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Abstract

In recent years, the interest of the research community and
industry in investigation methods that ensure traceability
and enable the valorisation of quality products has
increased considerably. The development of such methods
becomes essential to protect the commercial value of agri-
food products and, at the same time, safeguard consumers’
health. Under this scenario, there has been an increasing
use of the so-called non-targeted approach. The
application of this approach to food matrices allows to
define their metabolic profile, providing a unique
fingerprint for each matrix. This advantage has led the non-
targeted method to become a viable strategy to address
complex food quality control issues, including authenticity
and traceability. Nuclear magnetic resonance (NMR)
spectroscopy is a promising tool to produce fingerprint
food in a non-targeted analysis. The generated NMR
spectrum represents a unique signature for every food
product, which is impossible to modify artificially. The
quality of a food product can be, thus, assessed quickly and
reliably, tracing back all those factors (presence of
adulterants, agronomic practices, geographical origin) that
may influence the metabolic profile of the product. The
applications of the non-targeted NMR-based method
reported in the PhD thesis demonstrate the potential of
this approach in ensuring the traceability and assessing the
authenticity of agri-food products. The high reliability of
this approach would enhance the certification systems
currently in use, making the latter even more robust and
resistant to fraud attempts, also supported by blockchain-
based information technologies.
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EXTENDED ABSTRACT (eng) 

In recent years, the interest of the research community and industry in 

investigation methods that ensure traceability and enable the valorisation of 

quality products has increased considerably. The development of such methods 

becomes essential to protect the commercial value of agri-food products and, at 

the same time, safeguard consumers’ health. Under this scenario, there has been 

increasing use of the so-called non-targeted approach. The application of this ap-

proach to food matrices makes it possible to characterise their entire metabolic 

profile and obtain what is known as a fingerprint. This advantage has led the non-

targeted method to become a viable strategy to address complex food quality 

control issues, including authenticity and traceability. Nuclear magnetic reso-

nance (NMR) spectroscopy is a promising tool to produce fingerprint food in a 

non-targeted analysis. The generated NMR spectrum represents a unique signa-

ture for that food product, impossible to modify artificially, through which its 

quality can be assessed quickly and reliably, tracing back all those factors (pres-

ence of adulterants, agronomic practices, geographical origin) that may influence 

the metabolic profile of the product. The applications of the non-targeted NMR-

based method reported in this thesis demonstrate the potential of this approach 

in ensuring the traceability and assessing the authenticity of agri-food products. 

The high reliability of this approach would enhance the certification systems cur-

rently in use, making the latter even more robust and resistant to fraud attempts, 

also supported by blockchain-based information technologies. 

 

key words: quality control; traceability; food fraud; fingerprint; nu-

clear magnetic resonance 
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EXTENDED ABSTRACT (ita) 

Negli ultimi anni, l’interesse del mondo della ricerca e dell’industria verso me-

todi d’indagine che garantiscano la tracciabilità e permettano la valorizzazione 

delle produzioni di qualità è aumentato in modo considerevole. Lo sviluppo di tali 

metodi diventa essenziale per proteggere il valore commerciale dei prodotti 

agroalimentari e, al tempo stesso, tutelare la salute dei consumatori. In questo 

scenario, si è assistito ad un crescente impiego del metodo definito non-targeted. 

L’applicazione di tale approccio alle matrici alimentari permette di caratteriz-

zarne l’intero profilo metabolico ed ottenere quella che viene definita impronta 

digitale o fingerprint. Tale vantaggio ha portato il metodo non-targeted a diven-

tare una valida strategia per far fronte alle complesse problematiche relative al 

controllo qualità degli alimenti, tra cui l’autenticità e la tracciabilità. La spettro-

scopia di risonanza magnetica nucleare (NMR) è un promettente strumento per 

ottenere il fingerprint degli alimenti in un’analisi non-targeted. Lo spettro NMR 

generato rappresenta una firma unica per quel prodotto, impossibile da modifi-

care artificialmente, attraverso il quale è possibile valutarne la qualità in maniera 

rapida e affidabile, risalendo a tutti quei fattori (presenza di adulteranti, pratiche 

agronomiche, origine geografica) che possono influenzarne il profilo metabolico.  

Le applicazioni del metodo non-targeted basato sull’impiego dell’NMR riportate 

in questa tesi dimostrano la potenzialità di tale approccio nel garantire la traccia-

bilità e autenticità dei prodotti agroalimentari. L’elevata affidabilità di tale ap-

proccio potenzierebbe i sistemi di certificazione attualmente in uso, rendendo 

quest’ultimo ancora più robusto e resistente ai tentativi di frode, supportato an-

che con le tecnologie informatiche basate sulla blockchain. 

 

key words: controllo qualità; tracciabilità, frode alimentare, impronta 

digitale; risonanza magnetica nucleare 
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INTRODUCTION 
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1.0 Introduction 

The traceability of agri-food products is a key aspect to provide their qual-

ity and value, along with the safety of the consumers.  Traceability is defined as 

the set of all the procedures applied along the food supply chain, from crop to 

the end-user, which, by guaranteeing the authenticity of the product, protects 

not only consumers but also the producers themselves. Therefore, it has become 

one of the most important tools required for ensuring quality and food safety.  

In the last years, the development and optimisation of accurate and reliable an-

alytical methods able to assess the authenticity of agri-food products, have be-

come fundamental research activities in the industry as well as in the scientific 

community involved in food control.  

Besides classical document-based systems, the official analytical methods cur-

rently used to assess the authenticity of agri-food products are based on the iden-

tification and subsequent quantification of known chemical compounds present 

within the food matrix under examination. Such methods referred to as targeted, 

comprise a series of laboratory techniques that allow the isolation/identification 

of a specific compound or the corresponding chemical class, according to specific 

legal limits. Therefore, the application of targeted methods requires a priori 

knowledge of the food matrix to be analysed. However, this approach may be 

disadvantageous if it is not possible to know a priori the composition of the food 

matrix or, since it focuses on specific compounds, the targeted approach may not 

highlight unknown adulterations and/or additives. In such cases, especially if the 

adulterants are present below the legal limits detectable by the targeted ap-

proach, they would be missed during the analysis. Moreover, the increasing use 

of multiple and sophisticated adulterants has made difficult their detection with 

these established methods (Hong et al., 2017).  

The non-targeted (or fingerprinting) approach has been reported to be efficient 

in the field of quality control and authenticity assessment of food products (Gallo 

et al., 2020). The non-targeted approach provides a comprehensive description 

of the complex matrix under investigation, allowing for the detection of known 
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and unknown compounds in the mixture. All these detected compounds com-

prise the fingerprint of the food matrix that may be exploited as a valuable tool 

for quality control and authenticity assessment (Ballin and Laursen, 2019). In-

deed, by means of food fingerprint, it is possible to trace the agronomic practices, 

and the geographical origin, and to detect unknown contaminants present in the 

investigated product.  

One of the main drawbacks of the non-targeted approach is the current lack of 

official guidelines governing the standardization and harmonization of the 

method development and validation (Riedl, et al., 2015).  

However, some first guidelines for the development and validation of non-tar-

geted methods recently released by United States Pharmacopeia (USP) have 

been a go-to resource in the absence of other harmonized guidelines or stand-

ards. Specifically, such a document refers to non-targeted classification methods 

for detecting economically motivated adulteration (EMA) in food, generally 

known as food fraud, regardless of the analytical techniques used. 

Non-targeted analysis of food matrices can be efficiently performed using Nu-

clear magnetic resonance spectroscopy (NMR), which can provide the fingerprint 

of the examined matrix by analysing relatively small amounts of sample in a non-

destructive and rapid way.  

This analytical technique allows for the simultaneous identification and quantifi-

cation of the metabolites contained in the matrix under investigation, without 

the necessity of a priori knowledge of its composition and the need for elaborate 

sample preparation (Markley et al., 2017).  

In the past, the sensitivity of NMR was considered a main limitation, but the con-

tinuous progress of hardware resulted in the high sensitivity of this technique. 

Therefore, ΝΜR spectroscopy enables a collection of comprehensive metabolic 

profiles that can be reliably used to achieve information on various aspects of 

food analysis (Godelmann et al., 2013).  

The large potentiality of the NMR-based non-targeted approach, for the quality 

and authentication assessment of foodstuffs, has been widely reported in the 
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latest literature (Spyros, 2016; Cagliani, et al., 2017; Hatzakis, 2019). Such an ap-

proach has been applied to food products to identify the crop year (Consonni et 

al., 2010), the agricultural practices (Gallo et al., 2014), the geographical origin 

(Bachmann et al., 2018), and to detect food adulterations (Musio et al., 2022).  

Moreover, the non-targeted NMR method is gaining increasing interest in this 

field due to its capability to generate highly reliable instrumental responses. It 

was demonstrated that NMR spectroscopy can provide statistically equivalent 

signals when the same sample is analysed by spectrometers that are different in 

terms of magnetic field strength, manufacturer, hardware configurations and age 

(Gallo et al., 2015; Gallo et al., 2020; Ragone et al., 2020).  

Despite the high reliability and reproducibility of the NMR non-targeted method, 

its applicability is still hampered due to the lack of harmonized and standardised 

agreed procedures, as mentioned above.  

Thus, my PhD thesis project aims to develop and validate a non-targeted NMR 

testing method applied for traceability and authenticity assessment of different 

food products, namely saffron, lentils and durum wheat.  

Specifically, a NMR-based non-targeted method was applied to establish the au-

thenticity of saffron samples, with the purpose of differentiating pure saffron 

samples from those adulterated using turmeric and safflower at three different 

concentration levels. i.e., 5, 10 and 20 wt%. Furthermore, the performed analysis 

also revealed the agronomic practice adopted during the production of this pre-

cious spice, distinguishing between organic and conventional cultivation (Musio 

et al., 2022).  

Furthermore, the same analytical approach was applied to Italian lentils and Ital-

ian durum wheat, with the aim of being able to assess the authenticity and ensure 

geographical origin in their supply chain, by exploring the related NMR fingerprint 

generated.  
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2.1 Food quality and safety 

Food quality and safety are two important terms describing aspects of 

food products and they have become topics of considerable interest. The con-

sumer of the 21st century is a highly demanding one, exhibiting greater concern 

about the quality and health benefits of the products to buy (Sajdakowska et al., 

2018).  All the steps in the food production chain have a potentially significant 

influence on the quality of the final product, that the consumer places on the 

table (Stewart et al., 2018). There is an abundance of ways to define the term 

quality, both in food and otherwise (Grunert, 2005).  

The concept of food quality should be considered on a much broader basis. In-

deed, changes in consumer expectations, legislative needs, and instrumental 

analysis developments are included into an ideal concept of food quality (Müller 

and Steinhart, 2007). Thus, quality can be described as the requirements neces-

sary to satisfy the needs and expectations of the consumer.  

Several aspects contribute to defining the quality of a food product. These in-

clude intrinsic qualities such as taste and other organoleptic properties and ex-

ternal factors such as origin and labelling (Grunert, 2002; Jover et al., 2004). 

Along with an objective definition, there is a strongly subjective component in 

the concept of quality, which is the quality as perceived by consumers, and it is 

influenced by the various characteristics of the product (Sadílek, 2018).  

Food quality could not be separate from the concept of food safety, at least to 

the extent that consumers believe food safety to be a desirable property (Anklam 

and Battaglia, 2001). Safety is an important component of quality since a lack of 

safety can result in serious health issues for the consumer. A product can appear 

to be of high quality (i.e. well coloured, appetizing and flavourful, etc.), but it can 

be unsafe because it might be contaminated with undetected pathogenic organ-

isms, toxic chemicals, or physical hazards.  

Food safety can be defined as the opposite of food risk. This concept means the 

assurance that the food to be consumed is non-toxic, harmless, compliant with 

reasonable nutritional requirements, and will not cause any potential hazards or 
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diseases to human health (Liu, et al., 2020). Food safety hazards may occur at a 

variety of points in the food chain. Therefore, the mentioned requirements 

should be met in all the activities included in the food supply chain, and shared 

by producers, processors, distributors, retailers, and consumers. (Liu, et al., 

2020). 

With the expansion of international trade, food safety is becoming a global health 

issue, and the requirement for food quality increases constantly (Liu, et al., 2020). 

Indeed, the globalization of food production and distribution has intensified the 

risks of food pollution caused by environmental and anthropogenic sources in-

cluding microbial organisms, organic and inorganic chemical pollutants, drugs, 

and physical hazards (Akrami-Mohajeri et al., 2018; Derakhshan et al., 2018).  

Both quality and safety aspects are interrelated and linked to the trust/confi-

dence of consumers. These two are seen to be the consequence of taste, control, 

and origin, while resulting in health and a feeling of calm (Rijswijk et al., 2008).  

Today food control systems include procedures that consider the chemical com-

position of foodstuffs, hygienic aspects, nutritional adequacy, and authenticity. 

Nevertheless, the methods used in routine analysis focus mainly on known chem-

icals contained in the food matrices.  

Therefore, endless efforts are required to improve the efficiency of analytical 

methods for ensuring public safety and quality control. In this manner, more sen-

sitive, robust, efficient, and cost-effective methods should be developed to en-

sure the safety, quality, and traceability of foods without compromising nutri-

tional, functional, and sensory characteristics according to legislation and con-

sumer demands (Li et al., 2021). 

 

2.1.1 Traceability in the food supply chain 

Food traceability is a relevant topic in food analysis and is closely linked to food 

quality, food safety, and human health (Kaufmann, 2014).  

The several food scandals encountered in the last two decades, such as Bovine 

Spongiform Encephalopathy (BSE) or Mad Cow Disease, Dioxin in chicken feed, 
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Food-and-Mouth Disease (FMD) and incidents such as the use of Genetically 

Modified (GM) crops in foods (Aung and Chang, 2014) have drawn the attention 

of consumers to the importance of food's traceability (Ingrassia et al., 2017). 

Nowadays, it is ascertained that consumers consider traceability as an important 

further attribute to evaluate the quality of food products before purchase. As 

reported in the previous paragraph, to define food quality and safety, consumers 

evaluate both intrinsic and external features of the products, such as traceability, 

origin geographical indications and certification (Jover, et al., 2004).  

As a result of its importance, traceability can be considered an effective safety 

and quality-monitoring system within food chains, as well as to increase con-

sumer confidence and connect them to the producers (Kher et al., 2010). There-

fore, the design and implementation of traceability have become necessary tools 

to ensure food quality and safety in the whole supply chain.  

The International Standard EN ISO 22005:2007 defines traceability as “the ability 

to follow the movement of a food through specified stage(s) of production, pro-

cessing, and distribution” (ISO 22005:2007). Therefore, traceability makes it pos-

sible to capture, store and transmit all the information about a foodstuff at all 

stages in its supply chain, from the origin to the destination of the product. In this 

way, it can be traced at any time and checked for safety and quality control. A 

conceptual framework of traceability in the whole food supply chain is reported 

in fig. 1. The safety and quality regulations require all the participants to apply 

safety and quality assurance systems that comply with regulations and to manage 

all their operations in an efficient and standard manner. 
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Fig.1- Conceptual framework of food traceability system (Aung and Chang, 2014) 

 

In the growing global market, food supply chains are becoming longer and more 

complex. As a result, traceability tools become necessary to offer transparency 

to consumers and food manufacturers. Currently, to avoid food quality and safety 

issues resulting from asymmetric information conveyed between suppliers and 

consumers, and enhance customer confidence, traceability requirements in the 

food chain rely on regulations/standards or certifications (Aung and Chang, 

2014).  

For this purpose, the European Union has established a harmonised set of regu-

lations and associated certifications for protecting food products and easily com-

municating to consumers correct information about the specific character of the 

products, the agricultural practices, and the place of origin.  The adopted certifi-

cation, namely PDO (Protected Designation of Origin), PGI (Protected Geograph-

ical Identification) and TSG (Traditional Specialty Guaranteed), protect product 

names from misuse and imitation and give a higher quality value to foodstuffs 

(Council Regulation, EEC N° 2081/92).  

PDO identifies food products that are produced, processed, and prepared in a 

defined geographical area. Hence, “designation of origin” means the name of a 
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region, a specific place or a country used to describe a foodstuff originating in 

that specific place and whit exclusively quality due to the characteristic geograph-

ical environment. PGI identifies agricultural products and foods linked to a de-

fined geographical area. Nevertheless, differently from PDO which describes a 

food product produced, processed, and prepared in a given geographical area, in 

the “geographical indication” case, the geographical link must occur in at least 

one of the stages of production, processing, or preparation. TSG (Traditional Spe-

cialties Guaranteed) identify and protects traditional methods of production. 

Thus, a TSG does not refer to the origin but highlights traditional character, either 

in the composition or means of production. (Danezis et al., 2016). Examples of 

typical Italian food products which have gained these trademarks are Prosciutto 

di Parma (PDO), Lenticchie di Altamura (PGI), Cappellacci di zucca ferraresi (PGI), 

Culurgionis d’Ogliastra (PGI), Pasta di Gragnano (PGI), Pizzoccheri della Valtellina 

(PGI), Maccheroncini di Campofilone (PGI), and Mozzarella cheese (TSG).  

Furthermore, optional quality terms such as OQT, “mountain product” and 

“product of island farming” were defined (1151/2012 EU Regulation). The infor-

mation includes a characterization of the geographic region and reinforces the 

consumer perception of special quality attributed to mountain and island prod-

ucts. 

All these specific regulations have implemented food safety and quality monitor-

ing systems, protecting each country’s culture, history, and the local economy at 

the same time. The management of food supply chains via these certifications 

represent a current methodology to achieve traceability requirements.  

Another methodology records logistics operations and production processes via 

the design of a food traceability system that provides transparent trace back and 

tracks forward information (Hong et al., 2011).  

The main objectives of a traceability system are to give information on food prod-

uct origin, processing, and retailing, safeguard food in transit, and decrease the 

associated time and cost of food recalls. It represents a useful tool to assure safe 
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and good quality food. A more-in depth presentation of this traceability system 

is reported in paragraph 2.1.1.1.  

 

2.1.1.1 ISO 22005:2007  

ISO is the world’s largest developer and publisher of international standards. ISO 

standards are used to achieve uniformity and prevent technical barriers to trade 

worldwide. The requirements for food safety and traceability are added in ISO 

22005 series with a major focus on traceability in the 2007 version.  

ISO 22005 (2007) “Traceability in the feed and food chain — General principles 

and basic requirements for system design and implementation” defined the prin-

ciples and objectives of traceability and also specifies basic requirements for the 

design and implementation of a feed and food traceability system. It can be ap-

plied by an organisation operating at any step on the feed and food chain. The 

principles given in this ISO are intended to be flexible enough to allow the feed 

and food organisations to achieve identified objectives.  

The work of preparing International Standards is normally carried out through 

ISO technical committees. Each member interested in a subject for which a tech-

nical committee has been established has the right to be represented on that 

committee. ISO 22005 was prepared by the Technical Committee ISO/TC 34 Food 

products. The proposed traceability system is a technical tool to assist an organi-

sation operating within a feed and food chain to conform with its defined objec-

tives and it is useful when necessary to determine the history, or location of a 

product or its relevant components.  

The choice of a traceability system is influenced by regulations, product charac-

teristics and customer expectations. Hence, the design of the traceability system 

by an organisation can vary depending on: 

-  features of the product (i.e., nature of the raw materials, size of lots);  

- technical limits inherent to the organisation (i.e., collection and transport pro-

cedure, processing and packaging method);  

- objective to be achieved;  
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- cost and benefits of applying such a traceability system.  

The document ISO 22005 gives the guidelines for the design and implementation 

of a traceability system (normative references, terms and definitions, principles, 

and objectives of traceability) which are indispensable for its following applica-

tion. In this manner, the organisation operating within a feed and food chain 

should be able to improve its effectiveness and productivity by conforming to its 

management system.  

As reported in the document, a traceability system is the totality of data and op-

erations that can maintain desired information about a product and its compo-

nents through all or part of its production and utilization chain.  

The mentioned traceability system should be able to record the history of the 

product and/or locate it in the feed and food chain. It can establish the noncon-

formity and if necessary, allow for the withdrawal and/or recall of products.  

The principles identified in ISO 22005 state that the traceability system should 

be: 

- verifiable, 

- applied consistently and equitably,  

- results-oriented, 

- cost-effective, 

- practical to apply, 

- compliant with any applicable regulations or policy, and with defined accuracy 

requirements.   

These principles should take into consideration in the design of a feed and food 

chain traceability system. In addition, in its development, the following shall be 

included:  

a) objectives; 

b) regulatory and policy requirements relevant to traceability; 

c) products and/or ingredients; 

d) position in the feed and food chain; 

e) flow of materials; 
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f) information requirements; 

g) procedures; 

h) documentation; 

i) feed and food chain coordination. 

Each organisation shall establish a traceability plan that includes all the identified 

requirements; moreover, the organisation shall review and implement the trace-

ability system at specific intervals or whenever changes are made to the estab-

lished objectives and/or the product or processes (ISO 22005:2007).  

 

2.1.2 Authenticity of food  

Food authentication is a rapidly growing field due to increasing public awareness 

concerning food quality and safety (Danezis et al., 2016). The main objective of 

food quality is to guarantee the appropriate organoleptic and appreciated char-

acteristics of the food product, whereas food authenticity covers many several 

aspects. These latter ones are related to the mislabelling process, adulterations 

of precious foodstuffs, and misleading claims about the origin (species, geograph-

ical or genetic), production method (conventional, organic, traditional proce-

dures, free range), or processing technologies (irradiation, freezing, microwave 

heating).  

Food authenticity is a topic of great interest to the food industry, consumers, and 

scientific researchers. Moreover, this topic is attracting a high level of attention 

from the authorities and media worldwide, due to the production of counterfeit 

food, illegal food trade, and frequent fraudulent labeling attempts targeted at 

valuable products by unscrupulous suppliers (Dimitrakopoulou and Vantarakis, 

2021). Authentic food is defined as food that conforms to the description pro-

vided by the producer or processor and includes the process history of a product 

or ingredient, its geographical region of origin, or the species or variety of ingre-

dients. The standardised procedures described in section 2.1.1 establish norms 

in the production process and control of origin of foodstuffs. The production of 

consumer goods according to these standardized procedures normally results in 
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better products and is rewarded with higher prices at the point of sale. Unfortu-

nately, these financial benefits attract the production of counterfeit food and il-

legal food trades. 

In the last years, many counterfeiting and adulterating practices in food trace 

have occurred, as evidenced, by the use of the banned dyes Sudan I and Para Red 

in Worcester Sauce in the United Kingdom (Di Anibal et al., 2009; Hu et al., 2017), 

the addition of melamine to milk in China in 2008 (Pei et al., 2011), the fraudulent 

use of slaughterhouse waste in meat products in Germany, the detection of di-

oxin in meat and eggs, and the so-called horse meat scandal that scattered Eu-

rope in 2013. Furthermore, recently, the broad-spectrum insecticide fipronil, 

whose use is not permitted in livestock, has been found in eggs (Schieber, 2018).  

The term food fraud represents a collective one used to encompass the deliber-

ate and intentional substitution, addition, tampering, or misrepresentation of 

food, food ingredients, or food packaging; or false or misleading statements 

made about a product for economic gain (Spink and Moyer, 2011). Hence, there 

is consensus that food fraud is an intentional act carried out for economic gain, 

whereas a food defense incident is an intentional contamination with intentional 

harm, in contrast to a food safety incident which is an unintentional act with un-

intentional harm.  

