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Food Safety 

This book is an updated reference source on food safety best practices. The chapters discuss 
analytical approaches to measuring food contaminants, quality control and risk assessment of food 
storage, food irradiation, etc. The contributors discuss how quality control and management help to 
establish sustainable and secure food systems globally. The book covers topics such as techniques to 
measure food contaminants, toxins, heavy metals and pesticide content in food. 

FEATURES   

◾ Examines the role of food safety approaches in global food supply chains  

◾ Describes various detection techniques for food contaminants and toxins  

◾ Discusses the application of nanotechnology and other innovations in food safety and risk 
assessment  

◾ Reviews the international regulations for management of food hazards  

◾ Includes the hazard analysis critical control points (HACCP) principles 

This book is an essential resource to help students, researchers, and industry professionals 
understand and address day-to-day problems regarding food contamination and safety and their 
impact on human health.  
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Preface 

Welcome to this comprehensive compilation exploring various aspects of food safety, quality 
control, and the analysis of contaminants in food products. In today’s globalized world, ensuring 
the safety and quality of the food we consume is of paramount importance. This collection of topics 
aims to shed light on the analytical approaches, techniques, and advancements in the field of food 
safety and quality assurance. There are 16 manuscripts accepted for publication in this book 
contributed by 56 authors from India, China, Italy, Brazil, West Indies, Mexico and Bangladesh. The 
contributors’ co-operation and timely responses to complete this book is highly commendable. 

Chapter 1: In this chapter, authors delve into the various analytical approaches employed for the 
measurement and identification of food contaminants. They explore the latest advancements in 
instrumental techniques, sample preparation methodologies and data analysis methods that aid in 
accurate and reliable detection of contaminants in food. 

Chapter 2: This chapter focuses on quality control measures and risk assessment strategies 
implemented in the food industry to mitigate potential hazards associated with storage and 
packaging processes. 

Chapter 3: This chapter explores the applications of this powerful analytical tool in identifying 
and quantifying contaminants in various food matrices, enhancing food safety standards. 

Chapter 4: In this chapter, the authors examine the role of FTIR analysis in verifying the 
authenticity of food products, detecting adulteration and assessing their overall quality. 

Chapter 5: This chapter focuses on the analysis of food preservatives using chromatographic 
techniques, highlighting the importance of accurate quantification and monitoring of these 
additives for consumer safety. 

Chapter 6: This chapter explores the methods and techniques employed for the detection and 
quantification of aflatoxins in dairy products, aiming to minimize their presence and protect public 
health. 

Chapter 7: This chapter investigates the analytical methods used to analyze heavy metal 
contamination in seafood, enabling effective monitoring and control measures to ensure the safety 
of these highly consumed food items. 

Chapter 8: In this chapter, authors explore the application of ELISA and PCR techniques for the 
rapid and accurate assessment of biological contaminants in food, facilitating timely intervention 
and prevention. 

Chapter 9: This chapter discusses intelligent point-of-care testing methods specifically designed 
for the detection of mycotoxins, ensuring prompt identification and prevention of these harmful 
toxins. 

Chapter 10: This chapter examines the various methods employed for mycotoxin degradation in 
food, including physical, chemical and biological approaches, aiming to reduce the health risks 
associated with mycotoxin contamination. 

Chapter 11: This chapter provides an in-depth exploration of food irradiation technology, its 
applications, benefits and regulatory considerations in ensuring food safety. 

Chapter 12: This chapter investigates the utilization of inorganic nanoparticles for the detection, 
elimination and monitoring of contaminants in food, highlighting their potential for sustainable 
food safety practices. 

Chapter 13: This chapter explores the current applications of nanozymes in food safety, 
addressing their challenges and potential future advancements in ensuring the quality and integrity 
of food products. 

Chapter 14: This chapter showcases recent innovations, including biosensors, smart packaging, 
and blockchain, and their significant contributions to improving food safety systems, supply chain 
transparency and consumer trust. 

Chapter 15: This chapter focuses on the management of food allergens, including allergen 
detection techniques, labeling regulations and best practices in food production and handling, 
aiming to mitigate the potential health hazards associated with allergenic foods. 

Chapter 16: This chapter explores the assessment of food contaminants specifically in meat 
products, emphasizing the importance of reliable analysis and quality control measures to 
safeguard consumers’ health. 

We hope this compilation serves as a valuable resource for students, researchers, food industry 
professionals, and policymakers, providing insights into the analytical approaches, techniques, and 
technologies employed in the assessment and management of food safety and quality. The 
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contributors’ expertise and the breadth of topics covered ensure a comprehensive understanding of 
the challenges and advancements in this critical field. We are grateful to the CRC Press for their 
determined effort to publish the book on schedule. 

Mohammed Kuddus  
Syed Amir Ashraf  

Pattanathu Rahman  
August 2023 

vii 

Preface 

https://t.me/PrMaB2



Editors 

Mohammed Kuddus, PhD, is the head of the Department of Biochemistry, College of Medicine, 
University of Hail, Hail, Kingdom of Saudi Arabia. He earned a PhD in biochemistry and enzyme 
biotechnology at Sam Higginbottom University of Agriculture, Technology and Sciences 
(SHUATS), Allahabad, India. Prof. Kuddus has more than 95 publications, 10 books, 22 book 
chapters, 10 research grants and a patent to his credit. He is included in the Stanford University List 
of World’s Top 2% Scientists (2023). He is a recipient of Young Scientist Project from DST, India and 
IFS, Sweden. 

Syed Amir Ashraf, PhD, is a faculty member at the Department of Clinical Nutrition, College of 
Applied Medical Sciences, University of Hail, Kingdom of Saudi Arabia. His primary research 
focuses on food bioactive characterization, nutraceutical and functional foods, food safety and 
management, metabolic disorders, cancer and bioinformatics. Dr. Ashraf has published more than 
70 research articles in peer-reviewed journals along with five book chapters. He is an editorial 
board member and reviewer of various reputed international journals. 

Pattanathu Rahman, PhD, is a senior academic member at Liverpool John Moores University, 
Liverpool, England. He has 25 years of academic experience in research, innovation, management 
and commercialization. He served as an associate professor at the University of Portsmouth and 
Teesside University and founded TeeGene Biotech and Tara Biologics. He has discovered novel 
biosurfactant-producing bacteria at Teesside, and Dr. Rahman is the author of 70+ peer-reviewed 
journal articles with 8,600 citations, an h-index of 36, and the editor of three books on 
biosurfactants. His vast technical and management experience in biotechnology has led to various 
cutting-edge technologies, product discovery, scale-up, tech transfer and commercialization. He is 
included in the Stanford University List of World’s Top 2% Scientists (2021, 2022, 2023). He is a 
visiting professor at SOA University, Bhubaneswar, India.  

viii 

https://t.me/PrMaB2



Contributors 

Shafi Ahmed 
Department of Agro Product Processing 

Technology 
Jashore University of Science and Technology 
Jashore, Bangladesh 

Md. Akhtaruzzaman 
Department of Agro Product Processing 

Technology 
Jashore University of Science and Technology 
Jashore, Bangladesh 

Md. Shofiul Azam 
Laboratory of Food Microbiology and Safety 
Department of Food Engineering 
Dhaka University of Engineering and 

Technology, Gazipur 
Dhaka, Bangladesh 

Eliana Badiale-Furlong 
Postgraduate Program in Engineering and  

Food Science 
Chemistry and Food School 
Federal University of Rio Grande 
Porto Alegre, Brazil 

Neela Badrie 
Department of Food Production 
Faculty of Food and Agriculture 
The University of the West Indies 
St. Augustine, Trinidad and Tobago 

Pooja Nivrutti Bhagat 
Dairy Engineering Division 
Indian Council of Agricultural Research 

(ICAR)-National Dairy Research Institute 
(NDRI) 

Haryana, India 

Anikesh Bhardwaj 
Department of Chemistry 
Chandigarh University 
Mohali, India 

Deepshikha Buragohain 
Department of Life Science and Bioinformatics 
Assam University 
Assam, India 

A.E. Cedillo-Olivos 
Departamento de Ingeniería Bioquímica 
Escuela Nacional de Ciencias Biológicas 
Instituto Politécnico Nacional 
Mexico City, Mexico 

R. B. Colorado 
Departamento de Ingeniería Bioquímica 
Escuela Nacional de Ciencias Biológicas 
Instituto Politécnico Nacional 
Mexico City, Mexico 

Carlos Adam Conte Jr. 
Center for Food Analysis (NAL) 
Technological Development Support 

Laboratory (LADETEC) 
Federal University of Rio de Janeiro 
Rio de Janeiro, Brazil 

Ayantika Das 
Dairy Microbiology Division 
Indian Council of Agricultural Research 

(ICAR)-National Dairy Research Institute 
(NDRI) 

Haryana, India 

Vaishali Lekchand Dasriya 
Dairy Microbiology Division 
Indian Council of Agricultural Research 

(ICAR)-National Dairy Research Institute 
(NDRI) 

Haryana, India 

Juliane Lima da Silva 
Postgraduate Program in Technological and 

Environmental Chemistry 
Chemistry and Food School 
Federal University of Rio Grande 
Porto Alegre, Brazil 

Francine Kerstner de Oliveira 
Postgraduate Program in Engineering and  

Food Science 
Chemistry and Food School 
Federal University of Rio Grande 
Porto Alegre, Brazil 

Tejpal Dhewa 
Department of Nutrition Biology 
Central University of Haryana 
Haryana, India 

Harmeet Singh Dhillon 
Dairy Microbiology Division 
Indian Council of Agricultural Research 

(ICAR)-National Dairy Research Institute 
(NDRI) 

Haryana, India  

ix 

https://t.me/PrMaB2



Mariya Divanshi 
Dairy Microbiology Division 
Indian Council of Agricultural Research (ICAR) – 

National Dairy Research Institute (NDRI) 
Haryana, India 

Flavio Dias Ferreira 
Academic Department of Food (DAALM) 
Federal Technological University of Paraná 

(UTFPR) 
Curitiba, Brazil 

Yu Gao 
College of Plant Protection 
Jilin Agricultural University 
Changchun, China 

Jaqueline Garda-Buffon 
Postgraduate Program in Engineering and  

Food Science 
Chemistry and Food School 
Federal University of Rio Grande 
Porto Alegre, Brazil 

S. A. González 
Departamento de Ingeniería Bioquímica 
Escuela Nacional de Ciencias Biológicas 
Instituto Politécnico Nacional 
Mexico City, Mexico 

Md. Abir Hossain 
Laboratory of Food Microbiology and Safety 
Department of Food Engineering 
Dhaka University of Engineering and 

Technology, Gazipur 
Dhaka, Bangladesh 

Xiaofeng Hu 
Key Laboratory of Detection for Mycotoxins 
Ministry of Agriculture and Rural Affairs 
Oil Crops Research Institute 
Chinese Academy of Agricultural Sciences 
Beijing, China 

Marco Iammarino 
Chemistry Department 
Istituto Zooprofilattico Sperimentale della 

Puglia e della Basilicata 
Foggia, Italy 

Rumana A. Jahan 
Centre for Advanced Research in Sciences 
University of Dhaka 
Dhaka, Bangladesh  

C. Jiménez-Martínez 
Departamento de Ingeniería Bioquímica 
Escuela Nacional de Ciencias Biológicas 
Instituto Politécnico Nacional 
Mexico City, Mexico 

Wenjing Kang 
School of Food Science and Engineering 
Key Laboratory of Tropical and Vegetables 

Quality and Safety for State Market 
Regulation 

Hainan University 
Haikou, China 

Sanjeev Kumar 
Department of Life Sciences and Bioinformatics 
Assam (Central) University 
Assam, India 

Ankita Kumari 
Animal Biochemistry Division 
National Dairy Research Institute 
Haryana, India 

Peiwu Li 
Key Laboratory of Detection for Mycotoxins 
Ministry of Agriculture and Rural Affairs 
Oil Crops Research Institute 
Chinese Academy of Agricultural Sciences 
Beijing, China 

Yin Liu 
School of Food Science and Engineering 
Key Laboratory of Tropical and Vegetables 

