening Tool
Carolyn Slupsky (UC Davis, USA)
16.05-16.25
MRSI vs CEST MRI to understand tomato metabolism during fruit development: Is there a
better contrast?
Guilhem Pages (INRAE, France)

9.45-10.05
In vitro investigation of digestion of a bread and cheese meal by MRI
Maja Musse (INRAE, France)
10.05-10.35 Coffee + posters
Session on Food Physics
10.35-11.20
Keynote speaker:  The role of food structure in lowering risk factors for metabolic disease
Alan Mackie (Univ. Leeds, UK)
11.20-11. 40
1H NMR magnetization transfer: a non-invasive marker of in vitro gastric milk protein
digestion
Morwarid Mayar (Wageningen University, Netherlands)
11.40-12.00
High resolution rheo-MRI: characterizing flow cooperativity in complex food dispersions
Klaudia Milc (Wageningen University, Netherlands)
12.00-12.20
Oil mobility investigations in oleogels using NMR methods
Lena Trapp (KIT, Germany)
12.20-13.15 Lunch and posters

16.25-16.45
1H-NMR metabolomics investigation of plasma and fecal samples from farmed salmons fed
with reduced fishmeal and plant-based feed
Violetta Aru (Univ. Copenhagen, Denmark)
16.45-17.05
SigMa Milk: Quantification of metabolites in milk and milk products from 1H NMR spectra
using SigMa
Paraskevi Tsermoula (Univ. Copenhagen, Denmark)
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THURSDAY AFTERNOON, JUNE 9

FRIDAY MORNING, JUNE 10

Session on Water state: understanding its role in food

Session on Foodomics and Food chemistry

13.15-14.00
Keynote speaker:  Skin, brains, and spaghetti: Magnetic resonance studies of water dynamics
and interactions with biomolecules
Daniel Topgaard (Lund University, Sweden)
14.00-14.20
Low-field NMR-based characterization of plant-based burgers
Louise M. A. Jakobsen (Aarhus University, Denmark)
14.20-14.40
Mechanisms of transverse relaxation of water in muscle tissue
Kathryn Anderssen (Nofirma, Norway)
14.40-15.00
TD-NMR as a probe for elucidation of hydrated gluten multiphase structure
Elham Rakhshi (INRAE, France)
15.00-15.20
Assessment of glucan structure diversity and interactions with water by ssNMR
Xavier Falourd (INRAE, France)
15.20-16.00 Posters and coffee
Session on Taking NMR to the sample
16.00-16.45
Keynote speaker: Mobile and tabletop NMR
Bernhard Blümich (RWTH Aachen University, Germany)

9.00-9.45
Keynote speaker:  20 Years of Environmental NMR Development: Transferable Technologies
and Techniques for Food Research
Andre Simpson (Univ. Toronto, Canada)
9.45-10.05
Quantitative assessment of epoxide formation in bulk oil and mayonnaise by 1H-13C HSQC
NMR spectroscopy
Vincent Boerkamp (Wageningen University, Netherlands)
10.05-10.25
Can NMR unveil the mystery around fermented dairy and bone health? – An intervention
study
Weiwei He (Aarhus University, Denmark)
10.25-10.55 Coffee and posters
10.55-11.15
Metabolic profiling of complex mixtures using novel NMR-based approaches and chemometrics: Pomegranate juice as a case
Fenfen Tang (Ohio State University, USA)
11.15-11.35
The potential of very high-field 1H and 13C NMR spectroscopy for food composition analysis
in liquid and solid-state: case Study of coffee
Laura Febvay (Aerial,France)
11.35-11.55
Bioactive compounds from plant by-products as a new source for biostimulants and food
supplements: NMR investigation
Anatoly P. Sobolev (CNR, Italy)
11.55-12.15
Dynamics of cottonseed oil molecular profiles during different processing stages in industrial
production
Yongxin Ye (Univ. Copenhagen, Denmark)
12.15- Lunch and end
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GETTING TO AARHUS

PUBLIC TRANSPORT
Train
Aarhus lies at one of the most important
railway junctions in Denmark. There are
hourly departures to the north, south
and west. Please visit
www.dsb.dk      or     DSB Journey planner

to find all your connection route options.
Bus
Aarhus Sporveje, the municipal bus
company, runs the yellow buses in the
city. The bus route number is indicated
at the front and the back of the bus and
the destination is displayed at the front
and above the rear door.  Every bus is
equipped with a ticket machine in the
middle of the bus (coins and self service
only).      
Bus tickets for travel within the city limits
(Municipality of Aarhus limits) cost 22
DKK. Please check the Midttrafik website
for more information on busses and city
links.
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Letbane
Getting around in Aarhus is also easy with
Letbanen. Stops are located throughout
Aarhus, making it easy to experience the
city. The area around the Central Station
and Dokk1 is the main junction point.
Tickets for travel within the city limits
(Municipality of Aarhus limits) cost 22
DKK. Remember to buy your ticket before
entering Letbanen because you cannot
buy tickets in the light rail train.
AIRPORT
Tirstrup Airport (Aarhus Airport)
Is located 40 km north of Aarhus.
There is an airport shuttle bus from
Aarhus airport with frequent departures
(every 20 minutes after each flight arrival
with departures from just outside the
main entrance).

TAXI
Dantaxi +45 70 25 25 25
Aarhus Taxa +45 89 48 48 48
CAR
Aarhus has direct connections to the
great European network of motorways,
making it easy to get to most European
cities. Hamburg can be reached within
roughly four hours. There are also excellent roads to most places in Denmark.
Parking
Car parking at iNANO is possible during
the conference attendance, contact
Yvonne Eskildsen-Helmond (YvonneEH@
inano.au.dk) for further information.
The parking fees are at your expense.

Billund Airport
Is located 100 km south of Arhus.
There is an airport shuttle bus between
Aarhus and Billund airport with several
daily departures.
The travel time from Billund Airport to
downtown Aarhus is approximately 1
hour and 30 minutes.
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AARHUS CITY CENTER

1

1

2

Interdisciplinary Nanoscience
Center (iNANO)
Gustav Wieds Vej 14 (Building
1590)
8000 Aarhus

3

6

2

4
5

15

Hotel Oasia Aarhus
Kriegersvej 27-31, 8000 Aarhus C
Tel 87 32 37 15

5

Wakeup Aarhus, M. P. Bruuns Gade
M. P. Bruuns Gade 27, 8000 Aarhus
Tel 44 80 00 00

6

ARoS
Aros Allé 2, 8000 Aarhus

7

Den Gamle By (The Old Town)
Viborgvej 2, 8000 Aarhus C

Centralværkstedet
Værkmestergade 9, 8000 Aarhus

7
3

4

Scandic Aarhus City
Østergade 10, 8000 Aarhus
Tel 89 31 81 00

1

MRFOOD2022 will be held at Interdiciplinary Nanoscience Center (iNano).

2

The Gala Dinner on June 9 will be held at Centralværkstedet.
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WELCOME TO AARHUS

Aarhus is the world’s 3rd most sustainable tourist destination according to
the Global Destination Sustainability
Index, which ranks +70 destinations from
around the world according to their
performance on various parameters
within sustainability with special focus
on events and conferences.
In Denmark’s second largest city, international high-quality metropolitan experiences await you, regardless of whether
you are visiting attractions, looking for
modern architecture, delicious gastronomy or wonderful activities such as shopping, cozy events or fun and action.

Download app
You can download the Visit Aarhus app
for Aarhus, which covers everything you
need to know when you visit Aarhus.
Here is information and inspiration
for experiences, attractions, activities,
events, accommodation, shopping, restaurants, transport and much more.

Access the tourist information centre
Open 7 days a week.
Monday to Friday: 08:00 - 22:00
Saturday and Sunday: 10:00 - 16:00
Dokk1
Hack Kampmanns Plads 2
8000 Aarhus C
+45 89 40 92 00

City I Credit: Kim Wyon

ARoS I Credit: Robin Skjoldborg

Aarhus Cathedral I Credit: Frame & Work

The Botanic Gardens I Credit: Science Museerne

The Infinity Bridge I Credit: Frame&Work

The Latin Quarter I Credit: Photopop

Aarhus Ø I Credit: Photopop

Moeagaard Beach I Credit: Photopop
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WORKSHOPS

Direct quantification of metabolites from 1H NMR spectra using Signature Mapping (SigMa) approach

Principles and Applications of Relaxation
and Diffusion NMR Experiments

BEKZOD KHAKIMOV
University of Copenhagen

BERNHARD BLÜMICH
RWTH Aachen University

The workshop provides knowledge and tools on processing complex 1H NMR spectra
recorded on biological samples within metabolomics and foodomics research. Extraction of metabolite information (identification and quantification of metabolites) from
complex 1H NMR spectra often hampered by a problem known as “signal mixing”
(signal shift and signal overlap) and low signal-to-noise ratio (SNR). In the workshop,
participants will be familiarized with most common problems in processing NMR
spectra and how to deal with them. Further, they will be introduction to a SigMa
software1, which is built to process NMR metabolomics data in a “spectra-in metabolite table-out” fashion. SigMa is based on the state-of-the-art algorithms developed
to align NMR spectra, identify and quantify signature  signals, and empowered by
SigMa’s built-in chemical shift libraries specific for biological sample type, for example
human blood plasma, urine, faecal, milk etc. The software is free for academic users
and participants are recommended to install MATLAB (ver 2016b or higher) prior
to the workshop if they wish to try SigMa on their own dataset or on test datasets
available in SigMa.
Recommended
[1]
Khakimov, B.; Mobaraki, N.; Trimigno, A.; Aru, V.; Engelsen, S. B., Signature
Mapping (SigMa): An efficient approach for processing complex human urine 1H NMR
metabolomics data. Analytica Chimica Acta 2020, 1108, 142-151.
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Nuclear magnetization relaxation and molecular translational diffusion give rise to
contrast in magnetic resonance images. The associated relaxation times and diffusion
coefficients are parameters useful to characterize properties of soft and fluid filled
porous matter. This tutorial reviews the NMR methodology associated with relaxation
and transport phenomena and its use for materials characterization.
Recommended reading
[1]
R. Kimmich, NMR Tomography, Diffusometry, Relaxometry, Springer, Berlin,
1997
[2]
G.R. Coates, L. Xiao, M.G. Prammer, NMR Logging: Principles and
Applications, Halliburton Energy Services, Houston, 1999
[3]
V.I. Bakhmutov, Practical NMR Relaxation for Chemists, Wiley, Chichester,
2004
[4]
J. Kowalewski, L. Maler, Nuclear Spin Relaxation in Liquids: Theory,
Experiments, And Applications, CRC Press, Boca Raton, 2006
[5]
W.S. Price, NMR Studies of Translational Motion: Principles and Applications,
Cambridge University Press, Cambridge, 2009
[6]
P.T. Callaghan, Translational Dynamics & Magnetic Resonance, 		
Oxford University Press, Oxford, 2011.
[7]
F. Casanova, J. Perlo, B. Blümich, Single-Sided NMR, Springer, Berlin, 2011
[8]
B. Blümich, S. Haber-Pohlmeier, W. Zia, Compact NMR, de Gruyter, Berlin,
2014
[9]
B. Blümich, Essential NMR, 2nd edition, Springer Nature, Cham, 2019
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A universal low-field NMR sensor for industrial applications:
Food, agriculture, shipping, and more
N. C. NIELSEN, M. BEYER, M. KJÆRULFF SØRENSEN, AND O. JENSEN
NanoNord A/S, Skjernvej 4A, DK-9220 Aalborg, Denmark

While NMR spectroscopy and MR imaging represents some of the most powerful and widespread analytical tool in research laboratories and hospitals, the general application of NMR for process control industry
is comparatively small. This is to large extend due costs in terms of instrumentation and operation assistance, complexity in use, and lack of robustness matching the environment in industrial process lines.
Over the past years, NanoNord has developed and commercialized low-cost, low-field NMR instrumentation for application in industrial process lines and industrial analytical laboratories. Focus has been devoted
to oil analysis in the shipping industry, ingredient analysis in food industry, wastewater/biogas applications,
and analysis of fertilizers and feed/food productions in farming (1,2). The presentation will describe the
instrumentation and examples of applications in different areas.
References:
M. K. Sørensen, M. S. Vinding, O. N. Bakharev, T. Nesgaard, O. Jensen, and N. C. Nielsen, Anal. Chem. 86,
7205 (2014)
M. K. Sørensen, O. Jensen, O. N. Bakharev, and N. C. Nielsen, Anal. Chem. 87, 6446 (2015)
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NMR microcoils for boosting the NMR sensitivity limits:
detection of low amounts of aromatic amino acids.

Citrus Greening Disease: From Understanding the
Biology to a Validated Screening Tool

M. VICTORIA GÓMEZ,1 MARGARITA RUIZ-CASTAÑEDA,1
ANTONIO DE LA HOZ, 1 ANA M. GARCIA,1 ALDRIK H. VELDERS.1,2

CAROLYN SLUPSKY

1 Instituto Regional de Investigación Científica Aplicada (IRICA). Universidad de Castilla-La Mancha, Ciudad
Real, Spain.
2 Laboratory of BioNanoTechnology, University of Wageningen, Wageningen, The Netherlands.

NMR spectroscopy finds applications in many different fields; however, it suffers from an intrinsically low
sensitivity. The field of microcoils (reduced-diameter radiofrequency coils) was launched by Sweedler and
co-workers in 1995 as an alternative to enhance the NMR signal since the signal-to-noise ratio (S/N) in
the NMR spectrum is inversely proportional to the coil diameter [1]. Since then, this field has shown its
potential, finding application in many different fields, where several groups have started to fabricate their
own small-volume probe-heads.
We have exploited different microcoil geometries, planar spiral and solenoidal microcoils. The planar
geometry shows an active volume of only 25 nL. They showed excellent mass sensitivity and even broadband properties that allows homo- and heteronuclear multidimensional experiments with a single coil in
non-resonant mode [2]. These planar coils have also shown interesting properties for on-flow reaction
monitoring, allowing for example the rapid determination of kinetic and thermodynamic parameters for
reactions activated thermally, or photochemically [3]. Regarding solenoidal microcoils, we developed a
simple method for the manufacturing of microfluidic devices in a single block of PDMS to include not only
channels in the PDMS device, but also a fully functional solenoidal NMR microcoil with active volumes of
1 µL. The fabrication method employs materials that are commonly present at a chemistry laboratory, and
does not require much knowledge on the technique, facilitating the access of microcoils to a wider public
and at a very low cost.
Herein, we present the combination of microcoils with hyperpolarization schemes, based on photo-Chemically Induced Dynamic Nuclear Polarization (photo-CIDNP) experiments on these two types of microcoils
(planar and solenoidal), to boost the NMR signal detection down to sub-picomole detection limits and
micromolar concentrations [4]. This is really fascinating if we consider that when working with microcoils, a
relatively high concentration of sample (mM range) is needed due to the very low active volumes present.
The combination of microcoils with hyperpolarization schemes can be applied to the determination of very
low concentration of sample, i.e. certain amino acids such as tryptophan and tyrosine, indispensable amino
acids in human nutrition as they are precursors of dopamine and serotonin. Tyrosine can be found in dairy
products, meats, fish, eggs, nuts, beans, oats, and wheat, although sometimes these amino acids are added to dietary and food products and pharmaceutical formulation as food fortifier. There are many analytical
methods dealing with the determination of tyrosine in these media including spectrophotometric, fluorescence, capillary electrophoresis, and electrochemistry among others. Herein, instead, the determination of
low amounts of these amino acids can be done by NMR microcoils.

Department of Nutrition and Department of Food Science and Technology, University of California, Davis

NMR spectroscopy is an inherently quantitative technique that is fast, non-destructive and highly reproducible. Results from NMR analysis of small molecules can be used in a variety of ways including informative,
discriminative, or predictive analyses. We have utilized NMR in all of these ways to understand the impact
of the bacterium ‘Candidatus Liberibacter asiaticus’ (CLas) on citrus and its insect vector, Diaphorina citri
(the Asian Citrus Psyllid, or ACP), metabolism. We have also developed an NMR-based assay for early
detection of this pathogen in citrus.
CLas is the non-culturable bacterium that is putatively responsible for the disease Huanglongbing (HLB),
or citrus greening disease, which affects all citrus varieties. To date, no effective measures to prevent the
spread of the pathogen or treat citrus once infected has been found. Global production of citrus has markedly declined, and unless a way to combat the disease is found soon, we could lose this fruit as a dietary
and culinary staple. To more fully understand the biology of CLas-citrus or CLas-ACP interactions, we used
a combination of transcriptomics, proteomics, NMR-based metabolomics, as well as 16S rRNA sequencing
of the endosymbiotic communities. CLas differentially impacted citrus metabolism depending on variety.
Additionally, we found that CLas differentially impacted several metabolic pathways as well as the endosymbiont community structure in insects depending on sex. Despite differences in response, we were able
to validate an NMR-based test for HLB in citrus, and further identify targets of interest for development
of treatments to help prevent the spread of the disease by insects. Overall, NMR-based assays can be a
powerful way to identify disease early, and find ways to prevent or treat disease.
Acknowledgement: This research was supported by funding from the United States Department of Agriculture National Institute of Food and Agriculture Grant 11705913, the California Citrus Research Board Grants
5300-150, 5300-162, 5300-173, 5300-178, 5300-181, and the USDA National Institute of Food and Agriculture Hatch Project 1021411.

1.Olson DL.; Peck TL.; Webb AG.; Magin RL.; Sweedler JV. Science, 270, 1967-1970, 1995.
2.(a) Fratila RM.; Gomez MV.; Sykora S.; Velders AH Nat. Commun. 5, 3025, 2014.
3.Gómez MV; Velders AH. NMR Microcoils for On-Line Reaction Monitoring. In Flow Chemistry: Integrated
Approaches for Practical Applications; Luis, S. V.; Garcia Verdugo, E.; Ed.: RSC Publishing. Cambridge, 2020,
Vol. 62, pp 340–365.
4.Mompeán, M.; Sanchez-Donoso, R.; de la Hoz, A.; Saggiomo, V., Velders, A.H., Gomez, M. V. Nat. Commun.,
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Monitoring food digestion with magnetic resonance techniques
PAUL A.M. SMEETS
Wageningen University, Division of Human Nutrition and Health

The role of food structure in lowering
risk factors for metabolic disease
ALAN MACKIE
School of Food Science and Nutrition, University of Leeds, Leeds, UK

The process of digestion is necessary for acquiring nutrients from the foods we ingest. Digestion encompasses a series of complex physiological, mechanical and biochemical processing steps. In this talk I will
present the current use of magnetic resonance (MR) techniques to study digestion and showcase their
potential for providing markers of digestive processes such as food structure changes and nutrient breakdown. Digestion is primarily studied in in vitro digestion models. These can provide detailed information
about complex digestive processes, such as the breakdown of protein foods by pepsin and gastric acid,
which are affected by heat treatment, swelling behavior of food particles, buffering capacity and other
food matrix properties. However, in vitro findings have only to a limited extent been verified in vivo in
humans. We posit that the gap between in vitro and in vivo digestion studies can be bridged by the use
of magnetic resonance techniques (MRI/NMR). MRI is most commonly employed as a measure of gastric
emptying (GE); it allows visualization and quantification of (changes in) the chyme over time. This provides
information not only on GE rate but also on gastric processes like phase separation and coagulation. GE
rate is an important parameter because it determines the rate of delivery of digesta to the duodenum and
intestines and thereby affects further break down and subsequent absorption of nutrients. However, MRI
scan sequences can be configured to be sensitive to different aspects of gastric or intestinal contents. This
makes it a promising technique to study in vivo digestion in more detail, going beyond GE. We recently provided a proof of principle of this by showing that NMR and MRI measurements of the transverse relaxation
rate (T2) can be used to monitor whey protein hydrolysis during in vitro gastric digestion (Deng et al. 2020,
2021). However, there is more potential: several MRI techniques can detect proton (H+) exchange between
water and proteins. These include magnetization transfer (MT) and chemical exchange saturation transfer
(CEST) techniques. MT, for example, can assess H+ exchange between semi-solid proteins and water protons and we have shown that MT measures covary with gastric milk protein digestion kinetics (Mayar et al.,
submitted). Such techniques can be used on clinical MRI systems and offer high spatial and temporal resolution suitable for measuring changes over time in gastric contents. I will illustrate with recent data how
a more complete picture of gastric (protein) digestion can be obtained with the use of MRI/NMR markers
that provide molecular-level and quantitative information in addition to more macroscopic structural
information. This information can be used to validate and inform in vitro digestion models and may bridge
the gap between in vitro and in vivo studies that can together inform the optimization of foods properties
for different applications in health and disease.