Within the category of food fraud committed for economic purposes, the follow-

ing can be distinguished: 

- adulteration, which occurs when there is a change in the natural composition 

of the food with the use of lower-quality substances in the product; 

- sophistication is committed with the addition of elements which are not useful 

to the composition of the food, but which improve its external appearance, cov-

ering up its defects;  

- alteration occurs when there is a transformation of chemical components that 

change the physical and chemical properties of the food itself;  

- falsification is a substitution of one food product for another;  
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- counterfeiting consists in substituting one element of that food with another of 

lesser quality than the first, along with misleading the purchaser as to the quality 

and purity of the product.  

Recently, the widely used term for food counterfeiting is economically motivated 

adulteration (EMA). EMA has been defined as the fraudulent, intentional substi-

tution or addition of a substance in a product for the purpose of increasing the 

apparent value of the product or reducing the cost of its production. Among 

these fraudulent procedures, the usual one is the substitution of one ingredient 

for a similar cheaper one which is difficult to recognise by the consumer and to 

detect by current analytical techniques (Cubero-Leon, et al., 2014).  

Although different fraudulent practices motivated by economic profit may exist, 

these could also pose a direct threat to public health. Apart from the adverse 

public health impact, food fraud negatively affects the food industry business. It 

is estimated that the cost of food fraud in the global food industry is approxi-

mately EUR 30 billion every year (FAO, 2021). Detecting food fraud is a challenge 

because consumers alone cannot detect them, and food fraudsters are usually 

innovative in the ways they avoid detection. Therefore, the scientific community 

is working hard to develop new technologies and new reliable analytical ap-

proaches for quality control and authenticity assessment in the food supply 

chain.  

Currently, food authentication methods have traditionally concerned the meas-

urement of single markers or a small set of markers with comparison to set 

thresholds. This type of approach, known as a targeted method, is thereby based 

on the detection and, eventually, quantification of compounds known a priori. 

However, this approach may fail when unknown substances are indicative of ei-

ther accidental or intentional alteration of the food product. In this contest, the 

non-targeted analytical method is becoming a more valuable tool for quality con-

trol and authenticity assessment (Ballin and Laursen, 2019).  Indeed, the non-

targeted method offers the possibility to extract a larger amount of information 
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which can be advantageously used to unveil the compounds that may affect the 

authenticity of the food sample under investigation.  
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CHAPTER II 
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2.2 Non-targeted method for food authenticity assessment  

To date, traditional approaches applied to food authentication focus on 

one or more pre-defined analyte(s). These targeted methods detect and quantify 

only one compound at a time or a set of specific markers, which are usually in-

dicative of a peculiar property of the examined food product. Such analytical tar-

gets are chemically or biologically characterised and annotated with established 

importance before data acquisition. The results of the analysis are compared to 

legal limits to determine if the compound tested is in excess (McGrath et al., 

2018).  

The performance of the targeted method to detect specific compounds and cer-

tain residues in a food product is covered by EU legislation (Commission Decision 

2002/657/EC).  

Nevertheless, as the targeted approach is based on the detection and quantifica-

tion of known compounds in a complex matrix, it often provides insufficient in-

formation to reliably verify the authenticity of a food product. Indeed, food 

fraudsters know about such testing programmes and how to avoid fraud detec-

tion (McGrath et al., 2018).  

The increasing attention to highly complex authentication issues, including geo-

graphical origin, agricultural production methods, and food adulterations, has 

driven the necessity for the development of novel analytical methods (Ballin and 

Laursen, 2019).  

In recent years, the non-targeted method has emerged as a powerful approach 

to tackling problems of food authenticity, food quality and safety. Using analyti-

cal instrumentation techniques, non-targeted methods have been developed and 

applied in many food and agricultural situations. This development is evident 

from the increasing number of scientific papers based on non-targeted methods 

for food authentications during the past decade (Ballin and Laursen, 2019).  

The non-targeted methods are not focused on specific target compounds and try 

to give a picture as complete as possible of the chemical composition of the in-

vestigated sample (Sobolev et al., 2015). Indeed, the non-targeted analysis is also 
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referred to as “fingerprinting”, due to the advantage of simultaneously displaying 

numerous unspecified targets detected in the sample.  

Although these reliable methods are described in a growing body of literature, 

their uptake in terms of routine surveillance has so far been limited (Riedl, et al., 

2015).  The application of non-targeted analytical tools for food surveillance to 

ensure consumer protection is needed because as laboratories improve targeted 

detection methods specific to particular markers, fraudulent producers might use 

unknown adulterants that can evade detection with the targeted approach 

(Karunathilaka et al., 2018).  

However, how the non-targeted method should be applied and validated is still 

confusing and lacks standard guidelines, since there is no legislation equivalent 

to the aforementioned targeted approach. This lack has resulted since the non-

targeted approach has been developed by scientists working in many disciplines, 

and each seems to have developed its own unique set of definitions and termi-

nologies. This has led to inconsistency and confusion in the way scientists talk 

about non-targeted methods and hinders a broader understanding of the tech-

niques (Gao et al., 2019). In 2017 the “Guidance on developing and validating 

non-targeted methods for adulteration detection” has been released by the 

United States Pharmacopeia (USP).  

This guidance document is intended to standardize some of the key processes 

related to developing and validating non-targeted methods of analysis. Moreo-

ver, it would assist users in supply chain management by providing information 

that can generally be applied to the testing and authentication of raw materials 

with a variety of analytical techniques.  

These guidelines identify and assess the following criteria for non-targeted fraud 

detection in food commodities:  

- the objective of methodology;  

- adulterant investigated;  

- sample related criteria;  

- instrumentation methodology;  
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- chemometric methodology;  

-model performance criteria.  

It is noteworthy that the prescribed procedure in the USP guideline is independ-

ent of either the principle of the analytical method used or the food type (Nichani 

et al., 2023).  

Among the possible analytical techniques available, NMR is regarded as a versa-

tile and useful tool to perform a non-targeted detection of food authentications 

(Consonni and Cagliani, 2010; Fan and Zhang, 2019).  

Using NMR, it is possible to rapidly and simultaneously detect a great number of 

compounds comprising the whole composition (fingerprint) of the sample while 

giving qualitative and reproducible quantitative results with minimal sample pre-

treatment (Naz et al., 2014). Thus, the abundant chemical information provided 

by the NMR-based non-targeted approach may be used to reliably assess the au-

thenticity of foodstuff, including the identification of geographical origin, and the 

detection of unknown adulterants.  

The setting up of a non-targeted NMR method involves several stages:  

(i) the collection of authentic reference samples to build up a database 

in which unknown samples can later be included.   

(ii) The sample preparation should be limited but may include milling, ho-

mogenization, and extraction procedure. 

While targeted analysis often requires a very complex and specific extraction 

process, the sample extraction for non-targeted analysis is usually kept as 

simple as possible (Creydt and Fischer, 2020). One of the advantages of NMR 

is the simplicity of the sample extraction by using deuterated solvents.  

(iii) Acquisition of spectral data by performing NMR experiment of au-

thentic samples and the following collection of NMR data in a suitable 

database.  

(iv) Training and validation of classification algorithms. 
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One of the fundamental strategies of non-targeted detection is to solve a 

classification problem, by using both multivariate and univariate modelling 

methods.  

(v) NMR experiment of unknown samples (test) according to the devel-

oped method to ensure the correct classification ability of the model.  

 

The applications of the non-targeted NMR method reported in this thesis (chap-

ters IV, V and V) may represent suitable studies within the validation and harmo-

nisation framework of this new method.  
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CHAPTER III 
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2.3 Introduction to Nuclear Magnetic Resonance (NMR) 

During the last two decades, Nuclear Magnetic Resonance (NMR) spec-

troscopy has been widely recognized as an important tool for food analysis 

(Sobolev et al., 2019). This technique is rapid and rich in structural and quantita-

tive information and allows the metabolites to be analysed simultaneously 

(Wang et al., 2003).  

NMR spectra of food products can act as “fingerprints” that can be used to com-

pare, discriminate, or classify samples. In this way, the NMR fingerprint allows 

evaluating, in one shot, the entire metabolites’ pattern variation due to external 

factors such as agronomical practices, geographical origin, environmental condi-

tions and the presence of contaminants.  

NMR offers a unique view of the entire set of most abundant, free small mole-

cules in a biological sample that can be detected and measured in a single spec-

trum with minimal sample preparation. Indeed, the NMR sample does not re-

quire any physical or chemical treatment before the analysis, but only the solu-

tion conditions such as the temperature, pH and salt concentration must be ad-

justed.  Since, in many cases, nearly no sample pre-treatment is required in NMR 

spectroscopy, the inherent properties of the sample are well-kept. In general, 

NMR can offer several unparalleled advantages, including selective isotope de-

tection in complex mixtures, highly reproducible data, de novo determination of 

crucial structural parameters of unknown metabolites, accurate quantification 

without standards, and in situ analysis of pathway dynamics from cells to whole 

organisms without 

any destructive effects (Markley et al., 2017). 

The NMR data collected are studied using multivariate statistical analysis based 

on mathematical and statistical procedures. Thus, multivariate analysis becomes 

an excellent tool for exploring all data contained in the NMR spectra without a 

deep knowledge of the metabolites that compose the sample.  
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2.3.1 NMR basic principles 

Nuclear Magnetic Resonance Spectroscopy is one of the most valuable tools to 

observe and understand phenomena of different natures, in the field of chemis-

try, physics, biology and medicine. It is a powerful analytical technique, which 

gives detailed information concerning the molecular structure of the biological 

material observed, reflecting at the end the metabolic status of a biological living 

system, without losing important information on the system. This spectroscopic 

technique is generally used to detect hydrogen atoms in metabolites (1H NMR). 

Thus, in a typical sample (biological fluid in medical research or organic extract in 

food research) all hydrogen-containing molecules (almost all metabolites) will 

give a 1H-NMR spectrum, as long as they are present in concentrations above the 

detection limit. 

NMR spectroscopy is based on interaction between an electromagnetic radiation 

and the atomic nucleus immersed in an external magnetic field. Based on the 

number of protons and neutrons that constitutes the internal structure of an 

atomic nucleus, a nucleus can have a spin state that is described through I, I is 

called the nuclear spin quantum number. Depending on the cases I can assume: 

zero value and in this case the nucleus is said to be NMR inactive and therefore 

cannot be observed by NMR spectroscopy; or semi-integer or integer values and 

in these cases the nucleus is defined as active and therefore observable NMR. 

The nuclear spin quantum number I may assume values: -I; -I+1; ..... I+1; I.  

So, for a nucleus with spin ½ only two orientations are possible: +1/2 and -1/2.  

In normal condition these two states are energetically degenerate. 

In the classical description, the atomic spin is regarded as a sphere in rotation 

around an axis, so every nucleus having a non-zero quantum number spin I has 

an intrinsic angular momentum P: 

𝑃 =  
ℎ

2𝜋
√𝐼(𝐼 + 1)  

(1) 
 

where I is the spin angular momentum and h is the Plank constant. 
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The value of nuclear spin I depends on the atomic number and atomic mass: 

- if the atomic mass is odd, I is half of an integer number and the nucleus is NMR 

active (1H, 13C, 15N, 31P); 

- if the atomic number is odd and the atomic mass is even, I is an integer and the 

nucleus is NMR active (14N, 2H); 

- if the atomic number and atomic mass are even, I is zero and the nucleus is NMR 

silent (12C, 16O). 

Elements can have more than one isotope with non-zero nuclear spin, each one 

with its natural abundance. In the following table, several active NMR nuclei are 

listed along with their natural abundance and I.  

 

Table 1. Spin nuclear and abundance of some common NMR nucleus 

Nucleus Percentage abundance (%) I 

1H 99.98 1/2 

13C 1.108 1/2 
15N 0.366 -1/2 
19F 100 1/2 

31P 100 1/2 
29Si 4.67 -1/2 

195Pt 33 1/2 

 

Since a nucleus has a positive electric charge, and every electric charge in move-

ment produces a magnetic field, then the nucleus will also have a magnetic mo-

ment m, i.e. the nucleus can be considered like a small magnet. 

The magnetic moment has the same direction as the spin angular momentum 

and is directly proportional through the relationship: 

     
µ=γ P 

(2) 
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The constant of direct proportionality between the angular momentum and the 

magnetic moment is typical of each nucleus and is indicated with γ and is called 

the gyromagnetic ratio. 

Considering a population of nuclei with spin ½ in absence of an external magnetic 

field, the orientation of the magnetic moments of atomic nuclei is random and 

equally distributed between the two degenerate states +1/2 and -1/2.  

In the presence of an external field B0, conventionally oriented along the z-axis, 

the magnetic moments of spins interact with it and the population of nuclei dis-

tributes in two different orientations (Figure 2): slightly more than half will reside 

in the “+1/2” state (parallel, α state, lower energy) and slightly less than half will 

reside in the “-1/2” state (antiparallel, β state, higher energy).  

 

 

Fig. 2 The possible orientations of a nucleus with I=½ 

The spin nuclei are not perfectly aligned but they are only oriented along the di-

rection of applied magnetic field, this causes in a circular motion called preces-

sion. The rate of this precession is directly proportional to external applied mag-

netic field and gyromagnetic ratio and is called Larmor Frequency: 

v0=  
𝛾

2𝜋 B0 

(3) 

As for all spectroscopies, it is possible to promote a nucleus from the state of 

lower energy to the higher energy state by absorbing an amount of energy equal 

to:  
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                                                           ∆𝐸 = ℎ × 𝑣0 =
ℎ

2π
 𝛾𝐵0          

(4) 
 

with γ being the gyromagnetic ratio and h/2π is the quantum of angular momen-

tum. The dependence of ΔE by applied magnetic field strength is shown in figure 

3 for nuclei with I = 1/2. 

 

Fig. 3- The splitting of the spin states of the nucleus with I=½ upon application of a magnetic 
field 

 
The population difference between the two spin states is given by the Boltzmann 

distribution function: 

Nβ/Nα∝ e- ΔE/kT 

(5) 
 

where Nα and Nβ represent the spin states populations, k is the Boltzmann con-

stant and T the temperature. Since the energy difference between the two spin 

states is very small, the corresponding population differences are similarly small. 

Anyway, the slight excess of the nuclei in the α state is responsible for the net 

magnetization that is fundamental in NMR spectroscopy. According to the classic 

representation, a nucleus with spin 1/2 moves around the z-axis, coincident with 

the axis of the applied magnetic field on the surface of a double cone (Figure 4). 
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Fig. 4- Representation of the magnetization vector 

 

The vector sum of all the magnetic moments of the nuclei contained in the sam-

ple gives the macroscopic magnetization M0. This vector has a direction coinci-

dent with that of the magnetic field B0. When electromagnetic radiation, gener-

ated by a sinusoidal current flow, is given to the system, the system is perturbed. 

The electromagnetic radiation can be considered as an applied magnetic field B1 

(|B1|<<|B0|), orthogonal to B0, because it originates from a coil wrapped in the 

plane xy (Sanders, 1988; Breitmaier, 2003). The interaction between the magnet-

ization vector M0 and the applied magnetic field B1 occurs when the radiofre-

quency generating B1 is equal to the Larmor frequency. In this way, the transition 

between the two energy levels α and β occurs through the absorption of the ra-

diofrequency ν. For magnetic fields applied in common NMR spectrometers 

(from 1 to 20 Tesla), the frequency of precession of nuclei varies from tens to 

hundreds of MHz. Perturbation of equilibrium condition, necessary for experi-

ment execution, consists of a short (few microseconds) and intense pulse of en-

ergy able to generate the desired radiofrequency. Such a pulse excites simulta-

neously all nuclei resonating within a continuous band of frequencies which are 

symmetrical concerning the frequency centre ν1 (Keeler, 2010).  

Pulse application has the effect of the abovementioned applied magnetic field 

B1. The interaction between B1 and magnetization M0 produces a torque that 

moves the magnetization vector in the xy plane with intensity Mxy. The pulse gen-

erating this shift from the z-axis to the xy plane is named 90° pulse (Figure 5). 

After the perturbation, the system tends to restore the equilibrium condition 

where the energy levels are repopulated according to Boltzmann distribution. 
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Such a process is denoted as the relaxation of the nuclei. During relaxation, mag-

netization M0 returns to its initial value aligned along the z-axis, while magneti-

zation Mxy loses progressively its intensity to reach a net value equal to 0. 

 

Fig. 5 - Representation of magnetization vector and a 90° pulse (Jacobsen, 2007) 

 

2.3.2 Relaxation processes and NMR signal generation  

The relaxation process allowing vector M0 to return to its initial position along 

the z is due to two different relaxation sub-processes: 

- longitudinal or spin-lattice relaxation,  

- transverse or spin-spin relaxation.  

The first sub-process considers the energy exchanges taking place between the 

spin system and the molecular environment and produces an increment of the 

magnetization along the z axis to equilibrium value M0 (Figure 6). In this type of 

relaxation, in homogeneous systems, the magnetization recovery usually follows 

a trend fitted by the exponential and characterized by a constant T1 denoted as 

longitudinal relaxation constant. 

 

Mz= M0 [1-e (-t/T1)] 
(6) 

 

 

Fig. 6- Longitudinal or spin-lattice relaxation  
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Transverse relaxation consists of the loss of phase coherence among the reso-

nances of the nuclear spins (Figure 7) with the concomitant loss of magnetization 

intensity in the xy plane resulting in the cancellation of the magnetization in the 

same xy plane. Such a magnetization decay usually follows a trend fitted by the 

exponential and characterized by a constant T2 denoted as transverse relaxation 

constant: 

Mxy= M0 [1-e (-t/T2)] 
(7) 

 

Fig. 7- Transverse or spin-spin relaxation  

 

The intensity of Mxy is recorded by a detector and analysed to extract chemical 

information. 

The detector consists of a receiver coil placed perpendicularly to the z axis. It 

receives a combination of frequencies forming output signal called FID (Free In-

duction Decay). 

This is a signal in the time domain that is converted into a signal in the frequency 

domain by Fourier transformation (FT) (Figure 8). Commonly, the Fourier trans-

formation of a single FID generates a low intensity signal with a low signal-to-

noise ratio. To increase the intensity of the output signal, and then the signal-to-

noise ratio (by a factor equal to √𝑛), n measurements are executed. In this case, 

a delay (named recycling delay or relaxation delay) must separate the experi-

ments to allow M0 recovery before the successive application of the 90° pulse. 
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Fig. 8- Fourier transformation (Keeler, 2010) 

 

When NMR signals are used for quantitative methods, acquisition, and pro-

cessing parameters settings for the Fourier transform (choice of zero-filling and 

apodization function) are equal for all samples to be evaluated, since they may 

influence the finer details in the spectra. In real samples, nuclei are never isolated 

each other but are affected by local magnetic fields generated by the surrounding 

electrons. Such magnetic fields are less intense than the applied field but cannot 

be ignored. The interaction between each nucleus and these small magnetic 

fields causes little variations in the energy levels and then little differences in the 

NMR signals. The magnetic field at the nucleus (the effective field Beff) is generally 

lower than the applied one by a fraction σ denoted as nuclear magnetic shielding 

according to the following equation: 

 

Beff= B0 (1- σ) 
(8) 

 

Consequently, the Larmor frequency νL, for a given nucleus must be rewritten as: 
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vL= 
𝛾𝐵 𝑒𝑓𝑓

2𝜋
= 

𝛾𝐵0

2𝜋
 (1- σ) 

(9) 
 

The dependence of ν from the applied magnetic field B0 prevents a direct com-

parison between signals generated by different spectrometers. To render the res-

onating frequency independent of B0 and indicative of specific nuclei, the chem-

ical shift δ was introduced as the difference between the resonance frequency of 

a given nucleus ν and that of a frequency ν0 related to a standard compound: 

 

δ=(v-v0) 106/ v0 
(10) 

 

For 1H NMR spectroscopy, the most common reference compound is Si(CH3)4 

(tetramethylsilane, TMS) which is soluble in many organic solvents, is inert and 

possesses twelve equivalent protons generating a single signal. Such a signal is 

conventionally fixed to 0.00 ppm. Similarly, the sodium 3- (trimethylsilyl) propio-

nate-2,2,3,3-d4 (TSP) is widely used in aqueous media.  

In solution, when the local field of a given nucleus is affected by a nearby set of 

nuclei, a split of the energy levels (and then of the signals) occurs depending on 

the number of the surrounding nuclei and their nuclear spin I. This phenomenon 

is called scalar spin-spin coupling and represents the indirect magnetic interac-

tion of nuclear spins with each other through the involvement of the electrons. 

Scalar coupling manifests itself by signal splitting and is characterized by a cou-

pling constant J accounting for the specific chemical features of the molecule. 

The chemical shift and the coupling constant are important parameters linking 

NMR spectroscopy and chemistry. The chemical shift indicates the local elec-

tronic environment, and the J coupling provides a direct spectral manifestation 

of the chemical bonds.  

The most important features of a NMR spectrum are: 

- the chemical shift, which indicates the chemical group contained in the mole-

cule; 
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- the multiplicity of the signal and the spin-spin coupling constant J related to the 

structure of the molecule; 

- the intensity of the signal which is directly related to the number of nuclei in the 

sample. 

To obtain a well-resolved NMR spectrum, the applied magnetic field B0 must be 

long lasting stable in intensity and homogeneous within the sample. Concerning 

the field stability, even though spectrometers ensure very high performance, lit-

tle field fluctuations are unavoidable, and this results in signal broadening. Such 

a problem is efficiently overcome by a lock procedure on deuterium contained in 

a reference compound. That is the reason for the use of deuterated solvents in 

the preparation of the NMR samples. The homogeneity of the magnetic field 

nearby of the sample is controlled and adjusted by shimming procedures consist-

ing of the application of very weak additional fields. 

 

2.3.3 Instrumentations 

A typical NMR spectrometer consists of a magnet, a radio frequency generator, 

a receiver unit and a probe. Currently, magnets are based on superconducting 

materials cooled in liquid helium. Spectrometers work with pulsed techniques 

which can stimulate all the nuclei contained in the sample by a radio frequency 

pulse. The excited nuclei return to the lowest energy level and produce FID, the 

ensemble of signals recorded in the time domain by the receiver unit. FID is con-

verted in frequency domain spectrum by Fourier transformation giving NMR sig-

nals easy to interpret. Figure 9 shows the functional scheme of a generic NMR 

spectrometer.  
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Fig. 9- Scheme of a generic NMR spectrometer 

 

A very important component of a NMR spectrometer is the probe which repre-

sents the interface between a sample and the instrument allowing for excitation 

and detection of the nuclear spins. The probe is located into the centre of the 

magnetic field and is equipped with a temperature controller. It contains radiof-

requency (Rf) coils tuned at specific frequencies. Often, probes are constructed 

with two coils, the inner coil closest to the sample, and the outer coil more distant 

from the sample. The nuclei excited by the inner coil are detected with the high-

est sensitivity. When the inner-coil is tuneable in a wide range of frequencies 

(broadband coil) the probe is denoted as a “broadband observe” probe and al-

lows for excitation/detection of many nuclei having their Larmor frequencies in 

a well-defined range (i.e. frequencies between 31P and 15N). When the inner-coil 

is tuned to 1H Larmor frequency, the probe is denoted as a “broadband inverse” 

or “indirect detection” probe and gives the highest proton sensitivity. Modern 

NMR probes also include an actively-shielded Pulsed Field Gradient (PFG) coil 

which allows for the execution of powerful and rapid experiments by application 

of field-gradient pulses. 
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Fig. 10- Bruker Avance 400 spectrometer used for the experiments reported in this thesis 
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CHAPTER IV 
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2.4 Multivariate Statistical Analysis 

NMR spectroscopy enables to detection of all metabolites in a sample. The re-

sulting NMR spectrum is full of information (variables), part of which most of the 

time results to be redundant. 

