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Abstract

An extended and updated list of analytical techniques for confirmation of food
authentication and to support law enforcement is nowadays strongly demanded by food
safety and quality control organizations all over the world , presiding over the farm to
fork continuum of each specific sector of food.

Analytical Chemistry can give a decisive answer in this direction playing an active role
in restoring dignity to traditional food species, due to the potentiality of many available

techniques to provide traceability and authenticity information. The scientific
community is indeed offering proven, accurate and reliable methods to protect and
clearly distinguish high -valued food products from any illegal substitutes setting-up
applications as fast, efficient, cheap, and easily applicable (at custom level) as possible

Into an era of high-throug hput analytical devices, Chemometrics, giving the necessary
multivariate statistical-mathematical and computing expertise, is co-evolving fast
together with Analytical Chemistry . From the food-traceability and authentication point
of view, in particular, Chemometrics grants the need to extractonly relevant information
and obtain reliable models capable of inferring the underlying relationships which link
the complex compositional profile of food products and processing conditions to very
general end-properties of foodstuff s, such as healthiness, consumer peception, or to a
specific territory. Authenticity and traceability, then, are inherently multivariate,
covering many different aspects: chemical and physical characterization, adulteration,
discrimination, mislabeling, and monitoring of the production proc ess.

Under th eseperspectives, the research studies the present PhD thesis lays on involve the
development of new analytical methods reinforced by Chemometrics to handle different
food traceability and authentication cases. The bulls-eye has beenfocused on the dairy
sector, characterized by several decadesof increased market disturbance. A number of
intervention mechanisms have beenindeed put in place to promote and protect the milk
sectorand give it back value. Nowadays, milk sector representsa significant proportion
of the value of European Union-agricultural output. Total EU milk production is
estimated to be second only to India; moreover, EU is a major exporter of dairy products
and the biggest one in the world for cheese.

More in details, the reader will be led through different applications handling several
food-related issues focusing on dairy products: from the authentication of cheeses
labeled with quality schemes, to the contamination of niche products with cheaper one,
and the monitoring of storage conditions. Both targetedanalysis, giving information
about singular molecular and atomic species, and fingerprinting techniques , providing
convolutedprofile s of foodstuff s, have beenemployed and compared in performances in
this thesis. Exploratory multivariate analysis and different single - and multi -block
supervised pattern recognition methods have been employed to interpret the
instrumental outputs. The excellent results obtained inthe reported applications support



the effective and indispensable role of chemometric processing in the field of food control
to handle such complex matrices, like dairy products are.

For my own part | hope to have made a good service tothe scientific community ,

providing another brick in the waliin such greatly discussedand of real-time -interest field
of knowledge.
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Chapter 1

Food Traceability and Authentication : an overview

1.1 The food -related international panorama

1.1.1Food safety and quality -the response of the governments

A national food control system ensures that food available within a Country conforms to
food safety and quality requirements and that is honestly and accurately labeled as
prescribed by the law. As such, food control systems protect the health and safety of
consumers and help assure the safety and quality of foods being traded both nationally
and internationally.

The terms food safetynd food qualityrefer to two slightly different concepts so they could
sometimes be confused. Food safetyefers to the conditions and practices that preserve
the quality of the food to prevent all those hazards, either chronic or acute, which make
food dangerous for human consumption causing foodborne illness . Factors which
contribute to potential hazards in foods inc lude improper agricultural practices , poor
hygiene at all stages of the food chain lack of preventive controls in food processing and
preparation operations, misuse of chemicals, contaminated raw materials, ingredients,
and water, inadequate or improper storage, etc. The term foodquality includes all the
negative (spoilage, contamination, discoloration, off -odors) and positive (origin, color,
flavor, texture, processing method of the food) attributes that could influence a product's
value to the consumer. This distinction between safety and quality has implications in
public policy and influences the nature and content of the food control system most
suited to meet predetermined national objectives.

With an estimated 600 million cases of foodborne ilinesses and 420000deaths? annually,
unsafe food is a threat to human health and economies globally. Therefore, ensuring food
safety is a public health priority and an essential step to achieve food security. In an age
of rapidly changing food technologies and ever -increasing global food trade, controlling
foodborne hazards along the entire food supply -chain, that nowadays cross multiple
national borders, has taken on a pivotal role. In order to cope with complex emerging

1 Food and Agriculture Organization of the United Nations. Food safety and quality. Retrieved from
https://www.fao.org/food -safety/background/en/ (last accesslanuary 2027).

2 World Health Organization. Food safety. Retrieved from https://www.who.int/news -room/fact-
sheets/detai/food -safety (last access January 2022).



https://www.fao.org/food-safety/background/en/
https://www.who.int/news-room/fact-sheets/detail/food-safety
https://www.who.int/news-room/fact-sheets/detail/food-safety

challenges of 2%t century, food control systems need to be up to date with the latest
developments and be harmonized between different governments, producers and
consumers. In this scenario, all the national and international organizations had put in
place different polici esdrawing attention to the need of establishing general principles
and requirements concerning food and feed law.

For over 50 years, Food and Agriculture Organization of the United Nations (FAO) in

collaboration with the World Health Organization ( WHO) has been providing neutral
and independent scientific advice as the basis for the international food safety standards
and guid elines established by the Codex Alimentarius Commission 3 (CAC). More in
details, CAC establishes standards for food commodities and particular regulations
about many kinds of contaminants, labeling, analytical procedures, import/export

inspections and certifications, and other parameters and practices All the N ations
members of the CAC (all EU Countries are) should exploit Codex Alimentarius as a
benchmark to establish policies considering each national food control apparatus.

In order to operate effectively, a food control system requires appropriate legal and
policy instruments, well -qualified human resources, sound institutional frameworks as

well as financial assets,equipment, and infrastructure s (including access to laboratories).
In this perspective, FAO and WHO are working through the development of a
framework collecting different joint FAO/WHO expert bodies and meetings, such as the
Expert Committee on Food Additives 4 (JECFA, active since 1956) andthe Expert
Meetings on Microbiological Risk Assessments (JEMRA, active since 200Dto name a few.

Moreover, in 2002,European Union (EU) food law was revamped following a series of
food crises (such asthe Bovine Spongiform Encephalopathy (BSE), or mad cow disease,
dioxins in food and feed, Foot and Mouth Disease (FMD), outbreaks of foodborne

reacted with the adoption of the Regulation (European Commission, EC) No 178/2002,
laying down the General Food Law Regulation (GFL). GFL is now the foundation of food
and feed principles, requirements and procedures and the cornerstone of the EU
regulatory framework since it coversall sectors of the entire supply-chain, including feed

3 Food and Agriculture Organization of the United Nations & World Health Organization. Codex
Alimentarius -International Food Standards. Retrieved from https://www.fao.org/fao -who-
codexalimentarius/en/ (last accesslanuary 2022).

4 Food and Agriculture Organi zation of the United Nations & World Health Organization. Joint Expert
Committee on Food Additives. Retrieved from https://www.fao.org/food -safety/scientific-advice/jecfa/en/ (last
access January 2022).

5 Food and Agriculture Organization of the United Nations & World Health Organization. Joint Expert
Meetings on Microbiological Risk Assessment. Retrieved from https://www.fao.org/food -safety/scientific-
advice/microbiological -risks-and-jemra/en/ (last access January 2022)

6 European Parliament and Council of the European Union. Regulation (EC) No 178/2002.2002Retrieved from
https://eur -lex.europa.eu/legal-content/EN/ALL/?uri=CELEX%3A32002R0178(last access January 2022).
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https://www.fao.org/food-safety/scientific-advice/microbiological-risks-and-jemra/en/
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production, primary production, food processing, storage, transport , and retail sale. This
integrated approach to food safety, the so-called from farmto fork, ensures a high level of
protection of human life and the effective functioning of the internal market, setting out
an overarching and coherent framework for the dev elopment of food and feed legislation
both at Union and National levels. The from farmto fork program (depicted in Figure 1.1)
establishes the national enforcement of the authorities performing the controls on farm s,
the border controls for imported anima Is, plants, and specific foodstuffs, the controls
during the transportation within the EU , and the controls in supermarkets, retailers, and
restaurants. All these controls check for: hormones, chemical residues, bacterial/viral
contamination, overall hygiene, proper refrigeration, animal and plant health
requirements, animal welfare, labeling, and fraud.
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Figure 1.1. From Farm to ForkControlling the safety of agri -food chaintinfographic . Reproduced
from https://ec.europa.eu/food/horizontal -topics/communication -outlets/infographics -
factsheets en(last accesslanuary 2022).

More in details, GFL Regulation establishes:

1 the institution in 2003 of the European Food Safety Authority 7 (EFSA) as
independent European agency entrusted with EU risk assessment. EFSA is
funded by the EU budget, but operates separately from the EC, the European
Parliament, and the EU Countries.

7 European Commission. European Food Safety Authority (EFSA)-Trusted Science for Safe FoodRetrieved
from https://www.efsa.europa.eu/en (last access January 2022).
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1 the institution of tools and procedures for the prevention and management of
food crises, such as the Rapid Alert System for Food and Feed® (RASFF) a
network for the swift exchange of information relating to food and feed risks. In
the context of globalization , the RASFF contributed to ensure a rapid access to
information for food and feed for 113Countries outside the EU and the European
Free Trade Associatior? (EFTA).

f the common definition s (such ass | OOEz WEOEws i OOE~xi )l EwWEUUB
objectives, and general principles to underpin national and EU food law . The
most important principle is the assumption that the food law must be science-
based (risk analysis principle) . When preparing its policy and proposals relating
to food safety, indeed, the EC relies on two independent Scientific Committees:
Scientific Committee on Consumer Safetyl0 (SCCS) and ScientificCommittee on
Health, Environment and Emerging Risks ' (SCHEER) Other important
principles are the public consultation throughout the decision -making cycle, the
xUOUI EUPOOwWOI wE Odhd tedright bf zher puldlit) fo Bd ikfdinked
where there are reasonable grounds to suspect that a food or feed may present a
risk for human or animal health .

1 the general requirements addressed to food and feed business operators relating
to controls for checking compliance with EU and national food law, food and
feed safety, traceability, and withdrawals/recalls of unsafe food and feed.

The GFL Regulation has deeply contributed to improve food and feed traceability in the
entire agri-food chain, to clarify responsibilities of the business operators, to place on the
market safe food and ensure compliance with EU requirements, and to increase the
international competitiveness and reputation of the EU food and drink industry for its
production of high quality products (the value of food and drink sector has increased of
72% in the last decadg.

EU,E UwE wk O U Oipodeuand Expdrtés &f tood , has been involved in cooperation
with the World Trade Organization 12 (WTO, established in 1995 and the main
international standard setting bodies active in the area of food safety and animal health

8 European Commission. Rapid Alert System for Food and Feed (RASFRFood and Feed Safety Alerts.
Retrieved from https://ec.europa.eu/food/safety/rasff -food -and-feed-safety-alerts_en(last access January 2022).
9 European Free Trade Association (EFTA).Retrieved from https://www.efta.int/ _ (last access January 2022)

10 European Commission. Scientific Committee on Consumer Safety (SCCS)Public Health. Retrieved from
https://ec.europa.eu/health/scientific committees/consumer_safety en(last access January 2022).

11 European Commission. Scientific Committee on Health, Environmental and Emerging Risks (SCHEER-
Public Health. Retrieved from https://ec.europa.eu/health/scientific_committees/scheer_en(last access January
2022).

12\World Trade Organization. Retrieved from https://www.wto.org/ (last access January 2022).
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(Codex Alimentarius, International Plant Protection Convention 23 (IPPC), World

Organization for Animal Health 14 (OIE)), ascertified by the stipulation of the Agreement
on the Application of Sanitary and Phytosanitary Measures?s (SPS Agreemet) and the
Agreement on Technical Barriers to Trade!s (TBT). SPS Agreement states the right of
WTO members to apply legal actions to guarantee humans, animals, and plants defense
of course under the constraint of exploiting scientifically accredited measures which
must not cause limitations on the international commerce. TBT agreementaims to ensure
that technical regulations, standards, and conformity assessment procedures are non
discrimin atory and do not create unnecessary obstacles to trade, i.e.regulations on
traditional quality elements, frauds, packaging and labeling determined by each Country
must not be more binding on imported food with respect to local products.

The provision of safe, nutritious, high quality and affordable food to Europe's consumers
is the central objective of EU policy. Its standards and requirements aim to ensure a high
level of food safety and nutrition within an efficient, competitive, sustainable , and
innovative global market. However, a series of emerging challenges and risks
(demographic imbalances, climate change, resource and energy scarcity, slowing
agricultural productivity, increasing concentration of the supply -chain, price volatility,
changing diet trends and the emergence of anti-microbial resistant strands) could put the
currently successful European food system under severe stress.To deal with these new
challenges, he Commission has allocated hué t Ww E BoODE&ttte Zfaod safety
initiative , as part of the socalled Single Market Program. The project should aim to
provide insight and guidance for future policy identifying the:

9 critical challenges to EU food legislative framework;
9 future evolution of the challenges (in years 2020, 2030 and 2050);

9 potential critical changes in the current framework necessary to maintain the
prevailing high standards.

13Food and Agriculture Organization of the United Nations. International Plant Protection Convention (IPPC).
Retrieved from https://www.ippc.int/en/ _ (last access January 2022).

14 World Organization for Animal Health. OIE-Protecting animals, preserving our future. Retrieved from
https://www.oie.int/en/home/ _ (last access January 2022).