The risk factors for metabolic disease are many and various including overweight, genetics, age, etc.
However, it is clear that diet has a significant role to play not just through composition but also through
structure. This is partly because risk factors are not just associated with total nutrient content but with the
kinetics of release. For example a sugary drink is less healthy than whole fruit with the same sugar content.
Structure is multi-scale and many different lengthscales can play a role digestion kinetics. By understanding
the structure of food can we predict its behaviour duruing digestion? In some cases yes but not always. My
collaborators and I have used MRI to non-invasively investigate the behaviour of food post consumption [14]. The images have been used to correlate gastric chyme properties with gastric emptying and measures
of appetite. We have used our knowldge of food structures to tailor different foods to have different nutrient release characteristics. I will also show data that highlights the role of oral processing on subsequent
gastric behaviour and digestion patterns and extents [5]. We are now starting to have sufficient understanding of the link between food structure and digestion kinetics to make predictions about digestion kinetics.
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Skin, brains, and spaghetti: Magnetic resonance studies of water dynamics and interactions with biomolecules
DANIEL TOPGAARD
Physical Chemistry, Lund University, Lund, Sweden

Water is one of the main components of most food products and ubiquitous as a medium for cooking.
This talk will describe a set of magnetic resonance spectroscopy and imaging methods for noninvasive
studies of hydrated substances of relevance for food applications, giving information about the dynamical
properties of the water molecules, their influence on neighboring biomolecules, and the geometries of the
pore spaces in which the water is located. Examples include solid-state NMR spectroscopy with varying polarization transfer schemes to monitor the effects of water and heat in transforming proteins and lipids in
pig skin from solid to fluid states [1]; quantitative relaxation MRI giving novel insights into why starch only
gets partially cooked in whole wheat spaghetti, thereby leaving a gritty and unpleasant mouthfeel [2]; and
multidimensional diffusion-relaxation MRI for investigating cell densities, sizes, shapes, and orientations
in brain tissues [3]. The latter method relies on sample reorientation strategies for isotropic-anisotropic
chemical shift correlation in solid-state NMR to encode the MRI signal with information about diffusion
tensor distributions, combined with Monte Carlo data inversion approaches from Laplace NMR to quantify
the uncertainty of the obtained diffusion-relaxation distributions and derived statistical descriptors [4].
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Mobile and Tabletop NMR
BERNHARD BLÜMICH
RWTH Aachen University, Aachen, Germany

The idea of taking the NMR instrument to the sample dates to the early days of NMR, when Russell Varian
considered exploring the earth’s magnetic field to characterize oil wells [1]. Later, permanent magnets
became part of the design to boost sensitivity and to position the detection volume in the stray magnetic
field outside the magnet [2]. This realization of inside-out NMR sets the reference date for stray-field relaxometry and mobile NMR. This methodology has been perceived for oil-well logging but also been explored
early on for various applications in materials testing and quality control at the Southwest Research Institute
in San Antonio, Texas [3]. Later, mobile NMR became increasingly popular with the introduction of the
NMR-MOUSE to study materials and porous media such as rock, cement, food, and biological tissue as well
as objects like tangible cultural heritage and chemical reactors [4]. On the other hand, compact centerfield
relaxometers were developed in the early seventies by Bruker and Newport Instruments, a company which
soon after was acquired by Varian [3]. These instruments employ permanent magnets that accommodate
samples inside which have been drawn from a product or a production line. The homogeneity of their
magnetic measuring fields is far better than that of magnetic stray-fields albeit still insufficient for chemical
analysis, so that, like stray-field relaxometers, these tabletop instruments are primarily employed in materials and porous media studies, benefitting from better sensitivity due to sensitive volumes larger than for
compact stray-field instruments. Although tabletop spectrometers with a highly homogeneous measuring
field were explored for process and reaction monitoring since the beginning of this millennium [5] it took
another decade for them to appear on the market [6] due to the difficulty of producing small spectroscopy-grade permanent magnets [7]. The development of mobile NMR will be reviewed and illustrated with
examples relating to relaxometry and spectroscopy with compact instruments [8].
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4. B. Blümich, J. Perlo, F. Casanova, Mobile single-sided NMR, Prog. Nucl. Magn. Reson. Spectr. 52 (2008) 197
5. F. Dalitz, M. Cudaj, M. Maiwald, G. Guthausen, Process and reaction monitoring by low-field NMR spectroscopy, Prog. Nucl. Magn. Reson. Spectrosc. 60 (2012) 52
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20 Years of Environmental NMR Development:
Transferable Technologies and Techniques for Food Research
ANDRE J. SIMPSON*
*Along with a plethora of collaborators and students that will be acknowledged in the presentation
Environmental NMR Center, University of Toronto, Canada

NMR spectroscopy is arguably the most powerful tool for elucidating structures and probing molecular interactions. Practically all environmental research, at least to some extent, involves working with ultra-complex natural mixtures that are ubiquitous in soil, water, air and living systems. NMR can provide information
not only as to the basic chemical structures present in a mixture, but can potentially provide information as
to the self-associations of molecules (aggregation and flocculation processes), their mechanistic interactions with xenobiotics (transport of contaminants), elucidate toxic pathways in-vivo and provide the direct
connection between molecular scale processes (individual nuclei) and macroscopic scale (visual), via NMR
imaging.  
Over my career environmental questions have required the development of a wide range of novel technologies and techniques. The presentation will cover a range of approaches with a focus on those that have
the largest potential for food-based research, some examples include:
Comprehensive Multiphase (CMP) NMR: CMP NMR, was co-developed between my group and Bruker Biospin1. The approach combines all the electronics from solution-state, semi-solid and solid-state NMR into a
single NMR probe. The resulting technology permits an uncompromised analysis of liquid, semi-solid and
solid components within unaltered samples in their natural swollen state. As well as unravelling the binding
orientation, and receptors for contaminants/drugs CMP-NMR is also capable of monitoring the kinetic
transfer between and across interfaces providing an unprecedented window into otherwise inaccessible
molecular information2–4.
In-vivo NMR and Targeted Experiments: The living organism becomes the “ultimate biosensor” responding
in real time to its environment, while the NMR spectrometer interprets the biochemical changes, providing
information explaining sub-lethal toxicity at the molecular level5. The special techniques needed to extract
information in-vivo, hold great potential for food research. Examples include; the removal of susceptibility
broadening, such that static samples have the same line shape as those under MAS6, targeted NMR such
as “amino acid only NMR”7 and 13C-12C correlation spectroscopy8, (ideal for following growth). Finally, the
presentation will introduce a novel technique, ahead of publication, that should represent a paradigm shift
in the application of NMR to ultra-complex mixtures, including intact biofluids, living organisms and food.
Digital Microfluidics NMR and Microcoils: Digital Microfluidics involves the movement of droplets over an
open array of electrodes, essentially a tiny computer-controlled laboratory. When inside the NMR and integrated with micro coils, separations, titrations, reactions, even chromatography can be performed on chip
and the products analyzed in realtime9,10. Recent progress has evolved DMF-NMR to keep organisms alive
inside the NMR and the next frontiers could involve food (seed germination, early growth). Novel ways to
rapidly design and machine customized and economical micro-coils will also be covered.
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LF-NMR spectrometry as a tool for at-line monitoring and Optimization of food production systems
TOMASZ PAWEL CZAJA, FRANS W.J. VAN DEN BERG,
BIRTHE MØLLER JESPERSEN, SØREN BALLING ENGELSEN
University of Copenhagen, Faculty of Science, Department of Food Science, Food Analytics and Biotechnology, Rolighedsvej 26, DK-1958, Frederiksberg, Denmark

The availably of a sufficiently fast at-line measurements of critical material or end-product parameters
gives the advantage of more accurate system understanding. This allows not only monitoring variations
e.g. in day-to-day or seasonal variations in ingredients, but also continues optimization of the production process and properties of final product, plus a repeatable and consistent production system with a
minimum off-spec and waste. Application of spectroscopic on-line techniques for this aim in mind have
increased have dramatically over the past several years. LF-NMR is however lagging compared to vibrational spectroscopies, primarily due to difficulties in instrument-to-production-line interfacing. We argue
that at-line LF-NMR it not explored sufficiently as a Process Analytical Technology tool, and deserves more
attention. The robust, fast and cost-effective benchtop LF-NMR technique can be an attractive alternative
in food processing, the measurements can be performed by process operators near the production side
with negligible time delays (when compared to the process dynamics), and minimal need for calibration …
all favorable aspects compared to e.g. NIR spectroscopy.
This study compares the application of at-line LF-NMR to measure dough and yogurt samples at different
stages during production. Application of multivariate data analysis allows not only detect, but also quantify
variability during production. Analysis of the obtained data confirms usefulness of use of LF-NMR, an alternative to the methods currently used in the food industry.
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Benefits of chemometrics to analyze large-scale raw time-domain
NMR data, an alternative to classical signal processing
MAS GARCIA, SILVIA1; ROGER, JEAN-MICHEL1; CAMBERT, MIREILLE2, RONDEAU-MOURO, CORINNE2
UMR ITAP, Université de Montpellier, INRAE, Montpellier SupAgro, Montpellier, France
UR OPAALE, équipe IRMFood, INRAE, Rennes, France

Time-Domain NMR (TD-NMR) provides new opportunities for large-scale studies and more particularly for
fine phenotyping and monitoring of plant development in their natural environment. Characterization of
large-scale data from food systems is also a demand from agro-food companies.
Based on longitudinal (T1) and transverse (T2) relaxation time measurements, TD-NMR can be used to
obtain quantitative information about the composition and the physical state of foodstuffs [1]. NMR relaxation times are also sensitive to chemical and diffusional exchanges of protons between molecules and
compartments [2]. These phenomena result in “spectra” of relaxation times related to the distribution and
mobility of molecules in samples subjected to various dipolar interactions. The classical signal processing of
such data consists of a Non-Negative Least Squares (NNLS) fitting procedure [3] or uses a numerical inversion of the Laplace transform [4]. Such signal processing task is known to be an ill-conditioned and ill-posed
problem, resulting in a large number of solutions that small noise in the data can easily affect. Moreover,
whatever the solution found, interpretation of the signal is essential in order to link NMR parameters to
biomarkers or to physico-chemical characteristics of the studied samples. An alternative to classical signal
processing and interpretation of TD-NMR data is chemometric analyses with the aim of making optimal
and quicker the signal analysis of large-scale data.
In the present communication, methods for processing three-dimensional data, as derived from the
measurement of TD-NMR signals over time, will be presented. Application of Multivariate Curve Resolution
Alternating Least Squares (MCR-ALS) method and its Hybrid hard and Soft modelling version (HS-MCR-ALS)
[5, 6] on TD-NMR monitoring experiments has given a good description of the kinetic pathway involved in
the imbibition process of nineteen genotypes of Arabidopsis seeds. After a synthetic introduction of modern chemometric methods, we will present their application for the qualitative and quantitative analysis of
TD-NMR data in a phenotyping context.
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Benchtop NMR for wine analytics
JOHNNIE PHUONG1, ELLEN STEIMERS1, PATRICK NICKOLAUS2, ULRICH FISCHER2, ERIK VON HARBOU1, YEVGEN MATVIYCHUK3, DANIEL J. HOLLAND3, KERSTIN MÜNNEMANN1
1. Technical University Kaiserslautern, Kaiserslautern, Germany
2. Dienstleistungszentrum Ländlicher Raum (DLR) Rheinland-Pfalz, Neustadt a. W., Germany
3. University of Canterbury, Christchurch, New Zealand
NMR has been used for analysis of a variety of food samples for some time. However, it is not widely used
in practice due to the high cost and complexity of the measurement. Recently developed benchtop instruments provide an effective, affordable, user-friendly alternative. However, the spectral resolution is limited
due to the field strength of their permanent magnets, and is often insufficient for the use of established
quantification algorithms. In previous work, a novel model-based data processing approach that addresses
the effects of moving peaks, splitting of coupled resonances, and peak overlap was introduced [1]. Importantly, the method enables fully automated data processing and extends the “one-click” philosophy of
benchtop NMR from acquisition to data analysis. The model was validated in benchtop NMR applications,
especially pertinent to food analysis e.g. for authentication of fruit juices, adulteration detection in honeys,
and other related problems.  This presentation will concentrate on the application of the method to the
analysis of wine.
Wine, as a luxury food, continues to be highly valued in the food industry. Therefore, it is important for
winegrowers and producers to identify factors that influence wine quality. Thus, optimizations in the wine
production process on the basis of well-founded analytical findings are indispensable. In most analytical
laboratories of wine institutes, various methods are used, such as HPLC or GC/MS spectroscopy. These
methods are disadvantageous due to time-consuming sample preparation or calibration procedures. High
field NMR spectroscopy is frequently used for wine-analysis and allows a fast, simultaneous and non-invasive detection of many components without prior sample preparation. However, it is not widely accessible.  
In this work, the feasibility of benchtop NMR spectrometers for use in the wine industry is demonstrated
(see figure). Different wine samples, which differ in harvest time, storage conditions and production methods, are analyzed with an 80 MHz benchtop NMR spectrometer and compared to standard analytics of a
wine laboratory. Moreover, different fermentation processes were monitored by benchtop NMR spectroscopy.
References
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Metrofood-CZ: three-year collaboration of academia with industry for
NMR-based database for wine quality control and fraud detection of
Czech wines
ANNA MASCELLANI 1, MAREK BABISZ 2, PAVEL KRSKA 2, PAVEL KLOUCEK 1 AND JAROSLAV HAVLÍK 1
1

Department of Food Science, Faculty of Agrobiology, Food and Natural Resources, Czech
University of Life Sciences Prague, Prague 6 – Suchdol, Czech Republic
2
The National Wine Centre, Valtice, Czech Republic

Metrofood-CZ is an infrastructure facilitating collaboration of academia with industry. Within this framework, a collaboration between university and the National Wine Centre of the Czech Republic has been
established in order to develop a database for wine quality control and fraud detection to support wine
and viticulture of the Czech Republic. Wine is an expensive food product, which is under a strict control of
EU or member states legislation. Proper labelling of origin or variety, as well as quality guarantee, requires
effective control methods. Nuclear magnetic resonance (NMR) is a powerful analytical spectroscopic method applicable to wine fraud control [1].
We built a database consisting of 3000 spectra, mostly varietal wines, with information about the producer,
variety, origin, year of harvest and chemical profile from approved methods by OIV [2] (alcoholic strength,
acids, residual sugars, residual extract). The database included 15 varieties marketed in the Czech Republic.
Samples (540 µL) were mixed with 60 µL of standard solution (phosphate buffer 1.5M, pH 4.0, 0.2% NaN3
and 5 mM DSS). Spectra were acquired on a 500 MHz Bruker Avance III spectrometer equipped with a
SmartProbe™ (BBFO). Data was collected at 298 K using noesypr1d pulse sequence, 128 scans, acquisition
time of 4s, relaxation delay 1s and mixing time 0.1s. The 90° pulse was calibrated for each sample.
Chemometric models for varietal wine quality control were built based on a subset of 900 wine spectra
and were capable of discriminating red vs. white wines including the categorisation based on residual
sugars (dry, semi-dry and sweet wines), quantification of residual sugars, discrimination of some varieties
vs. others (e.g. Riesling, Chardonnay or Pinot noir). The trained Random Forest (RF) model classified Pinot
noir with 96% correctness, Blaufränkisch 96%, Riesling 92%, Cabernet Sauvignon 77%, Chardonnay 76%,
Gewürtztraminer 60%, Hibernal 60%, Grüner Veltliner 52%, Pinot gris 48%, Sauvignon Blanc 45%, and
Pálava 40%. The NMR quantification of glucose and fructose were compared with the chemical analysis
of residual sugars [2] showing high accuracy (RMSE 1.8, R2, 0.99) whereas low accuracy for the alcoholic
strength (R2 0.5). We were able to discriminate Pinot blanc and Chardonnay from each other, despite high
ampelographic and sensory similarities and the fact that they are often unintentionally interchanged in
vineyards. The database of wine spectra was used to verify identity of batches during the market registration and after.
The tool has been developed and implemented to support authorities active in wine control and viticulture
of the Czech Republic.
Contact: mascellani@af.czu.cz
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Italian local products characterization by NMR methodologies
G. DI MATTEO1, A. P. SOBOLEV2, M. SPANO1, C. INGALLINA1, L. MANNINA1
1 Department of Chemistry and Technology of Drugs, Sapienza University of Rome, 00185 Rome, Italy
2 Magnetic Resonance Laboratory “Segre-Capitani”, Institute for Biological Systems, CNR, 00015 Monterotondo, Rome, Italy
E-mail: giacomo.dimatteo@uniroma1.it