For this reason, it is important to compress these variables to obtain only those 

that contain useful information. This goal is usually achieved through a bucketing 

procedure, where the NMR spectrum is subdivided into several bins, usually 0.02-

0.04 ppm width each, which are then integrated to obtain the total intensity of 

each bin. This kind of procedure reduces the total number of variables to be used 

in the subsequent statistical analyses.  Multivariate statistical analysis can be per-

formed by unsupervised or supervised techniques. The unsupervised methods 

seek discriminating factors between the independent variables to obtain a graph-

ical representation as the result of the maximization of variance. On the contrary, 

supervised methods find the best-fitting relationship between independent and 

dependent variables and are often applied to obtain sample classification among 

groups of interest and to build predictive models (Takis et al., 2019).  

 

2.4.1 Principal Component Analysis 

Among the multivariate analysis techniques, Principal component analysis (PCA) 

is the most frequently used because it represents the starting point of data min-

ing (Leardi, 2002; Siebert, 2001). Such an unsupervised method aims at data ex-

ploration, by reducing large complex data set into a series of optimized and in-

terpretable views. These views emphasize the natural groupings in the data and 

show which variables greatly influence those patterns. Therefore, the goals of 

PCA are to 

1) extract the most important information from the data matrix; 

2) compress the size of the data set by keeping only this important infor-

mation; 

3) simplify the description of the data set;  
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4) analyse the structure of the observations and the variables (Abdi and 

Williams, 2010).  

To achieve these goals, PCA is designed to extract and display the systematic var-

iation on a data matrix X. Hence, the starting point for PCA is a matrix X of data 

with n rows (observations) and K columns (variables). The observations include 

analytical samples, chemical compounds or reactions, biological individuals, etc. 

The variables (columns) might be of spectral origin (NMR, NIR, IR…), chromato-

graphic origin or other kinds of measurements.  

The variables describing the data are transformed into new variables, called prin-

cipal components (PCs), which are linear combinations of the original variables 

(Bro and Smilde, 2014).   

The PCs have two interesting properties: 

- they are extracted in decreasing order of importance. The first PC always con-

tains more information than the second, the second more than the third and so 

on. 

- they are orthogonal to each other. There is no correlation between the infor-

mation contained in different PCs. 

Usually, 2 to 5 PCs are sufficient to approximate a data table well.  

Before performing PCA, data are typically pre-processed to make them into a 

form suitable for the analysis. The typical pre-treatment of data includes scaling 

and mean-centering. Then, PCA works by decomposing the X-matrix into the 

product of two matrices, scores (T) and loadings (P) matrix:   

 

X=1*x’ +T*P’+ E 
(11) 

 
In the expression above, the first term, 1*x’, represents the variable averages and 

originates from the pre-processing step. The second term, the matrix product 

T*P’, models the structure of the PCA, and the third term, the residual matrix, E, 

contains the noise (Krzanowski and Jackson, 1992).  
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The scores matrix (T) contains information about the observations, which are de-

scribed in terms of projections onto the PCs; the loading matrix (P’) contains in-

formation about the variables. The information not contained in these matrices 

remains as "unexplained X-variance" in a residual matrix (E) which has the same 

dimensionality as the original X-matrix (Figure 11).  

 

Fig. 11- A matrix representation of how a data table X is modelled by PCA. 
 

PCA provides a graphical representation of the observations, using the scores 

plot, and the variables in the loadings plot. Scores are linear combinations of orig-

inal variables. The scores plot is useful to analyse objects' behaviour, highlighting 

their similarities based on the considered components. In this way, it is possible 

to identify groups of similar objects (clusters), ascertain the presence of outliers, 

to evaluate the regularity and distributions of the observations.  

The meaning of the scores is given by the loadings. The loadings plot allows us to 

analyse the role of the variables in the different components, their importance 

and their direct or inverse correlations.  
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Variables that appear close together in the loadings carry information common 

or similar (i.e. they are directly related). When variables are inversely correlated, 

they are positioned on opposite sides of the plot origin.  

PCA also forms the basis for another exploring technique, namely hierarchical 

cluster analysis (HCA). With the hierarchical approach, score variables derived 

from multiple PC models at the lower modelling level, are concatenated to form 

new upper modeling level data matrices that are again analysed by PCA. The up-

per level provides a superficial overview of the relationships among the different 

blocks of variables. The lower level allows zooming into the most influential var-

iables in the important variable blocks.  

 

2.4.2 Partial least squares discriminant analysis 

In contrast to PCA, Partial least squares discriminant analysis (PLS-DA) and Or-

thogonal partial least squares discriminant analysis (OPLS-DA) are supervised 

techniques. This kind of analysis enhances the separation between groups of ob-

servations by rotating PCA components so that a maximum separation among 

classes is obtained (Chevallier et al., 2006).  

One of the discriminant techniques most widely applied is the so-called partial 

least squares discriminant analysis (PLS-DA) (Oliveri and Downey, 2013).  

PLS-DA is used to optimise separation between different groups of samples, 

which is accomplished by linking two data matrices X (i.e., raw data) and Y (i.e., 

groups, class membership etc.) (Gromski et al., 2015).  

The method applies multivariate regression by partial least squares (PLS) using 

binary class-membership indices (0 and 1) for each class as response variables 

(Oliveri and Downey, 2013).  

PLS is a method for relating two data matrices, X and Y, to each other by a linear 

multivariate model (Wold, et al., 2001).  When fitting PLS, the model finds the 

linear relationship between the matrix Y (dependent variables) and the matrix X 

(predictor variables) expressed as: 
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Y=f(X)+E 
(12) 

In PLS, also the Y matrix is decomposed into principal components and the prin-

cipal components of X are rotated in the rough direction correlation concerning 

the principal component of Y.  

PLS modelling consists of the simultaneous projection of both X and Y spaces on 

low dimensional hyper planes. The coordinates of the points on these hyper 

planes constitute the elements of the matrices T (matrix of scores that summa-

rizes the X variables) and U (matrix of scores that summarizes the Y variables).  

 

Fig. 12- The matrix relationships in PLS 
 

In the PLS algorithm, there are additional loadings, W, called weights. These ex-

press the correlation between U and X and are used to calculate T. 

PLS was contrived to model continuous responses, but it can be applied even for 

classification purposes by establishing an appropriate Y related to each sample 

belonging to a class. In this case, it is called Partial Least Squares – Discriminant 

Analysis (PLS-DA). The extension of PLS from a regression to a classification 

method was one such important avenue pursued by the chemometrics commu-

nity (Brereton and Lloyd, 2018).  

PLS-DA make it possible to accomplish a rotation of the projection to give latent 

variables that focus on class separation (referred to as discrimination). The 

method offers a convenient way of explicitly considering the class membership 

of observations. Thus, the objective of PLS-DA is to find a model that separates 
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classes of observations on the bases of their X-variables description. This model 

is developed from a training set of observations of known class membership. 

In PLS-DA, the X-matrix consists of the data related to the observations; the Y-

matrix consists of “dummy” variables (a dummy variable is an artificial variable 

that assumes a discrete numerical value in the class description), which describes 

the class membership of each observation.  

The results of PLS-DA are interpreted by scores and weight or loadings plots. The 

scores plot shows the class discriminant ability of the developed model; the 

weight plot shows which variables contribute to the class separation.  

Typical applications of PLS-DA in chemistry include the classification of samples 

according to their origin, their dating, or the classification of molecules according 

to their properties or their reaction mechanisms.  

 

2.4.3 Orthogonal Partial least squares discriminant analysis 

Orthogonal partial least squares discriminant analysis (OPLS-DA) is a powerful 

tool used for dimension reduction and identification of specific features that 

drive group separation. It is a supervised modelling method and may be used 

instead of PLS-DA due to its capabilities to distinguish between variations in a 

dataset relevant to predicting group labels and variations irrelevant to predicting 

group labels. In this sense, OPLS-DA tends to make models that are less complex 

and more insightful than PLS-DA.  

OPLS-DA is especially suited for highlighting class discriminating variables in the 

two-class problem. The reason for this is that in a two-class discriminant problem, 

there can, by theory, only be one single predictive component in the OPL-DA 

mode. Hence, one single predictive loading vector is construed to identify the 

class discriminating variables. The OPLS-DA is easiest to interpret with 2 classes 

but is extendable to more ones.  

The OPLS algorithm is an extension of the PLS regression method which inte-

grates an orthogonal signal correction filter to distinguish the variations in the 

data that are useful for the prediction of a quantitative response from the 
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variations that are orthogonal to the prediction (Trygg and Wold, 2002; Boccard 

and Rutledge, 2013). Its discriminant analysis counterpart, namely OPLS-DA was 

demonstrated as a powerful tool for the analysis of qualitative data structures 

(Bylesjö et al., 2006).  

OPLS-DA uses information in the categorical response matrix Y to decompose the 

X matrix into three distinct parts as described in equation (13), where TP denotes 

the predictive score matrix for X, PP denotes the predictive loading matrix for X, 

TO denotes the corresponding Y-orthogonal score matrix, PO denotes the loading 

matrix of Y-orthogonal components and E denotes the residual matrix of X: 

 

X= TPPP
T+ ToPo

T +E 
(13) 

 

OPLS-DA also relies on a projection of X data as PCA does, but in this case, a max-

imum variance model becomes the corresponding one of a maximum separation 

model. This separation is then possible because the projection of the X data will 

be guided by known class information. 

 

Fig. 13- The matrix relationships in OPLS-DA 

 

The main advantage of OPLS-DA is an easier interpretation of the models, as it 

focuses on the predictive, i.e. discriminant, information that is summarised in the 

predictive component(s).  The corresponding predictive scores and loading vec-

tors are less subject to orthogonal variation; whereas the orthogonal 
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component(s) describe the variation that is unrelated to the class response. How-

ever, this kind of information can be useful to highlight unexpected systematic 

variability related to an experimental bias or biological variations (Trygg and 

Wold, 2002). The main benefit of interpretation using  OPLS-DA compared to PLS-

DA thus lies in the ability of OPLS-DA to separate predictive from non-predictive 

(orthogonal) variation.  

OPLS-DA is suitable for diagnosing differences between two groups or systems. 

It indicates which variables have the largest discriminatory power; how the 

variables are correlated and which are the driving forces among the variables. 

Scores plot makes it possible to visualize the differences if they exist and the 

loading plot indicates the variables that express these differences.  

OPLS-DA strategy is widely used for the analysis of “omics” data to identify 

potential biomarkers or product authentication.  

The supervised techniques described in this chapter are powerful in classifying 

the samples according to their group membership; however, they are prone to 

data overfitting. Thus, they could work very well for the samples inside the model 

but could be unreliable for predicting unknown samples. For this reason, it is 

important to validate the statistical model using cross-validation techniques (i.e., 

CV-ANOVA, and permutation tests) to ensure model reliability.  
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CHAPTER V 
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2.5 Saffron  

Saffron, one of the costliest herbal spices across the world, is produced from the 

dried stigmas of Crocus sativus L., a blue-purple flower of the Iridaceae family 

(Figure 14).  

 

Fig. 14– Crocus Sativus L. flower. The red stigmas are used to obtain saffron 

 

This valuable spice is used as a food flavouring and colouring agent, due to its 

unique aroma, flavour, and distinctive colour. However, saffron possesses also 

pharmacological and therapeutic properties, being a traditional herbal medicine 

(Xi and Qian, 2006). Among its chemical compounds, the characteristic ones are 

crocins, picrocrocin and safranal. The crocins, a family of water-soluble carote-

noids, contribute to the rich red colour of saffron; the colourless monoterpene 

glucoside picrocrocin (4-[β-d-glucopyranosyloxy]-2,6,6-trimethyl-1-cyclohexene-

1-carboxaldehyde (referred to as picrocrocin) is responsible for the typical bitter 

taste of saffron (Valle García-Rodríguez et al., 2014); the safranal, released 

through hydrolysis and dehydration of picrocrocin during the drying and preser-

vation of saffron, is responsible for its characteristic aroma. In addition, other 

several constituents have been identified in saffron composition, such as flavo-

noids (such as glycosides of kaempferol and quercetin), sugars, vitamins, amino 

acids, and aromatic compounds (Winterhalter and Straubinger, 2000).  

Currently, Iran ranks first among the saffron producing countries and accounts 

for around 90% of the global production (Ghorbani, 2007). Moreover, among the 

major producing countries there are Spain, Morocco, Greece and Italy, where the 
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Protected Designation of Origin (PDO) trademark guarantees the authenticity of 

Italian saffron from Sardinia, L’Aquila, and S. Gimignano (Cagliani et al., 2015).  

The quality of saffron is greatly influenced by several factors including geograph-

ical conditions, harvesting time, drying process utilized, and temperature and ox-

ygen exposure during storage (Caballero-Ortega et al., 2004). Currently, the qual-

ity of saffron is determined by specifications described within the International 

Organization for Standardization (ISO) 3632 1, 2:2010 through the application of 

a typical targeted analytical method (ISO 3632-2:2010). According to ISO 3632, 

saffron can be classified into three categories of quality (I, II, III) depending on 

crocin, picrocrocin and safranal content. Such metabolites are quantified by a 

spectrophotometric analytical protocol. 

Saffron represents one of the most expensive spices on the market (up to 20.000 

€/kg). This very high price, although justified by the hard manual labour together 

with its limited production (around 150,000 flowers are needed to produce 1 kg 

of saffron), makes saffron very susceptible to economically motivated adultera-

tions (Kumar et al., 2009). There are several ways for adulterating saffron, such 

as safflower or marigold (floral species of similar morphological features to saf-

fron) are mixed with saffron filaments; the addition of turmeric, paprika, salts 

and synthetic dyes of familiar appearance to powdered saffron; dipping of saf-

fron with glycerine, honey or syrups to increase its weight; mixing of floral parts 

of saffron flower including styles and stamens; mislabelling of saffron either be-

longing to inferior quality or of different origin than that of claimed (Kumari, 

Jaiswal and Tripathy, 2021). However, safflower (Carthamus tinctorius L.) and tur-

meric (Curcuma longa L.) are the major frequent adulterants used to counterfeit 

saffron (Hagh-Nazari and Keifi, 2007).  

 

2.5.1 Non-targeted NMR method to assess the authenticity of saffron   

The current analytical procedure applied for saffron quality control (ISO 3632 

1,2:2010) may not be able to detect amounts of safflower or turmeric lower than 

20 wt% (Sabatino et al., 2011), as well as other kinds of adulterants in low 
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concentrations (Marieschi, et al., 2012). Consequently, there is a significant in-

terest in developing accurate analytical methods for saffron quality characteriza-

tion that could be applied to prevent adulteration or false labelling (Cagliani et 

al., 2015). In this work, it is reported the application of a non-targeted NMR 

method toward the detection of adulterated saffron. We explored the capability 

of such a method to detect contamination of saffron samples with a threshold 

level of 5 wt% of safflower (Carthamus tinctorius L.) and turmeric (Curcuma longa 

L.). The latter represent the two most frequent contaminants found in adulter-

ated saffron on the market (Hagh-Nazari and Keifi, 2007). NMR spectroscopy cou-

pled with chemometric analysis has been reported as a suitable approach for the 

quality assessment and authentication of this precious spice, being able to detect 

a wide range of adulterants, from synthetic dyes to herbal materials (Kumari, et 

al., 2021; Kuballa et al., 2018; Ordoudi et al., 2015; Petrakis et al., 2017; Sobolev 

et al., 2014; Yilmaz et al., 2010). However, to date, no official NMR analytical pro-

tocol is available to detect levels of contaminants in saffron below the threshold 

level of 20 wt%. Aiming at identifying the metabolites which can be exploited as 

biomarkers to detect the adulteration taking place, a study was conducted on 

saffron samples extracted both in D2O and in DMSO-d6. In this Chapter the results 

obtained from this project, conducted during my PhD, are presented, and de-

scribed in the article below, published on the 2nd of March 2022 in the journal 

Applied Sciences.  

Role of the PhD candidate: NMR analysis and spectra elaboration; writing the 

section of sample preparation.  
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2.5.2 Non-Targeted NMR Method to Assess the Authenticity of Saffron and 
Trace the Agronomic Practices Applied for Its Production   
 

 

Fig. 15– Page 1/15 of the published article  
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Fig. 16- Page 2/15 of the published article  
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Fig. 17- Page 3/15 of the published article 
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Fig. 18- Page 4/15 of the published article 
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Fig. 19- Page 5/15 of the published article 
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Fig. 20- Page 6/15 of the published article 
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Fig. 21- Page 7/15 of the published article 
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Fig.22- Page 8/15 of the published article  
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Fig.23- Page 9/15 of the published article 
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Fig.24- Page 10/15 of the published article 
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Fig.25- Page 11/15 of the published article 
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Fig.26- Page 12/15 of the published article 
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Fig.27- Page 13/15 of the published article 
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Fig.28- Page 14/15 of the published article 
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Fig.29- Page 15/15 of the published article 
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2.5.3 Supplementary Materials: Non-Targeted NMR Method to Assess the Au-
thenticity of Saffron and Trace the Agronomic Practices Applied for Its Produc-
tion  

 
Fig. 30- Page 1/31 of Supplementary Materials 
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Fig. 31- Page 2/31 of Supplementary Materials 
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Fig. 32- Page 3/31 of Supplementary Materials 
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Fig. 33- Page 4/31 of Supplementary Materials 
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Fig. 34- Page 5/31 of Supplementary Materials 
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Fig. 35- Page 6/31 of Supplementary Materials 



 

 

77 

 
Fig. 36- Page 7/31 of Supplementary Materials 
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Fig. 37- Page 8/31 of Supplementary Materials 
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Fig. 38- Page 9/31 of Supplementary Materials 
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Fig. 39- Page 10/31 of Supplementary Materials 
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Fig. 40- Page 11/31 of Supplementary Materials 
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Fig. 41- Page 12/31 of Supplementary Materials 
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Fig. 42- Page 13/31 of Supplementary Materials 
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Fig. 43- Page 14/31 of Supplementary Materials 
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Fig. 44- Page 15/31 of Supplementary Materials 
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Fig. 45- Page 16/31 of Supplementary Materials 
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Fig. 46- Page 17/31 of Supplementary Materials 
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Fig. 47- Page 18/31 of Supplementary Materials 



 

 

89 

 
Fig. 48- Page 19/31 of Supplementary Materials 
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Fig. 49- Page 20/31 of Supplementary Materials 



 

 

91 

 
Fig. 50- Page 21/31 of Supplementary Materials 
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Fig. 51- Page 22/31 of Supplementary Materials 
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Fig. 52- Page 23/31 of Supplementary Materials 
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Fig. 53- Page 24/31 of Supplementary Materials 
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Fig. 54- Page 25/31 of Supplementary Materials 
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Fig. 55- Page 26/31 of Supplementary Materials 
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Fig. 56- Page 27/31 of Supplementary Materials 
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Fig. 57- Page 28/31 of Supplementary Materials 
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Fig. 58- Page 29/31 of Supplementary Materials 
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Fig. 59- Page 30/31 of Supplementary Materials 
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Fig. 60- Page 31/31 of Supplementary Materials   
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CHAPTER VI 
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2.6 Lentils  

The lentil (Lens culinaris Medik.) is a low-fat, high-protein, and high-fibre pulse 

crop belonging to the legume family (Jarpa-Parra, 2018). Nowadays, lentils con-

stitute one of the most important traditional dietary and healthy food, with po-

tential anticarcinogenic, blood pressure-lowering, hypocholesterolemic and hy-

poglycaemic effects (Mo’ez Al-Islam Ezzat Faris, et al., 2013). Indeed, due to 

unique nutritional and functional characteristics, lentils have gained much im-

portance in the field of developing healthy and functional foods (Campos-Vega 

et al., 2010; Roy, et al., 2010;  Dilis and Trichopoulou, 2009).  

Lentils are characterised by high protein content, becoming a significant food 

source of these macronutrients for developing countries and low-income people 

(Hoover et al., 2010). Moreover, carbohydrates also represent one of the major 

components of lentil seeds, mainly sucrose and α-galactosides or raffinose series 

of oligosaccharides (Tahir, et al., 2011). These latter include raffinose, stachyose, 

and verbascose, sharing a common sucrose subunit.  

Lentils are an important source of a plethora of minerals, especially Iron is pre-

sent in significant quantities, and vitamins.   

The human healthy and nutritional benefits of lentils are attributed to the bioac-

tive phytochemicals available in this pulse. In particular, the beneficial activities 

of polyphenolic compounds in lentils, such as flavonoids, anthocyanins, and phe-

nolic acid, are well documented (Singh et al., 2017; et al., 2002).  

The lentil is an annual leguminous plant, and flowering occurs between May and 

July. Its typical fruit is a flattened pod, containing two seeds with a characteristic 

lens shape and the colour varies according to the cultivar.  

To date, several lentil cultivars are found in the world, distinguished by their col-

our (green, yellow, red, and brown) and size (small, medium, large).  The crop is 

best adapted to temperate climates but now lentils are produced in over 40 coun-

tries of the world, with Canada, India, Australia, Turkey, and the United States 

being the leading producers.  
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Canada accounts for the most global production of lentils and ranks as the world's 

largest export producer of this legume (Kaale, et al., 2022).  

 

2.6.1 Non-targeted NMR method to assess the authenticity of Italian lentils   

In Italy, lentils have been cultivated since ancient times, thanks to some regions' 

optimal combination of climate, soil, and moisture. The growing lentil cultivation 

that occurred in the first half of the 20th century led the country among the major 

producers of these pulses (Piergiovanni, 2000).  

Over the last few years, a drastic decline in lentil production has been recorded 

in Italy. One of the primary causes of this decrease has been the scarcity of ge-

netic improvement activities of lentils (Sellami, et al., 2021). Other reasons for 

the limitations to the expansion of lentil cultivation in Italy have been repre-

sented by the low and variable yield of this crop, the high production cost due to 

the lack of modernization of agricultural systems, and the depopulation of 

farmed lands (Bacchi et al., 2010). As consequence, Italy has become the largest 

importer of lentils, mainly from Canada, the USA, Turkey, and China. Currently, 

in Italy, lentils are still cultivated in specific geographical localities mainly in the 

central and southern regions. As a result, Italian lentils cultivated within these 

specific marginal areas gained recognizable national trademarks, such as ‘‘pro-

tected geographical indication” (PGI), ‘‘traditional agricultural food products” 

(PAT) and Slow Food Presidium. Such denominations ensure the commercial val-

ues of Italian lentils, by guaranteeing their high-quality level and protecting their 

typicality.  

Some Italian lentil cultivars considered typical products which have received des-

ignations of origin are Altamura Lentil, Lentil of Castelluccio di Norcia with Pro-

tected Geographical Indication (PGI), Lentil of Santo Stefano di Sessanio as Tradi-

tional Agri-food Product and Slow Food Presidium and Colfiorito Lentil, recog-

nized by Traditional Food Product.  
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Fig. 61- Typical lentil landraces of Castelluccio di Norcia 

 

Nevertheless, unscrupulous producers, driven by economic illicit profits, often 

sell Italian lentils blended or substituted with foreign ones compromising the 

quality and commercial value of this product.  