15 World Trade Organization. Agreement on the Application of Sanitary and Phytosanitary Measures.
Retrieved from https://www.wto.org/english/tratop e/sps_e/spsund_e.htm (last access Janary 2022)

16 World Trade Organization. Agreement on Technical Barriers to Trade. Retrieved from
https://www.wto.org/english/tratop_e/tbt e/tbt e.htm  (last access January 2022)
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1.12 Food laws and regulations -Food control system
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national or local authorities to provide consunpeotection and ensure that all foods during
production, handling, storage, processing, and distribution are safe, wholesome and fit for human
consumption; conform to safety and quality requirements; and are honestly and accurately labelled
as prescribed daw? 6

Effective national food control systems are therefore essential to protect the health and
safety of domestic consumersand they are also critical in enabling Countries to assure
the safety and quality of their foods entering international trade and to ensure that
imported foods conform to national requirements. The new global environment for food
trade places considerable obligations on both importing and exporting Countries to
strengthen their food control systems and to implement and enforce risk-based food
control strategies. In many Countries, effective food control is undermined by the
existence of fragmented legislation, multiple jurisdictions, and weaknesses in
surveillance, monitoring , and enforcement. Moreover, globalization of the food supply -
chain, the increasing importance of the CAC, and the obligations emerging from the
WTO Agreements have resulted in unprecedented interest in the development of food
standards and regulations, and the strengthening of food control infrastructure at the
Country level. For this reason, international organization s, such as FAO and WHO, have
prepared guidelines to enable national authorities to improve their food control systems ,
showing a strong interest in promoting national food control based upon scientific
principles and guidelines . The publication Assuring Food Safety and Quality: Guidelines for
Strengthening National Food Control Systets that replaced the earlier FAO/WHO
publication Guidelines for Developing an Effective National Food Control Sy®tens
nowadays the benchmark for developing Countries in planning, organizing, and
implementing their national food control program. The term Food Control Systerns used
in these guidelines to describe the integration of a mandatory regulatory approach with
preventive and educational strategies that protect the whole food chain from primary
producer through consumer , often described as thefarm-to-tablecontinuum . Consumers
indeed expect protection from hazards occurring along the entire supply -chain and this
protection will only occur if all sectors (farmers, industries, consumers, and so on)
operate in an integrated way. An ideal food control system addresses all stages of the
farm-to-tablecontinuum .

17 Food and Agriculture Organization of the United Nations & World Health Organization. 2003 Assuring Food
Safety and Quality: Guidelines for Strengthening National Food Control Systems

18 Food and Agriculture Organization of the United Nations & World Health Org anization. 1976 Guidelines for
Developing an Effective National Food Control System.



While the components and priorities of a national food control system could vary from
one Country to another , all food control systems typically comprise a set of five common
building blocks :

1 Food Law and Regulations.
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and handling of food and hence covers the regulation of food control, food
safety, quality and relevant aspects of food trade across the entire food chain,
from the provision for animal feed to the consumer. The development of relevant
and enforceable food laws and regulations is an essential component of a
modern food control system. Nevertheless, many Countries have inadequate
food legislation, and this will impact on the eff ectiveness of all food control
activities carried out in the Country. Ideally, governments should update food
legislation and food standards, harmonizing them with the CAC directives in
order to provide a greater health preservation and include unambiguous
definitions to increase uniformity and security.

Historically, food legislation was simply constituted by a list of definitions of

commodities from the market and on prosecuting those responsible for such
violations . In the current legislation, the rules that allow the authorities
introduc ing new propositions to reduce the food -related risks have been
implemented under a more preventive and comprehensive perspective. The so
called ? T OU D 4 foddl BtEardards have nowadays replaced the older highly
prescriptive ones. They presuppose a very controlled process, which must be
supported by reliable data regarding the food -related risks and valid risk
administration plans . Following the guidelines for the development of food
laws, contained in Annex 6 of the above-mentioned joint FAO/WHO
publication 7, the legislation should be transparent and based on unequivocal
and high-level scientific judgments and it should include prescriptions about
precautions in high risk situations where a comple te risk assessment cannot be
carried out. It should promote a more easily accessof citizens to information
concerning both the aspect of safety and traceability of commodities. Producers
and processors should be definitely designated as responsible for bah quality
and safety and it should be ensured that only safe food with clear labelling can
access the market.

1 Food Control Management

To avoid any lack of coordination among all the partners involved in the from
farmto fork continuum at national level, an effective food control system should
include the establishment of a leadership function and administrative structures
with clearly defined accountability for issues .
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Inspection Services

The reputation and integrity of a food control system depends, to a very large
extent, on the integrity and skills of a qualified, trained, efficient and honest food
inspection service. It has day-to-day contact with the food industry, trade and
public. The food inspector has many responsibilities, such as:the sampling of
food during harvest, processing, storage, transport, or sale to establish
compliance with all the stated requirements , the evaluation and implementation
of the preventive approaches collected in the Hazard Analysis Critical Control
Point System!® (HACCP) plans, the recognition, collection, and transmission of
evidence when breaches of law occur, and so on.

Laboratory Services (Food Monitoring and Epidemiological data ).

Laboratories appointed to perform both routine and sophisticated/reference
food analysis and update food-related databasesare an essentialkkey-component
of a high-performing food control system. They should have suitable equipment
for physical, microbiological and chemical analysis and a full -access tolibrary
facilities and data. If more than one laboratory is present on the territory, the
tasks can be divided in order to obtain the most efficacious coverage and one
could be established for reference analysis All food analysis laboratories may
not be under the control of one agency or ministry, and a number could be under
the jurisdiction of the states, provinces, and local authorities . Laboratories must
be accredited to ensure reliability, accuracy, and repeatability of the analysis.

Information, Education, Communication and Trainin g.

The delivery of information education and advice to stakeholders across the from
farm to table continuum (.end-customers included) has gradually grown in

importance for food control systems. Food control agencies should address the
specific training needs of their food inspectors and laboratory analysts as a high
priority .

19 Food and Agriculture Organization of the United Nations & World Health Organization. Hazard Analysis

Critical

Control Point System (HACCP) -Annex of CAC. Retrieved from

https://www.fao.org/3/y1579e/ y1579e03.htm(last access January 2022).
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1.1.3 Food control system -the response of European Union oy

To ensurethe difficult task of a harmonized approach with regard to official controls for
verify ing compliance with feed and food law, animal health and animal welfare rules,
European Parliament and Council released the Regulation (EC) No 882/2004°. It gave
particular regard to prevent, eliminate , and reduce the risks for humans and animals to
acceptable levels to guarantee fair practices in feed and food trade and to protect
consumer interests, including feed and food labeling and other forms of consumer
information. It is worth remembering that all the food legislation s refer to Regulation
(EC) No 178/2002, which set out the general principles and requirements of food law,
procedures in matters of food safety, and established the European Food Safety
Authority, EFSA.

Since December 2019, Regulation (EC) No 882/2004 has been replaced by Regulation (EU)
No 2017/628%, a legislation globally defined as EU legislation on the agri -food supply -
chain (Union agri-food chain legislatig, which sets the activity of the official control on
food safety, extending the scope of the previous regulation to ensure compliance across
the European Member States in the Union in the fields of food, feed, animal health and
welfare, plant health and plant protection products . The EU, in redesigning the system
of official controls to guarantee the application of the legislation on the agri -food supply -
chain, leaves the Member States the faculty to apply the specific regulations and to
organize the controls in order to verify compliance at all stages of production, processing
and distribution. The Regulation (EU) No 2017/625also applies to sectors not-involved
in the previous legislation : plant health, trade and use of protected plant products,
organic production, use and labeling of Protected Designations of Origin (PDO),
Protected Geographical Indications (PGI), and Traditional Specialty Guaranteed (TSG)
products (further details will be provided later in the text ). The Regulation establishes
that the official controls have to be carried out using appropriate techniques and by well -
trained staff to ensure that the Competent Authorities make uniform decisions . The
official controls should be regularly carried out with a frequency commensurate with the
level of risk involved, but they can also be carried out when there is a suspicion of non -
compliance. Official controls by the Competent Health Authorities may also apply to
some closely related aspects such as food labéhg and consumer information . The Italian
Legislative Decree 193/2007, for example, identifies the Italian Public Administration
bodies assuming the role of Competent Authority in matters of food safety.

20 Eyropean Parliament and Council of the European Union. Regulation (EC) No 882/2004.2004 Retrieved from
https://eur -lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32004R088last access January 2022)

21 European Parliament and Council of the European Union. Regulation (EU) 2017/625.2017. Retrieved from
https://eur -lex.europa.eu/legal-content/EN/TXT/?uri=celex%3A32017R062last access January 2022).

22 |talian Republic. Decreto Legislativo 6 novembre 2007, n. 193 (italian source).2007. Retrieved from
https://web.camera.it/parlam/leggi/deleghe/07193dl.htm_(last access January 2022).
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More in details, the main elements of this regulation are:

0T

1 the maintenanceof arisk-based approach and at the same timethe minimiz ation
of the burden on operators: the competent authorities, when organizing controls,
must consider the previous certifications of the operator's conformity and the
reliability of his/her own controls. Furthermore, official controls must be carried out
in such a way that the burden of the companies is minimized. It also focuses on
frauds: competent authorities must take into account the probability of fraudulent
and misleading behaviors when establishing the regularity of the checks, also
considering the probability that costumers might be deceived about property,
quality, composition or origin of the commodities .

1 controls carried out on operators at every step of the from farmto fork continuum .

91 the requirement of more transparency by enabling the possibility to publish the
results of the controls: the transparency of controls is enhanced and the
responsibility of the competent authorities towards consumers and operators is
increased, thus improving access to information.

1 the establishment of EU reference laboratories (EURL)

 the clarification of UT 1 W? EEUEEET wOil wOl Ul OEU> wUUI EwbOuw!
there are official EU methods, they must be automatically chosen, otherwise the

alternative method must agree wit h recognized rules or protocols, or it must be

developed and endorsed (i.e., validated) by the EURL.

1 the definition of guidelines for border controls on imported goods (uniformed
directives are applied to border controls on all the products before their ac cess in the
EU) and the institution of the Border Control Posts (BCPs)

1 the attribution of responsibility to the operator in case of hon-compliance with
the rules. The list of measures includes, in addition to the pre-existing ones,
restrictions or prohibitions of animal movements, its slaughter, if necessary, to
E1 i1 OEwxUEOPEWEOEWEOPOEOwWI 1 EOUT OWEDE wWUT 1T wx OU

9 the possibility for the Commission to take measures where the control system in
one Member State evidently suffers from interruptions that could damage the agri -
food chain if the Country has not solved the problem within a certain time .

1 the reinforcement of the rules against frauds: to defeat frauds and encourage fair
competition .

As previously stated, the new legislation aims to prosecute scammers with severe
penalties, thus meaning that the request to devise new analytical methods to detect food
fraud will be increasing. A discussion about the fundamental role of the Analytical



Chemistry in this background will be provided in Chapter 2. A brief overview about the
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issues of food traceability and authenticity is given in Section 12. —

1.2 Food Traceability

1.2.1 The general framework of Food Traceability

Traceability has been defined by the EU Common Food Law as ?the ability to traceand
follow a food, feed, fogoroducing animal or substance intended to be, or expected to be
incorporated into a food or fedtirough all stages of production, processing and distribation
according to the Article 18 of the EU Regulation No 178/2002 Several traceability
definitions have been introduced by different standardization organizations, legislations,

and academic literature2 and there is no common general understanding.

Moreover, food traceability has been classified into numerous typologie s in literature.
An initial classification 24 is between forward traceabilitytracking and backward
traceabilitytrace The first one has been defined as the ability to follow the required
information (e.g. localization of food) through subsequent stages of the supply-chain
top-down towards the final consumer; the second oneas the ability to find them (e.g.,
origin and characteristics of food) through prior stages of the supply -chain bottom-up.
Another simple distinction 25 is between logisticsas the traceability of physical movement
of the product and quality traceabilityas the one of safety and quality -related product
properties. Traceability has also been definedasinternals, if circumscribed within a link
or among food business operators (FBOs), or external when the traceability of product
information occurred between links. A more articulated classification 27 distinguishes
among: product being the traceability of physical location of food at any stage in the
supply -chain; process being the traceability of types, parameters and sequence of
activities performed on food throughout the supply -chain; geneti¢ being the traceability
of genetic constitution of food; inputs, being the traceability of all input raw material
properties and suppliers; disease and pedteing the traceability of biological hazards of

2|slam, S; Cullen, J. M. Food Contral2021, 123 107848.

243) JansenVullers, M.H. ; Van Dorp, C.A.; Beulens, A.J.M.Int. J. Inf. Manage2003 23, 395413 b) Dupuy, C.;
Botta-Genoulaz, V.; Guinet, A. J. Food Eng2005 70, 333339 c) Schwagele, F.Meat Sci 2005, 71, 164173

% g) Salampasis, M.; Tektonidis, D.; Kalogianni, E.P. J. Syst. Inf. Techno012 14, 302317 b) Folinas, D.,
Manikas, I.; Manos, B.Br. Food J2006 108 622633.

26 3) Borit, M.; Olsen, P.Mar. Policy. 2012 36, 96-102 b) Mgonja, J.T.; Luning, P; Van Der Vorst, J.J. FoodEng.
2013 118 188197, c) Moe, T. Trends Food Sci. Techn@P98 9, 211-214.

273a) Aung, M .M.; Chang, Y.S.Food Contral2014 39, 172184, b) Karlsen, K.M.; Dreyer, B.; Olsen, P.; Elvevoll,
E.O. Food Contral2013 32, 409417 c) Opara, L.U. J.FoodAgric. Environ. 2003, 1(1), 101-106.



food; and measurement traceabilitybeing the traceability of measured values of

N Parameters.