In many Italian regions, local products are cultivated and used only for the local consumption. Therefore
many varieties and biodiversity tend to be lost due to the agronomic and commercial selection of only a
few varieties. Another factor that contribute to the loss of crop biodiversity is the replacement of local
varieties with high-yielding species. Therefore, a limited number of varieties are cultivated and products
coming from extensive productions, sometimes deceptively labelled as “Made in Italy”, are imported to
satisfy the high food request. In this context, high field NMR spectroscopy has been applied to characterize
and therefore valorize local Italian products namely tomatoes of Lazio region, apple typical cultivars of the
Piedmont region and potatoes from Liguria and Piedmont regions For this purpose Blight-Dyer extraction
has been performed obtaining organic and hydroalcoholic fractions then analysed by the 1D and 2D NMR
methodologies.
Two variety of tomatoes cultivated in the south Lazio area, namely the recently introduced Torpedino di
Fondi variety and the traditional San Marzano variety, were studied monitoring the metabolites concentration at a both ripe and unripe stages by the NMR methodologies [1]. Ripe Torpedino di Fondi cultivar
contained higher levels of fructose, glucose, tryptophan, phenylalanine, alanine and tri-unsaturated fatty
acids with respect to unripe stage. Ten variety of traditional apple cultivars of the Piedmont region were
characterize by the NMR analysis in order to discriminate their differences/similarities and to compare
their composition with the commercial cultivars [2]. Both Magnana and Grenoble cultivars showed high
amounts of sucrose, rhamnitol, malic acid, asparagine, alanine, and phosphatidylcholine, whereas Canditina cultivar was very different compared to all the other examined apples, containing high levels of citramalic acid, tri-unsaturated fatty acids and saturated fatty acids, and low amounts of xylose, fructose, sucrose,
malic acid, citric acid, alanine and mono-unsaturated fatty acids. Twenty potato cultivars from Liguria and
Piedmont regions were analysed with the NMR spectroscopy in order to promote their valorization and
use as high quality raw material in food industries [3]. Jelly cultivar was characterized by high levels of
monosaccharides, whereas Rouge des Flandres, Blue Star, Bergerac, Roseval, and Ratte potato cultivars
presented high amounts of amino acids.
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NMR metabolomic profiling approach for the characterization of PDO
and non-PDO cheeses
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FRANCESCHI A, LUANA BONTEMPO A
a Fondazione Edmund Mach (FEM), via E. Mach 1, 38098, San Michele all’Adige, Italy; b Center Agriculture
Food Environment (C3A), University of Trento, Via Mach 1, 38098 San Michele all’Adige, (TN), Italy; c Consorzio Tutela Grana Padano, Via XXIV Giugno 8, 25010 San Martino Della Battaglia, Desenzano del Garda
(BS), Italy; d International Atomic Energy Agency, Vienna International Centre, PO Box 100, A-1400 Vienna,
Austria
PDO (Protected Designation of Origin) cheeses are products recognized as having higher quality and therefore can claim higher prices on the market. For this reason, in the last years there has been a flourishing of
similar products that try to imitate PDO hard cheeses since when the cheese is sold in grated or shredded
form, easy economic gain can be made by mislabelling common non-PDO cheeses with most PDO famous
designations, such as “Grana Padano PDO” cheese. Depending on different characteristics such as geographical origin or production processing, cheeses can have different metabolite profiles which could be
potentially used to differentiate among PDO and non-PDO samples.
In the last months, we adopted Nuclear Magnetic Resonance (NMR) spectroscopy with a metabolomic
approach which could potentially be used to discriminate common non-PDO cheeses from other types
of PDO cheeses, such as “Grana Padano”. The approach encompasses the analysis of both aqueous and
lipid fractions, extracted with simple procedures. Each fraction is then analyzed with NMR to obtain a
fingerprint of the sample, which is then subjected to multivariate statistical analysis. The proposed NMR
approach allowed the differentiation of Grana Padano from other cheeses, consisting of both PDO and
non-PDO types. The great advantage of the proposed approach is a simple and fast sample preparation and
these encouraging first results led to a potential  new additional tool for checking the authenticity of PDO
cheeses in the future.
References
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HEMP PRODUCTS: NMR CHARACTERIZATION OF INFLORESCENCES
AND HEMP SEED OILS

MRSI vs CEST MRI to understand tomato metabolism during fruit
development: Is there a better contrast?

M. SPANO1, A. P. SOBOLEV2, G. DI MATTEO1, C. INGALLINA1, L. MANNINA1

GUILHEM PAGÉS1,2, CATHERINE DEBORDE3,4, MARTINE LEMAIRE-CHAMLEY4,
ANNICK MOING3,4, JEAN-MARIE BONNY1,2

1Dipartimento di Chimica e Tecnologie del Farmaco, Sapienza Università di Roma, P.le Aldo Moro 5, 00185
Rome, Italy
2Laboratorio di Risonanza Magnetica “Segre-Capitani”, Istituto per i Sistemi Biologici, CNR, 00015 Monterotondo, Rome, Italy

Industrial hemp (a Cannabis sativa L. chemotype) has been cultivated all over the world for centuries being
the raw material in different industrial fields. However, due to the association with narcotic Cannabis, the
industrial hemp cultivation almost disappeared in the 20th century. Recently, the EU published a regulation
for the reintroduction of selected varieties of this crop in Europe to valorize hemp multiple applications
[1]. The present study, developed in the frame of the Lazio Region project “Industrial Hemp: development
and valorization of a sustainable new agro-food chain” aimed at the valorization of Cannabis sativa L. products of Lazio Region. In this context, an NMR analysis of inflorescences and hemp seed oils was applied.
Bligh-Dyer extracts of inflorescences [2] from Ferimon hemp cultivar grown with different agronomical
practices (irrigation, fertilization) and harvested at different periods were analyzed by high resolution
NMR experiments (1H, 1H-1H TOCSY, 1H-13C HSQC, 1H-13C HMBC), allowing to define the metabolomic
profile. Sugars, amino acids, organic acids, and other metabolites were detected, suggesting the potential
use of this crop in the food field. Moreover, the application of Principal Component Analysis (PCA) on the
obtained results allowed to observe the effect of the agronomical practices, mainly irrigation and harvesting, on the inflorescences chemical variability. The 1H NMR analysis of hemp seed oils allowed to define
the lipophilic profile (fatty chains, ω-6:ω-3 ratio, β-sitosterol, and aldehydes) of this foodstuff whose use
is spreading widely. Moreover, the applied NMR protocol showed to be a powerful tool for the determination of some quality parameters of hemp seed oils since a specific official regulation does not exist. In
this context, the NMR analysis of some commercial hemp seed oils [3] with a declared ω-6:ω-3 ratio of 3:1
(optimal for healthy human nutrition) showed that the effective values of this quality parameter. This study
showed how NMR methodology represents an important tool for the study of innovative matrices such as
hemp derived products, whose use is rapidly growing,
References
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Fruit development allows both seed maturation and dispersion. For tomato fruit, seeds are maturating
while they are located inside the fruit locular cavities, embedded in a jelly-like tissue called locular tissue1.
Surprisingly, seed maturation continues while the seeds are not anymore connected to vascular tissues, i.e.
to metabolite supply. To better understand this particular developmental process, it is of prime importance
to determine the metabolite spatial profile near the seeds, i.e. inside the locular tissue. In this context, the
non-invasive character as well as the versatility of MRI makes this analytical tool ideal to investigate this
question.
For this purpose, we investigated two MRI contrasts: chemical shift using Magnetic Resonance Spectroscopy Imaging (MRSI) and chemical exchange using Saturation Transfer (CEST) imaging2. At the difference of
MRSI which gives a complete metabolite profile, in CEST, the image is specific of one chemical exchangeable moiety which may come from several metabolites. The figure illustrates the main results for both
contrasts obtained for the same fruit slice. For MRSI, the NMR spectrum quality, e.g. linewidths or water
suppression efficiency, was inequivalent from one pixel to the other leading to non-exploitable data. These
variations were explained by a significant
magnetic field heterogeneity within the
slice.
For CEST images, we focused on frequency
ranges from 0.4 to 1.6 and 2.4 to 3.6 ppm
from the water frequency leading to an
image contrasted for amino and hydroxyl
moieties. Knowing the quantification of
tomato major metabolites1, these images
were contrasted for glucose/fructose
and glutamate/glutamine, respectively. A
clear difference in the metabolite spatial
repartition was observed between glucose/
fructose, present in the locular tissue, and
glutamate/glutamine, mostly located inside
the columella.
For tomato fruit, CEST MRI is more informative than MRSI regarding metabolite
repartition.

[1] Lemaire-Chamley M., Mounet F., Deborde C., Maucourt M., Jacob D., Moing A., Metabolites, 2019, 9(5),
93.
[2] Pagés G., Deborde C., Lemaire-Chamley M., Moing A., Bonny J.-M., Anal. Bioanal. Chem., 2021, 413,
1251.
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1H-NMR metabolomics investigation of plasma and fecal samples
from farmed Atlantic salmons fed with increased plant-based diet
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Land-based aquaculture is one of the fastest growing food production sectors, and in the era of green
transistion, the use of plant-derived fish feed represents an attractive alternative protein source for the
aquaculture industry. However, the use of plant-based feed in aquaculture has certain challenges due to
digetibility and the presence of antinutritional substances, including saponins, which have been associated
with steatosis and enteritis1. Recently, it was discovered that choline and phosphatidylcholine eliminate
excessive gut mucosal lipid accumulation in Atlantic salmon2. The aim of the present study was to investigate whether supplementation with a mixture of choline and two functional ingredients, β-glucans, and
nucleotides, might prevent steatosis and reduce symptoms of inflammation in the DI of Atlantic salmon.
Eight diets were investigated where the choline content was systematically increased from 1050 to 3470
ppm. Diets 1-4 did not contain β-glucans and nucleotides, while diets 5-8 contained 500 ppm of both ingredients (MIX). The diets were fed for 62 days to Atlantic salmon in tanks with salt water 45 fish per tank;
with average start weight 186g and final weight 511g. Samples of plasma and feacal content from DI were
collected from each individual and were analyzed by 1H-NMR spectroscopy3,4. Metabolites were quantified by SigMa5. Results of histological evaluation of the proximal intestine showed severe steatosis in fish
fed low fishmeal (FM) diets without the MIX, decreasing with increasing FM level. Increasing level of fish
meal did not clearly affect histological signs of inflammation in the distal intestine, which in general were
very mild. PCA performed to analyze the plasma metabolome evidenced a choline/phosphocholine-driven scores distribution along PC1, while ASCA showed that 38% of the metabolite variability was related
to diet (p<0.001). PCA performed to scrutinize the metabolome of DI evidenced that bile acids, digestive
surfactants that promote absorption of lipids, were increasingly higher in fish fed high concentrations of
choline and the MIX, suggesting that the combination of these ingredients can help preventing/alleviating
symptoms of enteritis and steatosis in Atlantic salmon.
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SigMa Milk: Quantification of metabolites in milk and milk products
from 1H NMR spectra using Signature Mapping (SigMa) approach
PARASKEVI TSERMOULA, SØREN BALLING ENGELSEN, BEKZOD KHAKIMOV
Department of Food Science, Faculty of Science, University of Copenhagen, Rolighedsvej 26, 1958,
Frederiksberg C, Denmark

The milk metabolome carries rich information about the animal health status, diet, lactation stage, parity,
geographical and species origin. Milk molecular profiles are also used to assess quality, nutritional value
and technological properties of milk. One-dimensional (1D) proton (1H) nuclear magnetic resonance (NMR)
spectroscopy is one of the most robust, unbiased and quantitative analytical platforms used in dairy
research for molecular screening purposes. However, it is mostly employed in measuring milk substances in serum with spectral data handling and metabolite annotation remaining the main bottleneck. This
work demonstrates optimized and highly standardized protocols for measuring 1H NMR spectra of whole
milk, skim milk and milk serum in a high-throughput manner. This study have developed an extensive milk
metabolite library including the unique chemical shift ranges of signature signals corresponding to 73 milk
metabolites based on spiking experiments on whole, skim milk and milk serum using authentic standards
of metabolites. The library is implemented into the SigMa (Signature Mapping) software [1, 2], a platform
developed for comprehensive, unbiased and reproducible processing of whole milk, skim milk and milk
serum 1H NMR spectra. The SigMa Milk platform converts raw NMR spectra into an informative metabolite
table in a semi-automated and user-friendly manner, thus enabling unambiguous identification and unbiased quantification of milk metabolites. The applicability of the platform is demonstrated in an example of
cow’s milk and colostrum metabolomics.
[1] B. Khakimov, N. Mobaraki, A. Trimigno, V. Aru, S.B. Engelsen, Signature Mapping (SigMa): An efficient
approach for processing complex human urine 1H NMR metabolomics data, Analytica Chimica Acta, 1108
(2020) 142-151.
[2] M. Cui, A. Trimigno, V. Aru, B. Khakimov, S.B. Engelsen, Human Faecal 1H NMR Metabolomics: Evaluation of Solvent and Sample Processing on Coverage and Reproducibility of Signature Metabolites, Analytical
Chemistry, 92 (2020) 9546-9555.
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In vitro investigation of digestion of a bread and cheese meal by MRI
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H NMR magnetization transfer: a non-invasive marker of in vitro gastric milk protein digestion
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Gastrointestinal digestion is a complex dynamic process consisting of mechanically and enzymatically breaking down the food structures into nutrients which are usable by the organism. Monitoring food degradation during the different digestion phases is essential for understanding the mechanisms regulating the
digestion of specific nutrients and the impact of food structure on nutrient absorption. In last years, in vitro
systems simulating digestion processes [1] have been developped, making it possible to resolve several difficulties associated with in vivo experiments, espetially biological complexity and ethical concerns. MRI is a
highly promising non-invasive approach for both in vivo and in vitro digestion research [2] as it can be used
to obtain information on the status and amount of water and lipid protons in foods. These information can
be used for spatially resolved measurements of multi-scale structural features and composition of food, as
demonstrated in recent studies on simplified food such as gels [3].
The present study aimed to evaluate MRI for monitoring digestion of a complex meal composed of bread,
cheese and water. All macronutrients (saccharide, protein, lipid) were gathered in such a meal, with
particularities: bread samples containing mainly starch and to a lesser extent (10%) proteins while cheese
mainly contained proteins and lipids. Food destructuration associated to erosion and hydrolysis were
studied using a semi-dynamic protocol simulating a gastrointestinal human digestive cycle. The study was
performed on a 1.5 T MRI scanner (Avanto, Siemens). Evolution of morphological and physico-chemical
properties of the particules and the liquid were investigated using: 1) 2D T2 maps 2) 3D fat fraction maps
obtained by water-fat separation approach and 3) 3D morphological images obtained by ultra short echo
time sequence. Combining different MRI image modalities (Fig. 1), it was possible to investigate separately
several phases of the digesta, i. e. supernatant, large food pieces (cheese and bread crust) and molecules
or small fragments in suspension which laid deposited at the bottom of the vessel during the MRI measurement.

Industrial preparation of milk products involves heating, which can modify the structure and digestibility of milk proteins, namely casein and whey. Protein digestion is typically studied using in vitro models
combined with (bio)chemical analysis of the digesta. This approach can provide valuable information on
the rate of digestion and the chemical composition of the digesta. However, in vitro models still do not fully
capture the complexity of the digestive tract. In vivo protein digestion studies can help to further optimize
and validate in vitro digestion models. Magnetization transfer (MT), a nuclear magnetic resonance (NMR)
technique, can indirectly detect changes in the state of semi-solid proteins via 1H exchange with water [1].
The objective of this study was to explore the potential of MT-NMR to study in vitro gastric protein digestion and its applicability under in vivo conditions.
In this work, MT-NMR was used to study in vitro gastric digestion of raw and heated skimmed milk
(SM) using the infant digestion model by Ménard et al. (2018) [2]. We obtained both a fitted composite
exchange rate () from MT-NMR kinetics measurements, using a two-pool fitting model that yielded a
relative standard error of ≤10% [3], and the MT ratio () from rapid single-shot MT-NMR measurements.
The  is a non-fitting parameter, commonly used to provide contrast in in vivo MRI data and given by the
ratio of signal intensities without and with an off-resonance saturation pulse. Both the and the parameters
decreased during in vitro gastric digestion due to the breakdown of the initially formed semi-solid protein
coagulum. For raw and heated SM the decrease in the within the first 5 min of digestion was 90% and
20%, respectively, and the corresponding decrease in the  was 50% and 10%. The MT-NMR results were
validated against standard reference methods, such as protein content and HPLC analysis. Our results show
that MT-NMR can be used to study in vitro gastric protein digestion kinetics, and its dependence on heat
treatments, opening the way to future quantification of protein digestion in vivo by MRI.
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Figure 1: Evolution of the digesta over time. From top to bottom, vertical 2D T2 maps, vertical projection of
3D lipids maps, horizontal 2D T2 maps placed at the very top surface of the digesta
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High resolution rheo-MRI: characterizing flow cooperativity in complex food dispersions
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Colloidal interactions in complex food dispersions, such
as emulsions and gels, can vary significantly under
strongly confined (μm-mm) shear flow, or as a function of
temperature. Such conditions are typically encountered
in industrial processing, e.g. in 3D food printing or dairy
production, where flow of materials can become spatially
heterogenous, exhibiting flow instabilities such as shear
banding and/or flow cooperativity.1 The latter effect
emerges when the dispersed particles have sizes within
102 times the size of the confining flow geometry.2 To
enable reliable flow prediction and to aid improving
product design, in situ velocimetry measurements with
suitable spatial resolution, applicable even to optically-opaque materials, are needed in order to probe flow
changes under varying inter-particle interactions. This
capability is unique to rheo-MRI velocimetry, so far
however limited to wide-gap geometries and room temperature studies.1, 3, 4
In order to measure confined flow of particulate systems
Figure 1: a) Technical drawing of the 500 μm
with sizes ~1-102 μm, we have designed and constructed
gap CC used for rheo-MRI measurements. On
a novel rheo-MRI Couette cell (CC) with a gap of 500 μm
the right: b) micrograph of a FCD sample, and
(Fig. 1a). The design of the cell has been optimized to
c) its rheo-MRI velocity profiles acquired at
minimize off-axis mechanical wobbling of the bob, and
varying shear rates.
thus increase the MRI spatial resolution. The setup is also
equipped with water circuit for temperature control in
the range 15-45 ºC.5 We demonstrate a real-life application of the cell for characterizing flow cooperativity
in fat crystal dispersions (FCD), a common food precursor, whose microstructure, and flow behavior heavily
depend on crystallization conditions (Fig. 1b).
We here demonstrate that rheo-MRI velocity profiles acquired with our newly developed setup can be reliably measured with spatial resolution up to 10 μm and used to identify and quantify cooperative flow and
wall slip in FCDs crystallized at various cooling rates. Changes in shear banding and wall slip effects could be
measured upon varying the temperature within 20-40 ºC.
Based on these results we foresee immediate applications of our sub-mm flow-MRI setup to further unravel the interplay of cooperativity, wall slip and shear banding in strongly-confined flow of model and real-life
dispersions and the dependence of these instabilities on concentration and/or temperature.
Better understanding of these confinement effect will enable rational design of foods and other soft particulate dispersions, such as paints and (bio-)polymers.
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Oil mobility investigations in oleogels using NMR methods
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Fat blooming is one of the major quality problems in chocolate industry. The white to grayish coating that
forms on the surface of chocolates makes the product unattractive and is often wrongly associated with a
loss of shelf life. Most of the problems occur in chocolate products with a nut-based filling. Fat blooming in
these products is due to migration of the oil contained in the nut paste [1]. Therefore, the mobility of the
nut oil in the filling compound is decisive for improving the quality or extending the shelf life of the filled
products. Similar to the types of water binding, different bindings are assumed for oils, which influence
their migration but are not yet adequately understood. One type of oil immobilization can take place
through “spatial confinement”. In oleogels oils are predominantly restricted in their mobility by oleogelators. The geometric hindrance of the oil diffusion is usually achieved through supramolecular agglomerations of gelator molecules that organize into a 3D network and enclose a large amount of oil in a gel-like
structure. The gelator molecules can be particles which are crystalline at room temperature, such as monoand di-acylglycerols or sunflower wax which differ in their crystallization properties. While mono- and
di-acylglycerols form flake-like structures, the wax crystals predominantly show higher 1D and 2D growth
resulting f. e. in needles. [2]
Oleogels of different compositions were investigated by NMR experiments is shown with the aim of a better understanding of oil mobility in differently structured systems and to transfer the knowledge to more
chocolate systems. The focus is on changes in molecular dynamic by means of relaxation and diffusion. Oil
migration was measured as a function of temperature in order to develop a deeper understanding of the
ability of the oils and their components to migrate especially during the phase transition of the gelators.
Since conventional mono-exponential data modeling leads to inadequate description of the relaxation
and diffusion data, diverse data processing approaches were investigated in order to obtain the physically,
chemically and numerically adequate description of the data.
Diffusion measurements provided evidence of partially hindered diffusion of the oils due to the structuring with crystalline particles. Relaxation turned out to be a particularly promising method to detect
temperature-dependent phase changes. Modeling with a bi-gamma approach turned out to describe the
experimental data of the partially hindered oil in oleogels numerically well. Clear correlations between the
phase transition of the gelator into a liquid-like state and thus the destruction of the structure of the model
system and the change from a hindered to a free diffusion of the oil was shown.
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Mechanisms of transverse relaxation
of water in muscle tissue