Quality and Safety for State Market 
Regulation 

Hainan University 
Haikou, China 

Md. Hasan Tarek Mondal 
Department of Food Engineering 
Dhaka University of Engineering and 

Technology, Gazipur 
Dhaka, Bangladesh 

Maria Lúcia Guerra Monteiro 
Center for Food Analysis (NAL) 
Technological Development Support 

Laboratory (LADETEC) 
Federal University of Rio de Janeiro 
Rio de Janeiro, Brazil 

Priyakshi Nath 
Department of Life Sciences and Bioinformatics 
Assam (Central) University 
Assam, India 

x 

Contributors 

https://t.me/PrMaB2



Luiz Torres Neto 
Center for Food Analysis (NAL) 
Technological Development Support 

Laboratory (LADETEC) 
Federal University of Rio de Janeiro 
Rio de Janeiro, Brazil 

Wesclen Vilar Nogueira 
Postgraduate Program in Engineering and Food 

Science 
Chemistry and Food School 
Federal University of Rio Grande 
Porto Alegre, Brazil 

Raghu H.V. 
Dairy Microbiology Division 
Indian Council of Agricultural Research (ICAR)- 

National Dairy Research Institute (NDRI) 
Haryana, India 

Soniya Ashok Ranveer 
Dairy Microbiology Division 
Indian Council of Agricultural Research (ICAR)- 

National Dairy Research Institute (NDRI) 
Haryana, India 

Mrinal Samtiya 
Department of Nutrition Biology 
Central University of Haryana 
Haryana, India 

Xuemei Tang 
School of Food Science and Engineering 
Key Laboratory of Tropical and Vegetables 

Quality and Safety for State Market Regulation 
Hainan University 
Haikou, China 

Aurelia Di Taranto 
Chemistry Department 
Istituto Zooprofilattico Sperimentale della 

Puglia e della Basilicata 
Foggia, Italy 

Md. Nazim Uddin 
Bangladesh Agricultural Research Institute 
Gazipur City, Bangladesh 

Md. Wahiduzzaman 
Bio-Med Big Data Center 
CAS Key Laboratory of Computational Biology 
CAS-MPG Partner Institute for Computational 

Biology 
Shanghai Institute of Nutrition and Health 
University of Chinese Academy of Sciences 
Chinese Academy of Sciences 
Shanghai, China 

Shenling Wang 
Key Laboratory of Detection for Mycotoxins 
Ministry of Agriculture and Rural Affairs 
Oil Crops Research Institute 
Chinese Academy of Agricultural Sciences 
Beijing, China 

Long Wu 
School of Food Science and Engineering 
Key Laboratory of Tropical and Vegetables 

Quality and Safety for State Market 
Regulation 

Hainan University 
Haikou, China 

Ting Wu 
School of Food Science and Engineering 
Key Laboratory of Tropical and Vegetables 

Quality and Safety for State Market 
Regulation 

Hainan University 
Haikou, China 

Meng-Lei Xu 
Jilin Provincial Key Laboratory of Nutrition and 

Functional Food 
College of Food Science and Engineering 
Jilin University 
Changchun, China 

Miaomiao Yang 
School of Food Science and Engineering 
Key Laboratory of Tropical and Vegetables 

Quality and Safety for State Market 
Regulation 

Hainan University 
Haikou, China 

Wei Zeng 
School of Food Science and Engineering 
Key Laboratory of Tropical and Vegetables 

Quality and Safety for State Market 
Regulation 

Hainan University 
Haikou, China 

Zhaowei Zhang 
Key Laboratory of Detection for Mycotoxins, 

Ministry of Agriculture and Rural Affairs, 
Oil Crops Research Institute 

Chinese Academy of Agricultural Sciences 
Beijing, China       

xi 

Contributors 

https://t.me/PrMaB2



https://t.me/PrMaB2

http://taylorandfrancis.com
http://taylorandfrancis.com


1 Analytical Approaches for Measurement of Food Contaminants 

Soniya Ashok Ranveer, Vaishali Lekchand Dasriya, Pooja Nivrutti Bhagat,  
Harmeet Singh Dhillon, and H.V. Raghu  

1.1 INTRODUCTION 
There are many connection between the production and delivery of food from farmers to 
consumers (planting, breeding, harvesting, packing, transferring to retail markets, storing, 
shipping, importing, processing, and shelf storage) (Keding et al., 2013). There are many 
possibilities for involvement these steps in the food chain, including the use of “pesticides, 
agricultural bioengineering, veterinary drug administration, storage and handling conditions, 
processing applications, economic gain strategies, food additives, packaging material”, etc. As a 
result of the potential for contamination or the introduction (both purposeful and unintentional) of 
hazardous substances or constituents, each of these procedures can have a significant impact on 
food quality and safety. Food safety and quality laws and regulations have been enacted and are 
being improved to safeguard farmers, consumers, and the food manufacturing sector (Pou et al., 
2022). When there is a risk of illness from eating something, the dosage usually determines how bad 
the sickness will be. There is often a tolerance limit below which no negative effects are seen. 
Tolerance levels are set by the EPA and enforced by the FDA and USDA in the United States 
(Trichilo and Schmitt, 1989). However, events related to the microbiological and chemical safety of 
food continue to happen. Pesticides, mycotoxins, veterinary medicine residues, some food 
additives, food adulterants, packaging hazardous compounds, and environmental pollutants all 
raise serious safety concerns (Sabui et al., 2022). Allergens (e.g., sulfite and histamine), heavy metals 
(e.g., mercury, cadmium, and lead), pesticides (e.g., dimethoate, omethoate, and isophenfos- 
methyl), and veterinary drugs (e.g., lactam, sulfonamide, chloramphenicol, and nitrofurans) are 
among the most commonly reported hazards within the chemical category (SOEST, and Fritschi, 
2004). Contamination from microorganisms, such as fungi, viruses and bacteria are associated with 
foodborne diseases in humans (Bari and Yeasmin, 2018). GMOs and the products they produce are 
other groups that can cause alarm. The introduction and use of GMOs in food items led to the 
creation of safety labeling standards mandated by law (Yang and Chen, 2016). To guarantee food 
quality, safety, and equitable commerce, there must be effective and trustworthy detection and 
analysis procedures. 

1.2 ANALYTICAL APPROACH 
Analyzing potential food hazards can be done using any number of techniques and procedures. The 
purposes, cost, energy, and time, dependability of the procedure, the sophistication of the food 
matrix, distrusted amount of contamination, and availability of analyzers are only a few of the aspects 
that play a role in deciding which approach to take (Stroka and Anklam, 2002). The goals may be as 
simple as identifying a family of pollutants as a whole, or as sophisticated as pinpointing the 
concentration of a single contaminant or even detecting previously unreported adulterants. Cost- 
effective and time-efficient screening procedures are increasingly being adopted by regulatory bodies 
and the business sector as a whole. However, quantitative procedures that call for specialized 
hardware may be required for the analysis to reach its conclusions (Higueras et al., 2012). When this 
occurs, businesses may elect to have their samples analyzed by independent research facilities. After 
settling on an approach, it’s time to think about how to collect and analyze samples. 

1.2.1 Qualitative or Semiquantitative Methods 
Semiquantitative techniques can estimate the concentration of a detected pollutant or residue, 
whereas qualitative techniques can only identify its presence (Van Aken et al., 2006). The primary 
advantages of these approaches are their low price, quickness, and ease of use. Some examples of 
such methods include thin-layer chromatography (TLC), enzyme inhibition, and immunoassay 
(Table 1.1) (Chen and Schwack, 2014). 

1.2.2 Quantitative Methods 
Gas chromatography and high-performance liquid chromatography are the two most common 
analytical techniques used for the quantitative study of chemical pollutants and residues in food 
(Liu et al., 2022). GC has historically been paired with even more accurate detectors for the study of 
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food pollutants and residues due to its superior separation efficiency compared to HPLC 
(McCalley, 2002). Even though GC analysis requires derivatization of polar analytes, it is preferred 
for multicomponent contaminant and residue analysis due to the combination of GC with mass 
spectrometry (MS) and the availability of high-cost benchtop GCMS devices (Loos et al., 2016). 
Mycotoxins, polar insecticides, and the vast majority of veterinary medication residues are 
examples of thermally labile and/or massive analytes that currently require HPLC for analysis 
(Sorbo et al., 2022). HPLC-mass spectrometry (LC-MS) is a relatively new technique that allows for 
the direct, selective, and sensitive analysis of polar analytes (Kang, 2012). As we move away from 
pesticides that are persistent and less polar and toward those that are more rapidly degradable, 
more polar, and thermolabile, LC-MS is being used for multiclass, multi-residue analysis. Using 
GC-MS or LC-MS allows for the potential spectroscopic resolution of coeluting peaks, as well as the 
simultaneous quantification and structural identification of a broad range of chemicals (Table 1.1) 
(Kadokami et al., 2022). Additionally, immunoassay analytical methods are employed for the 
identification and quantification of single and multiple pollutants or residues. Immunoassays allow 
for the quick and accurate detection of a wide range of pollutants, including drugs, pesticides, and 
mycotoxins. Enzyme-linked immunosorbent assays (ELISAs) and immunosensor methods are two 
of the most sensitive immunoassay techniques for detecting harmful analytes, whereas immu-
noaffinity chromatography is used to concentrate and purify the analyte of interest (Alnassrallah 
et al., 2022). Immunoassays are not only highly sensitive, but also easy, rapid, and cost-effective 
compared to other methods used for the quantification of pollutants and residues (Lei et al., 2022). 
It’s possible, though, that the test antibodies will show cross-reactivity (affinity) with other 
substances that share a similar chemical structure. 

1.3 PESTICIDE RESIDUE ANALYSIS 
Acaricides, molluscicides, pheromones, repellents, nematicides, plant growth regulators, and 
rodenticides are all examples of pesticides (Yadav and Devi, 2017). The FDA has released a 
chemical nature of pesticides compound (including 14 terms). To this day, pesticides are still 
essential in preventing plant disease and ensuring the world’s population has enough to eat 
(Tyczewska et al., 2018). It is projected that 30% of crop yield would be lost if pesticides were not 
applied. Acute neurologic toxicity, cancer, chronic neurodevelopment impairment, and immuno-
logical, reproductive, endocrine system dysfunction are a few of the potential risks associated with 
pesticide exposure (Upadhayay et al., 2020). Due to the potential toxicity of pesticides to animal 
health and the environment, there are already stringent rules for the registration (including the 
establishment of tolerance thresholds) and usage of pesticides around the world. The 
Environmental Protection Agency (EPA) mandates that scientific studies be conducted to ascertain 
the character and magnitude of harmful effects, as well as to identify the threshold below which 
these effects are no longer observable (no observed adverse effect level, NOAEL). With the help of a 
safety factor, often set at 100 (i.e., ADI = NOAEL/100), the NOAEL can be converted into the 
appropriate daily intake (ADI) for humans (Shah et al., 2017). To properly conduct risk assessment 
studies, researchers need to take into account not only the dangers associated with exposure to 
pesticides but also the overall aggregate exposure of different subpopulations (Lentz et al., 2015). 

Table 1.1: Antibiotic, Mycotoxin, and Pesticide Analyses in Food: A Summary      

Contaminant Semiquantitative or 
Qualitative (Screening 

Methods) 

Quantitative  

Pesticides TLC, HPLC, HPLC Enzyme 
inhibition Immunoassay 

Multiresidue (MRMs) Single- 
residue (SRMs) GC (mostly) 

Single-residue 
(SRMs) GC 
(mostly) GC 
(mostly) 

Mycotoxins TLC, GC, Immunoassay Capillary 
electrophoresis Immunoassays 

HPLC (mostly)  

Antibiotics Enzyme substrate assays and 
Immunoassays 

HPLC (mostly), Microbial growth 
inhibition GC Receptor assays 
Immunoassays    
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Pesticide residue in or on foods and how often those foods are eaten both contribute to dietary 
exposure. Chronic exposure risks can be estimated by comparing the estimated number of 
pesticides consumed over a long period with the ADI (Alla et al., 2015). As a result of decreasing 
tolerance levels, more precise and sensitive analytical procedures have been developed to ensure 
that food continues to suit consumers’ needs. 