Therefore, the development of rapid and robust analytical methods capable of 

establishing the authenticity of lentils and, thus, preserving the cultivation of lo-

cal varieties is becoming an urgent task.  

Among these methods, the non-targeted Nuclear Magnetic Resonance (NMR) ap-

proach is receiving increasing attention as a rapid tool for determining food qual-

ity and geographical origin, due to its ability to unveil specific product features 

that can be used by data-driven classifiers to establish the quality of the food 

(Ragone et al., 2020; Gallo et al., 2020).  

In the present work, a non-targeted NMR approach was applied to assess the 

authenticity of Italian lentils and to establish their geographical origin, in a way 

to discriminate this class of product from foreign ones. The collection and analy-

sis of authentic samples represent the starting point for developing and validat-

ing the proposed method. 

For this purpose, authentic lentil samples from three different countries, i.e., It-

aly, Canada, and Turkey were used to build a model able to classify the lentils 

according to their geographical origin. The authenticity of these samples was 

guaranteed by the Department of Central Inspectorate for Quality Protection and 

Fraud Repression of Agri-Food Products (ICQRF). ICQRF, one of Europe's largest 

control authorities in the agri-food sector, protect consumers and producers 

from unfair competition in the Italian territory.  



 

 

106 

2.6.2 Materials and Methods 

2.6.2.1 Samples collection  

Samples of authentic lentils provided by ICQRF were used to develop a classifier 

model able to certify their geographical origin, in a way to discriminate the na-

tional product from the foreign one.  

ICQRF inspectors carried out sampling and controls according to standard proce-

dure EC Reg. 882/2004. The corresponding collection card was attached to each 

provided sample.  

Lentils’ samples were sent to the Chemistry Laboratory of the Polytechnic of Bari 

and stored at room temperature until their preparation for the NMR experiment.  

The pool of authenticated origin lentils taken into consideration was 93; of these 

86 were authentic Italian lentils, whereas the other 7 were authentic foreign sam-

ples from Canada and Turkey. Table 2 reports the geographical origin and the 

harvest year of the provided lentils’ samples:  

Table 2. Authentic lentils’ samples provided by ICQRF 

Number of samples Geographical origin Harvest year 

6 Italy 2017 

6 Italy 2018 

14 Italy 2019 

31 Italy 2020 

29 Italy 2021 

4 Canada 2019 

1 Turkey 2018 

2 Turkey 2019 
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2.6.2.2 Optimization of the NMR sample preparation procedure  

The lentils ‘samples were analysed with an optimised procedure. Firstly, the 

quantity of lentil powdery sample obtained by grinding at 1 minute, 3 minutes, 

and 5 minutes was evaluated. Therefore, an aliquot of 50 g of a random sample 

of lentils was ground through a blender at the three times indicated. The resulting 

powdery samples were sieved by a laboratory sieve (mesh size of 0.5 mm) and 

weighed. The different amounts of the grounded and sieved samples are re-

ported in table 3.  

Table 3. Data obtained from milling optimisation of lentils ‘samples 

Grinding time Percentage of the sieved 
sample 

1 minute 52.50% 

3 minutes 75.56 % 

5 minutes 87.28 % 

 

The largest amount of the finely ground and sieved sample was obtained by mill-

ing lentils for 5 minutes (87.28% of sieved sample).  

Therefore, all the 93 lentils’ samples were ground for 5 minutes, and the corre-

sponding powder obtained was subjected to an aqueous extraction protocol.  

The extraction protocol for NMR analysis of lentils was also optimised by evalu-

ating the use of buffers with different pH values. In particular, different buffers 

at pH=4.2 and pH=7 were tested on a lentil sample.   

An aliquot of 100 mg of ground and sieved lentil sample was dissolved in 1.5 ml 

volume of a buffer solution [(HC2O4)-/(C2O4)2- = 0.25 M] at pH= 4.2 [pH adjusted 

by addition of HCl (37%)] and containing sodium azide (NaN3) as a bacteriostatic 

agent (NaN3=2.5 x 10-3 M).  

An additional sample was prepared by adding 1.5 ml of a phosphate buffer solu-

tion at pH=7 to 100 mg of the lentil powder.  

The two distinct mixtures were sonicated for 10 min at 25°C, vortexed for 10 

minutes at 2500 rpm, and centrifuged for 5 minutes at 2500 rpm by using a 
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centrifuge filter in polytetrafluoroethylene (PTFE, with a pore size of 0.22 µm).  

During the centrifugation step, the two mixtures were also filtered. The filtrate 

was used to prepare two NMR tubes, filled with 630 μL of the obtained extract 

and 70 μL of a 0.2 wt% TSP-d4/D2O solution [3-(trimethylsilyl) propionic-2,2,3,3-

d4 acid sodium salt in D2O]. The TSP-d4 was used as the reference internal com-

pound.  

The related 1D 1H NOESY spectra were acquired by Bruker Avance 400 MHz spec-

trometer, and the metabolic profiles were examined.  

Figure 62 shows the red NMR spectrum recorded on the lentils’ sample solubil-

ized in the buffer at pH=4.2; whereas the blue one is the NMR spectrum of the 

sample prepared with the buffer at pH=7.  

 

Fig. 62– 1D 1H NOESY spectra recorded from the extracts of lentils sample at pH=4.2 (red) and 
pH=7 (blue).  

 
The NMR spectra showed a variation in the chemical shift of some signals but 

also significant differences in the extracted metabolites.  

The green and yellow rectangles delimit the spectral regions affected by these 

significant differences.  

In particular, the green rectangle marks the citric acid signals observed in the 

NMR spectrum of the sample prepared with the buffer at pH=4.2 and completely 
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absent at pH=7.  Similarly, the yellow rectangle highlights signals related to the 

trigonelline, a metabolite revealed in the spectral profile of the lentils’ sample 

prepared at pH=4.2 and not at pH=7. However, other differences are also ob-

served in the spectral region characteristic of aromatic protons [6.00, 9.00 ppm].  

Considering the variations of the metabolic profile of the lentils’ sample prepared 

with the different buffer solutions, the extraction protocol at pH=4.2 was consid-

ered as the most informative and was selected as the optimal one in the prepa-

ration procedure of lentils’ samples for NMR analysis.  

 

2.6.2.3 Extraction procedure 

50 g of each sample of lentils was ground using a blender for 5 minutes and sieved 

using a laboratory sieve (mesh size of 0.5 mm).  

An aliquot of 100 mg of the resulting powder was dissolved in 1.5 mL of the buffer 

solution [(HC2O4)-/ (C2O4)2- (0.25 M) and NaN3 (2.5 mM)] at pH 4.2, sonicated for 

10 min at 25°C, and vortexed for 10 minutes at 2500 rpm. The resulting mixture 

was filtered through a centrifuge filter in polytetrafluoroethylene (PTFE, with a 

pore size of 0.22 µm). Therefore, the mixture was centrifuged for 5 minutes at 

2500 rpm. The filtrate was used to fill the NMR tubes. NMR tubes were filled in 

by an automated system for liquid handling (SamplePro Tube, Bruker BioSpin) 

according to the following method: 630 μL of the obtained extract and 70 μL of 

the 0.2 wt% TSP-d4/D2O solution [3-(trimethylsilyl) propionic-2,2,3,3-d4 acid so-

dium salt in D2O].  

Two replicates were prepared for each sample of lentils, obtaining 186 NMR 

tubes labelled with a unique barcode.  
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2.6.2.4 NMR experiment 

Ten replicates of lentil samples were prepared according to the reported extrac-

tion procedure and were subjected to two experiments: one-dimensional 1H NO-

ESY and one-dimensional 1H CPMG.  
1H NOESY spectra were acquired under automation at 298.1° K using a Bruker 

Avance 400 MHz spectrometer equipped with a 5 mm inverse probe and with an 

autosampler (Bruker, Billerica, MA, USA). The following acquisition parameters 

were used: pulse program = noesygppr1d; size of fid (TD) = 64 K; spectral width 

(SW) = 14 ppm; transmitter offset = 4.70 ppm; 90° hard pulse (p1) = 11.65 μs; 

number of scans (ns) = 128; acquisition time = 5.85 s; mixing time (d8) = 0.01 s.  

The proton spectra recorded by a Carr-Purcell-Meiboom-Gill (CPMG) pulse pro-

gram (cpmgpr1d) were acquired with the following acquisition parameters: pulse 

program = cpmgpr1d; size of fid (TD) = 64 K; spectral width (SW) = 14 ppm; trans-

mitter offset = 4.70 ppm; 90° hard pulse (p1) = 11.65 μs; number of scans (ns) = 

128; acquisition time = 5.85 s; loop for T2 filter=128. 

The NMR spectra were acquired using TOPSPIN 2.1 software (Bruker BioSpin 

GmbH, Rheinstetten, Germany) under an automatic process that lasted ca. 22 

min and encompassed sample loading, temperature stabilization for 5 min, tun-

ing, matching, shimming, and 90◦ pulse calibration.  

The spectra acquired by 1H NOESY experiment are the red ones in figure 63; the 

blue spectra are that acquired by 1H CPMG experiment.  

From the spectra acquired using the two experiments, seven signals (shown in 

figure 63 S1-S7) were selected and the coefficient of variation percentage (CV%) 

of the area subtended by each chosen signal was calculated for the evaluation of 

the repeatability (the CV% value is indicated below the corresponding signal in 

figure 63).  
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Fig. 63– Expanded regions of the spectra recorded from the same NMR tube of aqueous extract 
of lentils acquired by 1H NOESY experiments (red) and 1H CPMG experiments (blue). The signals 

selected for the evaluation of the repeatability are indicated. 
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These preliminary analyses on lentil samples showed that the 1H NOESY and 1H 

CPMG experiments guarantee the acquisition of an optimal metabolic profile, in 

which all signals can be observed clearly. However, with the 1H NOESY experi-

ment, a better CV% value was obtained for four signals, especially for those close 

to the water suppressed signal, thus proving to be more repeatable. Indeed, the 
1H NOESY experiment resulted in a better presaturation of the water signal as 

shown in figure 64. 

 

Fig. 64– The residual water signal in 1H NOESY experiment (red) and 1H CPMG experiment 
(blue). 

 

Therefore, analyses of all lentil samples were performed by means of 1H NOESY 

experiments. 1H NOESY spectra were acquired under automation at 298.1° K us-

ing a Bruker Avance 400 MHz spectrometer equipped with a 5 mm inverse probe 

and with an autosampler (Bruker, Billerica, MA, USA).  

The following acquisition parameters were used: pulse program = noesygppr1d; 

size of fid (TD) = 64 K; spectral width (SW) = 20 ppm; transmitter offset = 4.70 

ppm; 90° hard pulse (p1) = 8.16 μs; power level for pre-saturation (pl9) = 62.77 

dB; dummy scans (ds) = 4; number of scans (ns) = 64; acquisition time = 4.09 s; 

mixing time (d8) = 0.01 s; recycle delay (d1) = 10 s. Each spectrum was acquired 
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using TOPSPIN 2.1 software (Bruker BioSpin GmbH, Rheinstetten, Germany) un-

der an automatic process that lasted ca. 22 min and encompassed sample load-

ing, temperature stabilization for 5 min, tuning, matching, shimming, and 90◦ 

pulse calibration. NMR raw data (Free Induction Decays, FIDs) were processed 

using the software MestReNova 11.0 (Mestrelab Research SL, Santiago de Com-

postela, Spain).  

The 1D 1H NOESY spectra were automatically Fourier transformed, using an ex-

ponential multiplication function with a line broadening of 0.1 Hz, manually 

phased, and automatic baseline corrected (by a 1st order Polynomial Fit).  

Chemical shifts were referenced to the TSP-d4 peak at δ = 0.00 ppm.  

 

2.6.2.5 Processing of spectral data for statistical analysis   

The processed 1D 1H NOESY spectra were reduced to a numerical matrix called 

bucket-table. The bucket table was obtained by dividing the entire overlapped 

spectra in the range of [10.5, -0.50] ppm into rectangular intervals (buckets) of 

0.04 ppm in width, excluding the region [4.90,4.70] ppm corresponding to the 

residual water signal. The underlying area of each bucket was normalized to the 

total intensity. Thus, in the bucket table, the NMR spectra recorded from samples 

constituted the observation, and the buckets constituted the x-variables.  

The bucket table generated was imported into SIMCA 17.0.2 software (Umetrics, 

Umea, Sweden) to perform multivariate statistical analyses (MVA). 

 

2.6.3 Validation of the method applied  

The analytical procedure applied to samples of lentils was validated, i.e., repeat-

ability, and intermediate precision. A total of 10 NMR tubes were prepared from 

the identical lentils’ sample, and the respective spectra were acquired, according 

to the procedure described in paragraphs 2.6.2.3 and 2.6.2.4.  

In this way, the variability induced by the operator’s skills and the degree of sam-

ple homogeneity were evaluated (intermediate precision).  
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In addition, 10 NMR spectra were acquired for the same NMR tube to measure 

the variability induced by the instrument (repeatability). For this purpose, the 

NMR tube was pulled out and inserted ten times into the instrument.  

Three signals were opportunely chosen for the evaluation of repeatability, and 

the integrals of their subtended area were determined. The three selected signals 

were the doublet of the alanine (1.48 ppm), the signal of citric acid (2.76 ppm), 

and the singlet of the trigonelline (9.12 ppm). These signals were denoted S1, S2, 

and S3 respectively. The integrals range considered for the selected signals were: 

[1.50,1.45 ppm] for S1 (alanine); [2.86,2.66 ppm] for S2 (citric acid), and 

[9.13,9.10 ppm] for S3 (trigonelline).  

From the resulting integral values, the coefficient of variation percentage (CV%) 

was calculated. The CV% [(µ/σ) *100], given by the ratio of the mean (µ) to the 

standard deviation (σ), is an index of the dispersion of the data; thus, CV% is as-

sociated with the measurement of the uncertainty of the procedure applied.  

Therefore, the CV% calculated for the selected signals was used to indicate the 

large and close repeatability.  

In addition, the stability of the investigated matrix was studied to assess any 

changes over time in the metabolic profile.  

 

2.6.3.1 Evaluation study of repeatability 

A single NMR tube of aqueous extract of lentils was analysed ten times for the 

evaluation of repeatability. This NMR tube was removed and reinserted ten times 

inside the spectrometer, in an automated way, and ten 1D 1H NOESY spectra 

were recorded. The acquisition parameters of NMR spectra are indicated in par-

agraph 2.6.2.4.  

The acquired ten 1D 1H NOESY spectra were processed by the software Mes-

tReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spagna). The pro-

cessing consisted of Fourier transformation, manual phase, automatic baseline 

correction, and alignment of the spectra to the signal of TSP-d4 at 0 ppm. Figure 



 

 

115 

65 shows the 10 spectra recorded from the same NMR tube of aqueous extract 

of lentils, chosen for the evaluation of the repeatability.  

The spectral areas selected for the calculation of integrals are highlighted in a 

yellow rectangle for S1 (1.48 ppm), and green and blue ones for S2 (2.76 ppm), 

and S3 (9.12 ppm) respectively.  

 

 

Fig. 65– 1D 1H NOESY spectra recorded from the same NMR tube of aqueous extract of  
lentils prepared for the repeatability evaluation.  

 

The integration of the selected signals was carried out using the software Mes-

tReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spagna). The in-

tegrals obtained were expressed in absolute values. From these values, the mean 

(µ), the standard deviation (σ) and, the coefficient of variation percentage (CV%) 

were calculated. The data obtained from those calculations are collected in table 

4. 

 

 

 

 

 



 

 

116 

Table 4. Results of the repeatability study of lentils 

 S1  S2  S3  

Integration range (ppm) [1.50,1.45] [2.86,2.66] [9.13,9.10] 

1D 1H NOESY spectra  Integral values  

1 10097.1 61841.4 2042.8 

2 10318.2 64199.8 1979.0 

3 9904.2 61736.1 2006.9 

4 10156.8 63426.4 1869.2 

5 10195.4 63555.7 2007.4 

6 10272 63587.7 2026.4 

7 9794.5 60893.8 1978.0 

8 10211.7 63519.6 1991.6 

9 10362 64290.7 2042.8 

10 10242.3 63670.6 2005.2 

Standard deviation 180 1153.9 49.8 

Mean 10155.4 63072.1 1994.9 

CV% 1.7 1.8 2.5 

 

The calculated CV% values for the evaluation of repeatability (1.7, 1.8, and 2.5 

for alanine, citric acid, and trigonelline signals, respectively), were found lower 

than 5%. Thus, the NMR procedure applied for the analysis of lentils’ samples was 

not affected by significant errors occurring because of the spectrometer and/or 

the operator’s skills.  

 

2.6.3.2 Evaluation study of intermediate precision 

From the same lentils’ sample, 10 distinct aqueous extracts were prepared, ac-

cording to the protocol described in paragraph 2.6.2.3. Each aqueous extract was 

used to prepare the relative NMR tube.  

The 10 NMR tubes were filled in by an automated system for liquid handling 

(SamplePro Tube, Bruker BioSpin) using these volumes: 630 μL of the filtrate and 

70 μL of TSP-d4/D2O solution [3-(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium 

salt in D2O (0.2% w/w)]. The 10 NMR tubes were submitted to NMR analysis 



 

 

117 

(Bruker Avance 400 MHz), according to the acquisition parameters indicated in 

paragraph 2.6.2.4. The acquired 1D 1H NOESY spectra were processed by the soft-

ware MestReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spa-

gna).  

The processing consisted of Fourier transformation, manual phase, automatic 

baseline correction, and alignment of the spectra to the signal of TSP-d4 at 0 ppm. 

The spectra recorded from the 10 NMR tubes are illustrated in figure 66. The sig-

nal of residual water (4.78 ppm) was hidden.  

The yellow rectangle highlights the spectral area of S1 (1.48 ppm); the green and 

the blue ones delimitate the spectral area of S2 (2.76 ppm), and S3 (9.12 ppm) 

respectively. These areas were selected for the calculation of integrals.   

 

 

Fig. 66– 1D 1H NOESY spectra recorded from the ten NMR tubes of aqueous extracts of 
lentils prepared for the intermediate precision evaluation.  

 
The integration of the areas subtended by S1 (yellow rectangle in figure 30), S2 

(green rectangle in figure 30), and S3 (blue rectangle in figure 30), were per-

formed using the software MestReNova 11.0 (Mestrelab Research SL, Santiago 

de Compostela, Spagna).  
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The integrals were expressed in absolute values. From these values, the mean 

(µ), the standard deviation (σ) and, the coefficient of variation percentage (CV%) 

were calculated. The data obtained from those calculations are collected in table 

5.  

Table 5. Results of the intermediate precision study of lentils 

 S1  S2  S3  

Integration range (ppm) [1.50,1.45] [2.86,2.66] [9.13,9.10] 

NMR tube Integral values  

1 10763.3 61240 2152.7 

2 10807.3 59099 2035.8 

3 11750.3 67557 2140.2 

4 10782.9 60126.9 2098.2 

5 10782.9 63050.8 2093.4 

6 11506.3 63403.3 2096.2 

7 10761.2 60490.6 2092.8 

8 10950.1 60338.8 2232.1 

9 10860.1 63734.9 2158.2 

10 10821 59695.7 2038.3 

Standard deviation 351.7 2574.5 59 

Mean 10978.5 61873.7 2113.8 

CV% 3.2 4.2 2.7 

 

The CV% values obtained in the study of intermediate precision (3.2 for alanine, 

4.2 for citric acid, and 2.7 for trigonelline) were below 5% and were considered 

to be acceptable as an error including sample preparation and sample analysis.  

 

2.6.3.3 Study of the matrix stability over time   

A NMR tube of aqueous extract of lentils was used to check the stability of the 

investigated matrix over time. Therefore, the 1D 1H NOESY spectrum was rec-

orded on the freshly prepared sample; then, the NMR tube was left at room tem-

perature. NMR spectra were acquired after 48 hours and, one week later from 
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its preparation, according to the experimental parameters reported in paragraph 

2.6.2.4.  

Figure 67 shows the recorded NMR spectra on the same sample as follows: the 

red spectrum is related to the freshly NMR tube prepared (0 h); the green one 

corresponds to the NMR spectrum recorded after 48 hours; finally, the blue spec-

trum represents the NMR spectrum acquired after one week.  

 

 

Fig. 67– 1D 1H NOESY spectra of the same lentils sample recorded at different time points for 
the stability study. 

 

The stability of the lentils’ sample was assessed by integrating the areas of three 

signals (S1, S2, and S3 in fig. 5), selected in the NMR spectra recorded at the time 

points indicated. The signal S1 was related to citric acid, S2 to the singlet of cho-

line, and S3 to the trigonelline. The integrals of the areas subtending the signal 

were calculated in the following regions: [2.88,2.66 ppm] for citric acid (S1); 

[3.21,3.18 ppm] for choline (S2); [9.13,9.10 ppm] for trigonelline (S3).  

The integration procedure was performed using the software MestReNova 11.0 

(Mestrelab Research SL, Santiago de Compostela, Spagna). The integrals were ex-

pressed in absolute values.  

Then, the following statistical parameters were calculated: mean (µ), standard 

deviation (σ) and, the coefficient of variation percentage (CV%).  
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The variation percentage coefficient was considered an index to validate the 

measurements of stability assessment. 

The data obtained from those calculations are reported in table 6.   

Table 6. Results of the stability of lentils’ sample 

 S1  S2  S3  

Integration range (ppm) [2.86,2.66] [3.21,3.18] [9.13,9.10] 

Time points Integral values  

0 h 61418 11022.4 2525.7 

48 h 63823.4 11955.5 2696.4 

1 week   66390.7 12002.7 2771.2 

Standard deviation 2486.7 552.8 125.8 

Mean 63877.3 11660.2 2664.4 

CV% 3.8 4.7 4.7 

 

The calculated integrals showed a moderate increase in the area subtended by 

the three selected signals over time.  

To illustrate this variation, the expansions of the signals of citric acid (S1), choline 

(S2), and trigonelline (S3) in the three recorded NMR spectra are shown in figure 

68. In particular, the intensity of the selected signals increased the NMR spectrum 

recorded after one week (blue in fig. 68), compared to the NMR spectrum rec-

orded on the freshly NMR tube prepared (red in fig. 68).  

 

Fig. 68– The expanded signals were chosen for the stability study of the lentils’ sample 
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Despite a moderate increase in the integrals calculated for the selected signals, 

the CV% values were less than 5% (3.8 for S1, 4.7 for S2, and 4.7 for S3). Thus, the 

lentils’ sample suffered no significant changes in its metabolic profile over one 

week. However, it was considered advisable to conduct the NMR analysis of the 

lentils’ samples immediately after their extraction procedure, to avoid any possi-

ble conversion processes, especially involving the carbohydrates.  

The characteristic metabolic profile of the investigated matrix is described in the 

following paragraph.  

 

2.6.4 Metabolites characterization of Italian authentic lentil  

The characteristic metabolites contained in lentils were identified by exploring 

literature data and comparing a library of 1D 1H NOESY spectra of aqueous ex-

tract (pH=4.2) of standard compounds.   

The main metabolites found in authentic Italian lentils, listed in table 7, belong 

to the class of amino acids, organic acids, and carbohydrates. Moreover, signals 

related to choline, and trigonelline were identified.  