Low-field NMR-based characterization of plant-based burgers
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There is an increasing awareness among consumers that meat production has a significant environmental
impact. As a result of this concern, recently, a growing number of meat analogues products that are based
on plant-based material is emerging. Especially many ready-to-eat plant-based products such as burgers
have reached the commercial market. However, very little is known on the functionality of these products
and how much they in fact resemble a traditional meat-based burger. Low-field NMR relaxometry is as a
valuable tool in meat research1,2. Both in fresh meat and in processed meat, low-field NMR relaxometry
provides important information on the behavior of the intrinsic water and the interaction with water and
macromolecules present in the processed meat matrix. In addition, low-field NMR relaxometry has gained
insight into how particle size properties of ingredients impact perceived juiciness through effects on local
water-protein interactions3. The objective of the present study was to apply low-field NMR relaxometry in
the examination of processed meat analogues with the aim to elucidate intrinsic water mobility and distribution in these products when benchmarking with a traditional meat-based product.
References
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Transverse relaxation (T2) has been used in numerous studies to characterize meat and seafood products.
However, it is still not possible to reproducibly correlate the transverse relaxation of muscle foods to
attributes that determine their quality and value. Frequently, chemometrics is used to try to relate the relaxation distributions to other measured properties of the sample instead of trying to directly interpret the
T2 spectrum itself. Because muscle tissue is a porous material, it is tempting to use equations developed
to analyze other porous systems to provide a more direct, quantitative description of the tissue. However,
the standard porous material equations have been developed for predominantly geological systems. This
talk presents the foundations of transverse relaxation theory in porous media and the challenges that arise
when attempting to apply the equations to a biological system like tissue.
Before porous media theory can be used to characterize meat and seafood, the source of relaxivity in the
tissue must be known. Therefore, in order to better understand how the NMR signal originates in muscle
tissue, T2, diffusion, T1-T2 correlation and T2-T2 exchange experiments were performed on Atlantic cod (Gadus morhua) tissue in a variety of states (e.g., fresh, thawed, homogenized, etc.). In the literature, typically
four T2 peaks are reported for meat and seafood samples. Results indicate that the fastest relaxation peak
is attributable to hydrogen within the protein itself, arising from dipolar coupling. The T2B peak appears
to be “buried water”, a type of bound water in protein, and its relaxation stems from a combination of
restricted motion and interaction with the hydrogen in the protein. For the T21 peak, attributed to liquid in
myofibrils, the main relaxation mechanism is the interaction between water molecules and the hydrogen
in myosin/actin matrix. The T22 peak arises predominantly from the interaction of water with dissolved
proteins in the sarcoplasm. An important finding from this research is the need to account for both surface
sinks and volume sinks in the interpretation of T2 relaxation results in tissue. As there are multiple sources
of relaxivity for transverse relaxation in tissue, it is highly likely that changes to the T2 distribution that have
been attributed to microstructural changes are in reality due to a combination of changes in microstructure, surface relaxation and fluid properties. These results aid in better interpreting T2 measurements in
meat and seafood products, with the ultimate aim of eventually predicting product quality and value from
NMR relaxometry.
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TD-NMR as a probe for elucidation of
hydrated gluten multiphase structure
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Wheat gluten is one of the most complex plant proteins and has many applications due to its viscoelastic properties and its excellent tensile strength [1, 2]. While hydrated, wheat protein forms a fibrous
three-dimensional network, which displays a broad distribution of molecular motions/phases.  Intra- and
inter-molecular interactions, self-association of protein chains and disulphide crosslinks formations are
among the factors that cause the complexity of hydrated gluten from both the structural and dynamic
point of view [3, 4].
Several techniques have been implemented to put evidence the hydrated gluten physical and chemical
properties such as Differential Scanning Calorimetry (DSC), rheology, microscopic imaging, and NMR
measurements [5–9]. Among all these techniques, TD-NMR has proven to overcome the difficulties related
to the intrinsic complexity of the matrices and showed to be efficient for dynamic investigation of different
phases (protons from protein backbone or from water) in a non-destructive way [9, 10]. Nevertheless, in
case of gluten, previous attempts to assign the different T2 relaxation times are questionable, in particular
concerning confined water and also because the extracted gluten is rarely pure and contains residual starch
that potentially greatly affects the NMR signal. In addition, addressing this later issue will shed light on
the assignments in more complex matrices such as bread dough for which starch and gluten T2 relaxation
times overlap [7, 10].
In this work, firstly, TD-NMR measurements at freezing temperatures were performed to propose new T2
assignments for gluten-based matrices. Secondly, the heating of gluten matrix was dynamically investigated to put more evidence on its impact on the water distribution in multiphase systems. Complementary
techniques such as HPLC, DSC and microscopy were implemented to support the interpretation of TD-NMR
results.

Assessment of glucan structure diversity
and interactions with water by ssNMR
FALOURD X. AB, LAHAYE M.A, RONDEAU-MOURO C.C
a
INRAE, UR BIA, F-44316 Nantes
INRAE, BIBS facility, F-44316 Nantes
c
INRAE, UR OPAALE, F-35044 Rennes
b

Cellulose and starch have excellent physical and chemical properties for uses as food ingredients and packaging materials [1,2]. In order to predict their impact as food stabilizer or component of food packaging,
the characterization of both their structure and interactions, notably with water is crucial.
In the last decades, TD-NMR has been used as a rapid and non-invasive technology to assess the quality
(food composition, adulterations) of intact and processed foodstuffs, as well as the effect of processing
(drying, cooking, freezing, curing, salting) and storage in food and ingredient quality [3]. This approach
provides information at the micrometric to millimetric scales.
Additional information at the nanometric scale can be accessed by solid state NMR spectroscopy. In particular, the study of the polarization transfer 1H-> 13C kinetics allows measuring different relaxation times
including the T1ρH, which evaluates molecular ordering within a volume of 2 to 30 nm3.
The VCT-CPMAS (Variable Contact Time-Cross Polarization Magic Angle Spinning) sequence used to assess
molecular dynamics (T1ρH, THH spin diffusion time) in solids is generally underused due to the associated
long and tedious data acquisition (23 hours for 20 kinetic points) and processing (6 hours). Moreover,
several physical models can be used to extract the various dynamical parameters, which can be rather
disconcerting for a neophyte user. This work present results obtained after optimization of the VCT-CPMAS
sequence applied on cellulose nanocrystals. This allowed collecting more than 400 kinetic points in 50
hours for a better curve fitting.
By comparing celluloses of different origins and types at “native” hydration, we were able to demonstrate
that THH was sensitive to crystal size in addition to the well-known relationship between T1ρH and crystallinity index. Adding variable amounts of water to cellulose nanocrystals, an evolution of the polarization
transfer kinetics was observed, which demonstrated that VCT-CPMAS analysis provides information on the
establishment of the hydrogen bonds network and/or on its implication in the structure of nanocrystals.
The reintroduction of the chemical shift anisotropy contribution to the NMR signal through the decrease of
the spinning rate made it possible to show that the kinetics also depend on the local (nm scale) orientation
of the glucan chains.
To further assess the value of this approach, samples of potato starch known to demonstrate strong affinity
for water were also analyzed. We were thus able to show that this kinetics makes it possible to follow, on a
scale complementary to T2 relaxometry, the effect of a process (obtaining amylose, acid hydrolysis) on the
organization of starch and therefore potentially of food.
[1] Mu, R. & al. (2019). Recent trends and applications of cellulose nanocrystals in food industry. Trends in
Food Science & Technology, 93, 136-144.
[2] Sjöö, M., & Nilsson, L. (Eds.). (2017). Starch in food: Structure, function and applications. Woodhead
Publishing.
[3] Colnago, L. A. & al (2021). Low field, time domain NMR in the agriculture and agrifood sectors: An overview of applications in plants, foods and biofuels. Journal of Magnetic Resonance, 323, 106899.
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Quantitative assessment of epoxide formation in bulk oil
and mayonnaise by 1H-13C HSQC NMR spectroscopy
VINCENT BOERKAMP1, DONNY MERKX1,2,3, JIANLI WANG1, JEAN-PAUL VINCKEN1, MARIE HENNEBELLE1, JOHN VAN DUYNHOVEN2,3
Food Chemistry, Wageningen University, Wageningen, the Netherlands
2
Biophysics, Wageningen University, Wageningen, the Netherlands
3
Unilever Global Food Innovation Centre, Wageningen, the Netherlands
1

Lipid oxidation is a chemical process that is detrimental for the quality of oil-based foods. Historically,
hydroperoxides and aldehydes are considered the most important molecules in the assessment of lipid oxidation. While they do provide insights in kinetics of primary and secondary oxidation, it has been proposed
that a third class of oxidation products, the epoxides, could help resolve mechanistical anomalies that are
hitherto unexplained [1].
Here, we developed a 2D 1H-13C HSQC NMR method that allows for a quantitative assessment of epoxides
in real food products. The method was applicable in vegetable oils and mayonnaises in a reproducible (RSD
≤ 11.6 %) and repeatable (RSD ≤ 8.2 %) manner with an LoD and LoQ of respectively 0.18 and 0.62 mmol/
kg oil. Two-dimensional HSQC-TOCSY experiments enabled the assigned of epoxide sub-classes, such as
epoxide-hydroperoxides.
This novel method was applied in combination with existing selective NMR experiments [2] to simultaneously quantify lipid hydroperoxides, aldehydes and epoxides, providing a more comprehensive view
on lipid oxidation pathways under different conditions. Epoxides showed to be a major product during
intermediate and late stage of oxidation both in bulk oils and mayonnaise at 40 and 60 °C. They were not
formed yet after storage for nine months at 20 °C. Therefore, their potential as an early marker for lipid
oxidation appeared to be limited, in contrast to proposals in literature [3]. A combination of hydroperoxides, epoxides, and aldehydes, on the other hand, could be a powerful combination to detect the products
of the main radical mechanisms. Moreover, the characterization and quantification of epoxide sub-classes
by 2D 1H-13C HSQC NMR enables mechanistical oxidation studies.
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Can NMR unveil the mystery around fermented dairy and bone
health? – An intervention study with milk, yogurt, and the
combination of yogurt and inulin in ovariectomized rats
WEIWEI HE1, ZHUQING XIE2, LINE ZACHARIASSEN3, HENRIK J. ANDERSEN4, AXEL K. HANSEN3 AND
HANNE CHRISTINE BERTRAM1
1.Department of Food Science, Aarhus University, Agro Food Park 48, DK-8200 Aarhus N,Denmark
2.Department of Food Science, Faculty of Science, University of Copenhagen, Denmark
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4.Arla Food Ingredients, Sonderhoj 10, DK-8260 Viby, Denmark
Increasing evidence suggests that ingestion of fermented dairy products is associated with unique effects
on human health and in particular bone health. Thus, epidemiological studies show lower bone demineralization in women consuming fermented dairy products such as yogurt compared with women consuming
equal amounts of calcium from milk.[1] These observations have led to speculations on the underlying
mechanisms behind the beneficial effects, and hypotheses have been proposed, including that the fermented dairy products attenuate the risk of postmenopausal osteoporosis by modulating the metabolic
activity of the gut microbiota. Nevertheless, currently it remains to be established exactly how that intake
of fermented dairy products modulate the gut. To investigate how milk, yogurt, and the combination of
yogurt and inulin affect metabolic processes in the gastrointestinal (GI) tract and the bone mineralization,
a 6-week dietary intervention study was conducted in ovariectomized rats. Bone mineralization and bone
mechanical strength were evaluated by dual-energy X-ray absorptiometry and three-point bending test,
respectively. Subsequently, high-resolution nuclear magnetic resonance (NMR)-based metabolomics was
employed to measure the GI metabolome. NMR-derived metabolite profiles of content of the proximal GI
tract could reveal the digestive properties of foods. NMR spectroscopic analyses also revealed the metabolic consequences of carbohydrate and protein fermentation in the distal part of the GI tract as reflected in
short-chain fatty acids (SCFAs), amino acid derivatives and some amines (e.g. methyl-/trimethyl-amine).
Some of these metabolites have been implicated in intestinal permeability and inflammation, thereby
affecting calcium absorption and bone metabolism.[2] In addition, NMR spectroscopy was able to detect
some bacterial metabolites (e.g. SCFAs and trimethylamine N-oxide)[2,3] and osteoporosis-associated
metabolites in the blood,[4] which may provide direct evidence to explain the gut-bone axis.
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Authentication of avocado oil using low-field NMR spectroscopy
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Avocado oil is made from avocado fruit and has an increasing popularity among consumers due to its
health-promoting effects and organoleptic properties1. As a result, avocado oil can be the target of adulteration like other high-value edible oils, such as olive oil. The quality and purity of avocado oils has been
evaluated using a variety of analytical methods, including chromatography2 and spectroscopy3, including
high-resolution (HR) NMR4. Despite their strengths, these methods suffer from several disadvantages.
For example, they can be either labor-intensive and time-consuming, or expensive and requiring experienced and highly skilled experts. LF-NMR has been also utilized for the analysis of food products5, such as
vegetable oils6, as it has been developed into a powerful and versatile tool over decades7. LF-NMR is more
affordable, user-friendly, and fits well in an industrial environment, in addition to being rapid and non-destructive. However, most of LF-NMR applications involve relaxometry8 rather than spectroscopy, thus
limiting its potential in food analysis. In this study, we applied LF-NMR spectroscopy to distinguish avocado
oils from other oils, including olive, canola, soybean, high-oleic (HO) safflower and HO sunflower oil, meanwhile validating the results by profiling fatty acids and triacylglycerols using GC-FID and HPLD-CAD. The
discrimination performance of LF-NMR of different types of edible oils was comparable to HR-NMR with
the exploitation of advanced multivariate data analysis, despite the challenges of the oils with HO content.
LF-NMR showed the potential for monitoring avocado oil processing and authentication in many sectors,
including producers, international traders as well as regulation agencies.
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The potential of very high-field 1H and 13C NMR
spectroscopy for foodcomposition analysis in
liquid and solid-state: case study of coffee.
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1 Aerial, 250 Rue Laurent Fries, Parc d’innovation, 67412 Illkirch, France
2 UMR Sayfood, AgroParisTech, Inrae, Université Paris-Saclay, 91300 Massy, France
Fast magic-angle spinning (MAS; >40 kHz), very high magnetic fields (17.6 – 21.1 Tesla) and the
resort to cryoprobes can significantly enhance both resolution and sensitivity in NMR analysis1.
While very high-resolution configurations of NMR instrument have been reported in literature for
medical applications2,3,4, the latter type of equipment is however not easily available to food
scientists due to its high cost. As an example, to date, the highest field used to analyse coffee
composition was 14 Tesla for liquid state5 as well as for solid state with a rotating speed of 12 kHz6.
Yet, the food science community could take advantage of this cutting-edge technology to address
analytical challenges it cannot overcome with lower performance spectrometers.
In this study, the composition of green and roasted coffee beans, coffee extracts and spent ground
coffee was investigated using two very high field NMR spectrometers: a 21.1 Tesla instrument (1H
Larmor frequency of 900 MHz) equipped with a cryoprobe on the one hand for liquid-state analyses
(coffee extracts), and a 18.8 Tesla equipment (800 MHz; MAS frequency up to 60 kHz) on the
other hand for solid-state investigations (coffee beans and spent ground coffee). 1H and 13C NMR
spectra were compared with those obtained using a more conventional configuration (400 MHz
spectrometer, MAS frequency of 5-10 kHz) to study the impact of (i) roasting on coffee bean and
coffee extract composition, and (ii) extraction on spent ground coffee composition.
This work enabled to highlight the gain in analytical performance obtained by using very high
magnetic fields for the analysis of coffee beans, coffee extracts and spent ground coffee. In
particular, the increase in resolution and sensitivity makes it possible to observe new resonances,
that can serve for authentication purposes or to study process impact on product composition. In the
case of coffee, there is a particular interest of using very high field solid-state NMR for the
characterization of spent ground coffee.
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Bioactive compounds from plant by-products as a new source for biostimulants and food supplements: NMR investigation