Traceability has a generic framework, whose fundamental constructs are always valid
and independent of the type of product , production , and control system it serves. Figure
1.2, retrieved from literature 22 shows schematically the generic scheme of a Food
Traceability System (FTS).The authors states that answering What? Why? Who? Where?
and How? in the proposed framework allows users exploring the definition, drivers,
beneficiaries and typologies (keys for understanding the scope of the FTS, and principles
(influencing its characteristics) of a FTS.
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Figure 1.2. Theoretical framework of a FTS (TRU stands for Traceable Resource Unit).
Reproduced from Ref.23.

Traceability principles are the effective operation of FTSs|.e., the essential characteristics
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proposed in literature 2224, using often overlapping and conflicting expressions .

28 Alpa, G. Annu. Surv. Int. Comp. Law1994 1, 1-38.
293) Food Standard Agency (FSA).2002 Traceability in the Food Chain: A preliminary study) Olsen, P.; Borit, M.
Trends Food Sci. TechnaD13 29, 142150,
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The recurring on re:
e recurring ones are ™
1 identification of Traceable Resource Unit TRU), i.e., the smallest unit of product
to trace, as key operational requirement.

1 Recording of data. Food companies decide which data are to be managed by an
FTS depending upon why the FTS is required (drivers) and who will use these data
(beneficiaries). Under recording of datarinciple, two key decisions are implied, i.e.,
what traceability data to be recorded and what data recording mediums to be used.
The data to be recorded in FTSsare defined by International Organization for
Standardization (ISO) and fall under three categories: shall i.e., data which are
required for tracing product units; should i.e., data which are required for regulatory
or certification needs; and may, i.e., additional data required by FBOs for operational
purposes. The data recording medium holds the collected data and can vary from a
simple paper-based record to a complex computer or cloud-based system.Widely
used identification/communication techniques for the benefit of consumers are the
smartphone applications, such as the QR code® (Figure 1.3) and the Near Field
Communication 23 (NFC) technology.
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Figure 1.3. Product tracking through the QR code application along all the possible
stages in a food chain.Reproduced from Ref. 3Q
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Moreover, with the new European digital strateg$t and the digital revolution,
emerging technologies such as artificial intelligence, the Internet of Things(loT),
sensor technologies, andblockchaif? are being evaluated for their applicability in
food production systems and Food Supply-Chain (FSC. These emerging
technologies can provide new tools for approaching food safety issues and
investigating foodborne incidents , having the potential for improving the speed and
precision of the traceability of food products by providing real -time data, which are
valuable in outbreak investigations, assessments, and managemeng3. The loT
devices combine physical objects, i.e, things, with embedded sensors, software and
Internet connectivity. It could be used as source of information (large amounts of
data) as complement to the traditional onesalready in place34, such as surveillance,
monitoring, and inspection systems. The large amount of data generated by IoT
devices might be integrated with the blockchain technology to increase the reliability
of these data®. It is a peerto-peer distributed system in which the stored data
become immutable (i.e., cannot be changed) and nonrepudiable (i.e., the
authenticity cannot be denied). Blockchain could be used to track the records of the
journey of a packed food item from the manufactured time to the delivery time of
the packet, has been recently proposed as an innovation to address pressing
sustainability challenges in global food supply -chain.

1 Data integration3s. The concept ofinformation integrationencompasses different
coordination, linking, merging and sharing of information among different internal
and externalFSCpartners to achieve a mutually agreed common goal.

9 Data accessibility. Different levels of data accessibility have to be provided to
internal employees, business partners, legislators and final customers who visualize
data in different ways 37; supply-chain partners indeed are not allowed accessng all
traceability data.

3 European Commission. The European Digital Strategy. Retrieved from
https://ec.europa.eu/info/publications/EC -Digital -Strategy en(last access January 2022).

323) Singh, A.;; Kumar, V.; Kumar Ravi, A. ; Chatterjee, K. Lect. Notes Electr. En@021, 668 745755; b)Friedman,
N.; Ormiston, J. Technol. Forecast. Soc. Char@@22 175 121403; ¢) Huan, M; Ding, Z.; Li, S.; Zhang, C. Lect.
Notes Data Eng. Commun. Techn@D21, 80, 620627.

33 Sarno, E; Pezzutto, D.; Rossi, M, Liebana, E; Rizzi, V. J. Food Prot2021, 84, 2053207Q

34 Bouzembrak, Y.; Kliche, M.; Gavai, A.; Marvin, H.J.P. Trends Food Sci. Techn@D19 94, 54-64.

35Reyna, A.; Martin, C.; Chen, J; Soler, E; Diaz, M. Futur. Gener. Comput. Sys2018 88, 173190.

36 Nakandala, D.; Samaranayake, P; Lau, H.; Ramanathan, K. Bus. Process Manag.2017, 23, 108129.

781 O O.0OWY @ N;Farjghul & Stankovski, S; + E & E U1 YA AGwinfd0ommun. TechnoR013 394, 155
163.
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Drivers 38 are the motivating forces, determining why a FTS is required L0
1 Legislation and certification. Traceability has been incorporated into many food
legislations, following the standards developed by the 1SO®. The incorporation of
traceability in food regulations gave food safety responsibility to all business
operators and actors (governments, producers, and consumers}’through each step

of the entire production process, which is viewed as a link in the supply -chain and
contribute to spread the traceability issue.

1 Safety and quality . Traceability, along with the adoption of the HACCP (see
Section 11.2), can assist firms to effectively manage safety hazardsmitigating safety
and quality concerns for consumers?7,

i Customer satisfaction. More educated customers need to receive more
information about the sustainability and source of food from packaging; FTSsmay
act along the FSCas effective medium, increasing consumer trust 2%,

1 Sustainability 4. Companies can easily verify sustainability claims and mitigate
potential reputational risk related to poor environmental or social practices, thanks
to FTS.

I Value and efficiency 41. Traceability helps retailers to improve operational
planning, to optimize shelf-life based distribution planning, to prevent animal theft
and to minimize product recall.

Five categories of direct beneficiaries of FTSs have been iteratively identified from the
food-related literature:

9 Public, international standardization and non -governmental certification bodies.
All the above-mentioned bodies, in collaboration with stakeholders, contribute to
identify important traceability information  along the entire value chain in order to
develop a credible and robust chain of standards for food, as witnessed by the
legislative panorama described in Section 11.

38 Thakur, M. ; Hurburgh, C.R. J. Food Eng2009 95, 617-626.

39 International Standardization Organization (ISO, Geneva, Switzerland). 2007 ISO 22005:2007: Traceability in
the feed and food chain-General principles and basic requirements for system design and implementation.
Retrieved from https://www.iso.org/standard/36297.html  (last access January 2022).

40 United Nations Global Compact & Business for Social Responsibility. 2014 A Guide to Traceability. A Practical
Approach to Advance Sustainability in Global Sup@hains Retrieved from www.bsr.org (last access January
2022)

413a) Bourlakis, M.; Bourlakis, C. J. Enterp. Inf. Manag2006 19(4), 389402; b)Smith, G.C,; Tatum, J.D.; Belk, K.E.;

Scanga, J.A.; Grandin, T.; Sofos, J.N\Meat Sci 2005 71, 174193
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1 Business partners and stakeholders(exporters, restaurants, and grocery stores).
Traceability information collected in FTS improve the ability of supermarkets in
optimize sourcing, discount planning, stock rotation, inventory ordering, sales
tracking, and the warning of customers who have purchased suspect products42

L
H
o

1 Consumers and the community 43. Traceability helps customers to build trust in
the food system. Consumers are often willing to pay more for traceable food
products and FTS provides detailed information on the environmental and social
impacts of products with the aim of helping them making more informed buying
decisions.

1 Food business operator. Producers often try to differentiate their products from
others by provid ing attributable information (supplied by FTS) on the food product's
packaging. Certain credence information, such as Country -of-origin, organic, free-
range, or earth-friendly, are particularly valued by customers, providing
competitive advantage, increased salesand higher brand value 44,

1 Scientific community . The maintenance of a good food traceability system
requires the development of new food labeling and tracking technologies 4.
Furthermore, traceability data are used in numerous re search studies to understand
traceability performance26, user experience4, and consumer expectations47.
Traceability is nowadays a widely used concept that has proven to be an
interdisciplinary complex field developed in different directions both in the food
industry and in academic research, spanning different scientific fields like economics
and marketing, engineering, social, and natural scienceg’. The strong interest of the
scientific community in food safety and traceability may be easily observed through
bibliometric analysis .

A straightforward analysis has been conducted by Sinha and collaborators4s. They
found 805 publications since 1992 to the present dayon food traceability topic
through Scopus database A plot of the number of year-to-year and cumulative
publications is reported in Figure 1.4. Since 20@ a rising trend in the number of
publications can be observed i.e., academics all over the world have been paying
close attention to the subject of traceability in the context of food safety.

42Golan, E.H.; Krissoff, B.; Kuchler, F.; Calvin, L.; Nelson, K.E.; Price, GK. Economic Research Service, US
Department of Agriculture, Agricultural Economic Report No (AER-830).2004 Traceability in the U.S. Food
Supply: Economic Theory aradustry Studies

43Wu, W.; Zhang, A.; van Klinken, R.D.; Schrobback, P; Muller, J.M. Foods2021, 10(10), 2490.

44 Jedermann, R; Nicometo, M .; Uysal, I.; Lang, W. Philos. Trans. R. Soc..£014 372, 20130302.

45Bosona, T; Gebresenbet, G.Food Contral2013 33, 32-48.

46 Hernandez-Jover, M.; Schembri, N.; Toribio, J.A.; Holyoake, P. Aust. Vet. 12009 87, 387-396.

47Zhang, C.;Bai, J; Wahl, T.l. Food Contral2012 27, 21-28.

48 Sinha, A.; Priyadarshi, P.; Bhushan, M.;Debbarma, D. Artif. Intell. Agric. 2021, 5, 252261.



Figure 1.4. Evolution of the number of publications retrieved from Scopusdatabase
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considering the years 19922021. The research papers and conference papers were only

chosen.Food-related keywords are used for searching. For further details the reader can

The 805 articlesretrieved came from 85 different nations. China had the highest
number of publications (199 articles, 18.49% of all papers), followed by the United
States of America(USA) with 185 articles (17.19%), and ltaly with 77 articles (7.16%).
Figure 15 gives a graphical representation of the Total Link Strength (TLS)

investigation.

refer to Ref. 48,from which the figure is r eproduced.
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Figure 1.5. Network of Country ( considering the oneswith at least three documents
published) collaborations based on the use of traceability in food safety research The
same information given in Figure 1.3 caption has to be considered.Reproduced from

Ref.48
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lCTO revealed that the United States, with a TLS of 98, was by far the most superior

Country in terms of collaborative research, followed by China (TLS of 85). Italy has
a TLS value of 41.

1.22 Does Traceability lead to Food Authentication?

Food traceability and food authentication constitute inseparable parts of food safety and
quality 4. FTS is always related to food authentication because it is based on the
creditability of originality , i.e., the truthfulness of what is on the label and the presence
of contaminants or hazardous substances. The authentication of food is indeed the
process by which it is possible to verify if the product complies with the statements on
the label and if it is consistent with what is established by regulations; authentication
allows recognizing, tackle and prevent adulteration and counterfeiting . The food fraud
is a hot topic, as attested by the several reports on adulteration, counterfeiting, and
mislabeling publi shed in Europe during the period 2016-20180°, with a cost for food
industry estimated at 8-hul w ED OOP O Qwlareover| teugiobaEtiade, the new
distribution channels and the economic pressure, contribute to food fraud. Many
different definitions of Food Fraud have been introduced ; the key characteristics in any
definition are: the violation of EU food law, the intention, the economic gain, and the
customer deception.

49 Dimitrakopoulou, M.E.; Vantarakis, A. Food Rev. Int2021, 1-23.
50 European Commission. Knowledge Center for Food Fraud and QualityRetrieved from

https://knowledge4policy.ec.europa.eu/food -fraud -quality/topic/food -fraud_en#Types (last access January
2022).
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Figure 1.6. Type of Food Frauds. Reproduced from https://knowledge4policy.ec.europa.eu/food -
fraud -quality/topic/food -fraud_en#Types (last access January 2022)

Types of food fraud (schematically reported in Figure 1.6), that can appear alone or in a
combination, include (but not limited to):

1 substitution, i.e., the replacing an ingredient, or part of the product, of high value
with another ingredient, or part of the product of lower value;

1 dilution, i.e., mixing a liquid ingredient of high value with a liquid of lower value
(case of study reported in Chapter 10);

1 concealmeni.e., hiding the low quality of food ingredients or product;
1 mislabelingi.e., placing false claim on packaging for economic gain;

1 counterfeiting i.e., copying the brand name, packaging concept, recipe,
processing method, etc. of food products for economic gain. It can be linked to the
general concept of falsification referred to the distribution of a pr oduct apparently
similar to the high-value one, or false declaration, for example about the
composition, processing, qualities, or origin of a product.

1 unapproved enhancement., adding unknown and undeclared materials to food
products to enhance the quality attributes;

1 grey market production/theft/diversiphe., sale of excesaunreported product.
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The term adulterationis used to involve all these fraudulent practices, together with the

o food alteration i.e., the natural degeneration of the organoleptic characteristics (rancidity,
sourness) and chemical composition of the product as a result of improper processing
and/or storage methods. Substitution, dilution and unapproved enhancemeggn be grouped
in the general concept of sophisticationi.e., the intentional alteration of the chemical or
physical characteristics of a product due to the addition of foreign and/or lower quality
substances. It is generallydriven by profit and carried out to improve the appearance of
the product, shelf-life or to cover up defects.