1.3.1 Different Analytical Techniques 
Analyzing pesticide traces in food is due to many different reasons. The food matrix is complicated; 
there are more matrix components than target pesticides, pesticide doses may be in the picogram or 
femtogram range, and there are major discrepancies between the physical and chemical properties 
of pesticides (Sannino, 2008). Pesticide analysis techniques can be broken down into two broad 
groups: single residue methods (SRM) and multiple residue methods (MRM) (Salvador et al., 2020). 
The goal of SRM development was to create a method for measuring a single analyte and, in many 
cases, its potentially harmful metabolites and transformation products. Pesticides can have a wide 
range of properties, including pH, polarity, non-polarity, volatility, and acidity (Prieto et al., 2010). 
Inside this light, a MRM that can detect many pesticides in a single analysis is the most time- and 
cost-effective method. Additionally, AOAC International has created an MRM for pesticide 
residues called the “AOAC Pesticide Screen (970.52)” (Rejczak and Tuzimski, 2015). Current MRMs 
utilized by the FDA and USDA rely on GC and HPLC analysis for identification and quantification 
(Botitsi et al., 2011). Before chromatographic analysis, MRMs perform optimal sampling, extraction, 
and fractionation/cleanup procedures to ensure that the vast majority of the pesticide residues 
present in the sample matrix are successfully transferred to the organic phase (Ismail et al., 2010). 
With the use of a water-miscible solvent, pesticide residues can be efficiently partitioned from the 
sample matrix into the organic phase. After that, the mixture is separated using a nonpolar solvent 
that is miscible with the polar solvent but not water. Cleaning up the extracted material to reduce 
matrix effects and improve sensitivity and selectivity follows the extraction process (Dasriya et al., 
2021). Low-polarity solvent mixes are eluted from adsorption columns filled with Florisil, alumina, 
or silica gels during the cleanup process (Tekel and Hatrík, 1996). 

1.3.2 Analytical Techniques 
There is a large variety of analytical methods that can be employed in pesticide analysis for 
purposes of detection, identification, and/or quantification. This discussion includes both 
established and emerging analytical methods for tracing the origins of pesticide residues. When 
something is detected, identified, and/or quantified, the term “detection” is used. Pesticide 
analysis can make use of several different types of analytical methods. Some of the most cutting- 
edge breakthroughs and current methods for analysing samples for pesticide residues are 
discussed here. 

1.3.3 Biochemical Techniques 
Several different biochemical methods can be used to detect pesticides, including enzyme inhibition 
tests and immunoassays. Enzyme inhibition tests are a part of many of today’s commercially 
accessible test kits (Dasriya et al., 2021). These assays work on the concept that pesticides present in 
the sample will inhibit an enzyme necessary for key processes in insects. If there are no pesticides 
around, the enzyme will react with the substrate and induce a color change. If there is no visible 
color shift, the test is positive; more advanced analysis, such as HPLC and GC (Dasriya et al., 2021), 
will be required to confirm the presence and concentration of the target pesticides. Immunoassays 
can be modified to serve a variety of applications, from rapid screening [field-portable] to more in- 
depth quantitative analysis in a lab setting, whereas enzyme inhibition assays are mostly utilized as 
screening procedures despite their low sensitivity and selectivity (Ju et al., 2016). When compared to 
more traditional approaches, immunoassays are advantageous because of their low complexity, 
high sensitivity, and high throughput. Furthermore, unless cross-reactivity exists, there is no need 
for substantial cleansing of extracts. As a result, with a large enough sample size, this method can 
be quite beneficial for program monitoring. There are a wide variety of uses for class- and 
compound-specific immunoassays. ELISAs make up the vast majority of the immunoassays utilized 
in the analysis of pesticide residue. Antibodies used in cyclodiene insecticide and triazine herbicide 
ELISA testing are both specific to their target classes and highly reactive, allowing for the detection 
of structurally similar chemicals (Ismail et al., 2010). 
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1.3.4 Chromatographic Techniques 
1.3.4.1 Thin Layer Chromatography 

To speed up the examination process, pesticides can be screened using thin-layer chromatography 
(TLC). It is not employed as a quantitative approach due to its low-resolution capacity, low 
accuracy, and inadequate recognition in comparison to HPLC and GC (Nestola and Schmidt, 2016). 
TLC, on the other hand, can be employed as a semiquantitative approach before additional precise 
detection and quantification. Insect enzyme inhibitors such as cholinesterases can be detected and 
estimated as one possible use case. Insecticides belonging to the OP and carbamate classes are 
among those that can block the activity of these enzymes (Songa and Okonkwo 2016). After a crude 
extract has been separated using TLC, the enzyme (or enzymes) and a substrate (that will be 
hydrolyzed into a colored product) is then sprayed onto the plate. Pesticide residues prevent 
enzymes from producing a color change, and the size of the resulting “zone of inhibition” depends 
on how much pesticide is present, specifically (Gavahian et al., 2021). 

1.3.4.2 Gas Chromatography 
In recent years, the invention of fused silica capillary columns has made it possible to separate and 
detect a wide variety of pesticides that share similar physical and chemical properties. The OC and 
OP families of pesticides are both volatile and thermally stable, making GC the method of choice for 
their determination. The composition of the pesticides informs the selection of columns and 
detectors (Sannino, 2008). Columns made of diphenyl and dimethylpolysiloxane (5%, 95%) are 
frequently used in MRMs. Many heteroatoms, including O, S, N, Cl, Br, and F, can be found in a 
single molecule of a pesticide. So, element-selective detectors like a flame photometric detector 
(FPD) are commonly utilized for the detection of P-containing substances (Seiber et al., 2021). The 
FPD is commonly used to identify OP pesticides in a wide variety of crops without resorting to 
laborious cleanup procedures. The great sensitivity of the electron capture detector to organic 
halogen compounds makes it ideal for the measurement of OC. Conventional GC analysis is 
constrained by the need for multiple injections due to the MRM strategy for multiclass detection 
with these selective detectors (Botitsi et al., 2011). 

1.3.4.3 High-Performance Liquid Chromatography 
The proliferation of low-volatility, high-polarity, and heat-labile pesticides necessitated the 
improvement of high-performance liquid chromatography (HPLC) study for their separation and 
detection. Many classes of pesticides, including “N-methyl carbamate (NMC), urea herbicides, 
benzoylurea insecticides, and benzimidazole fungicides”, are studied using high-performance 
liquid chromatography (HPLC). Reversed-phase chromatography using C18 or C8 columns and an 
aqueous mobile phase is commonly used to evaluate these substances, and the results are then 
detected using either UV absorption, a UV diode array, fluorescence, or mass spectrometry 
(McCalley, 2002). Purified HPLC separation and UV detection at 254 nm allow for quantitative 
evaluation of phenylurea herbicide concentrations with high selectivity and sensitivity. Compared 
to ultraviolet light, fluorescence is a more sensitive method for detecting benzimidazole fungicides. 
Post-column derivatization is used in situations where the sensitivity of UV and fluorescence 
detection is low. The equipment needed for post-column derivatization, such as a mixing chamber 
and a reactor, is not always readily available. Another important drawback is competition with 
other chemicals that exhibit fluorescence (Baeyens, et al., 1998). Using fluorescence or UV after 
standard HPLC analysis of pesticides in complicated systems is often insufficient. Since spectrum 
variations are sometimes too weak to be resolved, even diode array detection may not be an option 
(Wilson and Brinkman 2003). The use of MS detection has broadened the applications for HPLC 
analysis of pesticides. One of the most effective methods for analyzing polar, ionic, and thermally 
labile pesticides is liquid chromatography-mass spectrometry (LC-MS) (Ingelse et al., 2001). 

1.4 MYCOTOXIN ANALYSIS 
Filamentous fungi, commonly referred to as molds, can grow on food products and develop 
mycotoxins, a class of chemical poisons. Aspergillus, Fusarium, and Penicillin are three of the most 
common fungus genera that yield mycotoxins (Bhatnagar et al., 2002). Environmental factors (e.g., 
temperature, humidity, weather variations, damage to kernels, and a pest infestation) can all cause 
crops to get contaminated with fungal growth, which can then lead to mycotoxin contamination 
(Bruns, 2003). Fungal growth can also be triggered by environmental factors such as excessive soil 
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dryness or an imbalance in the plant’s ability to absorb nutrients. Toxins produced by molds, 
known as mycotoxins, can contaminate foods at any point in the chain. 

1.4.1 Rapid Methods of Detection 
1.4.1.1 Thin Layer Chromatography 

The Association for the Analysis of Agricultural Chemicals (AOAC) International has approved a 
plethora of thin layer chromatography (TLC) methods for the analysis of mycotoxins. Toxins like 
“dioxins and nitrates (DON)” in grains like wheat and barley, “aflatoxin” in peanuts and corn, “aflatoxin 
M1” in dairy products like milk and cheese, “OTA” in grains like barley and green coffee, and “zea” in 
corn are all analyzed (Alshannaq and Yu, 2017). Screening typically makes use of traditional TLC 
methods, with detection limits as low as 2 ng/g. In the event of a positive finding, additional, more 
precise quantitative testing will be performed (Singh and Mehta, 2020). When TLC is utilized in 
conjunction with IAC, the results from mycotoxin analysis are more accurate (Turner et al., 2009). 

1.4.1.2 Immunoassays 
Radioimmunoassay (RIA), enzyme-linked immunosorbent assay (ELISA), and fluorescence polar-
ization immunoassay are the three main immunoassays used for the measurement of mycotoxins 
(FPIA) (Tian et al., 2018). Mycotoxin (such as aflatoxin) radiolabeling in RIA has been mostly 
displaced by ELISA (Candlish, 1991). Due to the low molecular weight (MW) of mycotoxins, it is 
possible to make a qualitative assessment of the presence of “aflatoxins B1, B2, G1, and G2” possible 
in as short as 5 minutes (de Oliveira et al., 2014). On the other hand, a reference procedure like 
HPLC must confirm any positive results. On the other hand, biosensors are small analytical devices 
that combine a transduction system and biological components (e.g., nucleic acids, antibodies, cells, 
or enzymes). The signal generated by the target molecule’s interaction with the biological 
component is processed by the transduction system. Biosensors are becoming increasingly popular 
for the detection of mycotoxins, which are produced by the fungus (Table 1.2) (Dey et al., 2022). 

Table 1.2: Examples of Commercial Mycotoxin Residue Analysis Test Kits      

Type of Test Commercial 
Supplier 

Type of Matrices Example of Mycotoxin  

Lateral flow 
receptor 

Charm ROSAR series 
(Charm Sciences, 
Inc., 659 Andover 
Street, 
Lawrence, MA) 

Milk, grain, feedstuffs, 
wine, and grape juice 

Aflatoxin M1 and M2, DON, 
fumonisin, ochratoxin, T-2 
toxin, and zearalenone 

Immunoaffinity 
columns with 
HPLC or 
fluorometry 

AflaTestR WB and 
sister products 
(VICAM, 34 Maple 
St. Milford, MA) 

Coffee, milk, milk products, 
nuts, wheat and grains, 
and other foods 

Aflatoxins M1, B1, B2, G1, and 
G2, citrinin, DON, fumonisin, 
ochratoxin, T-2 and HT-2 
toxins, and zearalenone 

Cleanup columns 
for HPLC, GC, or 
TLC analysis 

MycosepR and sister 
products (Romer 
Labs, Inc., 1301 
Stylemaster Drive, 
Union, MO) 

Wheat, nuts, corn, fruits and 
fruit juices, wine, oats, 
and coffee 

DON, fumonisin, moniliformin, 
patulin, aflatoxins, 
(ergometrine, ergotamine, 
ergosine, etc.), zearalenone, 
citrinin, sterigmatocystin, 
ochratoxin, T2, and ergot 
alkaloids 

Antibodies in a 
direct 
competition 
ELISA test 

Agri-ScreenR series 
(Neogen 
Corporation, 620 
Lesher Place, 
Lansing, MI) 

Corn, whole cottonseed, 
oats, cornmeal, corn 
gluten meal, raw peanuts, 
corn/soy blend, wheat, 
rice, soy, barley, butter, 
cottonseed meal, peanut 
and mixed feeds 

Deoxynivalenol (DON), T-2 toxin, 
ochratoxin, zearalenone, 
aflatoxin, and fumonisin   
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1.4.1.3 Gas Chromatography 
Except for trichothecenes, gas chromatography (GC) is not commonly utilized for the identification 
of mycotoxins. Due to their lack of fluorescence and weak UV-Vis absorption, GC techniques were 
developed for the determination of trichothecenes (Krska et al., 2007). It is common practice to use 
capillary column GC coupled with “trifluoroacetyl, heptafluorobutyry, or trimethylsilyl” derivati-
zation for the simultaneous detection of multiple trichothecenes such as DON, T2, and HT-2. Most 
commonly, MS is used to verify peaks found by GC (Ismail et al., 2010). To confirm patulin in apple 
juice, gas chromatography–mass spectrometry (GC-MS) can be utilized. The official methods 
published by the American Organization for Analysis of Compounds (AOAC) and the American 
Society of Brewing Chemists (ASBC) both report validated and recognized procedures for the 
assessment of trichothecenes using GC (Krska, 2016). 