Dynamics of cottonseed oil molecular profiles during different processing stages in industrial production
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The recovery of bioactive compounds from plant by-products leads to a new perspective way of reducing waste production as a part of circular economy. The recovered bioactive compounds can be used in
different ways, including new formulations of biostimulants and food supplements. Following this idea in
the frame of Ri-cicloHorto project [1], by-products of artichokes and cauliflowers production were chosen
as a prospective source of bioactive compounds and their metabolite profile was analyzed using the NMRbased metabolomics approach. Water-soluble and liposoluble metabolites from leaves and stems of the
plants were extracted using Bligh Dyer extraction for NMR qualitative and quantitative analysis. Water-soluble extracts of all plant and tissue types contain prevalently metabolites of common classes (sugars,
organic acids, free amino acids), although in different amount, usually tissue-specific. In the case of organic
extracts, besides common liposoluble metabolites (fatty acids, sterols, phospholipids, carotenoids), plant
and tissue specific compounds with different biological activity were also identified and quantified, as for
example sesquiterpene lactones (guaianolide type present in artichokes). This NMR investigation represent
an important starting point for future implementation in the formulation of new bio-stimulants and food
supplements, since it allows to obtain: i) the exhaustive characterization of real by-products so far considered as a waste in the food chain production, ii) the valorization of by-products composition owing to the
presence of bioactive compounds.
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Cottonseed oil is an indivisible part of the traditional central Asian kitchen and mainly used for frying. This
study demonstrates dynamics of cottonseed oil molecular profiles during different unit operations in a
large industrial scale production in Uzbekistan. Oil samples from two different production technologies,
pressing and extraction, were sampled during different processing stages including unrefined oil, refined oil
and refined-deodorized oil. The oil samples were measured using 600 MHz proton nuclear magnetic resonance spectroscopy and gas chromatography-time-of-fligt-mass spectrometry. Combined the two analytical
techniques allowed detection of nearly 150 molecules in the cottonseed oils. These include the abundant
fatty acids, including linoleic acid, oleic acid, palmitic acid, stearic acid and myristic acid, as well as β-sitosterol, γ- and α-tocopherol, squalene and several other low concentration small molecules. Univariate
and multivariate data analysis revealed a dominating effect of the processing stages on the oil molecular
profiles, followed by production technology (pressing and extraction). Linoleic acid (C18:2), methyl lignocerate (C24:0), methyl 14-methyl-eicosanoate (C21:0), α-monopalmitin, glyceryl monooleate, diglycerides,
triterpene, gossypol and steroids were consistently decreased during the oil refinement, both for press and
extract oils. In contrast, polyenoic fatty acids and their esters, triglycerides and γ-tocopherol were found
to increase during the refinement. Moreover, saturated and monounsaturated fatty acid, punicic acid and
compounds derived from hydrolytic or oxidative processes were found to increase after refinement and deodorization only in press oil. The relative amount of γ-tocopherol was higher in refined press oil compared
to the refined extract oil, while stigmasterol, β-sitosterol and squalene were higher in refined extract oil.
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The cooking process over the Comprehensive
Multiphase NMR overview
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The cooking quality parameters of the foods are fundamental to preserving the nutrition and controlling
the chemical composition changes and rheological characteristics. Cooking induces significant changes in
chemical and physical properties in the foods modulating the water holding capacity, solubility, viscosity, digestibility, which others1. The behavior of molecular dynamics resulting from changes in structural
organization, from intermolecular interactions related to hydrogen interactions between chains, besides
the increase in intermolecular interaction force due to loss or elimination of water when subjected to
the cooking process, has been targeted from many studies involving food especially starch.1 The thermal processes in which foods are submitted for cooking support the complexation of the amylose and
amylopectin, the main polysaccharides components of starch-based foods. The interaction of carbohydrates molecules with lipids causes a series of changes in the characteristics of food matrices, depending on
the chemical composition and its contents.2 Effects such as the increase in viscosity and consistency are
widely observed in foods rich in this type of complex since fat confers less solubility to carbohydrates in
the aqueous medium. Regarding changes in the chemical composition involved during the cooking process,
comprehensive multiphase (CMP) NMR spectroscopy was used to investigate the components in solution,
gel-like and solid phases, their interfaces, compartmentalization, and binding.3 CMP-NMR was used to
understand the structural changes taking place over the cooking process of rice and beans as a demonstration of its potential to investigate the cooking process of food. Rice samples were cooked as much as by 5,
10, and 20 (full cooked) min, and black beans were cooked by 10 and 30 (full cooked) min. 1H NMR spectra
acquired directly over uncooked samples showed that triacylglycerols (TAG) and H2O were the exclusively
observed components. CMP NMR approach through diffusion editing experiments revealed that all the
TAG components were in a wholly restricted environment. On the other hand, carbohydrate signals were
observed in 1H and 13C{1H} NMR acquired with low-power 1H decoupling (that emphasizes components in
dynamic phases) at the same time they disappear in CP-MAS NMR spectra (that emphasizes solid phase),
as the cooking process takes place. This indicated that the starch components were entering in a more
dynamic gel-like or semi-solid phase coming from the solid phase. They had swollen (gelatinized) considerably in a short cook time. In conclusion, by increasing cooking time, the amount of starch components
in gel-like phase upturns, as expected, and the components having restricted and unrestricted diffusion
become more evident in all food samples. This is clear evidence that some starch components become
truly dissolved due to swolling/cooking.
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Cutting Without a Knife – Slice Selective 2D Nuclear Magnetic
Resonance for the Analysis of Heterogenous Foods

Solid State TD-NMR for Investigating the Quality
of Whey Permeate Powder
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Nuclear magnetic resonance (NMR) is a powerful technique that can be used to study a wide range of
samples of varying complexity. The excellent molecular level insights offered by NMR, combined with additional properties such as non-destructive analysis make it an excellent tool for applications ranging from
determining the structure of an unknown component in a food extract, to analyzing the metabolic changes
during wine fermentation, or non-targeted metabolomics establishing food origin and authenticity1. However, these samples generally need to be homogenous liquids (for solution state NMR)1. While techniques
such as comprehensive multiphase NMR (allowing analysis of solids, liquids, and gels) and high-resolution
magic angle spinning (HR-MAS, allowing analysis of liquids and gels) exist and can study food whole, fast
spinning could disrupt the organization and layering in “delicate” samples1. This requirement of a homogenous solution can limit the study of otherwise interesting phenomena in and outside the field of food
NMR, such as the kinetics of compound transfer or settling of a salad dressing, or phase transfer catalysis
in organic chemistry. To address this, we introduce here a novel two-dimensional, slice selective NMR
sequence, allowing the gathering of information from a localized region of a solution state NMR tube.
Typically, for a well shimmed sample, the Larmor frequency of spins in the same chemical environment
spatially located at the top and the bottom of a sample tube are very similar, leading to sharp line shapes2.
However, if the sample is non-homogenous, such as a multilayered gelatin dessert, the differences in
magnetic susceptibility between the layers result in significant line-shape broadening and difficulties with
shimming, especially in the area near the interface. Since a standard NMR spectrum shows a representation of the whole tube, the resulting spectrum may be difficult to interpret. However, through the application of a pulse field gradient, the effective magnetic field (and thus the Larmor frequency of the spins) can
be made to vary with the spatial position across the sample region2. A schematic outlining this process can
be found in Figure 1. Essentially, the spatially dependant change in frequency permits different areas of
the sample tube along the z-axis to be selectively excited and detected, leading to localized spectroscopy,
and improved line shape compared to the bulk sample. Despite localized, spatially selective analysis being
common in MRI, its application in NMR spectroscopy has been limited, but holds considerable potential for
analysis of metabolites in non-homogenous samples, in their natural state, while using a standard solution
state probe2. Here, we introduce an optimized heteronuclear 1H-13C 2D slice selective NMR approach for
the analysis of heterogenous food systems,
such as salad dressing, layered cocktail
drinks, bacon and sausage layers.

Anal. Chem., 93. 1451-1457
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Figure 1: Use of a pulse field gradient applied to obtain slice selective spectra (right)
compared to a non-selective “average”
spectrum (left)
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Whey permeat powder is a value-added product that is produced from whey stream. However, caking
of these powders during storage is a major problem leading to inferior powder quality [1]. Lactose is the
main component that promotes sticking and caking of whey based powders due to the changes in the glass
transition behavior of lactose molecules at different storing conditions [2]. In this study, whey permeate
powder (~90% lactose, ~5% protein, <0.5% fat) was stored at 60% relative humidity at 25 oC for 3 weeks
and forced to cake. Samples were denoted as ‘FRESH’ and ‘CAKED’ samples.  For both samples, T1 Saturation Recovery and Free Induction Decay by Magic Sandwich Echo (MSE) experiments were performed using
a system operating at the 1H frequency of 20.34 MHz (Spin Track, Resonance Systems GmbH, Germany).
X-Ray diffraction experiments were performed to complement the NMR results and crystallinities were
calculated from the diffractograms. XRD results showed that ‘FRESH’ samples had a crystallinity of 57%
whereas ‘CAKED’ samples had 64% crystallinity. Increased crystallinity of caked samples was expected due
to the ‘caking’ mechanism of lactose. T1 saturation recovery experiments were also used to calculate spin
lattice relaxation times of amorphous, crystalline and liquid fractions. According to the MSE results which
calculated crystallinity by considering both components ratio and the second moments [3]pharmaceutical,
and food industries as they offer rapid experimentation and generally do not require any considerable
preliminary sample preparation. Detection of solid and liquid fractions in a sample is possible with the
free induction decay (FID, fresh samples were shown to have lower crystallinity  than caked samples which
were parallel with XRD results. However, what was interesting is the difference in the relaxation times of
the samples. Caked samples; despite having higher crystallinity values had shorter T1 both for amorphous
(Fresh: T1a ~300ms, T1c ~ 6s/ Caked: T1a ~65ms, T1c ~ 3.5s) and crystalline fractions. This was explained with
the presence of the
adsorbed water layer
on the caked fractions
which enabled liquid
bridge formation
and subsequently
formation of different
polymorph structures
within the samples,
as well as might being
served as the Spin-Lattice Relaxation sink.
This study has received funding from the European Union’s Horizon 2020 Research and Innovation Programme under grant agreement 101008228.
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An NMR toolbox to study food hydrocolloids

Measuring Texturized Vegetable Protein (TVP) hydration times using
Time Domain NMR
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The DSM Food and Beverage Business Group produces hydrocolloids as a texturizer for the food industry. Microbial polysaccharides such as wellan, gellan and curdlan are a class of hydrocolloids that have
interesting gelling properties and are used to improve texture of food products. The aim of this study was
to characterize different commercially available hydrocolloids on a molecular level as this determines
the texturizing properties of hydrocolloids. Therefore, an NMR based analysis toolbox was developed to
determine composition after acid hydrolysis, molecular weight estimation by Diffusion Ordered Spectroscopy (DOSY-NMR), degree of crystallinity and gelation behavior by Time Domain NMR (TD-NMR) and
structural changes during hydration and heat gelation by MAS solid-state NMR. The hydrocolloids showed
different gelation behavior, which was clearly observable with TD-NMR and there seems to be a correlation
between molecular weight of hydrocolloids and their corresponding gel-solution transitions. Comparing
CP-MAS spectra of a curdlan suspension and a heat induced gel clearly showed an altered macromolecular
structure in the gel. These data indicate the importance of hydrocolloid structure-property analysis using
NMR to improve texture in food.
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The DSM Food and Beverage Business Group develops Texturized Vegetable Proteins (TVPs) as ingredients
for the food industry. Hydration time is a very relevant parameter of TVPs as they are dry products that are
hydrated prior to application in meat alternative products. Here we describe the development of a Time
Domain NMR method to follow the increase of absorbed water in time after addition of water to a TVP. In
addition, a robust python data-fitting routine is programmed to determine the time the material is fully
hydrated. This workflow now provides a way to quantify hydration times of TVPs and to correlate those to
TVP composition (i.e. type of protein source) or TVP production parameters. The TVPs in this study were
extruded using different process parameters and the hydration times (i.e. time to fully absorb two times
its weight of water) varied from 20 – 100 minutes, indicating the importance of optimizing extrusion and
composition parameters.
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Exploring the Differences of Beet and Cane Sugar through NMR Relaxometry

Characterization of sodium relaxation in food: a mandatory
step to reach quantitative sodium images

HAFIZ IMRAN FAKHARA, DANUTA KRUKC, ELŻBIETA MASIEWICZC, ALEKSANDRA STANKIEWICZC,
KAROL KOŁODZIEJSKI C, HULYA HERDEM B, QASIM MUHAMMAD HAYAT A,
HUSSNAIN AHMED JANJUAA , MECIT H. OZTOP D

CLERJON, S., PAGÈS, G., EL SABBAGH, N., TRAORÉ, A., BONNY, JM.

National University of Science and Technology Islamabad, Pakistan
b
Kayseri Sugar Company, Kayseri, Turkey
c
Department of Physics and Biophysics, University of Warmia and Mazury, Olsztyn, Poland
d
Department of Food Engineering, Middle East Technical University, Ankara, Turkey
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Table sugar, chemically known as sucrose, is one of the purest organic food products in the world with the
purity of 99%. It is the main ingredient of almost each food products which is sweet in taste and extracted
either from sugar beet or sugar cane in all over the world. The cost of production of cane sugar is significantly lower than beet sugar which ultimately leads to the unjust competition in the markets. Since both
beet sugar and cane sugar are almost similar in physical as well as chemical properties, it is really difficult
to differentiate between them [1]. In this study, 15  different sugar samples obtained from different countries were tested using TD-NMR Relaxometry; FFC-NMR Relaxometry and X-ray diffraction analysis. T1 and
Solid Echo measurements were conducted in 20.34 MHz (1H) system. 1H spin-lattice relaxation measurements have been performed for a series of mixture of sugar and water in the frequency range of 10kHz10MHz in 25°C, using Smartracer FFC-NMR relaxometer (Stelar s.r.l.). T1 and SE measurements at permanent field  did not show any significant difference (p>0.05) among the samples. Examples of NMRD profiles
for white (Sugarbeet, Südzucker) and brown (Sugarcane, Hellma) Sugar are shown in Fig.(a). The relaxation
processes has turned out to be biexponential in the whole frequency range for all sugars as shown in  Fig.
(b).  The averaged value of the ratio between the amplitudes of the fast and slow relaxation contributions
are about 3.0 (white sugar) and 4.4 (brown sugar). XRD results also showed significant differences among
the samples. Crystallinity and crystallite size were obtained from the measurements. The maximum 88.55%
and minimum 70.33% of crystallinity in cane sugar while the maximum 88.90% and minimum 71.01% of
crystallinity in beet sugar was observed. In case of crystallite size, the maximum 39.41 nm and minimum
24.68 nm of size of crystallite in cane sugar whereas the maximum 42.58 nm and minimum 25.0 nm in beet
sugar was noticed.
Acknowledgment/Funding:
This study has received funding from the European Union’s Horizon 2020 Research and Innovation Programme under grant agreement 101008228.
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Local quantification of 23Na is critical to (i) understand the relations between salt distribution (and
relaxation) and sensory properties and (ii) construct mathematical models of the salting processes. The
challenge of quantitative sodium MRI deals with (i) the nuclei low gyromagnetic ratio, (ii) the quadrupolar
interactions, (iii) the short T2 relaxation times and (iv) similarly to other nuclei, B0 and B1+ inhomogeneities. Sodium quantification usually assumes that a single population is present in a voxel and that 3/5 of
its population is invisible due to short T2 relaxation times. This hypothesis is true if all the sodium nuclei
experienced, at the NMR timescale, quadrupolar interactions [1]. However, even considering this invisibility
factor, significant errors may persist [2]. That is why, we describe here an original approach to check that
all sodium presents weak quadrupolar interactions, i.e. type c [1]. When valid, this information was used to
map the sodium content.
Filets were salted on the upper side with 6% in weight of dry salt during 6 hours at 8°C. Then, they
underwent 6 hours at 24°C (smoking) and were stored at 5°C. A 16 g sample and an entire filet were used
for the relaxometry and imaging experiments, respectively. Relaxometry experiments were performed on
a Bruker 9.4 T magnet with a 30 mm volumetric insert. A double quantum filter experiment (DQF) was
first acquired. Then, a CPMG (TE=175 µs, 256 echoes, TR=500 ms) was recorded and the signal decay was
adjusted using a biexponential model. Imaging experiments were performed on a horizontal Biospec 4.7 T
system equipped with a DOTY 20 cm 1H/23Na quadrature-polarized coil. Sodium acquisitions were achieved
with a CSI (TR=100 ms, voxel volume = 3 × 2 × 8 mm3, acquisition time = 1h). The FIDs were fitted voxelwise
with a single Lorentzian lineshape for estimating the relaxation-corrected amplitudes and correcting B0
inhomogeneities. Emission RF-field variations were not corrected as the B1+ maps showed weak variations.
A DQF signal was detected. Moreover, the CPMG decay showed a biexponential behavior with relative
amplitudes of 2/5 and 3/5 for the slow and fast components, respectively. Both demonstrated that all the
sodium was of type c, the same type than gelatin (ref. tubes) [3]. 23Na CSI maps showed that at 24h, salt
is not yet homogenized (Figure). The sodium profile exhibited the sodium gradient concentration in the
thick part of the filet. The sodium content matched with sodium content measured by ion chromatography
(black lines on the profile).
Surprisingly, analysis on other foods, e.g. carrot and pasta cooked in salted water, exhibited a different
relaxation behavior: slow and fast fractions ratio differing from 2/5 and 3/5. These results suggest the
presence of different sodium pools and may explain the errors previously observed.
Funded by the European FEAMP project InnoSalt driven by the CITPPMP (FEA470018FA1000012 20192022)
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High-field vs. Low-field MRI scanners to
analyse sensory attributes of dry-cured hams

Low Field MRI and computer vision to detect
and characterize defective dry-cured hams

TERESA ANTEQUERA, DANIEL CABALLERO, JUAN PEDRO TORRES, MAR ÁVILA, TRINIDAD
PÉREZ-PALACIOS
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Institute of Meat and Meat Products, University of Extremadura, Cáceres, Spain
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High-field (HF) and Low-field (LF) Magnetic Resonance Imaging (MRI) scanners has been used for the
analysis of meat and meat products [1]. The HF-MRI devices generate magnetic field higher than 0.5 T that
implies very high quality images, but they are very expensive and require high maintenance costs. LF-MRI
scanners are cheaper and generate magnetic field between 0.15 and 0.50 T, giving images of lower quality
[2]. After the image acquisition, two following stages are usually carried out, the image analysis and the
data analysis, being texture algorithms and data mining (deductive and predictive methods) the most
accurate techniques, respectively [1].
This work is aimed to compare prediction results on sensory attributes of dry-cured hams from LF-MRI and
HF-MRI images.
The study was carried out with two batches of dry-cured hams. The first batch (n=5) were firstly scanned
by HF-MRI (1,5T) [3], and then, all the samples were sensory analyses. The images were analysed by three
classical texture algorithms. Predictive techniques of data mining were applied on the obtained data. The
second batch was constituted by 120 hams. All hams were scanned by LF-MRI [4], and only 30% of samples
were sensory analysed. The images were also analysed by texture algorithms. Deductive techniques were
applied on obtained data, allowing the estimation of sensory results in all the hams of this batch, and
predictive techniques were applied on data before and after deduction. Thus, three prediction equations as
function of computational texture features were obtained for each sensory attribute, by using HF-prediction, LF-prediction, and LF-deduction-prediction. In both studies, the sensory analysis was carried out by 12
trained panellists who evaluated 12 sensory attributes of dry-cured hams.
As expected, MRI images of dry-cured hams showed visual differences depending on the scanner used. The
whole hams can be observed in the HF-MRI images, while only some of the ham muscles are visualized by
LF-MRI. In addition, HF-MRI images have a higher definition. However, these visual differences are not reflected in the accuracy/goodness of prediction results. Good (R=0.5-0.75) to very good (R>0.75) correlation
coefficients [5] were achieved in 9 of 12 sensory attributes when using LF-deduction-prediction, whereas
HF-prediction and LF-prediction showed worse prediction results (5 and 0 in 12, respectively).
These results may point out the marked influence of the data analysis methodology to determine quality
characteristics of meat and meat products by using MRI-computer vision. The use LF-MRI in combination
to an appropriate data analysis (deduction + prediction) allows determining sensory attributes of Iberian
hams in a non-destructive way.