Food authentication is main concern for official organizations including the scientific
community, law enforcement, food producers, importers, exporters, and consumers.
This field is in the phase of exponential growth and is attracting a high level of attention
from authorities and media around the worl d. A straightforward analysis 4° has been
conducted by the Department of Public Health of the Medical School of the University
of Patras (Patras, Geece)
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Figure 1.7. Number of publication son food traceability and/or authentication methods
according to the food type and origin country. Reproduced from Ref.49



They carried out a comprehensive literature review on EU -based studies published in

the period 2010-2018 using three online databases (Science Direct and Scopus froma\]
$O0UI YPI UOWEOEwW/ UE, T Ewl UOOw-"! ( AWEOEW? %OOE~>» w -
PEUCQT | OOPEEUHW?T 1 OT UExT PEEOwWOUDT DPO2» wEUwWUI EVUET
grouped by food type and Country -origin in Figure 1.7.

Seafood, dairy, wines, beverages, plants, honey, meatand oils were the most common

food types used in the included studies in order to confirm the geographical origin or

identity the product. The highest percentage, 29.4% (66 publications) presented

techniques for identification of geographical or botanical origin of plants, 48 articles
RLKUAWUIl xOUOwOI U1 OEVUwi OUwoOPOUzwWEUUTT OUPEEUDOC
(9.3%) were about seafood authentication and traceability, honey adulteration has been

recorded in 20 publications due to commercial and health aspects, eighteen reports

(8.9%) targeted wine issues, whereas the origin and identity of dairy products is instead

studied in 17 publications. The other food types contribute to a lesser extent

Among the Countries, Italy emerged in the field of f ood traceability and authentication,
being the first Country in publications (37.5%), potentially due to the high number of
PDO, PGl and TSG ltalian food specialties Spain and Greece have also contributed with
45 and 20 publications, respectively; while France, England, Germany, and Romania
have approximately 10 publications each.

1.2.3 Quality indicators -the international and national panorama

In the scenario illustrated in Section 1.2.1,standardization organizations for controlling
the origin of foodstuff and the production process have appeared all over the world.

In 1986 the Organization Slow Foochas been founded in Italy to promote local food and
local small businesses, traditional cuisine, and sustainable foods. Nowadays, it is
worldwide spread, and it was the first established part of a broader slow movement: the
Slow Food International . Slow Food lItaly, in collaboration with Slow Food International,
inaugurated in Florence in 2003 the institution of the Slow Food Foundation for
Biodiversity SOwU O WE OOUEDOEUT wE OE wx U ORpBidhd, ankeoOTastay %O OE 7 |
Gardens in Africa, 2 O0b w%OOE w" T lahdEarth M@Ke®,Edrarheua few) to
protect food biodiversity across the world. The Foundation, active in over 100 Countries,
involves thousands of small-scale producers in its projects, providing technical
assistance, training, producer exchanges and communication (guidelines, production
protocols, manuals, etc.). The projects of the foundation are tools to provide food
sovereignty, to promote a model of agriculture that is based on local biodiversity,

51 Slow Food Foundation. Slow Food Foundation for Biodiversity. Retrieved  from
https://www.fondazioneslowfood.com/en _ (last access January 2022).
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respecting the land and the local know-how. Among the projects, the most spread are
the Slow Food Presidia that protect the traditional products (together with the Ark of
Taste oné, the traditional processing methods, and the unique landscape and ecosystems
at risk of extinction respecting environmental and social sustainability. Now adays, more
than 600 Presidia, involving 79 Countries, have been set up, andmore than 300 of them
have been conferred to Italian products. Slow Food Italy registered the Presidb Slow Food
brand creating an own graphic logo, depicted in Figure 1.8.

o

Presidio Slow Food

Figure 1.8. Slow FoodPresidiumbrand instituted by Slow Food ltaly .

The marketing of Presidia products has always been carried out directly by producers
themselves or producer consortiums. Producers that partake in the project accept both
the self-monitoring by their own association a nd checks by Slow Food Italy whose
objective is to ensure the production protocol and general guidelines of the project are
respected.

In 2012, Regulation (EU) No 1151/20122 of the European Parliament and of the EU
Council, on quality schemes for agricult ural products and foodstuffs was published. EU
quality policy aims to protect the names of specific products to promote their unique

characteristics, linked to their geographical origin as well as traditional know -how.
Product names can be grantedof a geographical indicatio(Gl) if they have a specific link
to the place where they are made. Products that are under consideration or have been
granted GI recognition are listed in quality products registers, such as eAmbrosias.
Geographical indications establish intellectual property rights for specific products,

whose quality is specifically linked to the area of production. Names of products
registered as Gls are legally protected against imitation and misuse within the EU and in

52 European Parliament and Council of the European Union. Regulation (EU) No 1151/2012.2012 Retrieved
from https://eur -lex.europa.eu/legal-content/EN/LSU/?uri=CELEX:32012R115(last access January 2022).

53 European Commission. eAmbrosia-the EU geographical indications register. Retrieved from
https://ec.europa.eu/info/food -farming -fisheries/food -safety-and-quality /certification/quality -
labels/geographical-indications -register/ (last access January 2022).
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non-EU Countries (where a specific protection agreement has been signed. They ™
comprehend: (q\|

1 PDOt ProtectedDesignation oPrigin (food and wine) ;
1 PGl ProtectedGeographicalndication(food and wine) ;
1 Glt Geographicalndication(specific for spirit drinks and aromatized wines).

The differences between PDO and PGl are linked primarily to how muchof UT I wx UOEUE Uz
raw materials must come from the area, or how much of the production process has to

take place within the specific region. Product names registered as PDO are those that

have the strongest links to the place in which they are made: every part of the production,

processing and preparation process must take place in the specific region. PGI instead
emphasizesthe relationship between the specific geographic region and the name of the

product, where a particular quality, reputation or other chara cteristic is essentially

attributable to its geographical origin : for most products, at least one of the stages of
production, processing or preparation takes place in the region.

Another EU quality label is Traditional SpecialtyGuaranteed(TSG). TSG highlights the
traditional aspects, such as the way the product is made or its composition, without being
linked to a specific geographical area. The name of a product being registered as a TSG
protects it against falsification and misuse.

This Regulation also includes two other optional quality terms, namely Mountain
Products and Product of Island Farming.

Some interesting data aboutregistered products comes from the Study on economic value

of EU quality schemésordered by the European Commission in 2017. The total sales

volume of agricultural products and foodstuffs covered by Gls and TSGs in 2017 was

about 10 million tonnes and the UOUE OWUE Ol wYEOUI whPEUwl A8+ KWEDO
sale value of agri-food x UOEUEUUwWUOGETI Uw&(UwUI EET T Ewl K3 Nk
accounted for 54% of the EU sale value in 2017 while PDO and TSG products represented

38% and 9%, respectively The sector of agricultural products and foodstuffs covered by

Gls and TSGs has increasd by 39% since 2010. PGI productsare the most dynamic and

their sales have grown by 60% between 2010 and 2017. TSG productsave grown by 50%

since 2011 and PDO sales value has increased to a lesser extehy 15% since 2010. In

terms of growth contributi on between 2010 and 2017 PGl products contributed to 72%

of the EU salesvalues growth followed by PDO and TSG products which represented
respectively 18 and 10% of the growth. The four largest categories of agricultural

54 European Commission-Publications Office of the EU. 2017 Study on economic value of EU quality schemes,
geographical indications (Gls) and traditiorsgecialtieguaranteed (TSGs)
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products and foodstuffs sold under Gls (TSGs excluded)in terms of sales value in 2017
-b are:

1 Cheeses represented more than one third of the total EU28 (EU constituted by
28 members)sale value for Gls agri-food products. This category has increased by
43% since 2010 and contributedthe most to the growth of the entire agri -food sector
with 32%.

1 Meat products (cooked, salted, smoked, etc. included) accounted for 16% of the
total sales value. This category has grownby 24% since 2010 and contributed to 9%
of the growth.

91 Beersrepresented 13% of the agrifood sector under Gls in 2017. Beers sales value
has grown by 16% but only contributed to 6% of the sector growth since 2010.

1 Fresh meatsand offal represented 12% of the total EU-28 salevalues for agri-
food products. It has almost doubled (+97%) since 2010 and is the second largest
contributor with 18% of growth.

1 Fruits, vegetables and cereals, and fresh fish mollusks, and crustaceans
represent, respectively, 8 and 4% of the total sales value and have a growth rate of
97 and 150%since 2010. These categories contributed to 11 and 8%espectively, of
the growth.

The top three Member States in terms of agrifood Gls salesgathered 65% of the total
sales value in 2017 and 47% of the total number of Gs registered were:

1 Iltaly, with 28 .1% of the total sales value and22% of the G's registered,;
1 Germany, with 21.3% of the total sales value and 6.8% of the Gs;
1 France, with 15.9% of the total sales value and 18.2% of the Gs;

followed by UK, Spain and The Netherlands accounted together for 24.6% of the sales
value in 2017 and 20% of the Gs registered.

In Figure 1.9 the Official European logos laid down by the Commission Delegated
Regulation (EU) No 664/20145for PDO, PGI, and TSG products are displayed.

55 European Parliament and Council of the European Union. Commission Delegated Regulation (EU) No
664/2014.2013 Retrieved from https://eur-lex.europa.eu/legal-content/en/ALL/?uri=CELEX%3A32014R0664
(last access 2022).
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PDO PGI TSG

Figure 1.9. Official European logos for PDO, PGl and TSG.

About the logos, the EU quality labeling schemes play an important role in the promotion
and protection of products with specific characteristics strictly related to the culture and
heritage of regions or Countries affirming and valuing the unique socio -cultural and
agro-ecological characteristics of a particular place.The potential of logos associated with
certain production systems may also be exploited through consumer tasting events, or in
farmersz markets for sponsorship purposes. The EU geographical indications system
protects the names of products that originate from specific regions and have specific
qualities or enjoy a reputation linked to the production territory. Therefore, f or all the
quality schemes, each EUCOUQUUaz UwEOOx1 Ul @Gy haditE thetii@E Ow E U (
necessary measures to protect the registered names withinits territory. They should also
prevent and stop the unlawful production or marketing of products using such a name.

Moreover, the Regulation (EU) No 664/2014 allows Member States introducing own
national labeling rules if most consumers attribute significant value to the provision of
such information; this is the case of ?highvalue-E EE 1 E » wi (pféuctOnitbobidlitg
brands. In Italy many national marks, in addition to the European ones, are used for the
provision of the information that Italian consumer consider explanatory for value and
quality, such as Controlled Designation of Origin(DOC), Controlled and Guaranteed
Designation of Origin(DOCG), Typical Geographical IndicatioftGT) and Italian Traditional
Agri-food Product(PAT). The latter one was established by the Italian Ministry of
Agricultural, Food, Forestry and Tourism Policies and its assignation criteria are mostly
focused on the traditions of the different Italian regions.

It is also important to mention that the Product Segregation model4, outlined in Figure
1.10, is applied in FSC. It implies that certified products have to be physically separated
from non -certified ones at each stage along the value chain. This ensures that certified
and non-certified materials are not mixed sothat the end-product comes from a certified
source. At the end, consumers know that 100% of their products consist of certified
materials.
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Figure 1.10. Product Segregation model. Rarieved from https://www.bsr.org/ (last access January
2022)

After these considerations, it is clear there is a need to protect high addedvalue products
from adulterations , mislabeling, and, in general, counterfeits. The trade of these products
can lead to high profits and, therefore, they can be an object of interest for thescammers

In this framework, this work intends to present analytical methods to assess th e origin ,
the production, and storage protocol of high-added value foods, focusing on the typical
issues of thedairy -products sector.

1.3. Focus on dairy sector

1.3.1 EU regulations on milk and dairy products

The European Union is a substantial producer of milk and milk products, which are
integrated in the Regulation (EU) No 1308/2013¢ related to the so-called Common
Market Organization (CMO) for th e agricultural products. Exceptional ad-hoc measures
can be used during periods of severe market disturbance, as the unprecedented situation
caused by the COVID-19 crisis, asprovided for in Articles 219 to 222 of the CMO . The
European Commission indeed approved temporary derogations from EU competition
rules, which were available to all farmers across EU Countries. The legal bases for the EU
milk and milk products sector are implemented also by two other regulations: the EU
Implementing Regulation 511/201%7 on the milk and milk products sector and EU
Regulation 880/201%8 on transnational cooperation and contractual negotiations of

56 European Parliament and Council of the European Union. Regulation (EU) No 1308/2013.2013 Retrieved
from https://eur -lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32013R130§last access January 2022)

57 European Commission. Commission Implementing Regulation (EU) No 511/2012. 2012 Retrieved from
https://eur -lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32012R051](last access January 2022).

58 European Commission. Commission Delegated Regulation (EU) No 880/2012.2012 Retrieved from
https://eur -lex.europa.eu/legal-content/en/TXT/?uri=CELEX:32012R088({last acess2022).
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Producer Organizations (Pos)in the milk and milk products sector. Export licensesand
export refunds for milk and milk products must obey to special detailed rules \J
(Commission Regulation (EC) No 1187/20099) as integration of the more general scheme,
laying down by Council Regulation (EC) N 01234/2007°. Similarly, an import regime
regulated by Commission Regulation (EC) No 2535/200%! is applied for the entrance of

the dairy products into the EU.