1.4.1.4 Capillary Electrophoresis 
It is possible to use electrical potential also with the chromatographic technique of capillary 
electrophoresis to separate mycotoxins from matrix components (Turner et al., 2009). There are 
cyclodextrin-based methods for detecting patulin, ochratoxins (A and B), aflatoxins, and zearale-
none in apple juice (to boost the natural fluorescence) (Bueno et al., 2015). 

1.5 ANALYSIS OF ANTIBIOTIC RESIDUES 
Therapeutic and subtherapeutic doses of medications like antibiotics, antifungals, tranquillizers, and 
anti-inflammatory drugs are sometimes given to animals raised for human consumption (Botsoglou 
and Fletouris, 2000). These low-level subtherapeutic pharmacological therapies can lower the 
prevalence of infectious illnesses brought on by bacteria and protozoa, accelerate weight gain, and 
reduce the amount of feed required to achieve weight gain (Kirtane et al., 2021). The FDA’s Center for 
Veterinary Medicine (CVM), a division, controls the production and distribution of medications used 
on animals, including those used to provide food for humans (Viola and DeVincent, 2006). 

1.5.1 Identification and Evaluation 
Sample preparation is often required for residue analysis in order to concentrate and purify the 
desired analytes. Antibiotic residues are typically extracted after a series of pre-treatment steps, 
including defatting, protein hydrolysis (meat or egg samples), protein precipitation (dairy samples), 
and hydrophilic washing (to remove excess sugar from honey) (Raza et al., 2018). Liquid-liquid 
extraction and SPE are frequently employed for the extraction of many antibiotics. Next, the 
antibiotics undergo a preliminary purification process, during which ion-exchange cleanup 
systems, capitalizing on their acid/base makeup, are commonly used (Sanyal and Mathur, 2022). 
Tolerance thresholds have been established for some antibiotics, while others (like nitrofurans and 
chloramphenicol) have a strict no-tolerance policy (Hanekamp and Bast, 2015). For instance, the 
antibiotic chloramphenicol is currently the subject of significant concern in the United States, the 
European Union, and other nations. It has been discovered in imported seafood products and is 
utilized in various regions of the world to produce shrimp (e.g., shrimp, crayfish, and crab) 
(Chammem et al., 2018). Because of its harmful effects on human health, the FDA has established a 
zero-tolerance policy for chloramphenicol in human food and banned its use in animals bred for 
food production (Baynes et al., 2016). As a result, the analytical techniques must be as sensitive and 
focused as possible. For the examination of antibiotics, numerous analytical techniques in the 
categories of screening, determinative, and confirmatory have been created and improved. 

1.5.2 Screening Procedures 
The most common types of quantitative fast screening tests include microbial growth inhibition 
assays, receptor assays, enzyme-substrate assays, and immunoassays (Ahmed et al., 2017). A class 
of antibiotics, a single individual antibiotic, or no specificity are all possible with some screening 
techniques. Screening tests for antibiotic residues in test materials initially relied heavily on 
microbial growth inhibition, but many now use alternative detection methods (Pikkemaat, 2009). 
Examples of screening assays are included in Table 1.3, along with the specific antibiotics found. 
Turbidity, the zone of inhibition, or acid production are frequently measured in microbial growth 
inhibition experiments (Shawkey et al., 2003). When an indicator organism grows in a liquid 
culture, the turbidity increases, the presence of antibiotics inhibits growth, reducing turbidity. In a 
zone of inhibition assay, the substance is allowed to diffuse across a nutritional medium made of 
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agar that has been uniformly inoculated with spores of a susceptible organism (Abedon, 2021). Any 
antibiotics found in the test material will prevent the organism from growing and germinating, 
leaving behind clear zones (Timmerer et al., 2020). The acid that bacteria make as they expand 
changes the medium’s color in the assays for measuring acid production. If there was no color 
change, an inhibitory chemical was present in the test sample (Chaiharn et al., 2009). 

Microbial growth inhibition assays take longer than many more recent screening procedures, but 
they are less expensive, can test a lot of samples, and have some sensitivity to various antibiotic 
classes. There are various microbiological methods for specific antibiotics as well as a non-specific 
microbiological method for antibiotics in the AOAC Official Methods. The Charm IIR test, which 
has various versions created to detect various classes of antibiotics, is an example of a receptor 
assay (Gustavsson et al., 2004). A limited number of specific binding sites on the surface of bacteria 
added to the test sample compete with labeled antibiotics and antibiotic residues in the milk 
sample, as determined by the Charm IIR test system (Conzuelo et al., 2013). Higher levels of 
antibiotic residue in the milk sample means less radiolabeled tracers will bind to the microbe. The 
binding receptor from a susceptible bacteria and the radiolabeled tracer antibiotics are added to the 
milk sample to begin the experiment (Wiesner and Vilcinskas, 2010). The microbial mass is 
subculture in scintillation liquid, the sample is incubated, and centrifuged; the fat is removed; and 
the radiolabeled tracer is quantified (Bulthaus, 2004). The technique works with meat in addition to 
milk and some other dairy products. Enzyme-substrate assays are designed to quantify the degree 
to which an antibiotic inhibits an enzyme’s activity on a substrate. The PenzymeR III commercial kit 
is a good illustration of a test for raw milk because it is specific for lactam antibiotics, which 
equimolarly hinder D, D-carboxypeptidase. D-alanine is released when this enzyme reacts with a 
certain substrate, and this release can be detected in subsequent steps of the experiment by a change 
in color (Ollivaux et al., 2014). Some ELISA-type immunoassays and some lateral flow strips are 
used to detect antibiotic residues (Table 1.3). A lateral flow strip is used in the milk and cream 
testing assay Charm OSA (Rapid One Step Assay) MRL (Chiesa et al., 2020). Specially designed 
receptor-gold is utilized on the test strip to decrease false positives. The SNAPR milk testing kit is 
another illustration of an immunoassay that is sold for milk testing (IDEXX Laboratories, Inc., 
Westbrook, ME). The test kit’s enzyme-labeled antibiotics and any remaining antibiotics in a milk 
sample are put in competition by the assay (Wang et al., 2021). Any antibiotics present in the milk 
will prevent color development by inhibiting the enzyme’s ability to act on a substrate and change 
its color (Asif et al., 2020). An example of a competitive ELISA used for the detection of a particular 
antibody is the VeratoxR assay for the antibiotic chloramphenicol. 

Table 1.3: Commercial Antibiotic Residue Analysis Test Kits      

Type of Test Commercial Source Matrix Examples Antibiotics Tested  

Competitive binding 
assay with enzyme- 
based color 
development 

SNAP® test kit (IDEXX 
Laboratories, Inc., One 
IDEXX Drive, 
Westbrook, ME) 

Raw cow milk from the 
individual cow and 
bulk tank testing. 

chlortetracycline, tetracycline,  
β-lactams, oxytetracycline 

Bacterial inhibition Not applicable Raw sheep, goat, and 
cow milk and other 
dairy products 

Penicillin 

Competitive radio- 
receptor binding 
assay 

Charm II® (Charm 
Sciences, Inc., 659 
Andover Street, 
Lawrence, MA) 

Raw cow milk and liquid 
milk. Cream, 
condensed milk, and 
dairy powders. Meat 
and honey. 

β-lactams (penicillin G, 
ampicillin, cephapirin, 
amoxicillin, ceftiofur, etc.), 
tetracycline, macrolides, 
cephalosporins, sulfa drugs, 
aminoglycosides 

Competitive ELISA Veratox® (Neogen 
Corporation, 620 
Lesher Place, 
Lansing, MI) 

Shrimp Chloramphenicol   
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1.5.2.1 Methods for Determination and Confirmation 
Antibiotic residues in food products can be quantitatively determined using the same general 
methods as other trace analytes (Wang and Leung, 2007). After sample preparation procedures, 
chromatographic separation, detection, and quantification are applied to the partly purified extract 
(including pre-treatment, extraction, and purification) (Wollgast and Anklam 2000). The most used 
chromatography technology is HPLC coupled with UV detection using variable wavelength or diode 
array detection (Karongo et al., 2020). HPLC has been used in conjunction with fluorescence, 
chemiluminescence, or post-column reaction detectors for antibiotic residue analysis. In the analysis 
of antibiotics, LC-MS and LC-MS/MS are increasingly employed for confirmatory and identification 
reasons at trace levels (Peres et al., 2010). For regulation, the FDA offers LC-MS/MS methods to 
identify fluoroquinolones in honey (FDA, 2006; FDA, 2009) as well as LC-MS techniques to identify 
chloramphenicol and related chemicals. The FDA has regulatory LC-MS/MS methods (Anonymous, 
2009) for analyzing chloramphenicol and related chemicals in shrimp, crab, and crawfish, as well as 
LC-MS methods that aren’t currently designed for regulatory purposes (FDA, 2009). LC-MS/MS has 
also been used to validate the presence of β-lactam residues in milk. Using LC-MS/MS, it was also 
possible to detect 14 different types of sulfonamides at concentrations below 10 ng/mL in milk as well 
as condensed milk and soft cheeses (Holstege et al., 2002; Cavaliere et al., 2003). For the measurement 
of macrolide antibiotic residues in a range of foods, “Ultra-high-performance liquid chromatog-
raphy/quadrupole time-of-flight mass spectrometry (UHPLC/Q-Tof MS) has been compared to LC- 
MS/MS” (Clark et al., 2005). While LC-MS/MS had a lower limit of detection and improved precision, 
UPLC/Q-Tof MS offered superior confirmation of positive results (Wang and Leung, 2007). 

1.6 ASSESSMENT OF GENETICALLY MODIFIED ORGANISM 
Novel characteristics, such as herbicide tolerance or insect resistance, can be conferred on 
agriculturally significant plants by introducing DNA from another creature (a “transgene”) into 
their genome (Wolt et al., 2016). A “genetically modified organism, or GMO”, is the name given to 
the changed plant (EFSA, 2011). Four crops dominate current GMO production: “soybeans, corn, 
cotton, and canola” (a cultivar of rapeseed). The most typical GMO features are pest resistance and 
herbicide tolerance, but additional GMO crops include those with plants that have been altered to 
boost the nutritional value of the food or to improve postharvest quality (Bouis et al., 2003). PCR 
kits that target DNA sequences shared by numerous GMOs, such as the often-utilized promoter 
sequence, are readily available (Raitskin et al., 2019). References provide additional reading on the 
GMO and GMO detection issues (Heller, 2003; Ahmed, 2004; Jackson and Linskens, 2009). 

1.6.1 Protein Methods 
Different types of immunoassays are used in the protein techniques. Because they rely on the usage 
of antibodies for detection, immunoassays are very precise. Although conventional ELISA is 
utilized for GMO detection, lateral flow strips are a simpler and faster type of assay. Although 
unlike ELISA analyses, these single-step lateral flow immunochromatographic techniques are quick 
to run, they are not quantitative (Jawaid et al., 2015). Although immunoassays like Western blots 
were used for GMO protein detection, they have since been rendered obsolete by the widespread 
availability of more sensitive methods like enzyme-linked immunosorbent assays (ELISAs) and 
lateral flow assay (Bishop et al., 2019). Below, we’ll only cover the ELISA and lateral flow assays. To 
screen for GMOs, the sandwich ELISA method is frequently employed. 