Most of the studies using Magnetic Resonance Imaging (MRI) and Computer Vision techniques on meat
and meat products have been carried out with non-defective samples, which were thoroughly selected
according to the objective of each investigation. The present work pretends to take a step forward, aiming
to characterize and detect defective dry-cured hams in a non-destructive and reliable way by Low Field (LF)
MRI and computer vision techniques.
For that, 120 dry-cured hams were selected from 10 different batches (numbered from 1 to 10) in a meat
industry. The hams were scanned in a LF-MRI (0.18T) device and the obtained images were analysed by
using texture algorithms to obtain vectors of computational texture features [1]. Besides, three hams of
each batch were analysed by means of physico-chemical (water activity, moisture and salt content [2])
and sensory analysis (acceptability). Obtained data were statistically analysed by ANOVA; when significant
differences (p<0.05) were found among batches, the Tuckey test were applied. The IBM SPSS v.22 (IBM Co.,
New York, USA) program was used for this analysis. Data mining techniques of classification (Principal Component Analysis, PCA) and prediction (Multiple Linear Regression, MLR) were also applied on the obtained
MRI data, using spreadsheet and WEKA.
Results on physico-chemical results have shown significant differences among batches, with only two of
them (1 and 2) showing appropriate values of water activity and content of moisture and salt. Consequently, the rest of dry-cured hams could be considered as defective. Accordingly, 1 and 2 batches obtained the
highest acceptability scores, following in decreasing order by 7-8, 3-4, 5-6 and 9-10 batches. The acceptability is in concordance with the order of the batches in terms of salt content, being a positive relation
between acceptability scores and salt content in these batches. In the same way, significant differences
were found in the values of the computational texture features among batches. Besides, PCA based on
computational data showed a clear separation of the batches, which were grouped two by two: 1-2, 3-4,
5-6, 7-8 and 9-10. This agrees with findings on salt content and acceptability. Finally, prediction equations
for water activity, percentage of moisture and salt and acceptability scores were obtained, with acceptable
to high correlation coefficients (0.749, 0.788, 0.692 and 0.608, respectively).
Taking into consideration all these results, it may point out the accuracy of LF-MRI and texture algorithms
-data mining techniques (PCA and MLR) to distinguish defective from non-defective dry-cured hams and to
determine the values of physico-chemical parameters and the acceptability scores of these products in a
non-destructive way.
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Kinetics of water distribution between the wheat flour constituents
during dough formation

TD-NMR investigations to understand the molecular mechanisms
implied in tapioca and wheat starch gelatinization
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Figure 1: T2 values as function of
temperature for TS45 (full lines) and
WS45 (dotted lines). T2(1), T2(2),
T2(3), T2(4) and T2(5) are designated
by solid circle, square, triangle, diamond and outline diamond symbols
respectively.
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Flour hydration is one of the main factors that govern the rheological behavior of dough throughout the
mixing process. Determining the distribution of water between the components of the flour is a complex
matter that would allow a better understanding and optimization of dough elaboration. 1H time domain
nuclear magnetic resonance (TD-NMR) has shown to be particularly well suited for this purpose.
In this study, doughs (from 5 wheat flours) were kneaded in the Farinograph (Brabender) by varying the
kneading time (3 - 9 - 12 min, corresponding to an under-, optimal- or over- mixing respectively) or hydration level (50% - Farinograph optimal value - and 66% by weight flour). Water dynamics was accessed by
low field NMR (MiniSpec, Bruker Biospin, 20 MHz). Carr-Purcell-Meiboom-Gill (CPMG) pulse-sequence was
used to characterize the different water mobility domains. The associated water populations can be tentatively ascribed to the four flour constituents that have a major molecular interaction with water: granular
starch, damaged starch, gluten and fibers.
Dough processing conditions and flour origin led to different water kinetics as shown by the evolution of
the relaxation distribution parameters (T2, proportion, linewidth) associated with dough characteristics.
These differences are interpreted by physical/chemical changes of the flour constituents during dough
formation. As a prospect, the contribution to dough hydration of each flour component could be related on
one hand to these structural changes and, on the other one, to dough rheological properties.

To provide evidence for previously proposed assumptions concerning starch gelatinization sub-mechanisms, a more detailed investigation was carried out using multi-scale analysis of a starch type selected
for its marked difference, in terms of swelling and gelatinization mechanisms, from wheat starch, which is
taken as a reference[3, 4]. Tapioca starch was chosen due to its cohesive/springy properties and its growing
use in the food industry. Time-Domain Nuclear Magnetic Resonance (TD-NMR) was used to investigate
the leaching of material, water absorption, and crystallite melting in hydrated tapioca starch (45%)[5].
The interpretation of T2 mass intensity evolutions,  especially those of the (intra- and extra-granular)
aqueous phases, was discussed drawing on complementary techniques such as microscopy, RVA (Rapid
Visco Analysis), DSC (Differential Scanning Calorimetry), and SF (Swelling Factor) and SI (Solubility Index)
measurements. Results show that the T2 assignments usually proposed in the literature are dependent
on starch origin. The differences in T2 evolutions (value and mass intensity) observed between wheat and
tapioca starches at intermediate hydration levels could be linked to the different gelatinization behaviour
of tapioca starch involving the latter’s higher granule rupture level, higher gelatinization temperature and
greater swelling power above its gelatinization temperature.
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MRI study of tomato dehydration

Understanding molecular mobility in suspensions
of starch in water containing calcium chloride:
A comparison between potato and wheat starch
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Dehydration of fruit and vegetables is one of the most common and simple process for their preservation.
Texture and nutritional value of dried products are impacted by changes in microstructure and macroscopic features of tissues occuring during dehydration. The potential of the Nuclear Magnetic Resonance
(NMR) Relaxometry and Imaging (MRI) to obtain information on such changes has been demonstrated on
different fruits and vegetables under various dehydration regimes [1,2]. However, the interpretation of
relaxation data in terms of structure and composition variations during dehydration remain complex, given
the complexity of the relaxation mechanisms that may be affected simultaneously by the changes in tissue
characteristics. These relaxation mechanisms include water mobility, the rapid proton exchange between
water and cell metabolites and cell wall biopolymers, the diffusional exchange between water compartments and the diffusion of water in the random magnetic field gradients generated by susceptibility-induced inhomogeneities.
In the present study we investigated the variations in multi-exponential transverse relaxation signal
during the dehydration process in tomato, considering both the effect of the water content and structural
variations within the tissues. The experimental data were acquired with a 1.5T whole body MRI scanner
(Siemens, Avanto) equipped with a temperature regulation device. In addition to relaxation maps, MRI
was used to map tissue microporosity and water self-diffusion and to quantify morphological changes. The
relationship of these parameters to changes in the water content of tissues was discussed.
References:
1. F. Xu et al. Food Res. Int. 96 (2017) 191–197.
2. N. Proietti et al. Journal of food engineering, 230 (2018) 82-98.
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In excess water at room temperature, water molecules may penetrate starch granules causing them to
swell to a limited extent. Time domain (TD) proton (1H) nuclear magnetic resonance (NMR) can be utilized
to examine the distribution of water internal and external to starch granules. Additionally, evaluation of
spin-spin relaxation time (T2) provides information on the mobility of both water and the biopolymers. We
investigated how the addition of calcium chloride influences molecular mobility in hydrated wheat and potato starch. Potato starch contains negatively charged phosphate monoester groups which makes it different from starches of other botanical origins. Calcium cations may interact with phosphate groups in potato
starch by shielding of negative charges or bridging of neighboring groups. This could influence starch chain
mobility as well as starch water binding and thereby, water mobility. In this study, starches were washed
with calcium chloride solutions containing different concentrations of calcium chloride and allowed to dry
at 30 °C for 48 hours. Thereafter, samples were hydrated with deionized water to 40 and 50% moisture
content and analyzed by TD 1H NMR. When calcium ions were added to potato starch, the intragranular
water proton population was most affected. Its T2 relaxation time showed to progressively decrease with
respect to calcium concentration. Additionally, the area of this proton population increased at the expense
of that of the extragranular water (i.e. a more mobile water fraction interacting with starch) proton population. Potato starch in the presence of calcium ions therefore appeared to bind water more strongly. It is
possible that the interactions between starch chain phosphate groups and calcium could cause chains to
become more rigid thus contributing to the reduction in mobility. In wheat starch samples, the addition
of calcium ions did not notably influence water distribution or mobility. Results suggest that due to the
presence of negatively charged phosphate groups, calcium chloride affects water binding in potato starch.
This could have implications on potato starch properties during various processing treatments.
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Low-field NMR relaxation studies of prototype burgers made from
plant-based meat alternatives

MRI method to evaluate effects of water
stress on potato tubers during growing
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Low-field (LF) NMR relaxation is a strong and effective tool for measuring water mobility and distribution
in foods. In meat, the transverse (T2) relaxation decay is multi-exponential, which indicates the presence
of distinct water populations. Commonly T2 relaxation measurements on meat have revealed three
distinct populations, that has been assigned to water protons closely associated with macromolecules (T2
relaxation time of 1-10 ms), water entrapped in myofibrillar spaces (T2 relaxation time of 30-60 ms), and
a more mobile water fraction that is outside the main myofibrillar spaces and more easily lost as drip (T2
relaxation time of 100-300 ms) [1]. Recently, there has been a massive entrance of new plant-based meat
alternatives, but little is known on water mobility and distribution in the plant-based meat alternatives that
is emerging and how it is affected by use of different raw materials and/or inclusion of different ingredients. Since the plant-based meat alternatives attempt to resemble meat, it could be anticipated that the
different water populations detected in meat may be transferred to the plant-based alternatives. This work
will present results from LF NMR relaxation studies conducted on prototype burgers made from plantbased meat alternatives. T2 relaxation decays have been measured on both raw and cooked samples to
study the differences in the water distribution after cooking. Furthermore, the raw and cooked plant-based
burger patties are measured at both 5°C and 25°C to study if the time constants changes when the intrinsic
fat is more solid.
The work is part of the project “Improving juiciness of plant-based meat alternatives” funded by European
Institute of Innovation & Tecnology (EIT).
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Drought is a major problem affecting agricultural practices as a result of global warming. Potato is considered as a drought sensitive crop, which results in loss of yield and tuber quality. Further, water shortage
may induce physiological disorders such as glassy tubers and internal rust spots. Potato response to
drought is complex: it depends on cultivar, climatic and soil conditions and water stress timing within the
growing period. Characterization of plant adaptive responses is a major issue in the field of phenotyping.
There is therefore a demand for the emergence of analytical techniques that are non-invasive, allowing
better performance of this phenotyping.
In the current work, MRI was used to evaluate the effects of water stress on potato tubers by in situ
monitoring of tubers growth kinetics during an eight-week period. In this respect, potato plants were
cultivated in pots under controlled and stressed conditions. In the latter case, irrigation was monitored
in a way to simulate cultivation of potatoes during drought seasons. The stress experienced by plant was
evaluated through the monitoring of soil water potential and soil humidity. 3D morphological images of
the underground part of the potato plant in pots were recorded on a 1.5 T MRI scanner (Avanto, Siemens)
using a fast spin echo sequence (Fig. 1). The objectives were i) to evaluate the effect of water stress on the
individual growth kinetics of tubers and ii) to detect the stage at which rust spots appear and monitor their
evolution until harvest.
The approaches developed in the present study were shown to be effective to characterize tuber development and quality, providing a quantitative analysis of morphological features
of tubers. The results were discussed
from the perspective of applying this
methodology for phenotyping of plant
under water shortage.
Fig1. Representation of the imaged
region of the potato plant (left) and the
3D MRI fast spin echo image (left)
Acknowledgment : This work is part
of a research project “TuberBioScan”,
financed by Brittany region and FEDER
through the program “Innovation collaborative au croisement des filières”.
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A temperature control unit for operation with
the MOUSE-NMR spectrometer

A Low-Cost Magnetic Resonance Console for
Process Line Monitoring and Point of Sale Testing
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A temperature control unit was implemented to vary the temperature of samples studied on a commercial
MOUSE-NMR apparatus [1-2]. The device was miniaturized to fit the maximum MOUSE sampling depth (25
mm) [3]. It was constituted by a sample holder sandwiched between two heat exchangers placed below
and above the sample. Air was chosen as the fluid to control the temperature at the bottom of the sample,
at the interface between the NMR probe and the sample holder, in order to gain space. The upper surface
of the sample was regulated by the circulation of water inside a second heat exchanger placed above the
sample holder. The feasibility of using such a device was demonstrated first on pure water and then on several samples of bread dough with different water contents. For this, T1 relaxation times were measured at
various temperatures and depths and were then compared to those acquired with a conventional compact
closed-magnet spectrometer. Discussion of results will be based on biochemical transformations in bread
dough (starch gelatinization and gluten heat-denaturation) [4-5]. It will be demonstrated that, within a certain water level range, and because of the low magnetic field strength of the MOUSE, a linear relationship
can be established between T1 relaxation times and the local temperature in the dough sample.
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One of the key components of any Magnetic Resonance system is the set of electronics which are responsible for producing and collecting the signals which are sent and received from the sample. This is typically
referred to as the spectrometer in systems capable of spectroscopy or console in those which are not, and
typically comprises a number of individual subsystems [1]. For most systems, this is designed with maximum
versatility in mind, with the ability to scan a wide range of samples, potentially on a wide range of magnets
and at a variety of field strengths. As a result, the electronic components and the subsystems they are
in are typically very highly specified and thus expensive. However, for many applications, particularly for
process line monitoring and point of sale testing, the samples and other hardware is well known and well
defined and thus this versatility is unnecessary. This opens up the possibility of a low-cost console which is
based on a narrow range of possible parameters using low specification electronics and driven by simple
microcontroller instead of a complex field programmable gate array as is common in commercial systems.
In this work we present a modular console targeted at operation at a single field for a given magnet and RF
coil in combination with a low-cost power amplifier [2].
The system has been constructed in a modular fashion, firstly to enable optimisation of individual subsystems separately from the influences of others, and secondly to provide a useful educational resource
where the functionality of each individual system can be easily demonstrated and understood by newcomers to magnetic resonance electronics. Figure 1 shows the block diagram of the system, a photograph of
which is shown
in Figure 2. The
system will be
demonstrated for
use in measuring
the relaxation
times T1 and T2eff
in a range of food
samples including
sugar solutions,
gelled confectionaries and food
oils.
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Can Portable Magnetic Resonance
Detect Sugar Adulteration in Lokum?
A preliminary study

The different compositions follow a different trend at that at a given consistency, it is possible to determine
the composition from the value of T2eff.
A portable system which is customised for this application will now be constructed to allow for point-ofsale analysis of such samples which will be tested on adulterated samples.
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Lokum, or Turkish Delight as it is often known outside of Turkey, is a sweet confectionary item made by
the combination of a sugar syrup with a heated mix of starch in water. To decrease the cost and prevent
crystallization in Lokum, manufacturers sometimes substitute the traditionally used beet sugar with corn
syrup. There are not currently any techniques to determine the sugar solution used to make the confectionary which are not expensive, time consuming, suitable for use by non-experts or which do not require
pre-treatment of the sample. Fructose-based syrups such as high fructose corn syrup (HFCS) are attractive
as a replacement for traditional beet sugar as they are sweeter than sucrose and cost less to produce [1].
The difficulty in assessing the content can lead to adulteration where intentional mislabelling deceives the
consumer into believing the product is authentic. Here we present a method utilising T2eff measured with
portable magnetic resonance to determine the sugar syrup used in the production of Lokum samples.  
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A low-cost portable magnetic resonance system provides opportunity to scan for such adulteration at the
point of sale. Initially, to validate the ability of NMR to determine the composition of the confectionary, a
commercial unilateral MR system, the MR-MoUSE [2], was used to measure the T2eff of Lokum samples. A
customised system is currently being produced to allow for point-of-sale sampling with low-cost electronics
and probes based on previous publications [3-4].
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Lokum samples are produced using sugar syrup, corn syrup or a 50% mix of the two by volume. The starch
mix is not varied. Any change in T2eff will be due to a change in the space between starch grains leading to
a variation in the mean free diffusion length and an alteration in the local environment due to the different
length of the sugar molecules
in the syrups. Samples are
10
collected each minute from
100% Sugar
the point at which gelation
50/50
commences until significant
8
100% Corn
stiffness is reached. Each sample is also subjected to a hold
test with a texture analyser
6
(CT3, Brookfield, UK) so that
the T2eff curves can be aligned
despite their variable initial
4
cooking times.
The results are shown in Figure
1 with T2eff plotted as a function of time since the start of
gelation. The different compositions reach the final gelation
levels after different times,
with the corn syrup reaching
the final consistency more
rapidly further demonstrating
the attraction of adulteration.
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Figure 1. T2eff as a function of cooking time.
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Towards of Point of Manufacture and Point of Sale Fast Field Cycling
Magnetic Resonance for Measurement of Authenticity and Quality

Implementation of a multi-purpose automatized NMR platforms for
food microstructural screening
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Fast Field Cycling is a powerful magnetic resonance technique which reveals important subtleties in molecular dynamics which are not available from relaxation measurements at a single field. In essence, the goal
is to measure the spin lattice relaxation rate (R1) of a sample at different values of the polarizing field B0.
This however requires probes at each value of B0 of interest, or the ability to retune a single probe which
presents significant challenge. Fast Field Cycling (FFC) however eliminates this challenge, by polarizing and
detecting at a fixed high field, and switching the sample into a lower field for an evolution time in between,
effectively encoding the relaxation experienced at this field into the resulting signal using a single NMR
frequency [1].
Several commercial FFC systems are available and offer high quality measurements, often with the ability
to control the temperature of the sample. However, these systems are expensive and tend to be bulky limiting their application at the point of manufacture or sale. In this work we present the first steps towards
the construction of a low cost FFC unit which is suitable for use in determining the quality and authenticity
of ingredients at the point of manufacture or food products at the point of sale. The system is based on a
small Halbach magnet for detection [2] with the sample shuttled into a simple iron yoked electromagnet
immediately below whose field is varied by a low-cost bench power supply (30V10A, Circuit Specialists)
modified for continuous current control set by a digital potentiometer (DS3502, Maxim Integrated) actuated by a microcontroller (Teensy 3.5, PJRC). A 180o pulse is applied at 21.4MHz when the field is 0.5T, the
sample then moves to the relaxation field between 50mT and 200mT for a variable duration equivalent to
the inversion time in a standard inversion recovery experiment. The sample is then shuttled back to the
Halbach and a standard CPMG pulse sequence is run to facilitate collection of the signal. The echoes from
the CPMG are integrated and this integral plotted against the duration of the relaxation field. A monoexponential fit is used to determine R1. Finally, the R1 at different relaxation fields is plotted to provide the
dispersion curve which is the desired measurement from FFC. Since the relaxation field is fixed for each
measurement, the issues associated with rapid switching are removed keeping the system cost as low as
possible.
The system will initially be used to investigate the type, quantity and state of sugar in a range of samples in
confectionary products with a particular focus on differentiating between beet and cane sugar and in the
assessment of the state of fats in chocolate.