 

Table 7. Characteristic metabolites of aqueous extract of authentic Italian lentils  

Compound Chemical shift (ppm) Multiplicity: J (Hz) 

Amino acids 

Isoleucine (1) 

0.92 

0.99 

1.24 

1.44 

t (7.4) 

d (7) 

m 

m 

Valine (2) 

0.98 

1.04 

2.27 

d (7.0) 

d (7.0) 

m 

Alanine (3)  
1.47 

3.76 

d (7.3) 

q overlapped 

Arginine (4) 

1.69 

1.91 

3.25 

m 

m 

m overlapped 
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3.78 

6.78 

7.29 

m overlapped 

bs 

bs 

Glutamic acid (5) 

2.10 

2.41 

3.76  

m 

m  

dd overlapped 

Asparagine (6)  
2.87 

2.95 

dd (16.8; 7.3) 

dd (16.9; 4.4) 

Lysine (7) 

1.72 

1.90 

3.03 

m 

m 

t (7.5) 

Phenylalanine (8) 

3.13 

7.33 

7.42 

dd (14.4; 7.7) 

m 

m 

Tyrosine (9) 
6.90 

7.19 

d (8.5) 

d (8.5) 

Organic acids 

 

Acetic acid (10) 2.03 s 

Citric acid (11) 
2.67 

2.81 

d (15.2) 

d (15.2) 

Formic acid (12) 8.45 s 

Carbohydrates 

Sucrose (13) 

3.48 

3.69 

3.75 

3.83 

4.06 

4.21 

5.41 

t (9.2) 

s 

m 

m 

t (8.4) 

d (8.7) 

d (3.9) 

RFOs (14) 
4.23 

5.43 

d (8.8) 

d (3.7) 

Quaternary ammonium compounds  

 

Choline (15) 3.20 s 
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Alkaloids 

 

Trigonelline (16) 

8.08 

8.83 

9.12 

m 

m 

s 

 

In figure 69 a typical 1D 1H NOESY spectrum of an aqueous extract of authentic 

Italian lentils is reported showing the assignment of the identified metabolites 

signals.  

 

Fig. 69– Typical 1D 1H NOESY spectrum of an aqueous extract of authentic Italian lentils.  
The HDO signal is hidden; numbers indicate the metabolites reported in table 7. 

 

In the aliphatic region of the 1H NMR spectrum [0.8-3.00 ppm], the signals mainly 

identified related to isoleucine, valine, alanine, arginine, glutamic acid, aspara-

gine, lysine, and acetic, and citric acids.   

In the central area of the spectrum [3.00-6.00 ppm], the intense overlapping sig-

nals of carbohydrates were observed, principally sucrose, along with its α-1,6-

galactosyl extensions, namely raffinose family oligosaccharides (RFOs). These as-

signments were in agreement with the literature data (Longobardi et al., 2017). 
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L. culinaris is known to contain large amounts of the raffinose family oligosaccha-

rides, including raffinose, stachyose, and verbascose (Gulewicz et al., 2000). 

Moreover, the singlet attributed to choline was detected.  

The aromatic region [6.00-9.00 ppm] displays the typical signal of the amino acids 

phenylalanine, and tyrosine, along with the signal of the fumaric acid and the 

ones referred to trigonelline, as reported in the literature (Longobardi et al., 

2017). The resonances assignments were confirmed by bidimensional experi-

ment (1H COSY). The 1H COSY spectrum acquired from an aqueous extract of len-

tils is shown in figure 70. The signals related to isoleucine, valine arginine, aspar-

agine, sucrose, phenylalanine and trigonelline, which are included in the main 

metabolites identified in lentil’s samples, are indicated in the figure 70.  

 

Fig. 70–1H COSY spectrum of aqueous extracts of lentils 
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2.6.5 Results 

2.6.5.1 Principal Component Analysis of NMR data 

The 186 processed 1D 1H NOESY spectra (93 samples x 2 replicates) recorded on 

authentic lentils’ samples were reduced to a bucket-table, according to the pro-

cedure explained in paragraph 2.6.2.5. The obtained data matrix was constituted 

of 186 observations (samples) and 244 x-variables (spectra buckets). The bucket-

table was imported into SIMCA 17.0.2 software (Umetris, Umea, Sweden) to 

carry out multivariate statistical analyses. Buckets were subjected to Unit Vari-

ance scaling (mean-centred and divided by the standard deviation of each varia-

ble) to avoid noise inflation.  

First, an unsupervised method, the Principal Component Analysis (PCA) was ap-

plied for obtaining an overview of the NMR data. The quality of the PCA model 

was evaluated based on the R2 (goodness-of-ft) and Q2 (goodness-of-prediction) 

parameters. Such values obtained were R2=0.824 and Q2=0.729.  

Figure 68 shows the scores plot t[1]/t[2] relating to the first two principal com-

ponents (PCs). No trend of NMR data of authentic lentils’samples according to 

their geographical origin was illustrated in PCA scores plot (figure 71a). Moreo-

ver, no significant separation based on geographical origin was observed in the 

PCA scores plot even at higher components.  

However, considering the same analysis and colouring the NMR data according 

to the harvest year, two groups of observations were observed in the PCA scores 

plot t[1]/t[2] (fig. 71b).  

In particular, the lentils’ samples harvested in 2021 (light blue triangles in fig. 71b) 

were contained in a separate cluster from those collected in previous years 

(2020,2019,2018, and 2017 in fig. 71b). This separation was clearly visible along 

the first component (PC1), which explained 43% of the variance (R2X [1] =0.43).  
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Fig. 71– Scores plot t[1]/t[2] obtained from the PCA applied to NMR data of authentic lentils’ 
samples. a)  The observations are coloured according to the geographical origin. b) The observa-

tions are coloured according to the harvest year.   

 

Two factors were taken into account to explain the observed behaviour, namely 

the storage stability over the time and the influence of the agroclimatic condi-

tions. 

In the literature it was reported that the factor “year” had a influence on the 

metabolic composition of lentils, with a particular reference to their polyphenol 

content, leading to a clustering of the lentils grown in the years 2019 and 2020 

(Irakli et al., 2021). The reported differences may be ascribed to the different ag-

roclimatic conditions, such as temperature and amount of rainfall before harvest 

(Irakli et al., 2021). 

Therefore, to obtain more information about the possible effect of the agrocli-

matic conditions which can vary from one year to another one, a study was con-

ducted on samples of lentils harvested in 2020 and 2021.  

Analysing the PCA scores plot (fig. 72a) related to the NMR data of lentils har-

vested in 2020 (blue circles in fig. 72a) and 2021 (green circles in fig.72a), a clear 

separation of the observations between the different years was observed. The 

two groupings were visible along the PC1, which explained 31% of the variance 

(R2X [1] =0.31).  
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Fig. 72– a) Scores plot t[1]/t[2] obtained from the PCA applied to NMR data of authentic lentils’ 
samples harvested in the years 2020 and 2021. The observations are coloured according to the 

harvest year.b) Loadings plot for the first and second principal components t[1]/ t[2]    

  

The bucket at [7.05-7.09 ppm] was identified as one of the main variables 

(bucket) which most contributed to the observed separation of lentils’ samples. 

In particular, the signal at 7.06 ppm was probably attributable to gallic acid, which 

is reported to be one of the main phenolic acids found in lentils (Ganesan and Xu, 

2017). Gallic acid, a polyphenol natural product, is known to have anti-oxidant, 

anti-inflammatory, anti-allergic, anti-microbial, and radical scavenging activities 

(Giannakoula et al., 2012). This potent antioxidant even at a lower concentration 

may contribute significantly to the antioxidant activity of lentils (Alshikh, et al., 

2015). Analogously to other polyphenols, gallic acid can undergo to chemical 

transformations over the time and, thus, represent a marker for the freshness of 

the lentil product.  

Therefore, the signal assigned to gallic acid has been monitored over time to also 

investigate the storage aspect of lentils. Therefore, a lentils’ sample of the 2020 

was analysed in March 2021 (red spectrum in fig. 73). The same sample, stored 

at room temperature as grounded and sieved powder, was analysed in July 2022 

(green spectrum in fig 73). The two 1D 1H NOESY spectra showed the intense 
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signal of gallic acid at 7.06 ppm (highlighted in the yellow rectangle in fig. 73); 

thus, the metabolite remained stable after more than one year. Data reported in 

the literature have demonstrated the stability of the gallic acid in grape stem un-

der different conditions of light and temperature and throughout six months of 

storage of the analysed samples (Esparza et al., 2020).  

 

Fig. 73–1D 1H NOESY spectra of a lentils’ sample harvested in 2020 and analysed in March 2021 
(red), and July 2022 (green). 1D 1H NOESY spectra of a lentils’ sample harvested in 2021 and an-

alysed in September 2021 (blue), and July 2022 (violet). The gallic acid signal is highlighted in 
the yellow rectangle. 

 

A lentils’ sample of the 2021 was analysed soon after harvesting and the relative 

1D 1H NOESY spectrum (blue in fig. 73) showed no gallic acid signal. The same 

sample, after ten months of storage at room temperature as grounded and 

sieved powder, was analysed in July 2022 and the acquired NMR spectra (violet 

in fig.70) showed the signal at 7.06 ppm.  

One possible explanation of the observed behaviour can be ascribed to the for-

mation of gallic acid from some natural derivatives which are contained in the 

lentils, including gallocatechin, catechin gallate, epicatechin gallate (Ganesan and 

Xu, 2017), digallate procyanidin dimer, and procyanidin gallate. The last ones 
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were previously identified by HPLC-PAD and HPLC-ESI-MS in a red lentil acetonic 

extract (Amarowicz et al., 2009). Likely, once gallic acid is formed, it remains rea-

sonably stable over time. However, the formation of gallic acid a few months af-

ter harvesting can constitute a biomarker for evaluating the freshness of the an-

alysed lentils. 

However, based on the current findings, it cannot be established which of the 

two factors (harvest year and storage condition of the samples) may have most 

affected the distribution of authentic lentils’ samples observed in the PCA analy-

sis (fig. 71b).  

 

2.6.5.2 Development of a classifier to ascertain the geographical origin of  

lentils 

The described work aimed to develop a reliable classifier to establish the geo-

graphical origin of lentils’ samples.  

To discriminate authentic lentils’ samples according to their geographical origin, 

the supervised Orthogonal Partial Least Squares discriminant analysis (OPLS-DA) 

was applied to the previous NMR data. In the OPLS-DA analysis, the differentia-

tion of assigned classes of interest (in this case Italy, Canada, and Turkey classes) 

is stressed. For OPLS-DA, the quality of the model was evaluated considering the 

parameters R2, and Q2, and permutation tests were performed to avoid data 

overfitting. 

The NMR spectra acquired from the authentic lentils’ samples were used as the 

training set, to “train” and optimise the developed discriminant model to identify 

the classes of the lentils’ samples.  

The obtained OPLS-DA model presented two predictive components (P), and five 

orthogonal ones (O), with R2= 0.735 and Q2= 0.501.  

The parameters characterizing the OPLS-DA model built by using the NMR data 

are detailed in table 8.  
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Table 8. The parameters of the OPLS-DA analysis performed on the spectral data of the  
authentic lentils’ samples  

Component R2X R2X(cum) R2 R2(cum) Q2 Q2(cum) R2Y R2Y(cum) 

Model  0.64  0.735  0.501  1 

         

Predictive  0.0855  0.735  0.501  1 

P1 0.0624 0.0624 0.509 0.509 0.392 0.392 0.632 0.632 

P2 0.0231 0.0855 0.226 0.735 0.109 0.501 0.368 1 

         

Orthogonal 

in X (OPLS) 
 0.554       

O1 0.359 0.359       

O2 0.0977 0.456       

O3 0.0495 0.506       

O4 0.0279 0.534       

O5 0.0202 0.554       

 

In figure 74, the P1 versus P2 (t[1] vs. t[2]) scores plot shows the clear separation 

of the observations, according to the investigated classes: Italy (blue triangles in 

fig.74), Canada (green triangles in fig.74) and Turkey (red triangles in fig.74).  

 

Fig. 74– Scores plot (t[1]/t[2]) of the OPLS-DA analysis performed on spectral data of authentic 
lentils’ samples  
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The robustness of the OPLS-DA model was ascertained by validation with a 100-

permutation test (y-intercept values for R2 and Q2 were acceptable for all  

classes). The permutation tests performed are shown in figure 75.  

 

Fig. 75– Permutation test applied to the OPLS-DA model built on the spectral data obtained 
from authentic lentils’ samples. The values of the R2 and Q2 coefficients are indicated.  

 

2.6.5.3 Validation of the developed classifier  

The OPLS-DA model (fig. 74) developed using NMR data of lentils’ samples of cer-

tain origin was validated. Therefore, the capability of this model to predict and 

classify the geographical origin of 31 lentils’ samples not supplied by ICQRF (re-

ferred to as “commercial” lentils) was evaluated. The geographical origin of these 

latter ones was unknown. Hence, the spectral data recorded from these lentil’s 

samples were included in the statistical analysis. These new observations consti-

tuted the test set, used to test the performance of the developed model, and 

thus establish its predictive ability. The results of the conducted prediction anal-

ysis are shown in the misclassification table (table 9).  

In particular, the authentic Italian and Turkish lentils’ samples, included in the 

training set, were classified in the correct class at 100%. The authentic Canadian 

lentils’ samples (also part of the training set) were classified in the “Canada” class 

with a correctness of 87.5%; the lower value obtained may be due to the reduced 

number of foreign lentils’ samples provided.  



 

 

132 

The results of the prediction of the test set samples showed that 20 samples of 

lentils were classified as being of Italian origin, and 11 were classified as Canadian 

ones. The developed model was capable to predict the geographical origin of the 

lentil’s samples 99.41 % correctly (red value in table 9), proving to give high pre-

diction ability and reliability.  

 

Table 9. Misclassification table for training and test samples 

 Members Correct “Italy” class “Canada” class “Turkey” class 

Authentic Italian lentils 161 100% 161 0 0 

Authentic Canadian lentils 8 87.5% 1 7 0 

Authentic Turkish lentils 6 100% 0 0 6 

Test set 62  39 23  

Total 231 99.41% 195 30 6 

Fisher's prob. 5,1e-22 
 

        

 

The results reported in the table 9 showed that 3 samples of authentic Canadian 

lentils were classified correctly, but for the fourth sample, one replicate was clas-

sified as Canadian while the other replicate was classified as Italian. This different 

classification could be explained by the data reported in the classification list, 

that is complementary to the misclassification table. However, the misclassifica-

tion table has tougher rules for class-assignment compared with the classification 

list. In the classification list, when the obtained probability value is close to 1 and 

it is indicated on a green background, it means that the observation is considered 

as a member of that class. When the probability value is below 0.5, it is displayed 

on a yellow background and the observation’s membership in a particular class is 

questionable.  

When the probability value is zero or less, the observation does not belong to 

that class and appears on a white background.  
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To illustrate this point, the classification list scores of a correctly classified Cana-

dian sample and the one with the different classification of its two replicates are 

shown in table 10.  

 

Table 10. A section of the classification list of the predicted observations  

NMR ID Class 
Prediction Class 

ITALY 
Prediction Class 

CANADA 
Prediction Class 

TURKEY 

L3740 Canada 0.477321 0.535723 -0.0130445 

L3741 Canada 0.0356654 1.00863 -0.0442933 

L3742 Canada 0.156002 0.692011 0.151988 

L3743 Canada 0.0886753 0.723695 0.18763 

 

The two replicates of the same sample of lentils of Canadian origin with a differ-

ent classification were marked by the dashed lines in table 10. One replicate re-

ceived a score of 1 and it was classified correctly as Canadian (green in table 10); 

the other replicate (yellow in table 10) received a probability value lower than 1, 

but similar between Italy and Canada classes. Therefore, this replicate was not 

correctly assigned at the Canada class and was classified as Italian in the misclas-

sification table (table 9). The different classification of the two replicates of the 

same sample could be explained by the similar probability score obtained be-

tween the Canada and Italy classes (0.53 and 0.47, respectively), likely related to 

the limited number of Canadian lentils included in the statistical model or even 

the sample preparation.  

It was also possible to extend the same explanation to one of the samples in-

cluded in the test set. One replicate was classified as Italian (green in table 11) 

and the other one was classified uncertainly between Italy and Canada, since it 

obtained probability values around 0.5 (yellow in table 11).  
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Table 11. A section of the classification list of the predicted observations 

NMR ID Class 
 Prediction Class  

ITALY 

Prediction Class  

CANADA 

Prediction Class  

TURKEY 

L3773  0.605439 0.456337 -0.0617758 

L3774  0.655283 0.343963 0.000753701 

 

The results obtained in this work demonstrate the potential and the beneficial 

application of non-targeted NMR in assessing and preserving the authenticity of 

Italian lentils. Future developments concern the possibility of analysing balanced 

pool of samples by including more lentils of Canadian and Turkish origin. In this 

way, the reliability and robustness of the developed model would improve. 

Although a more balanced data would improve the robustness of the developed 

model, the analysis of the VIPs (Variable Importance for the Projection), along 

with the visual inspection of the spectra, allowed for the identification of the 

main metabolites responsible for the separation of the investigated classes (Italy, 

Canada, and Turkey). In particular, the Canadian and Turkish lentils samples 

(green and red spectra, respectively, in fig. 75) presented a higher content of 

some amino acids, like valine, alanine and phenylalanine, as displayed in figure 

75. While the Italian lentils samples (blue spectrum in fig. 75) showed a more 

intense signal of citric acid.  

 
Fig. 75– Main spectral regions of authentic Italian lentils (blue spectrum), Canadian lentils 

(green spectrum), and Turkish lentils (red spectrum) responsible for the separation of the clas-
ses according to the geographical origin.   

 

 



 

 

135 

CHAPTER VII 
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2.7.1 Wheat 

 Wheat is one of the world's oldest and most widely crops, and it is likely 

to remain one of the mainstays of human nutrition for the foreseeable future (Le 

Gouis, et al., 2020). Wheat (Triticum spp.) is a versatile cereal for the preparation 

of different foods, originally from the Near East’s Fertile Crescent (more than 

10,000 years ago), and it is now the most widely cultivated crop in the world 

(Matsuoka, 2011).   

Worldwide wheat production is about 765 million tons annually, depending on 

agro-climatic conditions, with an average yield of 3.5 t ha-1. Asia contributes the 

most to global wheat production, followed by Europe and America. China is the 

first world-producing country, while in Europe, the biggest producers of wheat 

are (in order) France, Germany, the UK, Italy, Romania, Spain, and Hungary.  

In America, the largest producers are Canada, the United States of America and  

Argentina (FAOSTAT 2019).  

Wheat plays a crucial role in global food security. This cereal supplies most of the 

daily calories and proteins for human nutrition, especially for people living in de-

veloping countries, who derive a significant proportion of their nutrient needs 

from cereal-based foods (Shiferaw et al., 2013). In particular, it is estimated to 

provide up to 45% of the calories and proteins for daily human consumption in 

North Africa and Central Asia (Peña-Bautista, et al., 2017).  

In addition, wheat is also a source of essential amino acids, minerals and vitamins, 

beneficial phytochemicals, and dietary fibre components in the human diet 

(Shewry and Hey, 2015). It can be claimed that wheat has become the most 

traded crop in the international agricultural food market (Pequeno et al., 2021).  

 

2.7.1.1 Modern wheat species  

Modern cultivated wheat originates through an evolutionary process in which 

hybridizations, polyploidizations, domestication, and mutations occurred.  

Over the centuries, these selection processes have contributed to several 

changes in the genomic structure of wheat (Rahman et al., 2020).  
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Currently, the modern species that dominate wheat corps production are Triti-

cum aestivum and Triticum durum, are two closely related species characterized 

by different grain hardness or texture, which confer their distinct technological 

properties (Bhave and Morris, 2008).  

Indeed, the two wheat species are traditionally used for different end-use prod-

ucts.  

Triticum aestivum L. var. aestivum is the “common “or “bread” wheat, with a 

hexaploidy genome (AABBDD, 6n= 42). The soft texture is well suited to produce 

bread and biscuits, typical food end-products (Pauly et al., 2013).  

Triticum turgidum L. subsp. durum (Desf.), called durum wheat, has a tetraploid 

genome (AABB, 4n= 28).   

The very hard kernel texture, together with its intense yellow colour and nutty 

taste, has made durum wheat ideal for making pasta (Sissons, 2008). More details 

about durum wheat are given in the following paragraph.  

Nowadays, bread wheat accounts for most of the global wheat crop, and its cul-

tivation is widespread worldwide, from locations as far north as Norway, Finland, 

and Russia to southern countries, such as Argentina (Levy and Feldman, 2022).  

Durum wheat represents about 5% of the al wheat production and is grown in a 

wide range of agricultural regions.  

The Mediterranean region represents the major world’s wheat growing area be-

cause durum wheat is well adapted to their climatic conditions.  

Although bread wheat is grown globally, the most important in terms of spread 

and economic impact is durum wheat (Saia et al., 2019). 

 

2.7.1.2 Durum wheat 

Durum wheat (Triticum durum Desf.) is free-threshing naked wheat and is easy 

to harvest (Peng, et al., 2011).  

This cereal originates from domesticated emmer wheat strains, and as its primi-

tive parent, the durum wheat plant is awned (with bristles). 
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Fig. 76 – Typical spikes and kernels of durum wheat 

 

The wheat plant is composed of: stem, normally from 60 to 90 cm long; primary 

roots that originate directly from the seeds and secondary roots that originate 

from the base of the stem; the leaves, usually 5-8 per plant, and the inflores-

cences, called spikes. The wheat kernel or seed (caryopsis) is enclosed within the 

spikes. In brief, the kernel is constituted of three distinct parts: the germ (2-3% 

of dry matter), the bran (13-17% of dry matter), and the endosperm, the main 

part of the caryopsis (80-85% of dry matter).  

The detailed structure of caryopsis is illustrated in figure 77.   

 

Fig. 77 – Structure of durum wheat kernel (Anderssen and Haraszi, 2009) 
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The wheat endosperm, from which semolina derives, contains mainly starch (60-

70%) and storage proteins (8-18%).  

The bran, one of the main fractions obtained by milling, along with germ, are rich 

in dietary fibres, minerals, and phytochemicals, which play important roles in  nu-

trition and are beneficial to human health (Manai–Djebali et al., 2021).  

The detailed chemical composition of the durum wheat caryopsis is shown in ta-

ble 12.  

 Table 12. Chemical composition and energy value of durum wheat grain (relative to 100 g). 
INRAN data 

Water (g)  11.5 

Proteins (g)  13 

Lipids (g)  2.9 

Starch (g)  53.9 

Sugars (g)  3.2 

Fibre (g)  9.8 

Energy (Kcal) 312 

Potassium (mg) 494 

Iron (mg) 3.6 

Calcium (mg) 30 

Phosphorus (mg) 330 

Magnesium (mg) 160 

Zinc (mg) 2.9 

Copper (mg) 0.40 

Selenium (μg) 3.8 

Thiamine (mg) 0.43 

Riboflavin (mg) 0.15 

Niacin (mg) 5.70 

Vitamin A (μg) 2 

 

Of great interest is the composition and function of the endosperm proteins, 

which have been extensively investigated in relation to the technological quality 

of durum wheat.  

In particular, the gliadins and glutenins, the compounds of gluten, confer to du-

rum wheat the essential viscoelastic properties for the required quality of its flour 
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(Shewry and Halford, 2002). Furthermore, durum wheat endosperm possesses 

carotenoid pigments (predominantly lutein), which confer it an intense bright 

yellow colour desirable for its derived products, mainly pasta (Saia et al., 2019). 