In addition to the 96-well microwell plates that have been coated with antibodies, the ELISA plate 
kits also comprise the enzyme conjugate (antibodies that have an enzyme linked to them), the 
reagents (including enzyme substrate), and the standards (Hornbeck, 2015). These components are 
necessary for accurately quantifying the GMO proteins in a sample (including positive control). The 
kit’s positive controls are utilized for both quantitative comparison with the samples and for 
determining when the studies should be stopped (Prange and Profrock, 2008). Various conjugates (in 
the same solution) and substrates (in different solutions) are included in kits designed for the 
detection of multiple proteins so that each protein can be identified independently in distinct wells 
within a single experiment. The plates are coated with antibodies to both proteins in order to make the 
first step universal (Doering et al., 2007). These assay kits have detection limits as low as 1–10 parts per 
billion (ppb); however, with the kit manufacturer’s help, they can be diluted to reach higher detection 
thresholds. Numerous plates can be used to analyze hundreds of samples in less than two hours. Each 
plate is typically used to analyze 44 pairs of samples and four pairs of standards. 

FOOD SAFETY 

8 

https://t.me/PrMaB2



The self-contained immunochromatographic assay known as the lateral flow strip is simple to 
employ on the spot. Lateral flow strip testing can identify the GMO protein at or above a specific 
concentration level. The GMO lateral flow test kit assays are the assay of preference for qualitative 
field tests since they can be carried out without specialized tools or a high level of experience 
(Schüling et al., 2018). Pipettes, a sample extraction jar, and the test kit are the only pieces of 
necessary equipment. Therefore, GMO material can be tested using lateral flow strips at every stage 
of processing or transportation, including the growing field, storage facilities, transit locations, and 
processing facilities. It only takes five minutes to read the findings of a positive test. (1) DNA 
extraction from the sample, (2) PCR amplification of the DNA, and (3) identification and 
quantification of the amplified DNA are the three independent procedures that must be completed 
in order to conduct the analysis (Brooks et al., 2015). Positive (a) and negative (b) results from a 
lateral flow strip test for GMOs in Roundup Ready foods (b). All three processes—analysis, 
amplification, and detection/quantification—occur simultaneously in real-time quantitative poly-
merase chain reaction. (Reprinted with permission of Neogen Corporation, Lansing, MI.) The PCR 
amplification is crucial to the success and precision of the study, albeit the other two steps are also 
important. Table 1.4 displays a handful of the many PCR kits sold by various companies. 
Additionally, to the aforementioned gene-specific PCR kits, screening kits that amplify the widely 
used promoters and transcription terminators for the overall assay for GMO material are also 
readily accessible. 

Table 1.4: Example Commercial Test Kits for GMO Analysis      

Assay Type Example GMO, (Protein), and Trait Commercial Source  

Single-step lateral flow 
immunochromato-
graphic assay 

Soybeans and corn 
products 

Roundup Ready® (CP4 EPSPS 
protein). Confers tolerance to 
RoundupR herbicides 

Reveal® (Neogen 
Corporation, 620 Lesher 
Place, Lansing, MI) 

Single-step lateral flow 
immunochromato-
graphic assay 

Cotton and seeds BollGard® II (Bt-Cry 2 A and Bt- 
Cry 1Ab/1Ac proteins) Most 
leaf- and boll-feeding worm 
species are under control. 

FlashKits® Cotton (Agdia 
Biofords, 5 Rue Henri 
Desbrueres, Evry, 
France) 

Single-step lateral flow 
immunochromato-
graphic assay 

Corn and other 
matrices 

StarLink® (Bt-Cry9C and PAT 
proteins). European corn borer 
resistance and 
phosphinothricin (PPT) 
herbicide tolerance 

AgraStrip® GMO ST 
(Romer Labs, Inc., 1301 
Stylemaster Drive, 
Union, MO) 

PCR kit Most of the raw 
materials and 
food samples 
that contain 
soybean 

Roundup Ready® Soya. (cp4 
epsps gene). Tolerance to 
Roundup herbicides 

LightCycler® GMO Soya 
Quantification (Roche 
Diagnostics, 9115 Hague 
Road, Indianapolis, IN) 

PCR kit 3 The majority of 
corn-containing 
food samples 
and raw 
materials 

NaturGard® KnockOut® (cry 1ab 
and bar genes). Resistance to 
European corn borer and PPT 
pesticide tolerance 

LightCycler® GMO Maize 
Quantification (Roche 
Diagnostics) 

ELISA Single seed and leaf 
tissue 

YieldGard Plus, YieldGard Plus/ 
RR2, YieldGard VT Triple, 
YieldGard Rootworm, and 
Yieldgard VT Rootworm/RR2 
(Cry1Ab and Cry3Bb1 
proteins). Corn borer and corn 
rootworm larval control 

QualiPlate® Kit for Cry1Ab 
and Cry3Bb1 
(Envirologix, Inc., 500 
Riverside Industrial 
Parkway, Portland, ME)   
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1.6.2 PCR 
1.6.2.1 DNA Extraction 

Before the food matrix is subjected to any significant processing, the DNA should be extracted to 
speed up the analysis (Miraglia et al., 2004). It is therefore suggested to test raw materials more 
frequently than tested highly processed goods. It is imperative to keep in mind that using extremely 
high heat and pressure can damage DNA, rendering the subsequent PCR and identification 
ineffective (Butler, 2011). The particular food matrix to be examined is a crucial factor as well. To 
liberate the DNA from the matrix, all extraction techniques disturb the matrix in some way. In a 
food matrix, this is typically done by grinding the sample into a fine powder (Capriotti et al., 2012). 
The pulverized material is then spread out into an extraction solution and any undesirable 
components are eliminated. For instance, a detergent can remove lipids, and a protease can remove 
protein (Gibbs et al., 1999). The DNA may then be precipitated using cold alcohol, such as ethanol or 
isopropanol, as a final step. The specific matrix will determine the exact methodology to be 
employed. 

1.6.2.2 PCR Amplification 
The PCR method is a way to make more copies of a certain DNA sequence. Through enzymatic 
replication, the PCR process cycles back and forth, gradually increasing the copy number. Millions 
of copies of the target sequence can be created without end (Santhanam et al., 2020). Thermal 
cycling is used to alternately copy the target sequence, and the process is then repeated by melting 
the DNA into single strands. The technique is based on the application of two synthetic DNA 
fragments that are complementary to the target sequence’s opposing ends. These are known as 
primers, and they can only be formed if the target sequence is known (Miura et al., 2015). Primers 
are typically 18 to 35 bases in length. The promoter sequence, which is shared by all transgenic 
agricultural species frequently employed for commercial food production, would be complemen-
tary to the primers if a generic identification of any GMO material were required. The primers 
would have a sequence containing transgene DNA and plant DNA if a specific GMO product were 
to be identified. In order to prevent the discovery of bacterial DNA generated from bacteria that 
could be on or in the plants (both the Bt toxin and the Roundup® tolerance transgenes are originated 
from soil bacteria), it is imperative that this is done (Orford et al., 2007). The PCR mixture also 
includes deoxynucleoside triphosphates (dNTPs), which are the nucleotide bases that make up 
DNA, a heat-stable DNA polymerase like Taq polymerase (from Thermus aquaticus), and a buffer 
solution to keep the reactions running smoothly (Ong et al., 2006). Each of these components is 
included in the commercial kits. The reaction vials are then put into a thermal cycler after that. The 
mixed solution is normally stored in these vials (20–200 l). The mixture is first heated to melt the 
DNA and separate it into single strands. Next, it is cooled to allow the primers to anneal to the 
single-stranded target DNA. Finally, it is cooled to permit the DNA polymerase to replicate a new 
DNA strand complementary to the target strand by adding dNTPs beginning at the primers 
(Bruijns et al., 2020). The process is then routinely repeated for 30 to 50 cycles, which is enough to 
create millions of copies of the DNA. 

1.6.2.3 DNA Analysis 
Once sufficient DNA has been generated by PCR, the sample can be evaluated using agar gel 
electrophoresis. The gel is stained after the run, and the presence and amount of DNA can be 
assessed by contrasting it with the location and intensity of staining of the standards (Duineveld 
et al., 2001). The standards and sample pass through the gel. Some of the more modern kits contain 
chemicals that can be used to fluorescein or other tags to specifically tag double-stranded DNA. 
These kits are made to be used in conjunction with specialized PCR equipment that deposits the 
finished, labeled mixture together into capillary at which high-sensitivity fluorescence spectroscopy 
defines the intensity of the fluorescence, that is proportional to the abundance of DNA, eliminate 
the necessity of electrophoresis (Wilson, 2008). The specificity is determined by the primer 
sequence, which in this case is directly related to the type of “double-stranded DNA” present. 
These kits also include standards and any additional materials needed to accurately determine the 
amount of the target DNA in the sample (Czechowski et al., 2004). After each round of amplification 
in “real-time PCR, the fluorescence” in the reaction tube is read, resulting in a more complex curve 
with many data points than would be possible with traditional PCR (Ismail et al., 2010). 
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1.6.3 Comparison of Methods 
Table 1.4 contains a list of assay type for GMO analysis such as Multiplex polymerase chain reaction 
(PCR) kits, single-step lateral flow immunochromatographic assays and enzyme-linked immuno-
sorbent assays. The PCR kits are example of a complete assay kit designed to be used with 
specialized equipment, in this case, the “Roche LightCycler System®”, and is titled “LightCycler® 
GMO Soya quantification kit from Roche Diagnostics” (Ismail et al., 2010). After extraction and 
system setup, numerous samples can be evaluated using this equipment and the associated 
software in less than one hour, with the creation of a concluding report. This system’s obvious 
drawback is the requirement for a fully stocked laboratory, specialized equipment, and a high 
degree of skill. The lateral flow immunochromatographic strips, on the other hand, may be utilized 
on-site without any large or expensive equipment and can be used by anyone with little training 
(Wang et al., 2016). They also provide a comprehensive analysis without additional handling. The 
fact that the lateral flow strips are not quantitative is their main drawback (Andryukov, 2020). 
Although the ELISA tests are quantifiable immunoassays, access to lab space and equipment is 
constrained and some training is required. Therefore, each analysis should be tailored to the 
information needed and the requirements of the technique. 

1.7 ANALYSES OF ALLERGENS 
Allergens are proteins in food that trigger an immune system reaction. “Hives”, “swelling of the face 
and tongue”, “difficulty breathing”, and possibly “lethal anaphylactic shock” are all indications of an 
allergic reaction (McNeil et al., 2016). Food intolerance (such as lactose intolerance), pharmacologic 
reactions (primarily brought on by food additives like sulfites and benzoate), and toxin-mediated 
reactions are other types of negative reactions to food that should be noted as distinct from a food 
allergy, which brings on an immune system reaction (due to residues such as pesticides and 
mycotoxins). Commercially available test kits for food allergy analysis (based on DNA or proteins, 
among other things). In this article, food allergen analytical techniques are reviewed. 

1.7.1 Protein Methods 
1.7.1.1 General Considerations 

Like the study of many other potentially harmful food elements present in trace levels, problems with 
sampling adequacy and detection limits affect allergen analysis (Crevel et al., 2008). Another problem 
is how to effectively remove the various allergies. Because proteins are the analytes of interest, the 
extraction solution is typically a buffer with a range of pHs and salt concentrations. Some solutions 
can extract the same allergens at a wide concentration range, while others are unable or and this is 
mostly due to the differences in the composition of the extraction buffers used (Westphal et al., 2004). 
For instance, adding salt significantly improves the effectiveness of extracting the main peanut 
allergen, which is not extracted by phosphate buffer. Additionally, it is crucial that the extraction 
solution is appropriate for the test being used and does not alter the chemical structure of the analyte 
(such as an immunoassay) (Buick et al., 1990). The conditions used for food processing should be taken 
into account while choosing the extraction method. Protein recovery may be lowered as a result of 
processing-induced protein denaturation and aggregation, which can affect the solubility of the 
proteins (Westphal, 2008). Therefore, it is essential to choose the right extraction process for the target 
analyte in order to acquire trustworthy and accurate findings. 