Severalmechanisms (the so-called Market Intervention) are used to protect the milk sector
during times of increased market disturbance. In particular, market intervention
provides a safety net in case of serious market imbalance, in the form ofpublic intervention
and aid for private storag®ublic intervention consists of the buying up of a good by public
authorities, placing it in public storage for as long as needed, until market conditions
allow its releasing back on to the market; in the case of the dairy sector, this is available
for butter and skimmed milk powder ( SMP). Aid for private storage, instead, supports
part of the storage costs while the products are temporarily withdrawn from the market;
in the dairy sector, it is available for butter, SMP and PDO or PGI cheesesMoreover, the
Milk Packag® was introduced in 2012, collecting a series of instruments to improve the
supply -chain in the dairy sector and to increase its resilience following the end of the
quotasystem in 2015.Generally, a production quota is a limit imposed on the quantity
produced. Milk quotas were introduced in European Union in 1984 bythe Common
Agricultural Policy (CAP), following years of significant overproduction of milk and
milk products. Two types of quotas were introduced (one defined the maximum amount
of milk delivered to dairies and the other the limit for direct sales at farm level) to control
the growth of surplus production and budgetary expenditures, to maintain market price
support, and to provide price stability for dairy farmers. The milk quotas brought to an
end the milk powder and butter mountainsf the late 1970s and early 1980sfrom 1973 to
1983 indeed the production of cow milk on EU farms grew from 92.3 million tonnes to
111.8 million tonnes, a production nev er again reached.

Milk package stipulates that EU Countries can make written contracts between farmers
and processors compulsory and oblige milk purchasers to offer a minimum contract

duration to farmers , which may refuse an offer of too short-lived contracts. The contracts
should contain specific elements, such as:price, volume, duration, details of payment,
collection, and rules for force majeure. Moreover, farmers are encouraged by the EU to

5 European Commission. Commission Regulation (EC) No 1187/2009.2009 Retrieved from https://eur -
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX%3A32009R1187(last access January 2022)

60 European Parliament and Council of the European Union. Council 142 Regulation (EC) N01234/2007.2007.

Retrieved from https://eur -lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32007R1234(last access January

2022)

61 European Commission. Commission Regulation (EC) No 2535/2001.2001 Retrieved from https://eur -
lex.europa.eu/legal-content/EN/TXT/?uri=CELEX:32001R253last access January 2022)

62 European Commission. 2017 Report from the Commission to the European Parliament and the Council.
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join together in POs. This is a fundamental right that can partially solve the asymmetry

00 of bargaining power that characterize the dairy sector: there are indeed 11 million
farmers in the EU, many of whom work on relatively small family farms which operate
independently of each other, and by contrast there is a far higher concentration among
both processors and retailers. There are around 3,400recognized POs in the EU (as of
2017) and they mainly operate in two sectors:fruit an d vegetables (52%), and milk and
dairy products (9%) 3. Moreover, specific EU rules for interbranch organizations (IBOs)
in the milk sector allow actors in the dairy supply -chain engaging in dialogue and to
carry out a number of joint activities , mainly focused on promotion , research innovation ,
and quality improvement , with the aim of achieving greater transparency and a better
understanding of production and the market.

1.3.2European Milk Market Observatory

To provide the EU dairy sector with more transparency by means of disseminating
market data and short-term analysis in a timely manner, the EU Milk Market
Observatory (MMO) was activated .

Farm and dairy herd sizes vary enormously, as do yields. However, as the dairy sector
develops throughout the EU, variations in yield and other technical factors have been
reduced; less developed dairy producers are rapidly catching up with those who had

restructured and modernized first.

Milk produ ction takes place in all EU Countries and represents a significant proportion
of the value of EU agricultural output. Total EU milk production is estimated to be more
than 155 million tonnes per year (from 158000 to 163250, quantity in 1000 tonnesin the
last five years, from 2017 to 202}, second only to India production (from 176061to
19900Q quantity in 1000 tonnes, within the same time-range). The overall milk
production of the main producing countries (India, EU, United States, China, Russia,
Brazil, New Zealand, Mexico, Ukraine, Argentina, Canada, Australia, Belarus, Japan, and
South Korea, in descending order) ranged from 20 426 to 21 786 (quantity in 1000 tonnes)
in the same period. The main producers in the European Union are Germany, France,
Poland, the Netherlands, Italy and Ireland, that together account for almost 70% of EU
milk production. Italian raw milk production was about 13 million tonnes in 20174, with
cow milk (12 198,88 quantity in 1000 tonnes) that largely prevails on the production of
other niche milk product s, such as ewe (480,08quantity in 1000 tonnes), goat (61,28
guantity in 1000 tonnes) and buffalo (242,99 quantity in 1000 tonnes). Only a small

63 European Commission. 2018 Producer and interbranclorganizationsDistribution of recognizedPOs between
sectorgsource ISAMM up to 23 July 2018).

64 Official Journal of the European Union. 2019 Communication on the publication of the amounts of raw milk
production as referred to iArticle 149(5) of Regulation (EU) No 1308/2013 of the European Parliament and of the
Council
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percentage of the milk indeed is from ewes, goats, and buffaloesand it is produced in
very specific EU regions. The share of these types of milk grew slightly in the 30 yearsof ¢\]
application of milk quotas: f rom 2.3% in 1983 EU-10) to 3.5% in 2013(EU-28). In this
period the collection of milk from ewes, goats and buffaloes increased by 23% within the
EU-10 Member States, reaching close to &nillion tonnes. Greece was the main producing
Country of these types of milk with a share of 21.4%, in 2013, followed by Spain (21.1%),
France (17.0%), Italy (14.9%) and Romania (12.8%).

Moreover, the EU is a major exporter of dairy products and it is the biggest SMP and
cheeseexporter in the world. Cheese is, indeed, one of the main dairy products obtained
by milk and European Union is the main producer in the world . Its production in the EU
in the last five years (2017-2021)ranged from 10 050 to 10 600 (quantity in 1000 tonnes)
growing by 3% in the last 12 months®s, while the overall cheese production of the main
producing Countries (EU, United States, Russia, Brazil, Argentina, Canada, Mexico, New
Zealand, Australia, Belarus, China, Ukraine, Japan, and South Korea, in descending
order) ranged from 20426to 21786 (quantity in 1000 tonnes)in the same period. The
extra-EU trade in dairy products has increased in recent years and, according to the
European MMO, is expected to continue to grow.

Also in this case, osme interesting data about dairy products registered with European
quality schemes come from the Study on economic value of EU quality schexnés 2017,
the total sale volume of cheeses covered byGls and TSGs reachedmore than 1 million
tonnes and the value of sales was 903E B O O b 0 O w zofid4 DRIUTE Gs biddgistered
cheeseg(including 6 TSGs). The sale valueof cheeses under Gls (excluding TSGs) reached
Wd NN w E thQ@D. GCheeses sale value increased by 43% from 2010. PDO and PGl
products equally contributed to the growth of this category of product. Among the 19
Member Statesproducing cheese, Italy, France and the Netherlands are the largest cheese
Gl producers and accounted for 82% of the total EU cheese sales value in 2017:

1 Iltaly represented 44% of the salevalue and 19% of the contribution to growth .
The GI cheesesmost largely produced in Italy are Grana Padano PDOParmigiano
Reggiano PDGand Mozzarelladi Bufala Campana PDQn Italy Gl cheeses represented
22% of national dairy sector in 2016. Thisshare was relatively stable over the period,
though the annual growth rate for Gl cheeses was lower (+1.4%/year) than the
national growth rate for cheese (+2.8%l/year).

65 European Commission. Milk and dairy products -Information on production . Retrieved from
https://ec.europa.eu/info/food -farming -fisheries/farming/facts -and-figures/markets/production/production -
sector/animal-products/milk -and-dairy -products_en (source: Milk Market Observatory , last access January
2022)
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1 France accountedfor 23% of the sales value and 13% of the contribution to the
growth. Five Gl products Comté PDQ Roquefort PDQ Reblochon PDQCantal PDO
and SaintNectaire PDOrepresented more than half of the volume sales of the French
Gl cheeses.

1 The Netherlands represents 17% of sales value and more tharhalf of the growth
observed. The Dutch cheese sector has thrivedthanks to the registration of Gouda
Holland PGlin 2010and Hollandse geitenkaas P@l 2015.

The GI cheese sector is mainly dominated bycow cheese as mirror of what happens for
raw milk. In 2017

1 Cow cheese was the main subcategory andaccounted for three quarters of the
EU sales value and growth contribution. The Gls that contributed the most were
Gouda Holland PGINoord-HollandseGouda PDOand Parmigiano Reggiano PDO

1 Mixed milk cheese was the second subcategory with 9% the sales value but
contributed to a lesser extent to growth contributing to 5%. The largest Gls areFeta
PDO and Kasseri PDO

1 With 7% of the sales value, sheep cheeseontributed to 4% of the cheese sector
growth. Roquefort PDQs the largest Gl for this category of cheese, followed by Queso
Manchegeo PDO

91 Buffalo cheese accounted for 4% of the sales value and growth contribution.
Mozzarella di Bufala Campana PDi®the only buffalo cheese under Gl in the EU-28.

1 Goat cheese sale value reached% of the cheese sales value. It increased quickly
and contributed to 10% of the growth of the sector, thanks to the registration of
Hollandse geitenkaas PGl

EU countries are allowed, under certain conditions, apply ing rules to regulate the supply

of GI (PDO/PGI) cheeses upon the request of a producerorganization, an interbranch
organization or a PDO/PGI group. This measure is aimed at ensuring the value added
and quality of GI cheeses, which are particularly important for vulnerable rural regions .
This instrument, known as Regulation of supply of PDO/PGI cheeses is currently applied

to: AsiagoPDO, Grana Padan®DO, Parmigiano Reggiano PDGand Pecorino RomanBDO
in Italy, and BeaufortPDO, Comté PDQ GruyeérePGl, Reblochorde Savoie PDOMorbier
PDO, Abondancé’DO, Emmental de SavoRGI, and Tomme de SavoRGl in France.



1.4Aim and Outline of the work —
oM

Food safety and quality authorities are asking for an extended and updated list of
analytical techniques for confirmation of food authentication and to support law
enforcement. Therefore, there is a growing need for reliable analytical methods that can
give a decisive answer about the authenticity of foodstuffs. Food authentication methods
must be scientifically proven, accurate and reliable so that food products can be protected
and clearly distinguished from any illegal substitute s.

Under this perspective, in the research which constitute the basis of the present PhD
thesis, new analytical methods to handle different food traceability and authentication

casesin dairy sector will be addressed. More in details, the reader will be led through

two Sections dealing with different food-related issues.

Section 1 has to be considered asa single study concerning the multi -platform

characterization of three typical Pecorino cheeses produced in Central Italy and certified
with European (PD O) and International (Slow Food Presidia) quality schemes. Due to
the main characteristics of these dairy products (discussed inthe Introduction of Section
1), the study should be considered asan origin and cheesemaking processdiscrimination

issue. Each Chapter (47) describesa single-instrument approach , whereas a datafusion
approach is presented in Chapter 8, where overall conclusions are drawn.

An abstract of each Chapter of Section 1is given below.
Section 1
1 Chapter 4

HS-SPME/GC-MS volatile fraction determination and Chemometrics for the
discrimination of typical Italian Pecorino cheeseg$¢

The volatiles of three typical Italian Pecorino cheeses wereanalyzed by headspace
solid-phase microextraction (HS-SPME) coupled with gas-chromatography (GC)
with mass spectrometry detection (MS) evaluating its potentiality to discriminate
Protected Designation of Origin (PDO) Pecorino Romano (PR), PDO Pecorino Sardo
(PS)and Pecorino di Farindola (PF). A Design of Experiments (DOE) was employed
to optimize the extraction conditions in terms of sample temperature and exposure
time in the HS-SPME/GCt MS procedure. Linear Discriminant Analysis (LDA) and
Partial Least SquaresDiscriminant Analysis (PLS-DA) were applied to the volatile
composition data to classify samples. Both methods showed high calibration
accuracy (100% of nonerror rate in cross-validation) and good predictions (87.5% of

6 Dj Donato, F.; Biancolillo, A.; Mazzul OB Ow# & Ow1 O U U D O uMictohant 3202t 165 08B OwW 6 6 w
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correct classification, on the externa validation set) providing a powerful tool for
discriminating Pecorino cheeses, despite their production occurs in different
production cycles, in nearby geographical areas and, in the case of PS/PR origins, the
raw materials come from common sources.

1 Chapter 5

Multi -elemental composition data handled by Chemometrics for the discrimination
of high -value Italian Pecorino cheese$’

The multi -elemental composition of PDO Pecorino Romano, PDO Pecorino Sardo
and Pecorino di Farindola, was determined by Inductively Coupled Plasma Optical
Emission Spectrometry (ICP-OES). The ICROES method here developed allowed
the accurate and precise determination of eight major elements (Ba, Ca, Fe, K, Mg,
Na, P, and Zn). The ICP-OES data acquired from 17 PR, 20 PS, ah16 PF samples
were processed by unsupervised (Principal Component Analysis, PCA) and
supervised (PLS-DA) multivariate methods. PCA revealed a relatively high
variability of the multi -elemental composition within the samples of a given variety,
and a fairly good separation of the Pecorino cheeses according to the geographical
origin. Concerning the supervised classification, PLS-DA has allowed obtaining
excellent results, both in calibration (in cross-validation) and in validation (on the
external test se). In fact, the model led to a crossvalidated total accuracy of 93.3%
and a predictive accuracy of 91.3%, corresponding to 2 put of 23) misclassified test
samples, indicating the adequacy of the model in discriminating Pecorino cheese in
accordance with its origin.