The characteristic yellow pigment content, the vitrousness aspect, the major 

hardness of endosperm, the protein content, and the gluten strength are the key 

quality traits of technological properties of durum wheat.  

Indeed, these characteristics determine the suitability of durum wheat for milling 

into semolina, used for pasta production. 

However, other semolina-based products can be made (couscous, bourghul, and 

unleavened bread, etc.), also due to the very large amount of genetic diversity 

existing for the durum wheat crop (Sall, 2019).  

The European Union (EU) accounts for the largest production of durum wheat, 

along with Canada, the United States, Turkey, and Algeria.  

Among European Union (EU) countries, the main producers of durum wheat are 

Italy, Spain, France, and Greece.  

The cultivation of this cereal is more concentrated in the Mediterranean since 

durum wheat is very well adapted to the dry climatic conditions of this area.  

Moreover, the countries of the Mediterranean basin are the major importers and 

the largest consumers of durum wheat products (Xynias et al., 2020).  

The appreciation of durum wheat in those areas is deeply connected with the 

Mediterranean history and culinary traditions. (Martínez-Moreno et al., 2020). 

 

2.7.2 Non-targeted NMR method applied to ensure the traceability of Italian 
durum wheat 
Italy has been the first country within the Mediterranean area to begin durum 

wheat breeding, and to date is one of the biggest producers of this cereal, with 

an average production of 4.26 million tonnes in the last decade (Xynias et al., 

2020). The leading role of Italy in durum wheat production is partly attributable 

to the economic importance of its pasta industry, which has fuelled the intense 
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breeding work carried out in the state since the beginning of the 20th century 

(Mefleh et al., 2019).  

Within the national country, Southern Italy (Apulia, Basilicata, and Sicily) ac-

counts for the largest production of durum wheat (Flagella, 2006).   

Food authentication, in terms of geographical and varietal/animal origin, is con-

sidered of primary importance at all levels of the production process.  

In the last year, assurance requirements (certifications and supply chain tracea-

bility) have been introduced in the durum wheat sector, to guarantee product 

quality to the consumers. These quality assurance systems, for example, have led 

to gaining the PDO mark for Altamura bread.  

Thus, certifying the geographical origin of Italian durum wheat is of great com-

mercial importance, particularly for wheat grown in given geographical areas, 

which can affect its quality and subsequently the commercial value of this cereal.  

To counter false declaration of origin or the creation of fraudulent mixtures of 

Italian durum wheat with foreign for economical gain, the development of meth-

ods able to assess the geographical origin of wheat is needed (Liu et al., 2021). 

Among the latter, the non-targeted method based on Nuclear Magnetic Reso-

nance (NMR) has received increasing attention as a reliable tool for tracing and 

assessing the authenticity of food products. Non-targeted NMR spectroscopy ap-

proach allows the extraction of the fingerprint of the food sample under investi-

gation in a rapid and non-destructive way.  

The fingerprint provided by this analysis may be primarily intended not for iden-

tifying the chemical compounds, but for the definition of a pattern to trace the 

sample and identify it by suitable classification tools (Gallo et al., 2020).  

Furthermore, the successfully used non-targeted NMR method for assessing the 

authenticity of foods is due to its ability to generate highly reliable instrumental 

responses. Indeed, this approach provides statistically equivalent NMR spectra 

when a single sample is analysed by different instruments.  

This aspect suggested the potential creation of a community-built system con-

taining NMR spectra comparable and exploitable, to empower the assessment of 
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food authenticity and traceability (Gallo et al., 2020; Ragone et al., 2020). 

Thereby, a non-targeted NMR method was applied to authentic durum wheat, 

whose geographical origin was assured by the Italian Central Inspectorate for 

Quality Protection and Fraud Repression of Agri-Food Products (ICQRF).  Inspec-

torate, operating in the Italian territory, protects consumers and producers from 

unfair competition.  

The investigated method, in collaboration with ICQRF, aims to ensure the identi-

fication of the geographical origin of authentic durum wheat samples.  

The need emerges to avoid the possibility that breeders/operators might resell 

foreign products as Italian. The collection of authentic samples is the first effort 

in the building of an official classifier able to establish the geographical origin of 

unknown durum wheat by exploiting the associated NMR spectra. (Fig. 78).  

In this work, the NMR spectra of the authentic durum wheat samples were em-

ployed for the development and validation of a discriminant model, able to dif-

ferentiate the Italian product from the foreign ones.  

 

 

Fig. 78 – Flowchart of the development of a classifier for durum wheat traceability by applica-
tion of non-targeted NMR method  
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2.7.3 Materials and Methods 

2.7.3.1 Samples collection 

Samples of authentic durum wheat provided by ICQRF – Central Inspectorate for 

Quality Protection and Fraud Repression of Agri-Food Products-were used to de-

velop and validate the classifier model able to certify their geographical origin, in 

a way to discriminate the national product from the foreign one. The Inspec-

torate carried out sampling and controls according to standard procedure EC Reg. 

882/2004. The corresponding collection card was attached to each provided sam-

ple.  

Wheat samples were sent to the Chemistry Laboratory of the Polytechnic of Bari 

and stored at room temperature until their preparation for NMR analysis.  

The pool used to develop and validate the method consisted of 147 samples of 

durum wheat of certified origin. The geographical origin of the latter is reported 

in table 13:  

Table 13. Authentic wheat samples provided by ICQRF 

Number of samples Geographical origin Harvest year 

18 Italy 2020 

85 Italy 2021 

22 Italy 2022 

6 USA not specified 

11 Canada not specified 

1 Croatia not specified 

1 France not specified 

1 Mexico not specified 
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1 Spain not specified 

1 Hungary not specified 

 

2.7.3.2 Optimization of the sample preparation procedure  

The procedure of sample preparation is very important for NMR analysis. There-

fore, before conducting the spectroscopic analysis, it is necessary to optimise the 

sample preparation protocol to obtain reliable and meaningful results.   

In optimising the preparation of the durum wheat samples, the matrix concen-

tration to be used for the extraction step was evaluated. For this purpose, 50 g 

of wheat was ground using a blender for 1 minute and the resulting flour was 

then sieved using a laboratory sieve (sieve size of 0.5 mm).  

Different samples were prepared for the aqueous extraction step, using a buffer 

solution [(HC2O4)-/(C2O4)2- = 0.25 M] at pH= 4.2 [pH adjusted by addition of HCl 

(37%)] and containing sodium azide (NaN3) as a bacteriostatic agent (NaN3=2.5 x 

10-3 M): 

- sample 1: 1 g of flour was added to 4 mL of the buffer solution;  

- sample 2: a volume of 3 mL of the buffer solution was added to 100 mg 

of wheat flour;  

- sample 3: a volume of 3 mL of the buffer solution was added to 200 mg 

of wheat flour;  

- sample 4: a volume of 3 mL of the buffer solution was added to 300 mg 

of wheat flour. 

Samples were put in an ultrasonic bath at 60° C for 10 minutes.   

After being vortexed for 5 minutes at 2500 rpm, samples were then centrifuged 

at 6000 rpm for 10 minutes. Then, the supernatants were transferred to new 

tubes and pasteurized at 90° C for 10 minutes to inhibit enzyme activity.   

Each solution was filtered through a polytetrafluoroethylene syringe filter (PTFE, 

0.2 µm, LLG-Labware) and the filtrates were used to fill the NMR tube (Norell 

509-UP 7). 630 µL of each extract and 70 μL of 0.2 % w/w TSP/D2O solution (3-
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(trimethylsilyl) propionic-2,2,3,3-d4 acid sodium salt in D2O) were added in NMR 

tubes. The TSP was used as a chemical shift reference.  

One-dimensional 1H NOESY spectra were recorded through a Bruker Avance 400 

MHz spectrometer equipped with a 5 mm inverse probe and with an au-

tosampler. The following acquisition parameters were used: pulse program = no-

esygppr1d; size of fid (TD) = 64 K; spectral width (SW) = 20 ppm; transmitter off-

set = 4.70 ppm; 90° hard pulse (p1) = 8.16 μs; power level for pre-saturation (pl9) 

= 62.77 dB; dummy scans (ds) = 4; number of scans (ns) = 64; acquisition time = 

4.09 s; mixing time (d8) = 0.01 s; recycle delay (d1) = 10 s. 

Free induction decays (FIDs) were Fourier transformed and processed using the 

software MestReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, 

Spain).  

The phase was manually corrected, the baseline was automatically corrected, 

and the spectra were aligned to the TSP singlet, fixed at 0 ppm.  

Figure 79 displays the 1D 1H NOESY spectra recorded from the aqueous wheat 

extracts prepared with the different concentrations, as described above. 

The red spectrum is relative to sample 1 (1 g of wheat flour in 4 mL of buffer); the 

green spectrum relates to sample 2 (100 mg of wheat flour in 3 mL of buffer); the 

blue spectrum is related to sample 3 (200 mg of wheat flour in 3 mL of buffer); 

the violet spectrum relates to sample 4 (300 mg of wheat flour in 3 mL of buffer).   



 

 

146 

 

Fig. 79 – Comparison of 1D 1H NOESY spectra recorded from the aqueous wheat extracts 
prepared from different concentrations.  

 

From the comparison of the 1D 1H NOESY spectra, illustrated in figure 79, it was 

possible to observe certain differences in the metabolic profile between the dif-

ferent samples. Looking at the spectra related to sample 2 (green spectrum in 

figure 79) and sample 3 (blue spectrum in figure 79), it was noted a lower inten-

sity of the signals relating to amino acids (the spectral region between 1-3 ppm) 

and sugars (the spectral region between 3-6 ppm). By contrast, the spectra rec-

orded from samples 1 and 4 (red and violet spectra, respectively) did not show 

visible variations in metabolic composition. For example, figure 80 shows a spec-

tral region in which clear variations in the metabolic profile of the samples pre-

pared with different concentrations of wheat flour were observed.  

In particular, the figure illustrates expanded signals of threonine (1.32 ppm), ar-

ginine (1.91 ppm) and γ-Aminobutyric acid (2.38 ppm), delimitated from yellow 

rectangles.  
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Fig. 80 – Signals displaying an intensity variation in 1D 1H NOESY spectra recorded from aqueous 
wheat extracts prepared with different concentrations.  

 
The half-height width of the TSP signal (“hwcal”) was estimated, verifying that its 

value was less than 1.5 Hz. In addition, the ratio of a representatively chosen sig-

nal (S) to the noise background (N) was evaluated. The signal chosen was at 3.25 

ppm, related to the betaine compound. The metabolites characterization of 

aqueous durum wheat extract is described below. 

The data obtained from the measurement of the half-width of the TSP signal 

(hwcal) and the signal-to-noise ratio (S/N) are collected in Table 14.  
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Table 14. Parameters evaluated from the recorded spectra 

Sample hwcal S/N 

1 1.69 Hz 662.50 

2 1.55 Hz 214.22 

3 1.51 Hz 389.94 

4 1.49 Hz 737.79 

 

Sample 4 has obtained the lowest half-width value of the TSP signal (1.49 Hz) and 

the highest signal-to-noise ratio (S/N) value.  

Hence, the concentration of 300 mg of wheat flour in 3 ml of the buffer solution 

was favourable for the extraction procedure of durum wheat samples.  

 

2.7.3.3 Extraction procedure 

50 g of each durum wheat sample was ground using a blender for 1 minute and 

sieved using a laboratory sieve (sieve size of 0.5 mm). An aliquot of 300 mg of the 

resulting wheat flour was dissolved in 3 mL of buffer solution [(HC2O4)-/(C2O4)2- 

(0.25 M) and NaN3 (2.5 mM)] at pH 4.2, sonicated for 10 min at 60°C, vortexed 

for 5 min at 2500 rpm and, centrifuged for 10 min at 6000 rpm. The resulting 

supernatant was drawn off and pasteurized for 10 min at 90°C.  

After pasteurization, the sample was filtered through a syringe filter equipped 

with a polytetrafluoroethylene (PTFE) hydrophilic membrane with a pore size of 

0.22 µm, to gain a clear sample without any suspended particles that may distort 

the magnetic field homogeneity. The filtrate was used to fill the NMR tubes.  

NMR tubes were filled in by an automated system for liquid handling (SamplePro 

Tube, Bruker BioSpin) according to the following method: 630 μL of the obtained 

extract and 70 μL of TSP/D2O solution [3-(trimethylsilyl) propionic-2,2,3,3-d4 acid 

sodium salt in D2O (0.2% w/w)]. Two replicates were prepared for each sample. 
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2.7.3.4 NMR analysis  

One-dimensional 1H NOESY spectra were acquired under automaton at 298.1° K 

using a Bruker Avance 400 MHz spectrometer equipped with a 5 mm inverse 

probe and with an autosampler (Bruker, Billerica, MA, USA).  

The following acquisition parameters were used: pulse program = noesygppr1d; 

size of fid (TD) = 64 K; spectral width (SW) = 20 ppm; transmitter offset = 4.70 

ppm; 90° hard pulse (p1) = 8.16 μs; power level for pre-saturation (pl9) = 62.77 

dB; dummy scans (ds) = 4; number of scans (ns) = 64; acquisition time = 4.09 s; 

mixing time (d8) = 0.01 s; recycle delay (d1) = 10 s. Each spectrum was acquired 

using TOPSPIN 2.1 software (Bruker BioSpin GmbH, Rheinstetten, Germany) un-

der an automatic process that lasted ca. 22 min and encompassed sample load-

ing, temperature stabilization for 5 min, tuning, matching, shimming, and 90◦ 

pulse calibration.  

NMR raw data (Free Induction Decays, FIDs) were processed using the software 

MestReNova 11.0 (Mestrelab Research SL, Santiago de Compostela, Spain).  

The 1D 1H NOESY spectra were automatically Fourier transformed, manually 

phased, and automatic baseline corrected (by a 1st order Bernstein polynomial 

equation). Chemical shifts were referenced to the TSP-d4 peak at δ = 0.00 ppm. 

 

2.7.3.5 Processing of spectral data for statistical analysis   

The processed 1D 1H NOESY spectra were reduced to a numerical matrix called 

bucket-table. The bucket table was obtained by dividing the entire overlapped 

spectra in the range of [-0.5, 10.5] ppm into rectangular intervals (buckets) of 

0.04 ppm in width, excluding the region [4.30,5.10] ppm corresponding to the 

residual water signal. The underlying area of each bucket was normalized to the 

total intensity. Thus, in the bucket table, the NMR spectra recorded from samples 

constituted the observation, and the buckets constituted the x-variables.  

The numerical matrix generated for the durum wheat samples provided by  

ICQRF is described in the paragraphs of the results.  
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The bucket table was imported into SIMCA 13.0.3 software (Umetrics, Umea, 

Sweden) to perform multivariate statistical analyses (MVA). 

 

2.7.4 Validation of the method applied  

The analytical procedure applied to durum wheat samples was validated, i.e. the 

repeatability, intermediate precision, and reproducibility was were evaluated.  

For the evaluation of reproducibility, ten weighings were carried out from the 

same sample of durum wheat and the respective ten aliquots were prepared for 

NMR analysis, according to extraction protocol described in the paragraph 

2.7.3.3. In this way, it was possible to determine the variability induced by oper-

ator skill and degree of sample homogeneity. 

For the evaluation of intermediate precision and repeatability, a bulk solution of 

the examined matrix was prepared. The bulk solution was made to prepare 10 

NMR tubes and the subsequent acquisition of the respective NMR spectra (inter-

mediate precision). In addition, 10 NMR spectra were acquired for the same NMR 

tube to measure the variability induced by the instrument (repeatability). For this 

purpose, the NMR tube was pulled out and inserted ten times into the instru-

ment. 

The betaine signal (3.25 ppm) was selected for the evaluation of the repeatabil-

ity. Therefore, the integrals of the spectral area [3.24,3.26] from the recorded 1D 
1H NOESY spectra were determined.  

From the resulting integral values, the coefficient of variation percentage (CV%) 

was calculated. Therefore, the CV% calculated for the selected signal of betaine 

was used as an indicator of the repeatability study.  

In addition, the stability of the investigated matrix was studied to assess any 

changes over time in the metabolic profile.  

 

2.7.4.1 Evaluation study of reproducibility 

From a ground and sieved sample of durum wheat, 10 different weighings (each 

of 300 mg) were made and the 10 aliquots were subjected to the preparation 
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protocol described in in the paragraph 2.7.3.3. The prepared NMR tubes were 

subjected to spectroscopic analysis, following the instructions for the acquisition 

of 1D 1H NOESY proton spectra given in the paragraph 2.7.3.4. 

The processing consisted of Fourier transformation, manual phase and automatic 

baseline correction, and alignment of the spectra to the signal of TSP-d4 at 0 ppm. 

The spectra recorded from the ten NMR replicates are illustrated in figure 81. The 

signal of residual water (4.78 ppm) was hidden.  

The yellow rectangle highlights the spectral area of the betaine signal (3.25 ppm), 

selected for the calculation of integrals. 

 

Fig. 81– 1D 1H NOESY spectra of durum wheat recorded from the ten NMR tubes prepared for 
the reproducibility evaluation.  

 

The integration of the area subtended by the betaine signal (yellow rectangle in 

figure 42) was performed using the software MestReNova 11.0 (Mestrelab Re-

search SL, Santiago de Compostela, Spagna). The data obtained from those cal-

culations are collected in table 15.  
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Table 15. Results of the reproducibility study of durum wheat 

NMR replicates 
The integral value of the 

betaine signal 

1 12401 

2 11274.5 

3 11797.9 

4 12424.3 

5 11364.7 

6 12020.3 

7 12706.1 

8 12058.5 

9  13562.4 

10 12863.2 

Standard deviation 698.3 

Mean 12247.2 

CV% 5.7 

 

 

2.7.4.2 Preparation of a bulk solution 

The bulk solution was prepared by mixing 3 g of the wheat flour (the wheat flour 

resulted from the ground and sieved durum wheat sample) and 30 ml of the 

buffer solution [(HC2O4)-/(C2O4)2- (0.25 M) and NaN3 (2.5 mM) at pH 4.2]. Then, 

the bulk solution was sonicated for 10 minutes at 60°C, vortexed for 5 minutes at 

2500 rpm and, centrifuged for 10 minutes at 6000 rpm.  

The supernatant was pasteurized for 10 min at 90°C; then the bulk solution was 

filtered through a centrifuged filter in in PVDF (polyvinylidenefluoride, with pore 

size of 0.2 um) for 5 minutes at 4000 rpm.  

 

2.7.4.3 Evaluation study of intermediate precision 

The filtrated bulk solution was distributed into 10 vials for the preparation of the 

respective NMR tubes. NMR tubes were filled in by an automated system for liq-

uid handling (SamplePro Tube, Bruker BioSpin) according to these volumes: 630 
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μL of the filtrate and 70 μL of TSP-d4/D2O solution [3-(trimethylsilyl) propionic-

2,2,3,3-d4 acid sodium salt in D2O (0.2% w/w)]. The 10 NMR tubes were submit-

ted to NMR analysis (Bruker Avance 400 MHz), according to the acquisition pa-

rameters indicated in paragraph 2.7.3.4.  

The spectra recorded from the ten NMR tubes, prepared from the bulk solution, 

are illustrated in figure 82. The signal of residual water (4.78 ppm) was hidden. 

The yellow rectangle highlights the spectral area of the betaine signal (3.25 ppm), 

selected for the calculation of integrals.   

 

Fig. 82– 1D 1H NOESY spectra of durum wheat recorded from the ten NMR tubes prepared for 
the intermediate precision evaluation.  

 

The data obtained from those calculations are collected in table 16.  
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Table 16. Results of the intermediate precision study of durum wheat 

NMR tubes 
The integral value of the 

betaine signal 

1 11815.8 

2 12007.1 

3 10955.9 

4 11913.9 

5 11670 

6 11769.7 

7 11815.1 

8 11868.2 

9  11210.5 

10 11890 

Standard deviation 338.2 

Mean 11691.6 

CV% 2.8 

 

2.7.4.4 Evaluation study of repeatability 

An NMR tube prepared from the bulk solution of wheat (previously described) 

was analysed ten times for the evaluation of repeatability. This NMR tube was 

removed and reinserted ten times inside the spectrometer, in an automated way. 

Thus, ten 1D 1H NOESY spectra of the same tube were recorded. The acquisition 

parameters are indicated in paragraph 2.7.3.4.  

Figure 83 shows the 10 spectra recorded from the same NMR tube, chosen for 

the evaluation of repeatability. The yellow rectangle highlights the spectral area 

of the betaine signal (3.25 ppm), selected for the calculation of integrals.  



 

 

155 

 

Fig. 83– 1D 1H NOESY spectra of durum wheat recorded from the same NMR tubes prepared for 
the repeatability evaluation.  

 

The data obtained from those calculations are collected in table 17.  

Table 17. Results of the repeatability study of durum wheat 

1D 1H NOESY spectra 
The integral value of the 

betaine signal 

1 11739.3 

2 11706.5 

3 11704.5 

4 11695.5 

5 11687.2 

6 11706.5 

7 11738.5 

8 11676.1 

9  11704.2 

10 11718.3 

Standard deviation 20.1 

Mean 11707.6 

CV% 0.2 
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The calculated CV% values for the evaluation of intermediate precision and the 

repeatability (2.8, and 0.2), were found inferior to 5%. In contrast, the CV% value 

obtained in the evaluation of reproducibility was just over 5% (5.7), but it was 

higher than the intermediate precision and repeatability ones. This may result 

because the operator performs different weighings, so the possibility of an ex-

perimental error is greater. 

Thus, due to the good data obtained, the applied analytical procedure resulted 

reliable for the analysis of durum wheat samples.  

 

2.7.4.5 Study of the matrix stability over time 

A NMR tube of aqueous extract of durum wheat was used to check the stability 

of the investigated matrix over time. Therefore, the 1D 1H NOESY spectrum was 

recorded on the freshly prepared sample; then, the NMR tube was left at room 

temperature. NMR spectra were acquired after 24 hours, five and six week later 

from its preparation, according to the experimental parameters reported in par-

agraph 2.7.3.4.  

Figure 84 shows the recorded NMR spectra on the NMR tube used to evaluate 

the stability as follows: the pink spectrum is related to the freshly NMR tube pre-

pared (0 h); the green one corresponds to the NMR spectrum recorded after 24 

hours; the orange spectrum represents the NMR spectrum acquired after five 

weeks; finally, the blue spectrum represents the NMR spectrum acquired after 

six week from its preparation.  
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Fig. 84– 1D 1H NOESY spectra of durum wheat sample recorded from the same NMR tube for 
the stability study.  The signal of betaine (3.25 ppm) chosen to evaluate the stability of the sam-

ple is expanded. 
 

The stability of the sample was assessed by integrating the areas of the signal of 

betaine (3.25 ppm) selected in the NMR spectra recorded at the time points in-

dicated (the expansion of the signal is shown in fig.84). The integral of the areas 

subtending the signal was calculated in the spectral regions [3.27,3.24 ppm].  

The data obtained are reported in table 18.  

Table 18. Results of the stability of durum wheat sample 

 Betaine  

Integration range (ppm) [3.27,3.24] 

Time points Integral values  

0 h 14179.3 

24 h 13249.4 

5 weeks   13893.8 

6 weeks   14197.5 

Standard deviation 442.8 

Mean 13880 

CV% 3.2  
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The durum wheat proved to be very stable over time, showing no obvious 

changes in its metabolic profile even six weeks after the preparation. An indica-

tion of that is indicated by the very good CV% value calculated for the selected 

signal of betaine (3.2 %).  