1.7.1.2 Analytical Methods Based on Proteins 
Immunoassays, which are antibody-based tests, are often used in protein-based methods for the 
detection of food allergens due to their sensitivity and specificity. Immunoassays use monoclonal, 
polyclonal, or a combination of the two antibodies to specifically target the offending allergen 
(Hartmann, 2009). The bulk of commercially available test kits use polyclonal antibodies, which 
differ in their specificity and the quantity of proteins they target (Echan et al., 2005). The presence of 
allergens in food can be detected using a number of immunoassay-based techniques. These include 
Western blots, dot immunoblotting, biosensor immunoassays (antibodies immobilised on a 
biosensor chip), and enzyme-linked immunosorbent tests (ELISAs) (similar to Western blotting); 
however, protein extract is spot effectively onto the nitrocellulose or PVDF membrane before 
enzyme-labeled protein specific antibody). Most screening and qualitative uses use Western 
blotting and dot immunoblotting. The most common ELISA sandwich- or competitive-based 
immunoassays for the statistical diagnosis of food allergies are available today. The competitive 
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ELISA is utilized for minuscule protein allergens with a molecular weight of less than 5 kDa. 
Numerous sandwiches and competitive ELISA approaches have been developed for a number of 
food allergies (Poms et al., 2004). In order to identify food allergies, “lateral flow test strips (dipstick 
assays)” that are based on the “ELISA principle” are now commercially accessible. Because dipstick 
tests are quick, inexpensive, and instrument-free, they are used in screening processes 
(Chondrogiannis et al., 2022). 

1.7.2 DNA Techniques 
There are advantages and disadvantages to using “DNA-based approaches” to discover food 
allergies. Since DNA-based methods do not specifically target the allergen in the sample, the 
recognition of the allergen-encoding DNA does not always correspond with the presence of the 
allergen, especially once the food has been supplemented with pure protein (Gabriel, 2016). During 
processing, such as when making soy protein isolate (purified proteins used as elements for 
fortification and functionality enhancement), protein and DNA may separate, which could result in 
inaccurate conclusions about the allergen’s presence in the sample (Friedman and Brandon, 2001). 
However, the targeted DNA is less sensitive to different treatment and extraction parameters than 
proteins, making DNA-based approaches more sensitive and selective. For DNA-based techniques, 
the DNA must first be extracted before being amplified by PCR with a thermostable polymerase. 
Following agarose gel electrophoresis, the amplified material is subsequently viewed via fluores-
cence staining or Southern blotting (Notomi et al., 2000). If internal standards were applied, this 
approach typically yields qualitative data or semiquantitative data. Real-time PCR or PCR-ELISA 
can be employed to quantify samples. The PCRELISA method links an amplified DNA fragment 
from an allergic meal to a specific protein-labeled DNA probe, which is being connected to a 
specific enzyme-labeled antibody (Thellin et al., 2009). The reaction that produces color as an 
enzyme and substrate interact provides the basis for quantifying DNA. 

1.8 PACKAGING MATERIAL RESIDUES 
1.8.1 Bisphenol A 

The FDA restricts the use of bisphenol A (BPA), an organic molecule containing two phenol groups, 
in food contact applications (Almeida et al., 2018). Under certain conditions, bisphenol A (BPA), 
which is used extensively in the production of polycarbonate plastic, can be released. Since BPA can 
act similarly to the body’s natural hormones, even at low dosages, there is concern about potential 
adverse health effects (Wang et al., 2017). Researchers discovered a link between heightened urinary 
BPA levels and an increased risk of diabetes, cardiovascular disease, and extremely high levels of 
some liver enzymes in the first human study of BPA’s effects (Rochester, 2013). The limit for all 
“Bisphenol A diglyceridyl ether (BADGE)” derivatives has been reduced by the European Union, 
and the Food and Drug Administration (FDA) is reevaluating BPA safety levels after presenting a 
draught evaluation on BPA in 2008 (Ismail et al., 2010). 

1.8.2 Methylbenzophenone 
The molecules benzophenone and 4-methylbenzophenone, which is a metabolite of benzophenone, 
are present in the ink used to package food (Snedeker, 2014). Animal studies have shown that 
benzophenone causes liver and kidney enlargement, while similar information for  
4-methylbenzophenone is lacking. Due to its volatility, these chemicals can migrate if there is no 
effective barrier between the printed surface of cardboard boxes and the food within (Aparicio and 
Elizalde, 2015). Following the discovery of 4-methylbenzophenone in cereal recently, the European 
Food Safety Authority looked into the toxicological data about benzophenone. Short-term exposure 
to 4-methylbenzophenone in contaminated breakfast cereals poses no health risk, according to 
EFSA’s assessment. However, because a health risk for youngsters could not be ruled out, the 
agency plans to collect more information. In light of these worries, many labs now provide  
4-methylbenzophenone testing using LC-MS/MS. As per the reports, the LOD for foods and 
packaging is 10 ppb and 1 ppm, respectively (Sultana, 2018). 

1.8.3 Acrylamide 
Acrylamide, like furan, is a relatively new food additive discovered using improved analytical 
methods and generated after specific forms of heat treatment (Wenzl et al., 2007). Acrylamide is 
used in a variety of industries, such as water purification, gel electrophoresis, and paper production 
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(Bhunia et al., 1987). Acrylamide has several negative health effects and is a known neurotoxin and 
carcinogen (Michalak et al., 2020). The presence of acrylamide in food was first reported in 2002 by 
Swedish researchers, who found it in several fried and oven-baked items (Mucci et al., 2003). Acrylic 
is formed when foods high in sugar and cooked at high temperatures combine with the amino acid 
asparagine and the carbonyl group of reducing sugars (Yaylayan et al., 2003). The Food and Drug 
Administration (FDA), the Food and Agriculture Organization/World Health Organization (FAO/ 
WHO), and many other international bodies researched acrylamide and made suggestions (Exon, 
2006). NOAEL for acrylamide neuropathy was established by the FAO and WHO at 0.5 mg/kg 
body weight/day. Updating and verifying the LC-MS/MS method was part of the FDA’s 
acrylamide action plan (Friedman, 2003). Both this LC-MS/MS method and a GC-MS method have 
been compared and both are accepted as the most valuable and authoritative techniques for 
acrylamide determination (Zhang et al., 2005). 

1.8.4 Benzene 
Benzene is employed in a broad variety of industrial processes and is discharged into the 
environment via the exhaust of cars and the combustion of fossil fuels like oil and coal, both of 
which are recognized carcinogens (Lewtas, 2007). The FDA’s MCL for bottled water and the EPA’s 
MCL for benzene in drinking water are both 5 ppb. The soft drink industry informed the FDA in 
1990 that benzene could form at low concentrations in some beverages that also include ascorbic 
acid and benzoate salts (Nyman et al., 2008). More investigation revealed that heat and light 
facilitated benzene synthesis in the presence of these components. Many producers have 
reformulated their drinks to lessen or eliminate benzene generation. The FDA has maintained its 
vigilance over the benzene content in benzoate salts and ascorbic acid-containing drinks. 
Headspace sampling accompanied by gas chromatography-mass spectrometry is the FDA- 
approved method for benzene measurement in beverages (Steele et al., 1994). A 0.2 ppb LOD can be 
achieved through cryogenic focusing of the headspace sample, while a 0.02 ppb LOD can be 
achieved through GC separations on a customized capillary column (Zoccali et al., 2019). 

1.8.5 Monochloropropane 
1,2-Diol (3-MCPD) the most often found member of the chemical contamination class known as 
chloropropanols, for instance, is 3-MCPD, a known carcinogen and suspected genotoxin (Arris 
et al., 2020). This substance is produced in the reaction of hydrochloric acid with any lingering fat in 
the protein source during the production of acid-hydrolyzed vegetable protein (acid-HVP) using 
heat and food-grade acids (Ismail et al., 2010). Soups, savory snacks, and gravy mix frequently 
contain acid-HVP, a contaminant that is known to contain 3-MCPD (Vicente et al., 2015). In the 
United States, the FDA considers acid-HVP with more than 1 ppm of 3-MCPD to be an 
unauthorized food additive because it is not GRAS (Dolan et al., 2010). Many nations have 
established guidelines for the maximum allowable concentration of 3-MCPD in acid-HVP and 
Asian-style sauces, which range from 0.01 to 1 ppm (Ismail et al., 2010). Currently, GC-MS is the 
method of choice, but only after extensive sample preparation that includes numerous extractions 
and derivatizations (Jiye et al., 2005). 

1.8.6 Furans 
A colorless, flammable liquid called furan is used in some chemical manufacturing sectors; it also 
seems to be a known human carcinogen (Fiedler, 2003). More sensitive analytical methods have 
allowed for its detection; however, it is possible that it has been around for many years and only 
recently recognized (Stroebe et al., 2012). It would appear that common methods of heat treatment 
(such as retorting canned food) are the source of furan. The FDA developed a plan to assess furan 
levels in various foods in 2005, but only with the aim of quantifying dietary exposure and 
determining the mechanisms responsible for furan production in foods (Javed et al., 2021). To 
analyze furans, the FDA created a headspace (HS) GC-MS technique that relies on standard 
addition for quantification (Zoller et al., 2007). Utilizing minor adjustments for various food 
categories and accelerating throughput (e.g., by employing headspace), many comparative studies 
have been based on this approach, with LODs of 0.02–0.12 ng/g being attained. 

1.8.7 Perchlorate 
Rocket fuel contains perchlorate, a chemical that is found naturally and can be produced in 
industrial settings under the right conditions (Trumpolt et al., 2005). Perchlorate causes 

1 ANALYTICAL APPROACHES FOR MEASUREMENT OF FOOD CONTAMINANTS 

13 

https://t.me/PrMaB2



hypothyroidism when present in high enough concentrations to block iodide uptake by the thyroid 
gland (Wolff, 1998). Many items, including bottled water, milk, and lettuce, have been discovered to 
contain perchlorate. The FDA developed a quick, precise, sensitive, and focused assay for 
perchlorate using ion chromatography-tandem mass spectrometry (IC-MS/MS) (Ismail et al., 2010). 
The procedure includes extraction, clean up by solid-phase extraction, and filtration before the IC- 
MS/MS determination. With a limit of detection (LOD) ranging from 0.5 ppb to 3 ppb per billion, 
depending on the food product, this approach has been updated to be able to detect perchlorate in a 
larger variety of foods (Sharma et al., 2015). 