1 Chapter 6

Fatty acid composition of the triglyceride and free fatty acid fractions in typical
Italian Pecorino cheeses

The fatty acids profile s of Pecorino di Farindola, PDO Pecorino Romano and PDO
Pecorino Sardo were analyzed by means of GC coupled with flame ionization

detection (FID). An extraction -derivatization procedure was ad-hoc developed to
make possible the analysis of the fatty acids of the triacylglyceride (TAG) and free
fatty acid (FFA) fractions of the three high-valued dairy products . To achieve the
goal of classifying the samples according to their geographical origin and

cheesemaking protocol by exploiting both the information, different strategies of

multi -block (MB) data analysis were employed, and the results compared with the
ones obtained from PLS-DA analysis performed on one block at the time and taken
as benchmark. Eventually, the investigation revealed an increasing of the
classification performances when a data fusion approach was applied. Nevertheless,

67 Di Donato, F.; Foschi, M.; Vlad, N.; Biancolillo, A.; Rossi, L.; D'Archivio, A.A. Molecules2021, 26, 6875



the GC-fingerprinting results to be a weaker marker of origin and process of
production respect to the multi -elemental composition and the volatile profile.

1 Chapter 7

Application of SPORT algorithm on ATR -FTIR data: a rapid and green tool for the
characterization and discrimination of three typical Italian Pecorino cheeses®8

PDO Pecorino Romano, PDO Pecorino Sardo,and Pecorino di Farindola were
analyzed by Attenuated Total Reflectance-Fourier Transformed Infrared (ATR -
FTIR) Spectroscopy and classified according to their geographical origin and/or
different cheesemaking process. The ATRFTIR spectra were processed by PLSDA
to be used as benchmark method.Moreover, the multi -block strategy Sequential Pre-
processing through ORThogonalization (SPORT), based on Sequential and
Orthogonalized Partial Least Squares (SOPLS), was applied in order to test whether
association of spectra preprocessings could enhane the prediction rates.
Eventually, the best results were achieved by the multi-block approach, which
allows obtaining an accuracy of 98.3% (corresponding to two misclassified samples
over 120) in external validation.

1 Chapter 8

Sequential Data Fusion technique for the characterization and discrimination of
typical Pecorino cheeses produced in Central Italy

Final conclusions concerning the classification problem of PDO Pecorino Romano,
PDO Pecorino Sardo and Pecorino di Farindolawere drawn. The data ses collected
in each of the previous chapters were merged to use their joint information in a
multi -block framework. SO-PLS-Linear Discriminant Analysis ( SO-PLSLDA) was

applied in order to test whether association of different instrumental -blocks could

enhance the prediction rates, as well asgive an overall characterization of the dairy

commodities under investigation. Different merging schemes were applied to give

also a straightforward analysis of advantages and drawbacks of targetedor untargeted
analysis application.

The second Section describesthe proposal of two different fast, green, and non-
destructive approaches implementable inline in the FSC to monitor the evolution of
different food characteristics during the storage (Chapter 9) and to authenticate niche
products (Chapter 10), even subjected tousual technological practices of preservation.
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An abstract of each Chapter of Section 2 is given below:
Section 2
1 Chapter 9

Portable 2D-NMR -R technique for the storage monitoring of Pecorino cheeses: a
novel approach for the optimization of the acquisition parameter using
Chemometrics

The potentiality of low -field 2D 'H-NMR-R as nondestructive method is
investigated in the characterization and dating (over three years)of Pecorino cheeses
from Central Italy with different ripening time s. This work intends to propose a
novel approach to set a key-parameter in the acquisition of two-dimensional T1-T2
IH NMR relaxation correlation spectra through unsupervised PCA. Pecorino cheeses
were stored under-vacuum and the surface-NMR equipment was used to analyze
the sample surface under the packaging. Two-dimensional T1-T2H NMR relaxation
correlation measurements alow ed characterizing the liquid fat and the water phases
confined within the cheese matrix . Eventually , ANOVA -Simultaneous Component
Analysis (ASCA) was applied to the 2D-data derived from the correlation spectra to
investigate potential differences in the bulk -characteristics of Pecorino samples over
the yearsand the ripening time .

1 Chapter 10

Near Infrared Spectroscopy coupled to Chemometrics for the authentication of
donkey milk

Donkey milk is an emerging food commodity which is gaining increasing attention
due to its nutritional properties. As a high -added value product, it can be subjected
to adulteration with cheaper milks, such as cow milk. The present work addresses
the possibility of developing a fast and (relatively) economic method for the
authentication of pure donkey milk by means of Near Infrared (NIR) Spectroscopy.
On this purpose, 147 samples (67 puredonkey milk and 80 mixtures) were analyzed,;
additionally, al | samples underwent successive freezingthawing cycles. PLS-DA
was used to distinguish pure and adulterated donkey milk samples, before and after
freezing-thawing treatment. PLS-DA model on the untreated samples correctly
classified all the test samples(100% accuracy); whereas it achieved 81.7% accuracy
on freezed-thawed individuals, revealing the effect of adulteration prevails on that
of freezing-thawing, even though the latter was proved to be significant by ANOVA -
Simultaneous Component Analysis (ASCA).
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Chapter 2

Analytical Chemistry: a force for food safety and quality

2.1 Introduction

In the framework described in Chapter 1, Analytical Chemistry is strictly involved in the
quality control systems, to set up methods as fast, efficient and cheap as possible,and
easily applicable, for example, at a custom level. At the same time, analytical chemistry
plays an active role in restoring dignity to traditional food species , due to the potentiality
of many available techniquesto provide traceability information . The analytical methods
represent extremely powerful tools for this purpose , especially when used in
combination. The difficulty in food analysis, indeed, is mainly due to the chemical
complexity of the food matrix composed of different quantities and classes of
compounds, which usually interact and interfere with one another. For this reason, a
multi -platform characterization employing different analytical techniques is more
advisable, when possible.

As mentioned in Section1.2.1and 1.2.2of Chapter 1, different food traceability and food
authentication approach es have been proposed in literature, trying to address the wide
range of cases in whichfood quality control is required. Among them, a distinction in
two main categories can bedone:

i targeteddeconvoluted analysis, i.e, methods for the identification and
quantification of a set of target compounds, such as specific known contaminants or
metabolites. This approach typically requires a good knowledge of the food matrix
under study , with a focus on its production chain and related issues and risks.Target
analytical techniques, commonly employed in food authentication , are the DNA-
PCR and biosensor methods ¢, High 7and Ultra-High 7t Performance Liquid

693) Montet, D.; Clémentine Kouakou, A .; Hamdouche, Y.; Teyssier, C; Rychlik, T.; Tatsadjieu, L.N.; Froeder
Arcuri, E. In Montet, D. and Ray, R.C. Eds), Food Traceabilitand Authenticity: Analytical techniquegpp. 137

.

154). Boca Raton: CRC Press (Food Biology Seriesp017 b) Bokken, G.C.A.M.; Corbee, R.J.; Van Knapen, F.;
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Chromatography (HPLC and UHPLC), Gas Chromatography 72 (GC), Mass
Spectrometry 7 (MS), and their ifenations, High Resolution-Nuclear Magnetic
Resonance4 (NMR) spectroscopy, and Inductively Coupled Plasma (ICP)-Optical
Emission Spectrometry?s (OES)or ICP-MS76, to name a few.

This categay of techniques is generally characterized by high sensitivity and
specificity but presents some critical points. They require optimization steps and
sample pre-treatment, increasing the experimental time, cost, and demanding for
trained operators.

1 untargetedconvolutedanalysis, i.e., bulk methods for the elaboration of a food
fingerprint . Fingerprinting techniques measur e the composition of foodstuffs in a
non-selective way, produ cing a large amount of data and variables among which the
chemical information useful for the solution of the analytical problem has to be
highlighted a-posteriori. Spectroscopic techniques aresurely the most commonly
exploited when dealing with the delineati on of the food fingerprint. Some examples
are: Near”” (NIR) and Mid 78 (MIR) InfraRed spectroscopy, UV -visible spectroscopy™
(UV-Vis), Raman spectroscopy?, Hyperspectral Imaging 8 (HSI) and Fluorescence
spectroscopy2 They show the enormous advantage of being non-destructive and
non-invasive (exceptfor UV-Vis in some cases) relatively cheap, rapid, and green;
moreover, some of them, NIR spectroscopy above all, can beimplementable on-line
via probes. As a drawback, most of them are less sensitive and selective with respect
to the other ones. Another group of tech niques considered asuntargetedare the ones
classified under the term foodomicsa discipline introduced i n 2009 that integrates
untargeted OMICS analysis, i.e., metabolomics, proteomics, ionomics and any other
type of high-throughput approaches of metabolite profiing generating large
amounts of data, in a holistic approach to food and nutrition . Chromatographic
methods®s, for example, are widely used for the measurement of metabolomic or/and
proteomic profiles (LC-MS, LC-MS/MS, GC-MS, and GC-MS/MS).

2EKw/ 1 0UOY DDA FeodQnen®aaq 122 285291 ; b)Haglund, P.; Korytar, P.; Danielsson,
C.; Diaz, J; Wiberg, K.; Leonards, P.; Brinkman, U .A.T.; De Boer, JAnal. Bioanal. Chen2008 390, 18151827.

73Di Donato, F.;# z UET D Y Bdy@),m.A5; Rdssi, L.Food AnalMethods 2021, 14, 784-796.
74 Chatzimitakos, T.; Exarchou, V.; Ordoudi, S.A.; Fiamegos, Y.; Stalikas, CFood Chen016 202 445450.
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Itisimportantto pointout that some of the mentioned techniques (e.g, chromatography,
NMR, and elemental analysis) can be used forboth targeedand untargetedanalysis.

Regardless d the selected approach the application of multivariate advanced statistical

and mathematical methods is always required. Chemometrics (collecting Data-mining
and Machine Learning) is indeed co-evolving fast together with food analysis methods 8
It is widely known that it has been continuously increasing in food science, especially for
monitoring the unit operations, the process, and the quality of food products 8. A
straightforward analysis of the reasons and implications of use of Chemometrics will be
given in Chapter 3.

In Section 1, as already stated,the targetedanalysis of Pecorino cheeses was carried out
and compared with its untargeted bulk characterization to evaluate the different
contribution and potentiality of these two different approaches in a scenario of label -
recognition.

In Section 2 two different fast and non -destructive analytical responseswere coupled
with the same chemometric approach having as final goal the study of the evolution of
different food characteristics during their storage.

In this Chapter, an overview of the techniques applied in each of the subsequently
reported cases of study is given. The reason why they have been chosernin this thesis will
be clarified for each of the investigated cases in the related chaptes.

84 Cocchi, M. In Meyers, R.A. (Ed.) Encycbpedia oAnalytical Chemistry(pp. 1-29). Wiley Online Library, 2017
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In Table 2.1 the analytical tools are listed, together with an indication of the type of

) chemometric method to which they have been coupled.

Table 2.1 Outline of the Section 1 and 2.

Section 1
Chapter4 HS-SPME/GC-MS Experimental design and Classification
Chapter 5 ICP-OES Classification
Chapter 6 GC-FID Classification
Chapter 7 ATR-FTIR Classification

Section 2
Chapter 9 2D H NMR -R Exploratory Analysis under Experimental design
Chapter 10 NIR Exploratory Analysis under Experimental design

HS-SPME/GC-MS: HeadSpace Solid Phase MicroExtraction/GC-MS

GC-FID: Gas Chromatography-Flame lonization Detector

ATR-FTIR: Attenuated Total Reflectance-Fourier Transformed Infrared Spectroscopy
2D 'H NMR -R: Two-Dimensional Proton Nuclear Magnetic Resonance Relaxometry

In the following paragraphsis not to provide a detailed discussion about the theory and
practice of the well-established above-mentioned techniques will not be given but t he
main advantages and drawbacks, together with a basic overview will be provided.

2.2 Experimental methods

2.2.1 GasChromatography (GC)

GCs¢is a powerful and widely used analytical technique able to separate even complex
mixtures, being included in the rich family of the chromatography. According to the
International Union of Pure and Applied ChemistJUPAC), the modern definition 87 of

ET UOOEUOIT UE x Chramatogragh is & physieal method of separation in which the
components to be separated are distributed between two phases, one of which is stationary
(stationary phase) while the other (the mobile phase) moves in a dbfetdteorn.

In simple terms chromatography can be considered as a series of discontinuous
equilibrium steps that take place during a separation. In a small segment of the column

86 Engewald, W.; Dettmer-Wilde, K. In Engewald, W. and Dettmer-Wilde K. (Eds.) Practical gas chromatography.
A Comprehensive Referen@ep. 3-20) Berlin, Heidelberg: Springer, 2014

87 International Union of Pure and Applied Chemistry -Analytical Chemistry Division. Commission on
Analytical N omenclature. 1973 Recommendatioren nomenclature for Chromatography (Rules approved 1973)



(plate) an equilibrium is formed between the solute in the mobile phase and in the
stationary phase, which is defined by the solute-specific distribution constant K. The <j
chromatographic method using a gaseousmobile phase is called gas-chromatography.
The use of a gaseous mobile phase to transport analytes through the column inevitably
implies that GC is suitable for non-polar or weakly polar (volatile and semi-volatile )
compounds, such aschemicalswith less than 60 carbon atoms and a molecular mass anl
boiling point below 600 Da and 500°C, respectively. GC is indeed often used for the
analysis of sterols, oils, aroma components and offflavors, and many contaminants, such
as pesticides, industrial pollutants, and certain types of drugs in foods 8. Nevertheless,
some high-boiling compounds, such as long-chain saturated hydrocarbons up to a
carbon number of 100, or triglycerides, can be measured by GC due to their thermal
stability. Moreover, many applications report the use of c hemical derivatization to
enlarge the domain of GC. There are several options to make higherboiling compounds
amenable to GC analysis. Polar, less volatile, or thermally fragile substances can be
transformed into stable, volatile, and less polar derivatives by ch emical reaction, such as
silylation , alkylation, or acylation.