 

2.7.5 Metabolites characterization of Italian durum wheat  

NMR analysis (1D 1H NOESY experiments) allowed for the identification of hydro-

soluble metabolites contained in typical aqueous extracts (pH = 4.2) of durum 

wheat samples.  

Metabolite identification was performed employing a library of 1D 1H NOESY 

spectra of pure compounds prepared and recorded with the procedure described 

for durum wheat samples. The main metabolites identified are listed in table 19. 

 

Table 19. Characteristic metabolites of aqueous extract of durum wheat  

Compound Chemical shift (ppm) Multiplicity: J (Hz) 

Amino acids 

Isoleucine (1) 

0.93 

1.00 

1.26 

1.46 

1.96 

t (7.3) 

d (7.0) 

m 

m 

m 

Valine (2) 

0.98 

1.03 

2.27 

3.64 

d (7.0) 

d (7.0) 

m 

d overlapped  

Alanine (4)  
1.47 

3.81 

d (7.2) 

q overlapped 

Arginine (5) 

1.69 

1.91 

3.25 

3.73 

m 

m 

m overlapped 

m overlapped 
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Proline (6) 

2.00 

2.07 

2.34 

m 

m 

m 

Glutamic acid (7) 

2.18 

2.47 

3.78 

m 

m  

dd overlapped 

γ-Aminobutyric acid 

(8)  

1.92 

2.38 

3.04 

m  

t  

bs   

Asparagine (9)  

2.86 

2.95 

6.89 

7.62 

dd (16.8; 7.3) 

dd (16.9; 4.4) 

bs 

bs 

Tyrosine (10) 
6.89 

7.18 

m 

m 

Tryptophan (11) 

7.19 

7.28 

7.32 

7.54 

7.73 

t (7.4) 

t (7.5) 

d (2.2) 

d (8.1) 

d (8.0) 

Phenylalanine (24) 

 

7.33 

7.42 

 

m overlapped 

m overlapped 

Organic acids 

Lactic acid (3) 
1.32 

4.16 

d (6.8) 

q overlapped  

Acetic acid  (12) 2.05 s 

Succinic acid (13) 2.59 s 

Malic acid (14) 

2.62 

2.81 

4.38 

dd (15.8; 7.8) 

dd (15.8; 4.3)  

dd (8.1; 4.3) 

 

Citric acid (15) 
2.73 

2.84 

d (15.3) 

d (15.3) 

Fumaric acid (16) 6.60 s 
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Formic acid (17) 8.40 s 

Lactic acid (25) 
1.35 

4.14 

 

Carbohydrates 

Sucrose (18) 

3.47 

3.56 

3.68 

3.76 

3.82 

4.05 

4.21 

5.40 

t (9.4) 

dd (9.8; 3.7) 

s 

m 

m 

t (8.6) 

d (8.7) 

d (3.8) 

Glucose (19) 

3.24 

4.64 

5.23 

dd overlapped  

d (7.9) 

d (3.7) 

Galactose (20) 
4.59 

5.26 

d (7.9) 

d (3.9) 

RFOs (21) 

4.99 d 

5.14 d 

5.42 d 

Quaternary ammonium compounds  

Betaine (22) 
3.26 

3.90 

s 

s 

Choline (23) 3.19 s 

 

The typical 1D 1H NOESY spectrum of an aqueous extract of durum wheat is 

shown in figure 85. The spectrum can be divided into three regions, which are 

expanded for clarity in figure 86.  

In the aliphatic region of the 1H NMR spectrum [0.8-3.00 ppm], the most abun-

dant signals were related to the amino acid detected: isoleucine, valine, alanine, 

arginine, glutamic acid, glutamine, asparagine. The aliphatic region also included 

signals arising from the organic acids identified: lactic, acetic, succinic, malic, and 

citric acids.  
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The central area of the spectrum [3.00-6.00 ppm], was dominated by overlapping 

signals of carbohydrates corresponding to sucrose, glucose, and galactose; in ad-

dition, the characteristic peaks corresponding to raffinose family oligosaccha-

rides (RFOs) were detected. The most evident signal at 3.26 ppm was the singlet 

of betaine (3.25 ppm). This is to the finding reported in previous studies, indicat-

ing that betaine is one of the predominant metabolites of wheat (Graham, et al., 

2009; Shewry, et al., 2017). Betaine plays a significant role in nutrition (Zeisel, et 

al., 2003; Likes, et al., 2007), and wheat resistance to pathogenic attack (Strange, 

et al., 1974; Browne & Brindle, 2007).  

The aromatic region [6.00-9.00 ppm] included signals relating to aromatic amino 

acids such as tyrosine, phenylalanine and tryptophan. Moreover, signals referred 

to fumaric and formic acid were identified as well.   

 

Fig. 85– 1D 1H NOESY spectrum of a typical aqueous extract of durum wheat. The HDO signal is 
hidden; numbers indicate the metabolites reported in table 17.  

 

The following figure shows the expansion of the three described spectral area: a 

is the aliphatic region; b is the spectral region characteristics of the carbohy-

drates; c is the aromatic region. 



 

 

162 

 

 

 

Fig. 86– Expansion of a) aliphatic region, b) carbohydrates region and c)aromatic region of the 
typical NMR spectrum of durum wheat. The HDO signal is hidden; numbers indicate the metab-

olites reported in table 17.  
 

The resonances assignments were confirmed by bidimensional experiment (1H 

COSY). The 1H COSY spectrum acquired from durum wheat sample is shown in 
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figure 87. Signals of isoleucine, lactic acid, arginine, malic acid, glucose, tyrosine, 

tryptophan and phenylalanine are highlighted in the figure 87.  

 

Fig. 87–1H COSY spectrum of durum wheat 

 

2.7.6 Results 

2.7.6.1 Development of a discriminant model to ascertain the geographical 
origin of durum wheat 
 
The 294 processed 1D 1H NOESY spectra (147 samples x 2 replicates) recorded on 

the durum wheat samples provided by ICQRF were reduced to bucket-table. The 

bucket table was obtained as mentioned in paragraph 2.7.3.5: the entire over-

lapped spectra were segmented in the range of [-0.5, 10.5] ppm into buckets of 

0.04 ppm in width, excluding the region [4.30,5.10] ppm corresponding to the 
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residual water signal. The underlying area of each bucket was normalized to the 

total intensity. The bucket table obtained was composed of 198 x-variables 

(bucket) and 294 observations (spectra recorded), and was imported into SIMCA 

13.0.3 software (Umetrics, Umea, Sweden). Buckets were subjected to Unit Var-

iance scaling (mean-centred and divided by the standard deviation of each varia-

ble) to avoid noise inflation. An Orthogonal Partial Least Squares discriminant 

analysis (OPLS-DA) was performed to create a discriminant model to ascertain 

the geographical origin of durum wheat samples. OPLS-DA is an excellent tool in 

which the differentiation of assigned classes (in this case Italy vs foreign origin) is 

stressed. For the development of this model, the NMR spectra recorded on the 

authentic samples provided by ICQRF were separated into a training set and a 

test set. The training set was used to “train” and optimise the discriminant model 

to identify the classes of the samples, known a priori. It consisted of a set of 125 

authentic durum wheat samples divided as follows:  

- 103 samples of durum wheat of Italian origin,  

- 11 samples of durum wheat of Canadian origin, 

- 6 samples of durum wheat of American origin, 

- 1 sample from France, Hungary, Spain, Mexico, and Croatia.  

The purpose was to unequivocally differentiate the product of Italian origin from 

foreign ones. Therefore, at the pool of authentic samples got from Italy, was as-

signed the class “Italy”. Instead, the pool of authentic samples of foreign origin, 

regardless of their provenance (Canada, America, France, etc…), was assigned the 

class “Foreign origin”.  

The quality of the model developed was assessed based on the parameters R2 

and Q2, which represent the descriptiveness (goodness-of-fit) and the predictivity 

in cross-validation (goodness-of-prediction in cross-validation), respectively. 

Moreover, a permutation test was carried out to verify the absence of model 

overfitting. 

The OPLS-DA model was characterized by one predictive component (t[1]), and 

four orthogonal components (to), with R2= 0.825 and Q2= 0.784.  
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The parameters characterizing the OPLS-DA model, built by using the training set 

samples are detailed in table 20.  

 

Table 20. The parameters of the OPLS-DA analysis performed on the spectral data of the au-
thentic durum wheat samples included in the training set  

 

Component R2X R2X(cum) R2 R2(cum) Q2 Q2(cum) R2Y R2Y(cum) 

Model  0.684  0.825  0.784  1 

         

Predictive  0.0949  0.825  0.784  1 

P1 0.0949 0.0949 0.825 0.825 0.784 0.784 1 1 

         

Orthogonal in X (OPLS)  0.589       

O1 0.31 0.31       

O2 0.116 0.426       

O3 0.127 0.554       

O4 0.0355 0.589       

 

The scores plot (t[1] vs to[1]) obtained from the analysis is shown in figure 88. 

As expected, a clear separation of the two classes, “Italy” (blue circles in fig. 88) 

and “Foreign origin” (green circles in fig.88) was observed on the scores plot 

based on the first predictive (t[1]) and orthogonal (to[1]) components.  
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Fig. 88– Scores plot (t[1] vs to[1]) of the OPLS-DA analysis performed to spectral data of authen-
tic durum wheat samples selected as the training set.  

 

The permutation test with 100 iterations for the OPLS-DA model is shown in fig-

ure 89. 
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Fig. 89– Permutation test applied to the OPLS-DA model built on the spectral data obtained 
from authentic durum wheat samples included in the training set. The permutation test consists 

of a set of 100 permutations. The values of the R2 and Q2 coefficients are indicated.  

 

The R2 and Q2 values resulted were 0.178 and -0.271, respectively. Since these 

values agreed with the recommended limits (R2< 0.3 and Q2 < 0.05), the permu-

tation test ensured the statistical significance of the model developed.  

 

2.7.6.2 Validation of the developed discriminant model  

The discriminant model built on the NMR data of the training set (125 durum 

wheat samples with certified origin) was able to distinguish samples efficiently 

according to geographical origin (“Italy” vs “Foreign origin”). Such a model was 

validated, i.e., the ability to predict the geographical origin of a test set was eval-

uated. The test set was composed of the remaining 22 Italian authentic durum 

wheat samples, not included in the development of the discriminant model.  The 

OPLS-DA model was used to predict the test set samples with the declared origin, 

but blind for the discriminant model. Therefore, a prediction analysis of the test 

samples was performed, using the model previously developed with the training 
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set samples. The predicted scores plot resulting from the analysis is shown in fig-

ure 90.   

 

Fig. 90– OPLS-DA predicted scores plot for durum wheat samples included in the test set. The 
predicted samples are indicated as red circles.  

 
The OPLS-DA scores plot shows that the test samples (red circles in fig.90) were 

classified in the “Italy” class.  

The misclassification table (table 21) showed the number of correctly classified 

observations in the prediction analysis. In particular, the authentic Italian durum 

wheat samples (part of the training set) were classified in the “Italy” class 100% 

correctly. The authentic foreign durum wheat samples (part of the training set) 

were classified as the foreign origin with a correctness of 93.18%. It is important 

to note that the lower value obtained may be due to the reduced amount of for-

eign durum wheat samples provided for model development. The model showed 

an ability to correctly predict the geographical origin of the test set of 98.8 % (red 

value in table 19). The authentic durum wheat samples constituting the test set 

were predicted within the “Italy” class (red circles in fig.85). The classification of 
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these samples was consistent with their declared Italian origin, guaranteed by 

ICQRF. This result also supported the reliability of the developed model.  

 

Table 21. Misclassification table for training and test durum wheat samples 

 
 Members Correct “Foreign origin” class “Italy” class 

Training set  

Authentic foreign durum wheat 44 93,18% 41 3 

Authentic Italian durum wheat 206 100% 0 206 

Test set  

No class 44   0 44 

Total 294 98,8%   

Fisher's prob. 6,9e-44       

 

The obtained results have demonstrated the efficiency of the non-targeted NMR 

method for certain the geographical origin of durum wheat. The statistical elab-

oration of the corresponding NMR spectra has led to the development of a model 

capable of discriminating authentic Italian durum wheat against foreign ones.  

The pool of samples of foreign origin should be enlarged to improve the robust-

ness of the discriminant model developed.  

The proposed discrimination model should promote the build of an official clas-

sifier system based on NMR spectroscopy to assess the authenticity of durum 

wheat, as shown in the flowchart in figure 78.   

 

2.7.7 Cultivars innovation, quality, and traceability of Apulian durum wheat 

The quality traits of durum wheat grain directly impact the value of its derived 

products. Hence, the protein content, gluten strength and colour of durum wheat 

are important factors affecting pasta-making technology characteristics (Blanco, 

et al., 2006). These factors are under genetic control but may be affected by the 

different varieties and the agronomical practices applied during the cultivation 

of durum wheat. Nitrogen fertilisation is one of the main agronomic techniques 
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that exerts great influence on the technological quality of durum wheat grain, 

mainly raising the protein content. Moreover, Nitrogen fertilizers application is 

related to an increasing wheat grain yield (Ehdaie and Waines, 2001).  

According to good practices, the most used dose of Nitrogen fertilizers for durum 

wheat cultivation is 120 kg ha-1. Nevertheless, Nitrogen fertilizers pose a threat 

to the environment and human health by polluting the water and soil (Gadaleta 

et al., 2022). In recent years, growing attention among consumers on healthy 

food and environmental benefits has emerged. As a result, the adoption of or-

ganic cultivation has begun to increase. 

The lowest level of protein content in durum wheat acceptable to the processing 

industry is 12%.  The protein content of organically grown durum wheat is almost 

always lower than conventionally one, at or below 12% (Flagella, 2006).  

Therefore, a good varietal choice and appropriate use of organic fertilisers could 

result in a protein content like that obtained by conventional agronomic prac-

tices. Based on these considerations, a project was designed  

In particular, the strongest challenges of this project are the selection of higher-

yielding durum wheat varieties and the improvement of agronomic practices to-

wards more sustainable techniques.  

The first project’s task was to identify new and traditional durum wheat varieties 

to produce a high-quality wheat grain, suitable for bread and pasta with  

enhanced added value. The durum wheat varieties exploited were the Apulian 

ones, Saragolla, Marco Aurelio, Maciste, Antalis and Iride.  

These autochthonous varieties should provide a high-quality wheat grain, to-

gether with an extensive crop yield. In this way, local farmers could benefit eco-

nomically from the cultivation of these productive varieties.  

The crop yield depends not only on the cultivars of durum wheat used but also 

on the agronomic practices applied during their cultivation.  

To shift the application of conventional agronomic techniques toward the use of 

rational sustainable ones, the second task of the project was the identification of 
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durum wheat varieties (among Saragolla, Marco Aurelio, Maciste, Antalis, and 

Iride) suitable for low-input conventional cultivation and organic one.  

An organic regime and different doses of nitrogen fertilisation (120 kg ha-1, and 

80 Kg ha-1) applied for the cultivation of the interested durum wheat varieties, 

were investigated. 

The expected results would lead to a reduction in the doses of nitrogen fertilisers 

to be used for durum wheat cultivation, and the achievement of economic and 

environmental benefits.  

Finally, the specificity of the durum wheat grain obtained and the traceability in 

the supply chain of these Apulian varieties (from field durum wheat to its derived 

products), was supported through the application of the developed non-target 

NMR spectroscopy method (described in the previously paragraphs). Such an ap-

proach would develop a model able to classify durum wheat, bread, and pasta 

samples of the investigated varieties Saragolla, Marco Aurelio, Maciste, Antalis, 

and Iride.  

An NMR interlaboratory comparison (ILC) according to ISO/IEC 17043:2010 (Gallo 

et al., 2013) was organized for the validation of the non-targeted NMR method 

developed. 

 

2.7.7.1 Samples collection  

Local farmers “Cooperativa la Piramide” (Torremaggiore), “Azienda Agricola Di-

palma” (Gravina), “Azienda Agricola Parisi” (Gravina-Poggiorsini), and “Società 

Agricola Denora” (Gravina-Matera) provided durum wheat samples. These sam-

ples belong to the five varieties under investigation, cultivated with the three ag-

ronomic practices to be examined: nitrogen regime applied at the dose of 120 kg 

ha-1, 80 kg ha-1, and organic treatment. Samples were provided during 2021 and 

2022.  

In addition to the wheat grain of each variety supplied, the corresponding spikes 

were also harvested directly from the field.  
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The company PanBiscò (Altamura) was responsible for the supply of monovarie-

tal bread samples. Casa Prencipe (Monte Sant’Angelo) was engaged to produce 

monovarietal pasta, and delivery the sample; however, several circumstances did 

not make possible the production of Saragolla pasta, excluding these samples in 

the analysis presented in this work. Table 22 reports the details of all the samples 

provided and analysed for the project. 

 

Table 22. Summary of samples  

Cultivar Durum wheat Spikes Bread Pasta 

Saragolla 

14 of the 2021 

year 

8 of the 2022 

year 

6 of 2021 2 0 

Marco Aurelio 

14 of the 2021 

year 

8 of the 2022 

year 

6 of 2021 2 

6 

[production 

batch 071/22] 

10 

[production 

batch 069/22] 

Maciste 

14 of the 2021 

year 

8 of the 2022 

year 

6 of 2021 2 

11 

[ production 

batch 298/21] 

Antalis 

14 of the 2021 

year 

8 of the 2022 

year 

6 of 2021 0 

20 

[production 

batch 060/22] 

10 

[production 

batch 059/22] 

Iride 

14 of the 2021 

year 

8 of the 2022 

year 

6 of 2021 2 

11 

[production 

batch 298/21] 
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Samples were sent to the Chemistry Laboratory of the Polytechnic of Bari and 

stored at room temperature until their preparation for NMR analysis. Only the 

bread samples were subjected to a drying process and stored at -18°C before to 

perform extraction procedure.  

The extraction protocol and the experimental conditions of the NMR analysis de-

scribed in paragraph 2.7.3. were applied for durum wheat, pasta and bread sam-

ples.  

 

2.7.7.2 Evaluation of repeatability of pasta samples 

The analytical procedure applied to durum wheat samples has resulted reliable 

for the analysis of this type of matrix, according to the obtained data reported in 

paragraph 2.7.4 (“Validation of the method applied”). A repeatability study was 

also conducted for pasta samples.  

For the evaluation of reproducibility, 10 NMR tubes were prepared from the 

same pasta samples, according to the protocol described in paragraph 2.7.3. The 

respective NMR spectra are shown in figure 91. 

For the evaluation of intermediate precision and repeatability, a bulk solution of 

pasta was prepared by mixing 3 g of ground and sieved pasta in 30 ml of buffer 

solution, and then the extraction protocol described in the sub-paragraph 2.7. 

4.2 was applied. An NMR tube among those prepared from the bulk solution of 

pasta was analysed ten times, for the evaluation of repeatability.  

This NMR tube was removed and reinserted ten times inside the spectrometer, 

in an automated way. Thus, ten 1D 1H NOESY spectra of the same tube were rec-

orded. The acquisition parameters of the NMR experiment are indicated in para-

graph 2.7.3.4.  

The betaine signal (3.25 ppm) was selected for the evaluation of the repeatabil-

ity. Therefore, the integrals of the spectral area [3.26,3.24 ppm] from the rec-

orded NMR spectra were determined.  
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The 1D 1H NOESY spectra recorded on the 10 NMR tubes prepared for the repro-

ducibility are shown in figure 91. The integral of the betaine signal (3.25 ppm) is 

delimited within the yellow rectangle.  

 

Fig. 91– 1D 1H NOESY spectra of pasta recorded from the ten NMR tubes prepared for the re-
producibility evaluation 

 

The data obtained from the integration analysis are collected in table 23.  
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Table 23. Results of the reproducibility study of pasta 

NMR replicates The integral value of the 
betaine signal 

1 10072.7 

2 9508.1 

3 10162.4 

4 9711.8 

5 9830.7 

6 9936.6 

7 9985.5 

8 10172.9 

9  9965.9 

10 9647.4 

Standard deviation 222 

Mean 9899.4 

CV% 2.2 

 

The 1D 1H NOESY spectra recorded acquired on the ten NMR tubes prepared from 

the bulk solution of pasta are illustrated in figure 92. The integral of the betaine 

signal (3.25 ppm) is delimited within the yellow rectangle.  
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Fig. 92– 1D 1H NOESY spectra of pasta recorded from the same NMR tubes prepared for the in-
termediate precision evaluation. 

 

The data obtained from the integration analysis are collected in table 24. 

 

Table 24. Results of the intermediate precision study of pasta 

NMR tubes The integral value of the 
betaine signal 

1 11220.2 

2 12261.1 

3 11340.9 

4 11482.6 

5 11963.5 

6 11757.3 

7 11740.8 

8 11593.1 

9  11647.5 

10 11921.1 

Standard deviation 308.7 

Mean 11692.8 

CV% 2.6 



 

 

177 

 

Figure 93 shows the 10 spectra recorded from the same NMR tube of pasta sam-

ple used for the evaluation of repeatability. The yellow rectangle highlights the 

spectral area of the betaine signal (3.25 ppm), selected for the calculation of in-

tegrals.   

 

 

Fig. 93– 1D 1H NOESY spectra of pasta recorded from the same NMR tubes prepared for the re-
peatability evaluation. 

 

The data obtained from the integration analysis are collected in table 25. 
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Table 25. Results of the repeatability study of pasta 

1D 1H NOESY spectra The integral value of the 
 betaine signal 

1 11587.6 

2 11468.5 

3 11488.3 

4 11481.1 

5 11578.8 

6 11606.2 

7 11588.3 

8 11599.8 

9  11599.7 

10 11620.5 

Standard deviation 58.2 

Mean 11561.8 

CV% 0.5 

 

In the evaluation of the reproducibility, intermediate precision and repeatability 

of the analytical procedure applied to the pasta sample, CV% values of less than 

5% were obtained. In particular, the CV% value resulting from the reproducibility 

study was 2.2%; that of intermediate precision was 2.6%; for repeatability the 

CV% value calculated was 0.5%. Therefore, the analytical procedure applied to 

pasta samples resulted not affected by a significative systematic bias.   

 

2.7.7.3 Metabolites characterization of pasta  

The NMR analysis allowed for the identification of the main metabolites con-

tained in typical aqueous extracts (pH = 4.2) of pasta samples.  

Metabolite identification was performed employing a library of 1D 1H NOESY 

spectra of pure compounds prepared and recorded with the procedure described 

for durum wheat samples. The typical 1D 1H NOESY spectrum of an aqueous ex-

tract of pasta is shown in figure 94. 
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Fig. 94– 1D 1H NOESY spectra of a typical aqueous extract of pasta. The HDO signal is hidden; 
numbers indicate the metabolites reported in table 24. 

 

The main representative classes of metabolites included organic acids (acetic, 

succinic, malic, citric, fumaric, formic, and lactic acids), amino acids (isoleucine, 

leucine, valine, alanine, γ-aminobutyric acid, and Tryptophan), and carbohy-

drates (maltose, glucose, and galactose). Moreover, 1D 1H NOESY spectra con-

tained also signals related to betaine and choline. The main metabolites identi-

fied are listed in table 26. 