1.9 CONCLUSION 
Analysis of numerous pollutants, residues, and chemical elements in food is necessary due to 
consumer concerns and government laws centered on food safety. Pesticides, mycotoxins, 
antibiotics, GMOs, allergies, adulterants, packaging materials, hazardous chemicals, environmental 
contaminants, and other substances are all examples of such molecules. Meeting the objectives of 
industry and government for a safe and reliable food supply requires a combination of fast 
screening methods and more time-consuming quantitative procedures. If a screening test turns out 
positive for a substance of interest, more in-depth analyses are performed to confirm and quantify 
the finding. Because of the chemicals’ low concentrations and the complexity of food matrices, 
sampling and sample preparation might present major difficulties. Homogenization, extraction, 
cleaning, and sometimes derivatization are typical steps in sample preparation. Immune-based 
techniques including ELISA, LFS, immunosensors, and immunoaffinity chromatography columns 
are becoming increasingly common in screening procedures. Some immunoassays go beyond 
simple screening and might be classified as quantitative. Enzyme tests, thin layer chromatography, 
and microbial growth inhibition are some other common screening techniques. The most widely 
used chromatographic approach for quantitative analysis of pesticides is gas chromatography (GC); 
however, for many of the substances of concern discussed in this chapter, high-performance liquid 
chromatography (HPLC) is the gold standard. Mass spectrometry detection is being added to GC 
and HPLC analyses, frequently with MS tandem systems. Protein-based methods (like immu-
noassays) or DNA-based methods (like PCR) are generally used to screen for GMOs and allergies, 
respectively. There is ongoing research and development into better and more precise methods of 
analysis for chemical residues and compounds of concern, with a primary emphasis on enhancing 
the speed, cost, and reliability of screening methods and lowering the detection limits of 
quantitative methods. 
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2 Quality Control and Risk Assessment of Food Storage and Packaging 

Mariya Divanshi AS, Ayantika Das, and Raghu HV  

2.1 INTRODUCTION 
Food is an organic substance that become the ideal source of nutrition forliving beings. Food can be 
of plant origin or animal origin which are rich in carbohydrates, proteins, vitamins and minerals. 
Hence they undergo physical, chemical or microbiological spoilage quickly affecting the texture, 
color, nutritive value and its acceptability. Packaging and storage of food at required and optimum 
condition is of great importance. Packaging has been used since the BC time period. Hollowed fruit 
husk and animal skins were first used to carry water and woven grass baskets were used to keep 
other food materials. Archaeological proofs from 8000 BC shows the use of clay pots and jars for 
storing salt, oil, olives, grains etc. As cities were developed, casks, wooden barrels and woven grass 
panniers were used to pack things to bring in to markets. Thereby, the use of packaging for 
convenience to transport, protection and display in bulk level was developed. The drastic 
developments in human life have made a big leap from bulk-level packaging to consumer packs. 
This gave producers the freedom to own the style of packaging for their product promotion. 
Packaging nowadays plays a significant role in differentiating between the same products of 
different companies. The product with prompt packing will be free from any damage and 
extraneous matter; and will be safe and wholesome. About 70% of the packaging is used for food 
and drink packing while the remaining percent goes for health care, pharmaceutical, beauty 
products, chemicals, clothing and electrical items. The different level of packaging includes 
primary, secondary and tertiary. Out of this, the packaging that has a direct contact with the 
product is called primary packaging. Utmost care should be taken for deciding the type of packing 
material chosen for the primary packaging so as to be non-toxic, non-reacting and O2 non- 
permeating. Environmental-friendly packaging is an ideal concept and not easy to achieve. The 
manufacturers should be responsible for the best way to reduce the usage of packaging material by 
recovering it from waste and recycling them. Maintaining optimal storage condition is also 
important in choosing appropriate packaging material. The storage condition will depend up on the 
type food to be stored, the nature of packaging material, process done etc. The producer can choose 
from different types of storage conditions accordingly. Perishable foods with higher moisture 
content are usually frozen while semi-perishable and non-perishable foods are stored in dry 
storage. Both packaging and storage can determine the quality and shelf life of the product. The 
packaging and storage have very important roles in maintaining the quality of food materials. The 
quality can be controlled and different risks upon tampering with the package and storage 
condition should be predictable for the product to be safe and wholesome for end use. 

2.2 CLASSIFICATION OF FOOD 
Food can be classified on different bases, such as its shelf life, nutritional value and function and 
different processing, as given in Table 2.1. On the basis of shelf life, the food can be perishable, semi- 
perishable and non-perishable (Doyle, 2009). Perishable foods have a number of days or three weeks 
of shelf life. Special preservation, packaging and storage conditions are inevitable to avoid food 
spoilage (Steele, 2004). Many foods can have a shelf life for months while stored under optimum 
conditions. This includes cheese, fruits and vegetables and are called semi-perishable foods. The foods 
that are processed or not processed but naturally can be stored for several years are called non- 
perishable foods, such a canned fruits, flours, dried beans and nuts. The food can have different 
functions, such as body building and repairing action, energy giving, regulatory action and protective 
action. This depends on the food that is carbohydrate rich, fat rich, protein rich or vitamin and mineral 
rich (Chopra, 2005). Food on the basis of processing can be divided into minimally processed or 
unprocessed food, processed foods and ultra-processed foods (Monteiro et al., 2010). The different 
techniques of processing can be physical, chemical or biological methods. 

2.3 FOOD STORAGE AND PACKAGING 
Generally, there are two types of packaging materials for food: direct and indirect food contact 
materials. Direct food contact materials include bottles, cans and plastics, whereas boards, varnish 
and inks come under indirect materials. Since ancient times, paper and paperboard are considered 
to be the most essential means for packaging different food items. These materials include vegetable 
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parchment paper such as butter paper, kraft paper, glassine paper, plastic-coated paper and wax- 
coated paper. The paperboards include solid fiber boards, box-boards and liner boards (De, 1980). 
Glass is another type of packaging material that is used in the form of jars, tumblers and bottles. It 
may be opaque or transparent. Aluminium foil is also used in the form of wrappers, cartons and 
boxes as it has good barrier properties and is opaque, hygienic, odourless, non-toxic, non-sorptive, 
shrink and grease-proof. This may be coated with plastic or lacquer to increase corrosion resistance 
in foil. Tinplate is used in the form of cans as it has excellent barrier properties and is corrosion 
resistant when lacquered internally for different variety of products. Plastics constitute a wide 
variety of packaging materials in the modern-day world. It can be used as injection-molded, blow- 
molded and thermoformed containers in cups, bottles, cartons and others. Due to its low cost and 
ease of fabrication, the use of plastics in packaging of food items has made a rapid advancement in 
today’s period throughout the world. Although it is highly in use, it has a lot of disadvantages that 
include low barrier properties, non-heat resistant, fragile at low temperatures and hence, the 
deterioration of plastics causes great harm to the environment. 

A unique variety of “food-grade” plastics is generally used for packaging milk and milk products 
as this prevents the transfer of any toxic material from package material to the product. Flexible 
plastic packaging films, which include wrappers, pouches and sachets, can be low polymer plastics 
like cellophane or high polymer plastics that include polypropylene, polyester and PVC (Table 2.2). 
Laminates, used as sachets, bags and cartons are made by combining complete surfaces of two or 
more webs of different films has improved barrier properties that provide a surface that will further 
strengthen the film material and heat-seal, too. Cellophane-polythene, paper-polythene, polyester- 
polythene and paper-aluminium foil-polythene are some examples of typical laminates used in 
food packaging. In food packaging, TiO2 nanoparticles serve as effective photo-catalysts and 
antimicrobials. They work against the germs that cause food spoilage by causing lipid peroxidation, 
which is brought on by the creation of reactive oxygen species (ROS) molecules in the presence of 

Table 2.1: The Classification of Food on Different Bases     

Food Classified Based on Shelf Life 

1. Perishable Eggs, meats, milk and milk products, poultry, seafood 
2. Semi-perishable Cheeses, fruits, vegetables 
3. Non-perishable Canned fruits, flour, dry beans, mayonnaise, peanut butter, nuts, sugar 
Food Classified Based on Nutrition Value and Function 

Nutritional value 

1. Carbohydrate rich Rice, starch rich vegetables, wheat 
2. Fat rich Butter, egg yolk, oils 
3. Protein rich Fish, egg, meat, milk, nuts 
4. Vitamin and mineral rich Fruits and vegetables 
Function 

1. Body building Fish, meat, milk, nuts, pulses, vegetables 
2. Energy giving Butter, cereals, dry fruits, oil, starch foods, sugar 
3. Regulatory Beverages citrus fruits, raw vegetables, water 
4. Protective Cereals, fruits meat, milk, vegetables, whole grain 
Food Classified on the Basis of Processes Done 

1. Unprocessed Cereals, coffee, dried beans, dried fruits, eggs, fish, fresh fruits, meats, poultry, 
pulses, nuts, seeds, tea yogurt, vegetables 

2. Processed butter, cosmetic additives food industry ingredients, milk cream, processed milk, 
noodles, sweeteners, raw pastas, vegetables 

3. Ultra-processed Breads, biscuits, burgers, bottled vegetables, cakes, canned fish, cereal bars, 
chips, chicken nuggets, chocolates, cured meat, fish, hot dogs, ice cream, milk 
drinks, pastries, pre-prepared meat, pickled meat, poultry, processed meat, 
sausages, salted meat, smoked fish, sugared fruits, soft drinks, vegetable 
canned in brine   

FOOD SAFETY 

26 

https://t.me/PrMaB2



light and ultraviolet radiation, thus causing cell death. TiO2-based bio-nano-composites have been 
employed as effective packaging materials for a variety of foods that are oxygen-sensitive. 

The process of keeping cooked or raw food commodities at appropriate conditions without the 
entry of microorganism or its multiplication is termed food storage. Basically, storage is of two 
types: storage at dry and low temperature. On the basis of different temperature, they are further 
divided into refrigerated, cold and frozen storage when stored at 3 to 10⁰C, 0 to 3⁰C and −20 to 0⁰C, 
respectively. Food can be perishable, semi-perishable or non-perishable on the basis of the pace at 
which they spoil. Usually perishable foods are frozen while semi-perishable and non-perishable 
foods are stored in dry storage. The expected shelf life of the food will also vary with the type of 
food and its composition: moisture content, fat, protein, sugar and other nutrient content and 
storage temperature (Table 2.3). The storage area should be of proper temperature, humidity for 
prolonged storage, protect stored commodities from pest or microbial manifestation, be kept out of 
direct sunlight and heat, easily accessible by transport etc. The rotation of stored commodities can 
obey certain rules, such as first in first out, first manufactured first used or last in last out. 

2.4 CHANGES IN STORAGE 
The storage in food can be from days to months. This depends on certain parameters and 
characteristics of the food subjected to storage. The changes that occur in storage can be 

Table 2.2: Packaging Materials and Forms Used in the 
Food Industry    

Packaging Materials Forms Used  

Paper and Paperboards Wrappers, Cartons, Boxes 
Glass Bottles, Jars, Tumblers 
Aluminium Foil Wrappers, Cartons, Boxes 
Tinplate Cans 
Plastics Bottles, Cartons, Cups 
Flexible Plastic Films Wrappers, Sachets, Pouches 
Laminates Cartons, Sachets, Pouches   

Table 2.3: Shelf Life of Food Products in Cold Storage     

SL No. Food Product Shelf Life in Cold Storage   

1. Poultry products 3 days  
2. Crustaceans 2 days  
3. Meat products 3–5 days  
4. Cured meat products 2–3 days  
5. Minced meat and offal 2–3 weeks  
6. Seafood 3 days  
7. Fruit juices 7–14 days  
8. Milk 5–6 days  
9. Cream 20 days  

10. Cheese variable (1–3 months)  
11. Soft cheeses (camembert, brie) 2–3 weeks  
12. Cottage, ricotta, cream cheeses 10 days  
13. Eggs 3–6 weeks  
14. Butter 8 weeks  
15. Oil and fat variable (6 months)  
16. Margarine variable (6 months)   
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physical, chemical and microbiological (Steele, 2004). Visible changes occur in color, flavor, 
odor and texture. The nutritive value subsequently reduces with changes due to enzymatic 
deterioration of protein, fat, sugar and vitamins in food. The spoilage in storage will reduce the 
edibility of the food. The moisture content, pH, temperature of storage presence of air, 
microbes, pests and other chemicals also have a significant role in changes that occur during 
storage. 

2.4.1 Physical Changes 
The instability on storage to the physical characteristics can cause physical spoilage. The changes 
visible can be shrinkage due to loss of moisture, migration of moisture in and out, changes in 
different components, change in color due to some chemical reactions, physical separation of 
components, settling down of components etc. It is mainly affected by the moisture content of 
food, relative humidity and temperature of storage; crystallization of water or other components 
in food. The moisture transfer will depend on the water activity, water content, relative 
humidity and temperature of storage. The moisture is lost when the temperature is high and 
relative humidity is low (Balasubramanian and Viswanathan, 2010). An optimum movement of 
air and relative humidity along with optimum temperature is adequate for long life of the food 
package. The fruit and vegetable storage is mainly affected by the storage temperature, since it 
affects the metabolism of the respiring food, which slows down the ripening and increases the 
post-harvest life (Kadar, 1989). When respiring foods are subjected to freezing, the cells can be 
damaged and can cause mechanical injury. It usually happens when the food is frozen to a 
temperature of 5 to 15⁰C (Steele, 2004). The glass transition temperature is a value dependent on 
the physical stability of the food product. At this temperature, the solids present in food as an 
amorphous glassy matrix to a rubbery structure (Kumar et al., 2020). The water inside the food 
freezes and forms ice on frozen storage and this is a case of concern since the produced ice 
crystals can grow in storage, producing damage to the cells of the food and leakage of the 
contents (Sahagian and Goff, 2019). The growth of ice crystals into a large one can be reduced by 
the addition of water-binding agents or emulsifiers (Maity et al., 2018). Sugar-rich products also 
undergo crystallization of the sweetening agent that causes staling of products such as candies, 
cookies and ice cream. 