Unilever Foods Innovation Center | Bronland 14, 6708 WH Wageningen, The Netherlands
Within the Unilever Hive Global Foods Innovation center two multipurpose robotized NMR platforms
have been commissioned. Within these platforms five-time domain NMR spectrometers are deployed for
automated measurements of food microstructures. The platforms perform routine food microstructural
assessments  such as oil and water droplet size distributions and solid fat content. Furthermore, phase
compositions, hydration/rehydration, and molecular interactions of complex food systems can be assessed
in a quantitative manner. For this purpose a range of 1D and 2D relaxometric/diffusometric experiments
have been implemented.
This set-up allows for fast screening of protein, lipid and carbohydrate ingredients, emulsified foods and
food products and prototypes, enabling assessment and/or prediction of product quality and shelf-life
stability.
The Hive NMR facility is used in Open Access mode by non-expert and expert users from the local Wageningen Campus.
Data is collected via a centralized storage with a direct link for individual users allowing for automatic
processing and data quality inspection using advanced digital tools from which the data can be further
exported to a Laboratory Information Management System.
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Low Field 1H NMR Application for Monitoring PUFA-Rich Oil Oxidation

Having a closer look on the well-known
interaction of sucrose with water
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Poly-unsaturated fatty acids (PUFA) can be found in many foods like seeds and fish, and are often recognized as a nutrient that is good for the immune and brain health. Despite its advantages, the multiple
double bonds increase the fatty acid’s tendency to undergo oxidation. Many factors influence FA oxidation
- from high temperature and metals, to oil composition and exposure to air or light. Polyunsaturated fatty
acid oxidation breaks the molecule tail from the rest of the carbon chain, creating by-products that have
rancid taste, and at some cases can be toxic. This reaction also leads to morphological changes as products
react with each other creating high viscosity polymers. Due to the oxidative nature of PUFA, a need to
monitor and control this process has emerged. Because lipid oxidation is a complex reaction with several
catalysts and products, most methods give only partial information or require wet chemical analysis of
extracted samples or large costly analytical equipment. The alternative solution for oil oxidation monitoring, with emphasis on PUFA, is real time analysis using low field proton NMR (LF 1H NMR) as a time domain
(TD) NMR relaxation technology. Not only is the equipment required compact and has relatively low cost,
but it also does not need any tampering of the sample and can provide rapid results. Our work demonstrates how TD NMR can characterize and monitor lipid oxidation with relaxation times T1 (spin-lattice) and
T2 (spin-spin). Additionally, to calculate relaxation time spectra, we use our recently developed primal‐dual
interior method for the convex objectives (PDCO) optimization solver for computational processing that
has shown to produce better results and spectra with higher resolution in comparison to commonly used
tools. Our work demonstrates the relaxation time fingerprint mapping of PUFA found in oils, as separated
into 4 segmental motions TD. The first segment is the glycerol and is the most rigid with lowest T1 and T2
values. After that is the second most rigid double bond, after that is the more mobile aliphatic chain and
lastly with highest T1 and T2 values is the tail. Both chemical and morphological changes of the sample can
be observed as the relaxation times change during oxidation.
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Having been crystallized and commercialized years ago; sucrose properties, functionality and the interaction are well studied in the literature. Sucrose have many unique properties that make it desirable to be
used as thickening agent, plasticizer, preservative, sweetener, absorber, cryo-protector…etc.. The relation
between hydrophilic sucrose and water looks like simple, however intramolecular interactions make it
much more complex when the concentration exceed 40-60% (w/w). In this study, high resolution 1H NMR
Spectroscopy was used to understand the behavior of sucrose molecules forming multiple clusters in different sizes in water. Saturated solutions at increasing amounts of sucrose precipitates at the bottom were
prepared beyond solubility point at the studied temperature. Water peak showed a shoulder like behavior
on the left-hand side of the spectrum. The shoulder was resolved and peaks were interpreted with the
interaction of OH groups by intramolecular bonding of sucrose. The amount of precipitate that was not
solubilized in the solvent was hypothesized to affect the amount of the clusters formed in the aqueous
solution. Hydration cells around the sucrose affected the translational dynamics and the amount of hydroxyl groups changed with concentration. The nature of hydrogen bonding between water and sucrose was
elaborated through the hydroxyl groups and the chemical shifts.
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Figure 1. Comparison for highly saturated sucrose solution spectra at 5 °C (
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A proton NMR spectroscopic investigation of the
endogenous response to intake of inulin and calcium
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Intake of fermentable fiber and prebiotics has been associated with many health benefits. One of the crucial effects related to intake of fermentable fiber and prebiotics is the formation of short-chain fatty acids
(SCFAs) in the gut when the compounds are fermented by the gut microbiota. Several studies have demonstrated that inulin, a fermentable fiber, enhances the formation of SCFAs in the gut. Addition of calcium to
the diet has also been demonstrated to promote SCFAs formation in the gut (Thøgersen et al., 2020; He et
al., 2022).  The formation of SCFAs is proposed to be associated with beneficial effects on health, yet, few
studies have studied the systemic effects associated with intake of fermentable fiber and the accompanied
SCFAs formation in the gut. In order to examine the endogenous metabolic responses to intake of inulin
and calcium, proton (1H) NMR spectroscopy was conducted on blood serum and liver samples collected
from rats fed with an inulin-fortified (5% w/w) diet, or a calcium-insufficient diet, for 6 weeks. 1H NMR
spectroscopy of serum samples revealed that inulin intake increased circulating levels of acetic acid and
lactic acid when compared with rats fed same diet without inulin. Intriguingly, 1H NMR spectroscopic analyses of chloroform/methanol extracts of the liver tissue revealed that the increased circulating levels of acetic acid and lactic acid were associated with an increased level of hepatic β-hydroxybutyrate. Additionally,
rats fed with a calcium-insufficient diet displayed a decreased trend in the concentration of acetate in liver.
Thus, the present study demonstrates how multi-compartment proton NMR spectroscopy may provide
insight into a potential gut-liver axis. To further mechanistic understanding on this proposed gut-liver axis,
the obtained NMR data will be coupled with analyses of the liver transcriptome.
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Monitoring the polymer aggregation on different beans genotypes
due to a UVC irradiation by TD-NMR relaxometry
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The use of UVC light on the beans (Phaseolus vulgaris L.) seeds significantly increase the biochemical
darkening process, preserving the seed germination [1]. The aim of this work consists in monitor the
effect caused by the incidence of UVC light on the different beans genotypes using time domain (TD)-NMR
relaxometry. The genotype samples, IAC Alvorada, TAA Dama, BRS Estilo and BRS Pérola supplied by the
Agronomic Institute of Campinas, Brazil, were evaluated for this purpose. The relaxometric analysis were
performed using a Minispec Bruker, model Mq-20 (20MHz for the 1H nucleus) at room temperature (298
K) and employing the CPMG pulse sequence and RK-ROSE, a novel solid state relaxometric approach, able
to distinguish between the solid and the mobile components in a unique measurement [2]. The experimental data were processed and analysed using the software origin, version 8.0.
The darkening observed on the beans seeds is a result of a well-described fast-oxidative enzymatic biochemical reaction, which converts phenolic compounds into o-quinones, which are unstable and rapidly
suffers polymerization, giving rise to dark pigments (figure 1, right) [3]. At the first time, the darkening
process on the seeds due to the UVC light incidence was monitored by TD-NMR relaxometry. The figure 1
shows the CPMG decays for the fresh (black line) IAC Alvorada genotype, after 96 hours (blue line) irradiation with UVC lamp (254 nm) and after 90 days storage (intercalating 12h on the light presence and 12 h on
the dark). The decrease (≈ 50.0%) on the transverse (T2) relaxation times from 2.80 ms (initial time) to 1.42
ms (after 96h of UVC incidence) suggests that the darkening process can be occurring through a polymer
aggregation (figure 1, right), in agreement to literature [3]. Besides, it is interesting to observe that the
seed after 96h of exposition does not biochemically match to seeds after 90 days (red line) of slow ripened
(without UVC incidence), suggesting that the UVC incidence, besides to induces a faster ripened, also supplies a distinct final polymer aggregation pattern. In addition, the results obtained from RK-ROSE confirmed
the higher proportion of rigid fractions after the UVC incidence, confirming an aggregation phenomenon
as a result of the biochemical transformation. Given these NMR results, it is possible to confirms that the
UVC lamp accelerate the oxidative enzymatic reactions, which gives arise to dark pigments on the beans
seeds, and that TD-NMR relaxometry tools can be used for monitor and understand the UVC role on the
darkening of beans seeds.
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Figure 1: At right, the chemical reactions responsible by the darkening observed on the beans seeds, which
converts phenolic compounds into o-quinones, which rapidly suffers polymerization [3]. At left, the effect on
the UVC light incidence on the beans genotypes, showing the decreases on the relaxation times as possible
consequence of the polymer aggregation.
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Edible dried beans (Phaseolus vulgaris) darken during post-harvest storage being less attractive for the
consumers as darkened seeds are associated with older ones with prolonged cooking times, despite
the relationship between the bio -chemical and the metabolic processes involved in darkening remains
insufficiently explored.1,2 There are two main methods used to study grain darkening process. One is to
keep the grains under shelf conditions at environmental temperatureand humidity for 90 days (natural
darkening method) and the other is to expose the grains to a chamber with ultraviolet light of 254 nm for
96 hours (accelerated darkening method).3 The aim of this study was to analyze the variability of chemical
grain compositions for these two different darkening conditions using 1H NMR spectra and chemometrics
analysis. The beans genotypes studied were ‘TAA Dama’ (slow darkening), ‘IAC Alvorada’ and ‘BRS Estilo’
(regular darkening) and ‘BRS Pérola’ (fast darkening). The compounds were identified using 1D and 2D
NMR spectrum with the software Chemomix (8.6 professional version) and FooDB and HMDB databases.
To evaluate the variables that have the greatest impact on grain composition under these different conditions, classification models using partial least squares analysis (PLS-DA) were applied using the MetaboAn
lyst 5.0 version program.4 Figure 1A shows the PLS-DA results for the initial samples and the two darkening
groups after 90 days and after exposition of 96 hours on UV-C light. These exploratory results showed a
good separation of the initial groups and the two different darkening conditions, but it was not able to
discriminate the genotypes. In Figure 1B, it was possible to generate a list of metabolites according to the
importance of the variable in the projection, VIP (Variable importance in Projection), where compounds
with VIP greater than 1 were considered statistically significant. The analysis of these variables showed that
phenylalanine was the most significant metabolite to separate the initial group of grains under different
darkening conditions. This metabolite is extremely important in the study of grain darkening since the protoanthocyanidins are the metabolites responsible for the darkening of the seed coat and are metabolically
derived from phenylalanine. The series of steps which simplified these reactions can be seen in Figure 1C.
It is interesting to note in the heatmap graph (Figure 1D) that the initial time and the grain exposed to 96
UV-C are metabolically similar. The hypothesis is that in the accelerated darkening method occurs mainly in
the tegument (external) and not significantly in the cotyledon (internal part).
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Figure 1: (A) PLS-DA results of initial samples (t=0), after 90 days and after 96h on UV-C for the genotypes:
‘IAC Alvorada’, ‘TAA Dama’, ‘BRS Estilo’ and ‘BRS Pérola’.
(B) Principal metabolites identified by the PLS-DA. The colored boxes on the right side indicate the relative concentration of the corresponding metabolites in each of the groups studied. (C) Schematic reaction
proposed for the proanthocyanidin biosynthesis pathway5. (D) Visualization of the callus map showing the
identified compounds where the colors in red represent the highest concentrations and in blue the lowest
concentrations.
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Monitoring the presence of non-malted cereals
On the beer production process by NMR

H NMR-based metabolomics investigation on
the impacts of feeding in aquaculture of
Gilthead seabream (Sparus aurata)
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Beer is one of the most consumed alcoholic beverages worldwide [1] and it is mainly produced with water,
barley malt, hops, and yeast as the main ingredients. Commonly in industrial production, part of the
barley malt content is substituted by cheaper sub-products as from corn (Zea mays) and rice (Oryza sativa).
However, do not exist an easy and simply method to determine the amount of non-malted cereals used in
brewing. This study aimed to evaluate the use of NMR spectroscopy associated with statistical methods to
monitoring the presence of non-malted cereals used in the brewing.
To evaluate the potential of NMR in the detection of non-malted cereals in beer, nine (9) beers were
produced with different percentages of barley malt, corn, and rice flakes. The samples were collected
during all the important production steps, including the fermentation process. The 1H NMR spectra were
acquired using a 9.4 Tesla Bruker instrument equipped with a 5 mm BBI probe head, after that the spectral
processing was done on the Topspin 3.5 pl.7 software. Finally, the Principal Components Analysis (PCA) was
performed on the software AMIX (Bruker).
Applying PCA in the 1H NMR data was possible to discriminate the groups of beer produced only with
barley malt from the beers produced with 30% and 45% of non-malted cereals. These analyses show
that the major compounds and metabolites [2] responsible for this discrimination were the succinic acid,
α(1,4)-glucose, pyruvic acid, acetic acid, and alanine, as observed in Figure 1. Finally, it is possible to conclude that the use of NMR spectroscopy associated with chemometrics was able to discriminate the beers
produced with non-malted cereals. These results demonstrate the potential of the NMR analysis applied in
the beer science, leading to further work focusing on other matrix components allowing the quantification
of the non-malted cereals used in the brewing.

The study presented here aimed to assess whether there are substantial differences in the metabolic
profile of the sea bream (Sparus aurata) fed with four different diets. A Food-omics approach, based on
1
H-NMR spectroscopy and metabolomics, was used to investigate this aspect. For this purpose, aqueous extracts from fish muscle samples were subjected to NMR examination, according to consolidated
procedures [1]. The resulting spectra were optimized and then analysed with unsupervised multivariate
methods (PCA), to appreciate possible groupings of the fish population according to the different diets. The
discrimination was based on specific patterns of metabolites, identified by the automatic assignment of
the corresponding signals and comparison with data present in literature. The Food-omics approach, rather
than expressing the variance of the concentrations of single metabolites, considers the holistic nature
of the NMR spectra which constitute a digital proxy of a complete molecular profile of the aqueous fish
extracts, to be considered sensitive to any organic molecule in solution present at a concentration higher
than the detection threshold. The high dynamic range of NMR spectroscopy has been also exploited by
adopting the regional scaling algorithms applied before the computing of the principal components. The
descriptive models of the molecular content of the fish extracts will be also correlated with other sensory,
structural, technological and nutritional properties, according to the objectives of the FutureEUAqua
project. The metabolomic information provided details not only on the direct effect on the composition of
fish flesh, but also on animal health and stress that may also be consequent to the nutritional quality of
the diets, according to some biomarkers recognized as diagnostic of the fish physiology status (e.g., TMAO,
betaine and choline).
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Examining the structural differences between pectic species and their
effect on the growth and metabolism of a species of Lactobacillus
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Objective: Prebiotics are non-digestible compounds that promote the growth of beneficial microorganisms
in the gut, which then provide benefits to the host.1 The benefits are largely due to the production of short
chain fatty acids (SCFA) which have been linked to numerous potential health promoting effects including,
but not limited to, inhibiting the growth of pathogens.2 Numerous studies have been performed to suggest
that pectin and pectic oligosaccharides can act as prebiotics.3,4 Pectin is a complex carbohydrate commonly found in fruits and vegetables made of a galacturonic acid backbone with various sugar side chains,
however the exact structure of pectin can vary depending on the species.5 In this study, we investigated
the structural differences between pectins from different origins using NMR and IR, performed an in vitro
NMR-based metabolomics study to examine if different species of pectin affect bacterial metabolism, and
analyzed the SCFA produced using LC-MS.
Methodological detail: Pectins were characterized by various techniques including NMR and IR. Preliminary bacterial growth studies were performed using autoclaved sterilized pectin (1% w/v), minimal media,
cysteine HCl, and a probiotic bacterium. Solutions were incubated anaerobically at 37°C for 24 hours, then
serial diluted and plated on de Man, Rogosa and Sharpe (MRS) Agar. Plates were incubated anaerobically at
37°C for 48 hours, then colony counts were determined and colony forming units (CFU) were quantified. In
addition to apple and citrus pectin, a positive growth control which showed bacterial growth, a negative growth control which did not result in bacterial growth but accounted for the approximate osmotic
pressure of the pectins, and a blank, which lacked a carbohydrate source, used to understand the baseline
growth of the bacterium, were also run. At least 2 technical replicates and 6 biological replicates will be run
to perform an NMR-based metabolomics study to examine the impact various species of pectin have on
bacterial metabolism. Additionally, SCFA will be identified and quantified using LC-MS/MS.
Main results: Spectroscopic analysis indicated some structural variations between pectins from different
origins. Preliminary prebiotic studies indicate the Lactobacillus strain was able to utilize both pectins, indicated by the increased number of CFU between the pectins and the blank. Significance will be tested once
enough replicates have been obtained. It is expected that there will be clear distinctions between pectins/
positive growth control and the negative growth control/blanks when examining the metabolomics data,
although it is unclear if there will be distinctions between the apple and citrus pectins. Additionally, it is
expected that numerous SCFAs, such as acetate and butyrate, will be identified in the LC-MS/MS analysis.
Implications/meanings/conclusions: Due to the potential health benefits associated with SCFA production
there is a growing interest in understanding the gut microbiome and the effect of prebiotics. Compared to
other prebiotics, such as inulin, pectic carbohydrates have not been studied as extensively. Furthermore,
there is little knowledge regarding the effect a specific complex carbohydrate structure has on the metabolism of a probiotic. This study aimed to help fill this knowledge gap by examining how pectins with different
compositions affect the growth and metabolism of a probiotic. We showed there are structural differences
between apple and citrus pectin and a known probiotic was able to utilize both as a growth substrate. By
better understanding these structural differences and the effect on bacterial metabolism, prebiotics targeting a specific health effect may be able to be designed in the future.
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Infant Nutritional Metabolomics: Investigating human milk composition and its potential downstream effects on infant urine metabolites