The required analyte transfer into the gas phase, often considered as a disadvantage of
GC, offers an elegant option to combine sample introduction with an analyte/matrix
separation (during sample pre-treatment). Sample preparation is considered as a
bottleneck in the overall analytical procedure, b eing the most time-consuming step;
moreover, errors occurring in this primary step of the analytical process can hardly be
corrected. Sample preparation prior to GC separation should aim at the following goals:
the improvement of the gas chromatographic behavior of the analytes and analyte
detectability, the separation of analytes from interfering matrix components and the
enrichment of the target analytes. Classical sample preparation methods areliquidt liquid
extraction (LLE) for liquid samples and Soxhlet extractiorfor solid samples. Both are
simple and largely applied, but they typically need large volumes of sample and organic
solvents. An alternative to LLE extraction is solidphase extractio(SPE). In water analysis,
SPE is nowadays the most widely used sample preparation technique for non-polar
compounds. Survey of the recent literature reveals that extraction, enrichment and
matrix separation show major trends towards miniaturization , online sample
preparation, automation, high sample throughput by lower processing times, higher
extraction yields and better reproducibility, as well as organic solvent reduction or
exclusion.

In this context a number of solvent-free sample preparation and enrichment techniques
have been developed. In 1989, Belardi and Pawliszyn introduced the concept of solid
phase microextracti6h(SPME), which became commercially available in 1993. It combires
a solvent-free analyte extraction by a coated silica fiber with the subsequent thermal

8+] | OUEa Ow2 § IO Tends RjaOChanR201, $86-697.
89 Belardi, R.P.; Pawliszyn, J.BWater Pollut. Res. J. Canade089 24, 179191.



desorption/evaporation of the analytes from the fiber in the hot GC injector. Now adays,
SPME and its fashions are an efficient answer to the abovementioned requests,
combining several sample preparation steps such as sampling, enrichment and clearrup.
A thin fused silica fiber coated with extraction phase (7thuy Y ws Qwi DOOw Ui PEOOI
typically 1 cm length) is utilized for the extraction of analytes from the sample. Many
different kinds of SPME coatings are available in commerce, covering a wide range of
chemical compounds. Fibers can be used in two application modes. One mode isDirect
Immersion (D) of the fiber into the sample (DI-SPME, Figure 2.1(A)); the other one isthe
analyte extraction from the headspace (HS-SPME, Figure 2.1(B) above the sample. After
the extraction, desorption is performed thermally in the GC injector ; the fragile fiber is
encompassed in a special syringe holder for its protection during p enetration of the vial
and GC injector septa.

AN
N

T A3

(A) (B)

Figure 2.1 Two extraction mode: (A) Direct immersion solid -phase microextraction (DISPME);
(B) Headspace solidphase microextraction (HS-SPME).

SPME is the most prominent and widely used microextraction method with hundreds of
publications and application s. Nevertheless, so far only few standardized procedures
have been implemented.

9 a) International Standar dization Organization (I SO, Geneva, Switzerland). 201Q DIN -EN-ISO-17943:Water
quality-Determination of volatile organic compounds in waltégthod using headspace sefidase micr@xtraction (HS
SPME) followed by gas chromatoghgamass spectrometry (GRIS). Retrieved from https://www.document -
center.com/standards/show/DIN -EN-ISO-17943 (last access January 2022)b) United States Environmental
Protection Agency (EPA). 2007 Validated Test Method 8272: Parent and Alkyl Polycyclic Aromatics in Sediment
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A gas-chromatograph, schematized in Figure 2.2, consists of six main components.

Injector Detector

Data processor

Column oven

Carry gas
supply

Figure 2.2 Simplified scheme of a typical GC system.Reproduced from Ref.86.

The carrier gas supplyprovides a continuous flow of the mobile phase (carrier gas)
through the column . Ultrapure helium, hydrogen, or nitrogen are used as carrier gases.
Hydrogen can also be conveniently and safely produced on-site by a hydrogen generator,
through the electrolysis of water. The injectoris a device to introduce gaseous or liquid
samples onto the column head. The column mainly capillary ones, is the heart of the GC
system, allowing the separation of analytes. The column oven houses the column. The
ovenis an air thermostat to provide a constant (isothermal) or defined (programmed)
increased of the column temperature. The detectoiis a device to record the solutes upon
leaving the column. The most widely used detectors are the flame ionization detectFID)
and the electron captureone (ECD), both presented in 1958 during the International
Symposium on Chromatograph{ySC) in Amsterdam. FID has become an extremely
powerful d evice for almost all organic compounds and it is now adays used asstandard
equipment in commercial gas-chromatographs. It provides lower LOD, higher
robustness, and fast response rates compared to the previously used thermal
conductivity detector . The ECD allows the selective and sensitive detection of analytes
with a hi gh electron affinity, such as compounds containing halogen atoms, or aromatics,
feature that makes it important for the application of GC in environmental analysis. An
electric signal is produced by the detector, in most cases amplified, and sent to the daa
system. The data processas used to register, store, andanalyze the data produced.

An important technological progress was the hyphenation of GC to MS. The online
coupling of GC-MS was first performed in 1956 with packed columns and later with

43

Pore Water by SolifPhase Microextraction and Gas Chromatography/Mass Spectrometry in Selected lon Monitoring

Mode Retrieved from  https://www.epa.gov/hw -sw846/validated-test-method-8272parent-and-alkyl -
polycyclic -aromatics-sediment-pore-water-solid (last access January 2022).
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capillary ones. The advantages of MS over other GC detectors are the high detection

N sensitivity, the potential to use it as universal or mass-selective detector, ard the option
to gain structural information from the mass spectra. Efficiency and robustness of the
instruments were constantly improved and mass spectral libraries extended. In addition
to quadrupole and ion trap mass analyzers, triple -quadrupole instrume nts and time-of-
flight systems are nowadays used for GC-MS also in routine analysis.

At this stage, gas chromatography presents itself as a widely used and matured
technique. Currently, it is estimated that about 400000-500000 GC systems are in use
worldw ide. Still, the development of GC has not reached its end, but advancesare to be
expected. Hot topics are high sample throughput, reduction of analysis time, improv ing
of trace analysis, integration of sample preparation and enrichment within the GC
instrument, and further automation , in particular in data analysis .

2.2.2 Multi -elemental profile -Inductively Coupled Plasma -Optical Emission
Spectrometry (ICP -OES)

Since its commercial introduction in the mid -1970s, ICROESY, also known as inductively
coupled plasma-atomic emission spectrometry (ICP-AES), has rapidly become widely
used and accepted for many applications of metal determination in a wide variety of
samples 92, It may be listed among the analytical techniques based on atomic
spectrometry, involving, as the name implies, electromagnetic radiation that is adsorbed
by and/or emitted from atoms of a sample. In OES, samples are subjected to high
temperatures causing both dissociation into atoms and a significant amount of collisional
excitation (and ionization) of th e atoms. Thisthermal excitation source populates a large
number of different energy levels for several different elements at the same time. Once
the atoms and ions are in their excited states, they can decay to lower ones through
thermal or radiative (emission) energy transitions, emitting their characteristic radiation
at nearly the same time. This results in the flexibility to choose from several different
emission wavelengths for an element and in the ability to measure emission from several
elements concurrently. However, the probability for interferences (arising from emission
lines too close in wavelengths to be measured separately) can increase with the
increasing of the number of emission wavelengths. Among t he electrical discharges (a
current/potential is applied across an electrode in an inert gag as thermal sources, the
argon-supported ICP is the mainstay of OES. Moreover, because ICP can efficiently

91 Boss, C.B.; Fredeen, K.J. Concepts, Instrumentation and Techniques in Inductively Coupled Plasma Optical
Emission Spectrometry. Shelton, CT, US: PerkinElmer Life and Analytical Sciences,2004
92 Sneddon, J.; Vincent, M.D.Anal. Lett 2008 41, 129%1303.



generate singly charged ions, it makes an ideal source also to use gnergistically with LO
mass spectromety 2 (ICP-MS). <t

ICP-OESis nowadays applied in many fields like geology, forensic science, biology, food
analysis, and industry , thanks to its ability to analyze liquid, solid and gaseous samples
rapidly perform ing qualitative and quantitative multi -elemental analyses with relatively
low limits of detection (LOD) . Moreover, due to the wide range of linearity, these
technique permit s to simultaneously quantify major and trace elements 94

The sample introduction system is schematized in Figure 2.3.

° Plasma
[ ]
® [CP Torch

Nebulizer

Sample

Spray Peristaltic pump
chamber

To waste Argon

Figure 2.3 A simplified scheme showing the introduction system of ICP -OES. Adapted from
Ref.95

In ICP-OES, the sample is usually transported into the instrument as a stream of liquid

sample, maintained by a peristaltic pump Inside the instrument, the liquid is broken up

into an aerosol through a process known as nebulization The sample aerosol is then
transported to the plasma. Most commercial ICP nebulizrs are of the pneumatic type, as

the one in Figure 2.3 i.e., nebulizers that use high-speed gas (i.e, argon) flows to create
anaerosoOw? UT ECUT UDPOT 2 wlT 1 wEeba@se DéEpladnG diszhaty®idriotu E U O x (
very efficient at dissociating large droplets, it is crucial allowing only the small ones to

enter the plasma. The spray chambeis designed for this purpose. The cyclonic spray

chamber discriminating droplets according to their size, is the most employed for its

93 Thomas, R. Practical Guide to ICRMS: A Tutorial for Beginners, Second Edition (2nd ed.). Boca Raton:CRC

Press,2008.
%4\Wang, T.In Grinberg, N. and Rodriguez, S (Eds.) Ewingz Ahalytical Instrumentation Handbogkourth Edition

(pp. 57 74). Boca Raton:CRC Press,2018



higher sampling efficiency, sensitivity, and lower detection limits . Indeed, a decrease
o)) in the size of aerosol particles permits to minimize the contribution of the solvent, which
causes an increase in noise and matrix effects. In addition, the physical properties of the
sample matrix (surface tension, volatility, density and viscosity) influence the
characteristics of the aerosol Sample introduction is therefore a crucial step of the
analysis. In 1984, indeed, Browner and Boorn® described sample introduction as the
? EITPOOI Uzw 11 Owldi w UOOPEwW2xi EVUUOUEOX a-»

Shortly thereafter, Barnes’” qualified instead the sample preparation asthe limiting factor
in atomic spectroscopy. In practice, despite the passing of about 30 years, both these
statements are true today. Nevertheless, many developments there have been.The use
of microwave technology, for example, has greatly improved sampl e preparation %,

Once the nebulizer gas brings the samplefrom the sample introduction system to the

plasma, the emission radiation from the plasma has to be sampled. The radiation is
usually collected by focusing optic ( e.g., convex lens or concave mirror) that focuses the
image of the plasma onto the entrance slit of a spectrometer, i.e, wavelength disper sing
device. The discrimination of t he emission may be done in several ways; thephysical
dispersion of the different wavelengths by a diffraction gratingis by far the most common.
Another dispersion device is the prism. In recent years, the advantagescoming from the

combination of two dispersing systems (a diffraction grating and a prism, or two

diffrating gratings) have been shown.The Echelle gratingan additional dispersive device
that has become an important component in ICP instruments for its high resolving power

and flexibility , is usually one of them. The echelle grating separates the polychromatic
radiation producing multiple, overlapping spectral orders. The second dispersing device
separates or cross disperseshe overlapping orders into a two -dimensional pattern called
echellogram A typical optical configuration for this echelle type of spectrometer is
illustrated in Figure 2.4.

9 Cherevko, S.; Mayrhofer, K.J.JEncycl. Interfacial Chem. Surf. Sci. Electroch@8l8 326335.
% Browner, R.F.; Boorn, A.W. Anal. Chem 1984 56, 786A-798A.

97 Barnes, R.Spectroscopy1 986 1, 24-32.

9% Sneddon, J.; Hardaway, C.; Bobbadi, K.K.; Reddy, A.K.Appl. Spectrosc. Re2006 41, 1-14.
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Figure 2.4. Layout of the optical systemin a Echelle spectrometer. Adapted from Ref 99.

Echelle spectrometers are generally connected tacharge-transfer detectors (CTD). CTDs
are silicon-based devices using the light-sensitive properties of solid -state silicon. They
are characterized by high sensitivity and resolution and comprise the photodiode array
(PDA), the charge-injection device (CID) and the charge-coupled device (CCD). These
systems are multichannel devices capable of generating a twedimensional array of more
than 20 thousand individual elements, called pixels operating as detector. The total
spectrum is divided into two output re gions, UV and visible, which are optimized
independently for resolution and throughput 9. Each region has its own crossdispersion,
focal length, and multichannel solid -state detector. The atomic emission spectrum
appears as a series of narrow peaks on anoisy background, which arises from energy
losses by radiative decay of free particles, molecular bands, or continuous radiation. The
improving of the accuracy and precision of the method is however possible performing
correction of the signal, using appro priate internal standards, or acting on the operating
parameters for method optimization.