 

Table 26. Characteristic metabolites of aqueous extract of pasta  

Compound Chemical shift (ppm) Multiplicity: J (Hz) 

Amino acids 

Isoleucine (1) 
0.93 

1.00 

t overlapped 

d (7.0) 

Leucine (2) 

0.94 

0.96 

1.72 

d overlapped  

d  

m 



 

 

180 

Valine (3) 

0.98 

1.03 

2.27 

3.64 

d (7.0) 

d (7.0) 

m 

d overlapped  

Threonine (4) 1.32 d (6.8) 

Alanine (5)  
1.47 

3.81 

d (7.1) 

q overlapped 

γ-Aminobutyric acid (6)  
1.92 

2.43 

m  

t (7.3) 

Tryptophan (7) 

7.19 

7.27 

7.32 

7.54 

7.73 

t (7.3) 

t (7.6) 

d (2.4) 

d (8.2) 

d (8.1) 

Organic acids  

 

Acetic acid (8) 2.05 s 

Succinic acid (9) 2.60 s 

Malic acid (10) 

2.63 

2.82 

4.39 

dd (15.9; 7.9) 

dd (15.9; 4.3)  

dd (7.9; 4.3) 

 

Citric acid (11) 
2.74 

2.85 

d (15.3) 

d (15.3) 

Fumaric acid (12) 6.61 s 

Formic acid (13) 8.39 s 

Lactic acid (14) 1.35 d (7.0) 

Carbohydrates 

Maltose (15) 

3.27 

3.42 

3.58 

3.62 

3.66 

3.70 

3.76 

dd (9.3; 7.9) 

t (9.4) 

m 

m 

m 

m 

m 
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3.89 

4.65 

5.23 

5.40 

m 

d (7.9) 

d (3.7) 

d (3.8) 

Glucose (16) 

3.24 

4.64 

5.23 

dd overlapped  

d (7.9) 

d (3.7) 

Galactose (17) 
4.58 

5.26 

d (7.9) 

d (3.6) 

Quaternary ammonium compounds  

Betaine (18) 
3.26 

3.90 

s 

s 

Choline (19) 3.19 s 

 

2.7.8 Interlaboratory Comparison (ILC) organisation  

The PhD candidate actively took part in the drawing up the guidelines for Inter-

laboratory Comparison, that are here reported. 

The international standard UNI CEI EN ISO/IEC 17043:2010 “Conformity assess-

ment-General requirements for proficiency testing” specifies general require-

ments for the competence of the organizers of interlaboratory, applicable to all 

types of ring test. This document has been prepared by Technical Committee 

ISO/CASCO "Committee on conformity assessment" in collaboration with Tech-

nical Committee CEN/CLC/TC 1 "Criteria for conformity assessment bodies”. 

Interlaboratory comparisons are widely used for a number of purposes and their 

use is increasing internationally. 

An interlaboratory comparison (ILC) was proposed in this project to validate the 

non-targeted NMR method developed to classify samples belonging to Marco 

Aurelio and Iride varieties, along with the determination of the betaine in durum 

wheat and pasta using a 1H-qNMR procedure.  

Despite the advantages deriving from the use of qNMR and despite the plethora 

of well documented validation processes (e.g., precision, accuracy, linearity, re-

producibility, robustness, selectivity, and specificity), very few official NMR based 
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quantification methods are known. Validation by ILC is the starting point for offi-

cial recognition of such analytical method. The durum wheat varieties were cho-

sen based on the distinct intensity of the betaine signal at 3.25 ppm in their rec-

orded NMR spectra. Therefore, this metabolite was selected for the quantifica-

tion procedure in durum wheat and pasta samples, by using not only an internal 

reference compound (TSP-d4) but also the betaine as a pure external standard.   

The external standard of betaine was added to a mixture of the TSP-d4, fructose 

and Dimethylsulphone (DMSO2), a qNMR Certified Reference Material.  

The detailed preparation of this mixture solution is described in the section “sam-

ple preparation” of the paragraph 2.7.8.2.  

 

2.7.8.1 The scheme of ILC 

The ILC scheme was organized according to the following step: 

a) call; 

b) registration; 

c) sample preparation; 

d) publication of the experimental instructions for participants; 

e) sample delivery; 

f) NMR analysis; 

g) submission of the results; 

h) data elaboration; 

i) report publication.  
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Table 27 shows the timetable for each phase of this ILC.  

Table 27. ILC timetable  

Period Description 

2022/07/15-2022/10/05 Call open and registration 

2022/10/06-2022/11/05 

Recognition of the spectrometers avail-

able for the ILC and publication of the 

“Guidelines and contract terms”; sam-

ple preparation; NMR sample homoge-

neity assessment and sample stability 

control 

2022/11/06-2022/11/30 Sample delivery 

2022/12/01-2023/01/15 
NMR experiment registration and data 

submission 

2023/01/16-2023/02/10 Data elaboration 

2023/02/11-2023/02/28 Publication of the report 

 

a. Call 

The call made known the aim of the ILC, the scientific committee, the sample 

matrix and the NMR experiment selected for the ILC. Technical requirements 

of the participants were also indicated. 

The call of the proposed ILC was published on 2022/07/15 and the deadline 

for registration was on 2022/10/05. 

 

b. Registration 

For the present ILC, registration was free and after the deadline, the number 

of registered participants was 40 for a total of 47 spectrometers. 
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Table 28. 

Magnetic Field  NMR spectrometers: 47 

700 MHz 5 

600 MHz 15 

500 MHz 4 

400 MHz 18 

300 MHz 1 

F80 3 

  

 

c. Samples preparation  

The NMR tubes prepared were eight for each participant. Tubes were labelled 

with T, A, B, C, E, F, and QR.  

The aqueous solution of the standard was prepared by dissolving 19.355 mg of  

TSP-d4 (CAS No. 24493-21-8, 99 %D, Armar Chemicals, Döttingen, Switzer-

land),19.281 mg of certified powder of Betaine (CAS: 107-43-7; Lot. no: LRAC 

5297 EXP: Feb/24), 19.719 mg of certified powder of the standard DMSO2 (CAS: 

107-43-7; Lot. no: LRAC 5297 EXP: Feb/24), and 1.00011 g of D (-)-Fructose  

(Fructose 99% CAS: 57-48-7 Lot: A0282904 Product of Belgium) in 100 ml of 

[HC2O4
-/C2O42

-] = 0.25 M buffer pH=4.2 containing sodium azide (NaN3 = 2.5∙10-3 

M, CAS No. 26628-22-8; ≥99.5%, Sigma-Aldrich, Milan, Italy).  

The aqueous solution was used to fill the QR tube.  

 

To prepare the bulk solution of durum wheat and pasta (Marco Aurelio and Iride 

varieties), 6 g of each ground and sieved matrix was solubilized to 60 ml of buffer 

[HC2O4
-/C2O42

-] = 0.25 M buffer pH=4.2 containing sodium azide (NaN3 = 2.5∙10-3 

M, CAS No. 26628-22-8; ≥99.5%, Sigma-Aldrich, Milan, Italy).  

Then, sonication was conducted through an ultrasonic bath at 40 KHz at 60°C for 

10 minutes; after being vortexed at 2500 rpm for 5 minutes, each solution was 

centrifuged at 4000 rpm for 10 minutes.  
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Supernatants were collected, transferred into two new bottles, and pasteurised 

at 90°C for 10 minutes. After that, the solutions were centrifuged and filtered by 

centrifuged filter in PVDF (polyvinylidenefluoride, with a pore size of 0.2 um) at 

4000 rpm for 5 minutes.  Each filtered solution was stored overnight at 4°C.  

The aqueous solutions of durum wheat and pasta obtained from the Marco Au-

relio variety were numbered with 1, whereas the ones produced from the Iride 

variety were denoted by the number 2.    

The four filtered solutions were used to prepare NMR tubes A, B, C, D, E, and F.  

The sample composition of each tube is specified in table 29.  

 

Table 29. List of NMR tubes prepared for ILC along with the corresponding sample composition 
 

Tube Solutes 

T 600 µl of Methanol-d4 (≥ 99.8 atom % D) 

QR 
630 µl of aqueous solution of standard + 

70 µl of D2O (99.86 % D) 

A 
630 µl of pasta 2 aqueous solution + 70 

µl of 0.2 wt% of TSP-d4/D2O solution 

B 
630 µl of pasta 1 aqueous solution + 70 

µl of 0.2 wt% of TSP-d4/D2O solution 

C 
630 µl of pasta 1 aqueous solution + 70 

µl of D2O (99.86 % D) 

D 
630 µl of durum wheat 1 aqueous  
solution + 70 µl of D2O (99.86 % D) 

E 
630 µl of durum wheat 1 aqueous  

solution + 70 µl of 0.2 wt% of TSP-d4/D2O 
solution 

F 
630 µl of durum wheat 2 aqueous  

solution + 70 µl of 0.2 wt% of TSP-d4/D2O 
solution 

 

It was observed that the signal intensity of the TSP may be affected within the 

matrix analysed, probably due to the potential bounds with protein. Hence, to 
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investigate the behaviour of the TSP, it was not included in all the prepared NMR 

tubes. The NMR tubes A, B, E, and F (filled by aqueous extract of pasta 2, pasta 1, 

durum wheat 1, durum wheat 2, respectively), contained the 0.2 wt% TSP-d4/ 

D2O solution, whereas in NMR tube C, and D (filled by aqueous extract of pasta 

1, and durum wheat 1 respectively), TSP-d4 was not used as a reference com-

pound.  

The homogeneity of the entire batch of samples, was verified before sending 

them to the participants. 

 

d. Publication of the experimental instructions for participants 

Participants acquired all the spectra under manual or automatic procedure by 

following the steps listed below.  

 

Step 1: Temperature calibration using the tube T 

Use T tube as a nuclear magnetic resonance thermometer to evaluate the correct 

calibration of the temperature control unit (TCU). It was suggested to use the 

following procedure reported in the literature (Findeisen, et al. 2007).  

On the Temperature Control Unit (TCU) of the spectrometer, set the sample tem-

perature at 298 K. Record a routine 1H spectrum by 90° single excitation pulse 

sequence (“s2pul” for Agilent/Varian; “zg” for Bruker; “proton” for Jeol).  

Consider the two signals at approximately 4.8 and 3.3 ppm and calculate the  

difference in chemical shifts (Δδ). Use the Δδ value to calculate the sample  

temperature T [K] according to the following equation:  

𝑇=−16.7467∙(Δ𝛿)2−52.5130∙Δ𝛿+419.1381 

If the calculated T is different from 298 K, adjust the TCU to obtain a value of Δδ 

suitable to reach T = 298.0 ± 0.1 K. Once optimized, use the TCU setup for all 

further measurements described in the next paragraph.  

Temperature optimization is not required for every session. 
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Step 2: Experiment setup  

Experiment parameters were setting according to the following procedures, 

adapted to the technical specifications of the different spectrometers.  

Each participant set up the experiment using the most suitable set of parameters 

for the spectrometer in use, as indicated in table 30. In this way, all FIDs acquired 

by all participants had the same duration (acquisition time) and digital resolution 

 

Table 30. List of acquisition parameters suggested according to the magnetic field of the  
spectrometer in use. 

 

Field (MHz) 80 300 400 500 600 700 

Time Domain (points) 10240 38400 51200 64000 76800 89600 

Spectra Width (ppm) 15 15 15 15 15 15 

Spectra Width (Hz) 1200 4500 6000 7500 9000 10500 

Dwell time (μs) 416.7 111.1 83.3 66.7 55.6 47.6 

Acquisition time (s) 4.267 4.267 4.267 4.267 4.267 4.267 

Digital Resolution (Hz) 0.1172 0.1172 0.1172 0.1172 0.1172 0.1172 

 
Samples were measured in accordance with the operating manual of the NMR 

spectrometer in use.  In case of measurements obtained in different sessions, the 

QR tube was analysed before each session.  

 

Step 3: Naming the individual samples  

Each sample was named according to this scheme: “spectrometer code assigned 

to lab_sample ID_repetition number_date”. The spectrometer code was as-

signed to each participant by Innovative Solutions and communicated along with 

a username and password. The sample ID was indicated on the label applied to 

each NMR tube contained in the delivered package. 

For instance, for the spectrometer numbered “Lab01”, the file/dataset names of 

the five repetitions of the tube A01 (the label was on the tube) recorded on 5th 

December 2022, was named as follows: 

Lab01_A01_R01_20221205 (repetition 1) 
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Lab01_A01_R02_20221205 (repetition 2) 

Lab01_A01_R03_20221205 (repetition 3)  

Lab01_A01_R04_20221205 (repetition 4)  

Lab01_A01_R05_20221205 (repetition 5)  

The same procedure was followed for all A-F, and QR tubes.  

 

Step 4: Spectra registration (tubes A-F, and QR)  

For each NMR tube, 5 spectra were recorded to comply with conditions for  

repeatability, i.e. same NMR tube, same spectrometer, same user, consecutive 

repetitions. For each tube, participants followed the instructions reported below:  

- load the sample in the magnet;  

- wait for the temperature stabilization at 298.0 ± 0.1 K for at least 5 min;  

- create a new dataset using the experiment setup saved in step 2;  

- lock on solvent signal: H2O:D2O (90:10 V/V) for tubes A-F and QR; CD3OD for 

tube T;  

- perform the tuning and matching of the probe;  

- adjust the field homogeneity (shimming) so that the width of the 3.25 ppm  

signal (betaine) at half-height was < 2.5 Hz;  

- perform 5 consecutive measurements of the same sample to obtain five  

repetitions. 

 

Step 5. Processing parameters for 1D 1H NOESY experiments (tubes A-F, and QR)  

Double the FID size by zero filling. Fourier transform by applying exponential mul-

tiplication function with a line broadening of 0.1 Hz. Chemical shift scale was ref-

erenced to the betaine resonance (3.25 ppm). Correct phase and baseline (user 

chose either manual or automatic procedures without any limitations  

provided that the same procedure was applied to all NMR spectra).  

For tubes A, B, E, F, and QR, the integral area of the signals listed below were 

calculated. Integration consisted of the calculation of peak area in the range re-

ported in the following table. 
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Table 31. Integral range of the interested signals 

Signal label 
Integration range 

Left limit (ppm) Right limit (ppm) 

TSP 0.10 -0.10 

Betaine 3.26 3.24 

 

Step 6. Data and spectra submission on website https://nmr.istracer.it 

Please, log in with their user name and password on the https://nmr.istracer.it 

website. Click on 'Data input' and select 'NMR Interlaboratory Comparison IS-

NMR-ILC 01_2022 - Tubes A-F and QR'. On the “Data input” page (figure 95), up-

load a single zip folder containing all recorded NMR spectra named according to 

step 2 (see above). The total number of spectra must be 36 [5 spectra * 7 tubes 

(A-F, and QR) + 1 spectrum for tube T]. 

 

Fig.-95 

 

Next, fill in the form with the values of the integral ratio IBetaineITSP where IBetaine is 

the area under the signal in the range 3.26 ÷ 3.24 ppm and ITSP is the area under 

the signal in the range 0.10 ÷ -0.10 ppm. Use at least 8 decimal places. Please, 

note that “Measurement” stands for “Repetition”. In the “Check” field re-enter 

the value of the corresponding measurement (see example in Figure 96). 
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Fig.-96 

 

Consider proceeding with partial data input. Once you have filled in a block of 

data (e.g. “Betaine-TSP \ Tube A), go to the bottom of the page (Figure 97), select 

“I agree with contract terms” and click on “Save and submit”. In this way, you will 

save your work. If you do not save frequently, you may lose your data due to 

webpage timeout limitations and you have to restart data entry. 

 

 

 

Fig.97 

e. Sample delivery  
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The eight NMR tubes (Norell 509-UP 7) labelled as A, B, C, D, E, F, T and QR were 

sealed and placed within a fitting package, to guarantee the integrity of materials 

during transport.  The homogeneity of the entire batch of samples was verified 

before sending them to the participants.  

Each package was sent by an express courier.  

The participants received the package and discovered the secret code assigned 

not related to the order of their registration. 

 
f. NMR analysis 

Samples will be analyzed by participants, in accordance with methods and time-

tables provided by protocol and instructions. Each deviation from instructions, if 

any, must be declared to coordinator before the closure of comparison. 

 

g. Submission of the results 

Submission of the results will be possible by online procedure using the form on 

website. After deadline, result submission is no longer possible. 

 

h. Data elaboration 

NMR data are submitted to statistical processing, in accordance with the appro-

priate statistical principles of reference normative.  

 

i. Report publication 

Results of the statistical elaboration of the NMR will be published on the website 

within 28/02/2023.  

 

2.7.8.2 Homogeneity and stability test 

The PhD candidate was involved in the homogenisation of the ILC and conducted 

the homogeneity and stability tests reported below. 

According to technical requirements of ISO 17043:2010 , the homogeneity of the 

samples and the stability of the investigated matrices was checked. This 
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procedure is aimed to ascertain, before sample delivery, the negligibility of the 

variation in composition with respect to variation introduced by the measure-

ments conducted by participants.  

An NMR tube prepared from the bulk solution of durum wheat (the preparation 

of the bulk solution is described in the section c. of the sub-paragraph 2.7.8.1) 

was sealed and left at room temperature, to record 1D 1H NOESY spectra after 

48 hours, 4 days, 6 days, and 13 days. The processed NMR spectra recorded at 

the time points specified are shown in figure 98. The NMR spectrum acquired on 

the freshly NMR tube of wheat (0 h) is represented by the red spectrum. The 

spectrum recorded after 48 hours, is represented by the blue one; those acquired 

after 4,6, and 13 days are indicated by the green, orange, and violet spectra, re-

spectively.   

The stability of the sample was assessed by integrating the areas of three signals 

(S1, S2, and S3 in fig.98), selected in the series of NMR spectra recorded in the 

time points indicated.  

The chosen signals were: S1, relative to the doublet of the alanine (1.48 ppm); 

S2, related to the singlet of betaine (3.25 ppm); S3 related to a doublet of the 

tryptophan signals pattern (7.52 ppm).  
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Fig. 98– 1D 1H NOESY spectra of the same durum wheat sample recorded at the different time 
points for the stability evaluation.  

 

For signal S1, the spectral area considered for the analysis of the integrals was in 

the range [1.45,1.50 ppm]; for signal S2, the integration range was [3.24,3.26 

ppm]; for signal S3, the integration range was [7.51,7.55 ppm]. The integrals were 

expressed in absolute values. Then, the following statistical parameters were cal-

culated: mean (µ), standard deviation (σ) and, the coefficient of variation per-

centage (CV%). The data obtained from those calculations are collected in table 

32.   
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Table 32. Results of the stability check of durum wheat sample 

 S1 integrals S2 integrals S3 integrals 

Integration range 

(ppm) 
[1.50,1.45] [3.26,3.24] [7.55,7.51] 

Time points Integral values  

0 h 873.7 17264 315.6 

48 h 845.6 16159.6 325.3 

4 days  926.2 16959.6 342.8 

6 days 911.6 16989.5 338.5 

13 days  875.9 17070.3 330.4 

Standard deviation 32.2 424.4 10.8 

Mean 886.6 1688.6 330.5 

CV% 3.6 2.5 3.3 

 

The variation percentage coefficient was considered an index to validate the 

measurements of stability assessment. The calculated CV% values for the three 

selected signals were below 5% (3.6 for S1, 2.5 for S2, and 3.3 for S3). As a result, 

durum wheat can be considered a very stable matrix for NMR analysis, without 

noticeable changes in its chemical composition for up to 13 days.  

Moreover, the stability of the pasta samples over two weeks was evaluated.  

An NMR tube prepared from the bulk solution of pasta (the preparation is de-

scribed in the section c. of the sub-paragraph 2.7.8.1) was sealed and left at room 

temperature, to record 1D 1H NOESY spectra after 3, 7, and 14 days.  

NMR spectra were acquired according to the experimental parameters reported 

in paragraph 2.7.3.4. The processed NMR spectra recorded at the time points 

specified are shown in figure 99.  
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Fig. 99 1D 1H NOESY spectra of the same pasta sample recorded at the different time points for 
the stability evaluation. 

 

The NMR spectrum acquired on the freshly NMR tube of pasta (0 h) is repre-

sented by the red spectrum. The spectrum recorded after 3 days, is represented 

by the green one; those acquired after 7, and 14 days are indicated respectively 

by the blue and violet ones. 

For the evaluation of the stability of the pasta sample, the same signals selected 

for wheat stability were integrated (S1, S2, and S3 in fig.99). 

For signal S1 (doublet of alanine), the spectral area considered for the analysis of 

the integrals was in the range [1.45,1.50 ppm]; for signal S2 (singlet of betaine), 

the integration range was [3.24,3.26 ppm]; for signal S3 (doublet of tryptophan), 

the integration range was [7.51,7.55 ppm]. The integrals were expressed in ab-

solute values.  

The data obtained from those calculations are collected in table 33.  

 

 

 



 

 

196 

Table 33. Results of the stability of the pasta sample 

 S1 integrals S2 integrals S3 integrals 

Integration range 

(ppm) 
[1.50,1.45] [3.26,3.24] [7.55,7.51] 

Time points Integral values  

0 h 541.7 11408.7 215.9 

3 days 550.2 11831.6 217.3 

7 days  592.16 11855.4 193.9 

14 days 627.9 12394.4 193.7 

Standard deviation 39.9 403.9 13.2 

Mean 577.9 11872.5 205.2 

CV% 6.9 3.4 6.4 

 

The CV% values calculated for signals S1 and S3 resulted in being higher than 5%. 

On the other hand, the CV% of signal S2 of betaine was below 5%.  

These procedures have guaranteed the stability control of the samples before 

batch delivery to ILC participants.  
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CONCLUSIONS 
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3.0 Conclusions 

In this thesis, effective applications of a non-targeted NMR approach in food 

chemistry were described. Such an approach was applied to a group of authentic 

saffron samples and on a group of saffron samples intentionally adulterated by 

the addition of safflower and turmeric at different concentrations. The elabora-

tion of NMR data by chemometrics allowed the discrimination between authen-

tic and adulterated saffron samples, detecting the presence of both adulterants 

at a concentration value equal to 5 wt% in aqueous extracts, while on the same 

samples in DMSO-d6, the presence of turmeric was detected at a concentration 

level of 5%, and it was possible to identify the presence of safflower only at higher 

levels of concentration, i.e., 20 wt%. Furthermore, through the same analytical 

approach, it was possible to obtain crucial information on the type of cultivation 

practice adopted for the production of saffron. 

A non-targeted NMR approach was successfully applied to assess the authenticity 

of Italian lentils and to ensure the geographical origin, in a way to discriminate 

this class of product from the imported ones. The developed model was capable 

to predict the geographical origin of blind lentils’ samples 99.41 % correctly.  

The same analysis was performed on samples of durum wheat of authentic 

origin. The obtained results have demonstrated the efficiency of the non-tar-

geted NMR method for certain the geographical origin of durum wheat. The de-

veloped model has shown an ability to discriminate the authentic Italian samples 

from the foreign ones was, and to correctly predict the geographical origin of a 

test set by 98.8 %.  

Moreover, an Interlaboratory Comparison has been organised to validate the 

method applied for the classification of durum wheat samples, as well as the val-

idation of a non-targeted NMR method for the classification of pasta samples and 

the validation of a qNMR method using internal and external standards.  

The results of these studies can help to enhance the application of non-targeted 

NMR methods in the control processes of the agri-food supply chain with the final 

goal to ensure traceability and authenticity of food products.  
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