¹H NMR Based Metabolomics of individuals under
vitamin D3 supplementation diet
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The first nutrition in human life usually constitutes solely of human milk (HM) which provides all necessary
components to support infant growth and development. There are many benefits of breastfeeding which
appear as both short- and long-term effects. However, the exact relationship between HM and infant
health is not fully understood. This longitudinal study is a part of the MaInHealth project investigating
human milk and its potential downstream effects on infant metabolism and gut microbiome. Improving
knowledge of the connection between HM content and infant metabolism is important as it establishes a
baseline for healthy infant metabolism which is useful for other studies. Additionally knowledge of HM aids
in the goal of producing the perfect formula milk as there are still higher risks associated with the use of
formula milk compared with HM [1].   
The current study focuses on a sub-cohort of HM and infant urine samples collected thrice at up to three
months postpartum from ~60 different mother-infant dyads. Samples were analysed using H1-NMR spectrscopy to obtain metabolite concentrations and thereby analyse output of the metabolic pathways in the
infant and how they are affected by metabolite content provided in the HM. Metabolite concentrations in
infant urine were obtained using In Vitro Diagnostics automated methods (Bruker Biospin, Rheinstetten,
Germany). Metabolite concentrations in HM were determined from NMR-spectra using the Chenomex
Processor software (Chenomex, Edmonton, Canada). Furthermore, data analysis was performed using
principal component analysis (PCA) to detect patterns in the metabolite concentrations of HM and infant
urine related to lactational stage and mother’s pre-pregnancy BMI. To search for correlations between
metabolite concentrations in HM and urine Pearson’s correlation coefficient was calculated for the two
datasets at each sampling point.      
Results from the PCA showed patterns relating some metabolite concentrations to time of sampling in both
HM and urine. However, no relation was seen between pre-pregnancy BMI and levels of metabolites in the
samples. In HM citrate, 6sialyllactose, and myo-inositol showed decreasing levels with time, while glutamine and amino-butyrate showed increasing values over time. For urine samples metabolites and derivatives from one-carbon and energy metabolism showed decreased levels with time of sampling including,
but not limited to, betaine, sarcosine, and glycine. Furthermore, tartaric acid also decreased with time.
The Pearson’s correlation coefficient showed a negative correlation between caffeine content in urine and
glycine content in milk from samples collected at 1 month. For 3-months samples a negative correlation
was found between tartaric acid in urine and glycine and lactose in milk. Additionally, a positive correlation
was found between tartaric acid in urine and lactate in milk. These correlations are seen between two
metabolites in urine, which normally originates from diet, tartaric acid in grapes and caffeine from coffee
and hence could originate from the mother’s intake. This study showed that metabolite concentrations in
HM and infant urine varies during the first three months of infant life which is important to account for in
further studies and during formula milk production.     
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Although the majority of vitamin D is derived from synthesis in the skin in response to sun (UVB-light)
exposure, dietary intake is also important especially during wintertime when there is no endogenous
production of vitamin D at Northern latitudes. Another way to maintain an adequate vitamin D status is
to supplement either as tablets/droplets or in fortified food (1,2). A maximum observed blood concentration (Cmax) of vitamin D3 is observed 10-12h post-dosing, and the possibility of predicting postdose drug
effects from baseline metabolic profiles has been proposed (pharmaco-metabonomics). Concomitantly,
it has been demonstrated that the blood metabolome exerts rhythmicity and diurnal effects (3,4). The
overall aim of this study was to investigate the diurnal changes in the blood metabolome and how these
are affected by vitamin D3 supplementation. The study was conducted as a cross-over design, and the
treatments included 500 mL of water with 200 μg of cholecalciferol added or 500 mL of water as control,
with a washout period of at least 10 days in between. The participants were postmenopausal women aged
60-80 years (N=29) with vitamin D insufficiency (below 50 nmol/L) but otherwise healthy. Participants were
recruited from the general background population in the area of Aarhus. During the treatment, blood samples were taken multiple times during 24 hours (0, 2, 4, 6, 8, 10, 12, 24h), and plasma was separated and
kept frozen -80°C. 1H NMR spectroscopy was conducted at 37°C on a 600 MHz Bruker Avance III spectrometer equipped with a 5 mm 1H-optimized double resonance broad banded probe and  the Bruker SampleJet
robot cooling system set to 5 °C. The spectra were acquired using the Bruker In Vitro Diagnostics research
(IVDr) methods. Prior to analysis, the plasma samples were thawed on ice and gently inverted a couple of
times. For each sample 350 µL of phosphate buffer (deuterium oxide phosphate buffer 0.10 M, pD=7.4 containing 3-(trimethylsilyl)propionic-2,2,3,3-d4 acid, sodium salt and NaN3) was added to an Eppendorf tube,
then 350 µL of plasma was added. The tubes were mixed for 2 min at 350 rpm using a table mixer and 600
µL of the solution was transferred to a 5 mm NMR tube. The NMR spectrometer was calibrated before the
analysis and the automated methods were performed on each sample. For each sample, four experiments
were performed, amounting to a total of 16.42 min acquisition time per sample: the one-dimensional
(1D) nuclear Overhauser enhancement spectroscopy (NOESY); a 1D− Carr−Purcell−Meiboom−Gill (CPMG)
spin−echo experiment; a 2D − J-resolved experiment (J res), and a 1D diffusion-edited spectrum (diff). After
each spectral acquisition, the data were processed automatically using the automation routine. The results
as concentrations in mM of IVDr metabolites list for plasma were used for statistical analysis. Promising
results are being observed in this study. As a perspective, the study will provide insight into the possible
associations between bioavailability of vitamin D3 and the blood metabolome.
The current work is a part of the interdisciplinary DFORT project funded by Innovation Fund Denmark.
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Effects of UV-C treated whey protein dietetic
supplementation on plasma metabolomics in
DSS-inducedcolitis mouse model

Acute intake of specific foods does not affect the human
gut metabolome, investigated by 1H NMR
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H NMR metabolomics of faecal samples has gained importance as a tool for exploring the interactions
within our gut. 1H NMR fecal profiles provide a holistic view of changes in the gut microbial metabolism
covering approx. 60 metabolites. Not only the microbiota catabolic processes, but also the diet is reflected
in stool NMR profile. This increases variability in metabolomics studies and possibility of errors as the same
metabolites can be diet or microbiota-function origin. Numerous studies were published on diet-induced
changes in the gut environment in long-term, however, studies on how acute dietary intake prior the sampling influences faecal 1H NMR profiles are limited.
A pilot intervention study was conducted with seven subjects. Stool samples were collected at the baseline
for two consecutive days, after that, a dietary challenge with five apples was done and samples were
collected for three following days. After a wash-out period, same experiment was repeated with lentil
soup (2x50g of dry lentils/day). Altogether, 70 faecal samples were measured using Bruker Avance III 500
MHz spectrometer equipped with a SmartProbe™ (BBFO) using the method published earlier (Jaimes et al.
2021). Thirty-two metabolites were identified and quantified using Chenomx NMR Suite (version 7.5). The
concentrations were normalized to sample dry weight.
No changes in the metabolome after the acute challenges using principal component analysis, linear
models with covariate adjustments, random forest or univariate statistics for each timepoint separately,
were recorded. Samples of each subject were closely clustered regardless of the conditions or controls.
This preliminary study suggests a rather minor role of diet prior sampling in faecal metabolomics studies.
These results show that metabolome is relatively constant despite of specific daily intake and thus may be
considered as an accurate picture of the gut environment that is not significantly modified by short-time
food intake abnormalities.
1

The Ulcerative Colitis (UC) is characterized by chronic relapsing intestinal inflammation related to
changes in the composition of the microbiota and metabolites. Considering the impact of UC on the
life quality, alternative interventions have been proposed to assist in the management of the disease,
highlighting on nutritional therapy 1. One new dietetic approach is the ingestion of bioactive peptides
from whey protein (WP), that seems to have a good relationship with restoration of the colonic mucosa
2. In this way, UV-C light irradiation procedure have been used to promote structural changes in
the whey proteins conformation aiming to increase digestibility and promote formation of bioactive
peptides during digestion 3. Herein, plasma metabolites from health control animals and UC induced
mice feed or not with diet supplemented with UV-C treated whey protein were characterized by 1H
NMR spectroscopy in of. The animals were allocated in groups: H group - animals that did not receive
UV-C whey protein diet and DSS; C group - animals received only DSS; W group - animals received
DSS and whey protein diet and WU group - received DSS and UV-C treated whey protein diet. The
WP diet was administered daily for 14 days by oral gavage. The administration of products had started
out 7 days before colitis induction and lasted for 7 days after the DSS induction. Then, the animals
were euthanized by exsanguination under anesthesia. Blood was collected by cardiac puncture and
the plasma was collected. NMR spectra were conducted at 298 K on an 11.7T Agilent DD2 spectrometer
equipped with a 5 mm ONEPROBE probe head with gradients. The spectra were acquired
for proton NMR using the presaturation pulse sequence (Agilent PRESAT pulse sequence) for the
water suppression, 32 K data points, with a spectral width of 16.0306 ppm, an acquisition time of
4.089 s, were acquired a fixed receiver gain of 46, a recycle delay of 41 s (5*T1), dummy scans of 2,
an accumulation of 128 transients. FIDs were multiplied by a 0.3 Hz exponential multiplication function
prior to Fourier transformed applied. Phase and baseline corrections were carried out within the
instrument software, and the reference standard (DSS) signal was calibrated at δ 0.00. The 1D spectra
were assigned using the Chenomix software as a database supported by literature and the 2D NMR
spectra (COSY, HSQC) obtained for selected samples. For quantification, metabolite peaks were integrated
and quantified relative to DSS 0.23 mM using Chenomix. For chemometrics analysis,
MetaboAnalyst 3.0 platform was used for partial least squares discriminant analysis (PLS-DA). The
accuracy, variable importance in projection (VIP), and clustering results shown as heatmaps were
also assessed. For statistical analysis of the ratio of metabolites, data analyses were performed using
the R version 4.1.2. As result, alanine, formate, methanol, citrate and others metabolites were relevant
for distinguishing healthy and colitis animals. The concentrations of valine was lower and similar
among H group and the animal groups received whey protein diets. Additionally, we found high
similarities between the concentration of identified metabolites in the healthy group. This study was
financed in part by the Coordenação de Aperfeiçoamento de Pessoal de Nível Superior - Brasil
(CAPES) - Finance Code 001.
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Estimation of strawberry quality and freshness by solution NMR

NMR spectroscopy: A characterization tool for enzymatic protein hydrolysates of food processing by-products
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NMR spectroscopy has established itself as a powerful technology for evaluating the authenticity and
quality of various food produce1, including honey2, fruit juices3, olive oils4, etc. All fruits have specific
NMR detectable chemical profiles that can be connected to their quality by untargeted NMR data analysis
methods.  
NMR can be used to monitor the changes in metabolic profiles of fruit during post-harvest storage to
provide objective criteria for quality changes in fruit. Herein we present our work on establishing an NMR
based quality estimation method for strawberries. We show that upon storage under standard conditions,
predictable changes happen in strawberries that can be followed by NMR and that correlate to storage
time and the quality of the strawberry.
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Enzymatic protein hydrolysis, a proteolytic digestion of dietary proteins using a food-grade protease cocktail, is an attractive biotechnological process for valorization of underutilized food processing by-products.1
In recent years, protein hydrolysates of animal and marine by-products have received significant attention
as a valuable ingredient in food and nutraceutical applications.2 Characterization of protein hydrolysates is
a vital step in process optimization, product development and quality documentation. While methods such
as FTIR spectroscopy and chromatography have been demonstrated as valuable characterization tools, the
information acquired from these techniques is typically limited to average molecular weight of the constituting peptides and/or extent of protein digestion. In recent efforts in our laboratory, we explored 1H NMR
as a tool for fingerprinting and characterization of protein hydrolysates. Here we present the following two
examples of application:
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1. 1H NMR based prediction of sensory attributes: Understanding and identifying chemical constituents
eliciting unwanted sensory attributes is a vital step in developing taste-neutral hydrolysates2. In our recent
study, a series of mackerel by-product hydrolysates produced using different process settings (i.e., type of
enzyme, hydrolysis time and filtration setting) were analyzed using 1H NMR. The same hydrolysates were
also subjected to qualitative and quantitative sensory descriptive analysis. 1H NMR-based partial least
squares regression model was developed for the prediction of sensory attributes of the mackerel by-product hydrolysates. This resulted in adequate models for prediction of bitterness (r2 = 0.89; RMSECV = 0.59)
and shellfish flavor (r2 = 0.83; RMSECV = 0.28). Interpretation of the regression coefficients have led to
identification of constituents responsible for these attributes.
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2. 1H NMR as a qualitative fingerprinting tool: Protein hydrolysates, particularly of marine-origin, are well
known to contain several metabolites in addition to peptides. These metabolites are associated with a variety of product quality characteristics. We have used 1H NMR fingerprints to identify common metabolites
(e.g., TMAO, glycerol, creatin) directly in crude hydrolysates produced both in a laboratory setting as well
as on an industrial scale. Such characterization can serve as a diagnostic tool to optimize a process and
produce hydrolysates with the desired composition.
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NMR metabolomic profiling approach for the characterization of PDO
and non-PDO cheeses

qNMR and green extraction proceeding
contributing of reusing waste citrus

VALENTINA MAESTRELLO A,B, PAVEL SOLOVYEV A, FEDERICA CAMIN B,D, ANGELO STROPPA C, PIETRO
FRANCESCHI A, LUANA BONTEMPO A

*

MARIA GABRIELA A. CAROSIO1, MARIA C. B. DI MEDEIROS LEAL1, PAULA S. PENTEADO1, MATEUS L.
SEGATTO1, VANIA ZUIN1, MARIA FÁTIMA G. F. DA SILVA1 ANTONIO GILBERTO FERREIRA1
1

a Fondazione Edmund Mach (FEM), via E. Mach 1, 38098, San Michele all’Adige, Italy; b Center Agriculture
Food Environment (C3A), University of Trento, Via Mach 1, 38098 San Michele all’Adige, (TN), Italy; c Consorzio Tutela Grana Padano, Via XXIV Giugno 8, 25010 San Martino Della Battaglia, Desenzano del Garda
(BS), Italy; d International Atomic Energy Agency, Vienna International Centre, PO Box 100, A-1400 Vienna,
Austria
PDO (Protected Designation of Origin) cheeses are products recognized as having higher quality and therefore can claim higher prices on the market. For this reason, in the last years there has been a flourishing of
similar products that try to imitate PDO hard cheeses since when the cheese is sold in grated or shredded
form, easy economic gain can be made by mislabelling common non-PDO cheeses with most PDO famous
designations, such as “Grana Padano PDO” cheese. Depending on different characteristics such as geographical origin or production processing, cheeses can have different metabolite profiles which could be
potentially used to differentiate among PDO and non-PDO samples.
In the last months, we adopted Nuclear Magnetic Resonance (NMR) spectroscopy with a metabolomic
approach which could potentially be used to discriminate common non-PDO cheeses from other types
of PDO cheeses, such as “Grana Padano”. The approach encompasses the analysis of both aqueous and
lipid fractions, extracted with simple procedures. Each fraction is then analyzed with NMR to obtain a
fingerprint of the sample, which is then subjected to multivariate statistical analysis. The proposed NMR
approach allowed the differentiation of Grana Padano from other cheeses, consisting of both PDO and
non-PDO types. The great advantage of the proposed approach is a simple and fast sample preparation and
these encouraging first results led to a potential  new additional tool for checking the authenticity of PDO
cheeses in the future.
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The loss of important products that occurs along the one food chain can be minimized by correct exploiting
waste and turning them in high value-added products. Important nutritional and health-safe compounds
such as hesperidin abundant in citrus peels1, are found in inedible parts of the fruits, which are eventually
discarded or processed into animal feed. The potential bioactivity of this flavonoid has become a target for
the development of efficient and eco-friendly extraction process in functional food the products containing
it. The aim of this work was to optimize microwave extraction (MWE) of the hesperidin using industrial
citrus peel waste, screening the compounds in all the optimization process step and its quantification
by qNMR and UHPLC. The optimum conditions for maximum hesperidin extraction yield were obtained
through factorial statistical analysis2, investigating the effects of the variables (isotherm time and temperature)2. For qNMR analysis, the dried solid obtained was weighted in analytical conditions, and spectra were
recorded on a 9.4T (400 MHz for 1H) Bruker Avance III equipped with a BBI probe head using 90o pulse =
12.0 µs, relaxation delay (d1= 25.0 s), acquisition time (AQ= 4.1 s), spectral width (SW= 18 ppm) and number of scans (ns= 8), summarized in the workflow below (Figure 1).
Figure 1. Workflow of the
process.
The qNMR results showed
that the simple green extraction process using ethanol
and microwave at 80 °C recovered hesperidin with (92.4%)
purity grade, and similar results were obtained by UHPLC
(92.3%). These preliminary
results indicate that this type
of industrial waste should be
considered as a potential nutraceutical resource capable of providing effective and low-cost nutritious food supplements. This is mainly
due to the low cost and easy availability of the fruit residues that would otherwise be discarded as waste
in the environment. In addition, the extractive proposal utilized in this work proved to be efficient along
with qNMR measurements, requiring less solvent consumption and analyses simple sample preparation,
contributing to an even greener process.
Acknowledgments: CAPES, FINEP, CNPq and FAPESP for financial support.
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The price of different types of truffles varies on their culinary value, sometimes more than a factor of
ten. Non-professionals can hardly distinguish the species within the white or black truffles by eye, which
makes the possibility for food fraud very simple. The determination of different truffle species (Tuber spp.)
is therefore an analytical task, which could be solved in this study. The polar extract from a total of 80
truffle samples were analyzed by 1H NMR spectroscopy under water suppression[1] in combination with
chemometric methods covering five commercially relevant species from the harvest years 2017 – 2020. All
classification models were validated with nested cross-validation. The two very similar looking and closely
related black truffles Tuber melanosporum and Tuber indicum could be classified 100% correctly in direct
comparison. The most expensive truffle Tuber magnatum could be distinguished to 100% from the other
relevant white truffle Tuber borchii. Furthermore, signals for a potential Tuber borchii, and a potential
Tuber melanosporum marker for targeted approaches could be detected and the corresponding molecules
could be identified after chromatography. A model that covers all five truffle species Tuber aestivum,
Tuber borchii, Tuber indicum, Tuber magnatum and Tuber melanosporum was able to correctly distinguish
between all species.

Good raw material quality is essential in the food industry in order to obtain a consistently good product.
Hazelnuts are of great importance in the confectionery industry. Since hazelnuts are an imported product,
which is mainly cultivated by small farmers, it is difficult to guarantee consistently good quality. Long and
improper storage can lead to unwanted off-flavour in raw hazelnuts and manufactured products, which is
due to changes in the polar metabolome.
In this study we explored a metabolomics approach by NMR spectroscopy to investigate chemical markers
that correlate with extended and improper storage. We utilized classification and regression algorithms
and a feature selection method to approach the research question. Discrimination of storage condititions
worked well and resulted in a classification accuracy of 85.7%. Classification and regression models were
used to determine the age of samples, which showed better accuracies for adverse storage conditions.
Selected features and boxplots of metabolite concentrations showed which metabolites were critital in
determination of storage condition and duration of samples.

1
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Figure: Confusion matrices of fresh (0) and aged (2) hazelnut samples from all storage conditions (A), from
storage condition 40 °C, 75% relative humidity (B), from storage condition 25 °C, 60% relative humidity (C)
and from storage condtition 40 °C, 25% relative humidity (D).
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The identification of metabolites is an extremely relevant factor in metabolomics studies. After the detection of specific biomarkers, which in the case of food samples allow, for example, the differentiation of
samples of different geographical origin or varieties or the detection of adulterations, their identification
is essential for a deeper understanding of the underlying metabolic pathways. Due to the large number of
metabolites occurring in natural products and their strong concentration differences, the identification of
individual metabolites from one-dimensional NMR spectra of foods is hardly possible.
The aim of this study is the development of a strategy for the correlation of NMR and MS data over the
time course of a chromatographic separation without the need to isolate individual metabolites. This
correlation strategy leads to the detection of related signals in the NMR spectra themselves as well as
associated mass-to-charge ratios from the ESI mass spectra. This three-dimensional approach, consisting of
NMR, MS and LC, enables simple, efficient and reliable identification of metabolites and was used for the
identification of metabolites in a complex polar extract of a pine nut sample.
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Figure 1: General principle for the correlation of NMR and MS data over the time course of a chromatographic separation. Pearson CorrelationFractionationusingLCMS-ESI spectraNMRspectraIdentificationofmetabolitesintensityMSintensityNMR
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