99 @) Barnard, T.W.; Crockett, M.I.; Ivaldi, J.C.;Lundberg, P.L.Anal. Chem1993 65, 12251230; b)Barnard, T.W.;
Crockett, M.1.; Ivaldi, J.C.; Lundberg, P.L.; Yates, D.A.; Levine, P.A.; Sauer, D.JAnal. Chem 1993 65, 1231-:1239.
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o 2.23 Fourier Transform -Infrared (FT-IR) Spectroscopy
o Spectroscopic techniques exploit the interaction between electromagnetic radiation and
matter to characterize the samples. Due to the many possibilities offered by the
electromagnetic spectrum in terms of the frequency ranges that can be explored and the
various modalities that can be employed to register the signal (e.g., reflection,
transmission, transflection), spectroscopic techniques are highly versatile tools for the
characterization of foodstuffs.

In analytical chemistry, infrared spectroscopy has always been widely used, but, in

recent years, it has been in the bullseye and it is considered nowadays a solid alternative
to the more traditional analytical methods (i.e. , chromatographic techniques), being easy
to use, rapid, green (solvent-free), non-destructive and non-invasive, cheap, exploitable
for in-situ analysis and also implementable for processmonitoring in industrial

applications.

Briefly, infrared spectroscopy 10 deals with the absorption that takes place in the spectral

range between 13000 and 10 cré. In this domain, it is possible to observe the vibrational

modes (hence the name ofvibrational spectroscopyuch as stretching and bending. The

infrared spectral range is sub-divided into three different regions : NIR (130034000 cm

1), MIR (4000200 cm?), and far infrared (FIR, 200-10 cm?). Historically, the wider

investigated range is the MIR; nevertheless, in the last few years, NIR spectroscopy has

El 1 OWEONVEDUE?> wOT EOOUWUOWUT | wigl YT OOx Ol O0UwOi weEU

2.2.31 Near InfraRed (NIR) Spectroscopy

The absorption bands in NIR 201 spectra derive from overtonesand combinationsof
fundamental vibrations modes of organic molecules; due to the highly anharmonic
nature of such transitions it mostly involves X -H bonds, where X can be carbon, nitrogen,
oxygen, and sulfur. Overtone corresponds to the transition from the ground state to
higher excited states and occurs at multiples of the fundamental transition vibration
frequency. Combination bandsrise from the simultaneous occurrence of two or more
transitions and occur at sums of multiples of the frequencies of each interacting mode.
Based on the nature of the transitions involved, which have a lower probability of
occurrence than their fundamental counterparts, NIR bands are very weak (10 or 100
times less intense)and typically broad and highly overlapping , with consequent high
multicollinearity. Moreover, water, being the main constituent of the majority of foods,
strongly absorbs the NIR radiation socommonly x UT YEPOwOOwOUT 1 Ued OOx OUDE
these reasons the assignment of peaks to specific chemical constituents is not

100] ohumi, S.; Lee, S.; Lee, H.; Cho, B.KTrends Food Sci. Techn@D15 46, 8598.
101 Menezes, J.C.; Ferreira, A.P.; Rodrigues, L.O.; Bras, L.P.; Alves, T.h Brown, S.D.; Tauler, R. and Walczak,
B. (Eds.)Comprehensive Chemometrig®lume 4 (pp. 313-355), Amsterdam, The Netherlands: Elsevier,2009



straightforward . These represent the principal drawbacks of NIR s pectroscopy and
indeed it is generally inherently less sensitive and selective than chromatography and <t
other destructive analytical tools. Furthermore, the Lambert and Beer lgveorrelating the
concentration of a molecule with its absorbance, is not directly applicab le to turbid and
solid media, such as thefood samples. The light entering the sample can be back
scattered (diffuse reflectance) or scattered forward (diffuse transmission); the absorbance
can take place directly or following dispersion: reflected radiation can be collected to
subsequently obtain absorbance spectra (more precisely, pseudeabsorbance).
Consequently, as well as to provide a fingerprint of its chemicals, spectroscopic
information of the physical properties of the sample under study is also captured.

Notwithstanding, the coupling with chemometric methods (even more necessary for NIR
than with other spectroscopies) has allowed maximizing the extraction of information
from NIR signals, and nowadays, it is one of the most widely used techniques, in
particular in food quality analysis 192, This is also due to the fact that these same
characteristics (just described as drawbacks) are also responsible for the main advantages
of NIR with respect to other spectroscopic techniques: indeed, the low absorptivity
allows a higher penetration depth, which in turn results in the possibility of analyzing
thicker, strongly absorbing or, even, highly scattering samples, without any need of
sample pre-treatment.

In response to the need for speed in analyses and flexibility in adapting to different
sample states, NIR spectroscopy instrumentation has evolved accordingly. This
translates in a higher flexibility of NIR spectrophotometers that, despite essentially
identical with those employed in other regions of the electromagnetic spectrum, can
incorporate a variety of devices depending on the characteristics of the sample and the
particular analytical conditions and needs 13

Nearly all modern MIR spe ctrometers are Fourier transform (FT) based instruments with
different interferometer designs (Michelson or polarization interferometers, acousto-
optic tunable filters (AOTF)). In contrast, monochromator/detector principles in scanning
NIR spectroscopy are variable. A typical NIR spectrometer (Figure 2.5 consists of a
radiation source, a wavelength selection device (e.g, a monochromator), a sample
holder, a photoelectric detector for the measurement of the intensity of the detected light
and conversion into electrical signals, and a computer system for spectral data
acquisition and processing04.

1023) Biancolillo, A.; Marini, F. In Lopes, J. and Sousa, C(Eds.) Vibrational Spectroscopy for Plant Varieties and
Cultivars Characterization(pp. 69-104) Comprehensive Analytical Chemistfr)/olume 53, Amsterdam, The
Netherlands: Elsevier, 2018 b) Hassoun, A.; Shumilina, E.; Di Donato, F.; Foschi, M.; Simal-Gandara, J;
Biancolillo, A. Molecules202Q 25, 4472.

103Blanco, M.; Villarroya, I. TrAC Trends Anal. Chen2002 21, 240250.

104 Sjesler, H.W.In Burns, D.A. and Ciurczak, E. (Eds.)Handbook of Neanfrared Analysig(pp. 7-19), Boca Raton:
CRC Press,2008
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Figure 2.5 Schematic representation of the FT-NIR main components.

Different optical geometries are available for NIR spectroscopy. Predominant sample
presentation modes being distinguished are transmission reflection transflection and
interaction According to the reflection and transmission optical geometry used, light
attenuation by the sample, relative to the reference, is referred to as reflectance (R) and
transmittance (T), respectively. Most studies use log 1/T or log 1/R values before
performing statistical analysistos,

2.2.32 Mid InfraRed (MIR) Spectro scopy

MIR 106 deals with the fundamental vibrational transitions and results in relatively
narrow bands, which can be associated either to the presence of specific functional
groups or to the movement of the whole molecular backbone. In this respect, MIR
spectroscopy @an be advantageously usedto characterize, identify and quantify. Indeed,
Mid -InfraRed (IR) spectroscopy is an extremely reliable and well recognized
fingerprinting method. One of the strengths of IR spectroscopy is its ability as an
analytical technique to obtain spectra from a very wide range of solids, liquids and gases.
However, in many cases some form of sample preparation is required in order to obtain
a good quality spectrum. The technique of Attenuated Total Reflectance? (ATR) hasin
recent years revolutionized solid and liquid sample analys is because itovercomes the
most challenging aspects of infrared analyses, namely sample preparation and spectral
reproducibilit y. An attenuated total reflection accessory (Figure 2.6) operates by

105 Herold, B.; Kawano, S; Sumpf, B.; Tillmann, P.; Walsh, K. In Zude, M. (Ed.) Optical Monitoring of fresh and
processed agricultural crofsp. 141 249, Boca Raton:CRC Press,2009

106 Sun, D.-W. Infrared spectroscopy for food quality analysis and control. Amsterdam, The Netherlands:
Elsevier, 2009

107 Ramer, G.; Lendl, B.In Meyers, R.A. (Ed.) Encyclopedia of Analytical Chemist(pp. 1t 24). John Wiley & Sons,
Ltd, 2013



measuring the changes that occur in a totally internally reflected infrared beam w hen the —
beam comes into contact with a sample. LO

Evanescent Wave

Bulk Sample
/ ATR Crystal

Refracted
IR Beam

Incoming
IR Beam

Figure 2.6. Schematic representation of the ATR accessoryRetrieved from https://wiki.anton -
paar.com/tw -zh/attenuated-total -reflectance-atr/ (last accesslanuary 2023.

An infrared beam is directed onto an optically dense crystal (parallel-sided plate in the
horizontal ATR units, HATR ) with a high refractive index at a certain angle. This internal
reflectance creates an evanescent wave that extends beyond the surface of the crystal into
the sample held in contact with the crystal. This evanescentwave protrudes only a few
microns (0.5 p-5 Y1) beyond the crystal surface and into the sample. Consequently, there
must be good contact between the sample and the crystal surface. In regions of the
infrared spectrum where the sample absorbs energy, the evarescent wave will be
attenuated or altered. The attenuated energy from each evanescent wavds passed back
to the IR beam, which then exits the opposite end of the crystal and is passed to the
detector in the IR spectrometer. The system then generates an ifrared spectrum. There
are a number of crystal materials available for ATR: zinc-selenide (ZnSe) and
Germanium are by far the most common used for HATR sampling ; diamond is by far
the best ATR crystal material, due to its robustness and durability.
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2.2.4 Two-Dimensional Proton Nuclear Magnetic Resonance Relaxometry (2D H
NMR -R)

NMR spectroscopy offers high potential for the analysis of multicomponent systems,
such as foodproducts; moreover, the coupling with chemometrics allowed exposing the
hidden relationships in complex data of food systems 1%, This growing interest of the
application of NMR spectroscopy to solve particular problems in food science has been
duly recorded by the increasing number of applications of this technique by food
researcherst®and by a series of biannual conferences devoted toApplications of magnetic
resonance in food scient®t started in 1992 and continue to date.NMR areas of expertise
comprise high-resolution liquid - and solid-state NMR spectroscopy, magnetic resonance
imaging (MRI), relaxometry, and diffusometry. These methods are different in many
aspects, such as instrumentation, sample preparation, and targeted results nevertheless
they share the same magnetic resonance principle: a collection of nuclei of atoms with
magnetic properties is distributed onto various energy level s defined by the orientation
of their magnetic moments with respect to an external magnetic field (either
homogeneous or inhomogeneous depending on the specific technology). After reaching
the so-called thermal equilibrium nuclei are irradiated by a second weak radiofrequency
field. The excited nuclei give back their excess energy and return to low energy levels by
two relaxation processes. The first one called spin-lattice relaxation, consists of the
interaction with the environment (lattice) , i.e., with the other molecules in the system,
and is characterized by a time constant T, known as the spin-lattice (or longitudinal)
relaxation time . The second processj.e., the exchange of energy with neighboring nuclei
(with priority to the ones of the same molecule) at lower energy levels is the spin-spin
relaxation; it is described by a time constant Tz, known as the spin-spin (or transversal)
relaxation time. Due to the physical origin s of these two phenomena arising from the
energy transfer from the excited nuclei to the other dynamics in the systemfor T1constant
and the redistribution of the energy of the excited nuclei into the molecular degrees of
freedom for T2 constant, Ti is always higher than T, i.e., T1 relaxation process is the
slower one. Relaxation mechanisms involve local magnetic fields produced by the atomic
and electronic environment of the nucleus and modulated by molecular motion.

Apart from static properties, food materials show time -dependent phenomena reflected
on their structural and dynamic heterogeneities. Some representative examples are:
phase transitions, matrix and water distribution, and compositional changes during

processing and storage (aging). The study of these time-dependent progressions requires
time-domain (TD) NMR experiments (opposed to frequency-domain measurements).
They can be carried out at low magnetic fields using low -cost NMR spectrometers,
suitable for the industrial sector performing on -line and automated quality assessment

108 Dais, P.; Spyros, A.In Pico, Y. (Ed.) Chemical Analysis of Food: Techniques and Applicat{pps 91-115),
Amsterdam, The Netherlands: Elsevier, 2012
109 Tang, F.; Vasas M.; Hatzakis, E.; Spyros, A. Annu. Reports NMR Spectros2019 98, 239306.



of food products. The parameters for monitoring time -dependent phenomena are
precisely the above-mentioned relaxation times and the self-diffusion coefficients . L0

The development of the first commercial dedicated pulsed TD-NMR instrument started
in 1970 with an industrial collaboration between the instrument manufacturer Bruker
and a food company (Unilever). In the decade that followed, the range of relaxometric
methods widened because the food scientists in academia and industry rapidly
recognized the potential of these relatively low -cost instruments for research purposes.
In the most common TD-NMR implementation 110, static magnetic fields (Bo) are
generated by electromagnets or permanent magnets, consisting of a yoke holding two
poles at a distance of a fewcentimeters; they are relatively cheap and can beinstall ed on
laboratory benches. Bo field strengths between 0.12 and 1.4 T corresponding to proton
Larmor frequencies in the range of 5-60 MHz, are obtained. These field strengths gain
sufficient sensitivity for observing abundant species in foods such as water and oil.
Another approach to non -invasive inspection of intact produc ts is the deployment of
single-sided magnets with built -in measurement coils for transmitting and receiving RF
signals. A typical TD-NMR instrument with single -sided magnet is shown in Figure 2.7.

Figure 2.7. TD-NMR single-sided magnet apparatus used in the work described in Chapter 9.

One-dimensional relaxometry involves T 1 and T2 measurements using the inversion
recovery Fourier transforfiRFT) method, and the Carr-Purcell Meibiim-Gill (CPMG) pulse
sequence, repectively, at a fixed spectrometer frequency and for a single nucleus. The

110yan Duynhoven, J.; Voda, A.; Witek, M.; Van As, H. In Annual Reportson NMR Spectrosopy, Volume 69 (pp.
145197),Academic Press,2010