2.4.2 Chemical Changes 
The flavor, appearance and taste can be varied by different chemical and biochemical reactions in 
food in storage. Microbial growth and their metabolism will vary different parameters in food, such 
as pH, nutrient content, metabolite production, toxic compound production, oxidation reaction, 
bitter amino acid production by proteolysis, lipolysis, acid production etc. (Gram et al., 2002). 
Hence, chemical changes are connected with microbial spoilage. Other than this, discoloration and 
enzymatic browning can also occur due to various chemical reactions. The oxidation reaction than 
occurs in stored food is purely chemical in nature and may depend on the temperature. In fresh 
meat and fish, the basic unit of protein that is an amino acid will oxidize to ammonia in the presence 
of oxygen. Lipids, along with oxygen, will undergo rancidification, resulting in oiling off, 
discoloration, off flavor and harmful compound production (Enfors, 2008). The protein-rich food 
products are susceptible to proteolysis. The hydrolysis of peptide bonds in proteins resulting in the 
release of peptides and amino acids from them may cause off flavor in the product is termed 
proteolysis. It occurs in the presence of protease enzymes present in the product or will be of 
microbial origin (Rogers et al., 2013). The protein is a polymer compound of amino acids that will 
produce amino acids or upon the action of proteases, which can be bitter peptides. An anaerobic 
condition, if it persists after proteolysis in the food pack, will result in a mixture of amines, organic 
acids, indole, ammonia, phenols and sulfur compounds such as H2S and mercaptans from amino 
acid. The process is called putrefaction (Butsbach and Danielle, 2010). Putrefaction can occur in 
protein-rich products such as meat stored at higher temperatures than 15⁰C that is favorable to the 
growth of microbes. A non-enzymatic browning called maillard browning occurs at high- 
temperature processed foods such as breakfast cereals, dry milk and dry egg (Phosanam et al., 
2021). The browning is a reaction with the amino acid group of proteins, mainly lysine and the 
carbonyl group of reducing sugar present. The action can proceed to different pathways according 
to the pH of food products and will have end products such as methyl ketones, furfural, hydroxyl 
methyl furfural, carbonyls, aldehydes, ketones, etc. The process gets initiated at a high temperature, 
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but the concentration of these compounds can increase in the time of storage, increasing the 
intensity of brown color of the food. 

The main chemical change that can occur in fruits and vegetables in storage is the hydrolysis 
of the cell wall containing polysaccharides, called pectin. Pectin is found in dicotyledonous and 
some monocotyledonous plants. The natural softening of the cell wall on ripening is due to the 
pectin hydrolysis by innate pectinase enzymes present. The activation of pectinase can also 
occur while causing damage to fruits and vegetables. The damaged tissue can also activate 
another enzyme called pectin methyl esterase that de-esterifies the pectin substances in food. It 
affects mainly jam and jellies, which are rich in pectin (Walter and Taylor, 1991). The presence 
of metal ions elevates the rate of hydrolysis, since they are stored in glass jars instead of metal 
containers. 

2.4.3 Microbial Changes 
The change in microbial flora from the initial amount is of importance since it can cause spoilage in 
the food in storage. The microbial change can be increased in the amount of spoilage organisms and 
presence of foodborne pathogens. They may gain entry in food as post-processing contamination 
and will increase in number within the storage period. The microbial growth will also adversely 
affect the chemical changes also. The microbes present in them can produce certain enzymes such 
as protease, lipase and glycolytic enzyme that will hydrolyse protein, fat and sugar, respectively. 
The factors that are intrinsic to food that can be altered to prevent the growth of microbes include 
storage temperature, pH and water activity (Tianli et al., 2014). The nutrient present in each food 
also have a role on the type of organism that grows in it. Proper packaging can also limit the 
proliferation of organism by providing a stressful condition inside by giving a moisture and air 
barrier (Veld and Huis, 1996). The microbial changes can be affected by both intrinsic and extrinsic 
factors. The intrinsic factor, as mentioned earlier, includes nutrient content, oxidation reduction 
potential, pH and water activity while the extrinsic factors affecting food are microbial activity, air 
present, temperature and relative humidity of storage, as given in Figure 2.1). The intrinsic factors 
also include the endogenous enzyme and its substrates and oxygen and light present. Microbial 
spoilage can occur in food due to three agents, namely bacteria, yeast and mold. They all grow in a 
different pH, temperature, water activity and they are sensitive to heat. This affects different 
varieties of food; mold and yeast affect low-pH food and low water activity (0.6) foods like bottled, 
fermented food. Bacteria can attack food with a higher moisture content like fish, fresh meat, eggs, 
poultry and mild heated foods; spore formers can be present in pasteurized milk. Effective 
processing can destroy the spoilage microorganisms and proper packaging and storage can prevent 
post-processing contamination. The factors can also be maintained to an optimum condition to 
avoid microbial growth in storage. 

Figure 2.1 Different extrinsic and intrinsic factors 
affecting the microbial changes in storage of food.     
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2.5 FACTORS AFFECTING CHANGES IN STORAGE 
There are certain factors that will affect the chemical, physical or microbiological changes that 
happen to the food in storage. They can be the factors inside the food or the factors from the 
environment, namely intrinsic and extrinsic factors, respectively. The factors are nutrient content, 
moisture content, temperature, pH, water activity and oxidation reduction potential. 

2.5.1 Nutrient Content 
Food is an organic substance that will provide certain functions such as body building and repairing, 
energy giving and protective or regulatory actions that will be rich in carbohydrate, protein, fat, 
vitamins and minerals. They all provide energy for the body metabolism in the consumers. According 
to the different nutrients present in food, they are divided into carbohydrate rich, protein rich, fat rich, 
vitamins, and minerals rich in nature (Chopra, 2005). Their different function also becomes a basis of 
classification. Many of the nutrients will contain essential amino acids, fatty acids and vitamins that 
cannot be synthesized by the human body. Hence, the only source for this is food consumption. The 
high amount of protein in food can have a function of body building and repairing while a high 
amount of carbohydrate and fat can act as high energy rich high-energy-rich food. The higher amount 
of nutrients in food can also become a factor for the growth of microbes in them. The bacteria that 
utilizes fat, protein and carbohydrate can live and multiply in the food on storage. Hence, the 
exclusion of these bacteria is important from the food package. 

2.5.2 Moisture Content 
The moisture content in food on storage plays a significant role in deterioration of food. On the 
basis of moisture content of food, the relative humidity of the storage the water gain or water loss 
will be factors. The transfer of water from food is directly related to the water activity of the food. 
Water activity is the ratio of vapor pressure of water in the system to vapor pressure of pure 
water. At normal temperature, the water activity of food is 1.0; at −20⁰C and −40⁰C, the water 
activity is 0.82 and 0.68, respectively. According to the amount of moisture in each food, it can be 
divided into high moisture food, intermediate moisture food and low moisture food; accord-
ingly, it can also be called perishable, semi-perishable and non-perishable food. The increase in 
the amount of moisture makes it favorable for the growth of bacteria and other microorganism. 
Therefore, it will increase the spoilage due to microbial growth causing off-flavor, moldy 
appearance and owing to moisture migration defect in its texture and body. 

2.5.3 Temperature 
The temperature affects significantly the respirating foods, mainly fruits and vegetables (Gao et al., 
2020). The temperature affects the ripening in storage and its post-harvesting life. If the storage 
temperature is lower, it will give slow ripening and increase the post-harvest life. The metabolic 
rate of respiring food is affected by temperature since different enzymes activate and inactivate at 
different temperatures. Low-temperature storage is preferable for the storage of respiring foods. 
Very low temperature, such as freezing temperature, can have undesirable effects like freeze 
damage. Pectin containing food commodities are more affected by freeze damage. The pectin 
hydrolysis is initiated on freeze-damaged cell wall structure. The formation of ice crystals in low- 
temperature freezing will damage the cell wall protection coat and increases saturation of different 
sugar components in food, thereby increasing the formation of crystals of the same. The glass 
transition temperature (Gt) is the temperature at which the change from the glassy structure of the 
solids in food into a rubbery stage. The Gt will depend on the amount of water and plasticizers 
present in the food (Mahato et al., 2019). The optimum condition required is obtained by modifying 
the condition and it is called a modified atmosphere. Maintaining the optimum temperature 
throughout the storage will extend the shelf life of the food product. 

2.6 QUALITY CONTROL AND RISK ASSESSMENT 
The phrase “quality of a food product” can be correlated with a number of aspects of food products.  
Crosby (1979) defined quality as ‘conformance to requirements’. Though this has been often put 
under question as products like heroin may satisfy the requirements of the customer but cannot 
(and should not) be called a quality product. Taking these factors into account, quality may be 
defined as “A state in which value entitlement is realized for the customer as well as the provider in 
every aspect of the business relationship without adversely affecting the environment or society” 
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(Rao, 2010). The best judge of quality is believed to be the consumers; however, the perceptions are 
usually subjective. They may judge a food product as poor, bad, good or excellent depending upon 
a number of attributes which often does not communicate the true impression of the quality. Here, 
the food producer and manufacturer have to understand quality in objective terms, which leads to 
the identification and quantification of quality parameters on the basis of variables and attributes in 
order to give an objective sense to the “quality” of the particular food. Food safety is the first 
requirement of the quality of a food product as an unsafe food, despite having other good qualities, 
as it is the poorest quality as it is a threat to human health. Thus, food safety may be defined as a 
subset of food quality (Jongen, 2002). 

Food processing is seasonal in nature, both in terms of demand for products and availability of 
raw materials. Most crops have a well-established harvest time, though demands are often 
continuous throughout the year. Even in cases of food such as milk that ais available throughout the 
year, there are peaks and troughs in volume in lean and flush seasons in addition to their chemical 
and microbial properties (Food Processing Handbook, 2012). Quality programs are often in force in 
various food industries. A quality program may be defined as a set of activities performed to ensure 
the compliance to the quality and safety needs of the food product. The most basic and fundamental 
quality needs are those laid down by regulation and by consumers and customers. A quality system 
on the other hand is an integrated set of documented activities in relation to food safety and quality 
and inter-relationships and synergies that exist between them. The objective of a quality system is 
to provide a basis to act upon to maintain required levels of food safety and quality while taking 
into consideration costs involved and the well-being of all interested parties. Both quality programs 
and quality systems are often used in the food industry (Alli, 2003). The term ’total quality 
management (TQM)’ was introduced in North America in the mid-1980s (Dahlgaard et al., 2008). 
The term is associated with a management approach to quality improvement in Japan to achieve 
long-term success. The TQM approach embodies both management principles and quality concepts 
such as customer focus, employee empowerment, leadership, strategic planning, improvement and 
process management. These principles and concepts were developed in the second half of the 20th 
century with significant contributions from several recognized experts in the field of quality control. 
The most widely recognized of these contributions is W. Edward Deming. During the 1980s and his 
1990s, many North American companies adopted his TQM approach and developed a framework 
for using it in their quality management systems to gain competitive advantage in global markets 
(Alli, 2003 and Tari, 2005). 

The probability of adverse effects on health as a result of food hazards and the severity of those 
effects is a risk. Therefore, risk assessment has two main purposes. If sufficient data are available, 
the risk is determined from the degree of contamination and frequency at the time of ingestion, and 
the amount of ingestion (Lammerding et al., 2000). After the initial stage, strategies and action need 
to be identified to be used to reduce health risks. This typically requires modeling food production, 
processing and handling, as well as changes in the farm-to-table chain. The steps in processing that 
are very important to the food safety view, where control measures or intervention can be made to 
provide the greatest reduction in the risk of foodborne illness, can be identified and acted upon. 
Therefore, it may be used for CCP identification for HACCP implementations (Forsythe, 2008). 

Hazard analysis critical control point (HACCP) is widely recognized as the best method to ensure 
product safety and is internationally recognized as a tool to control food-related safety risks. There 
are many activities related to HACCP, but these mainly focus on creating an HACCP plan 
(Principles 1–5). Although creating the HACCP plan is an essential part of the HACCP process, it is 
only the beginning and needs to be implemented in the factory to become a working system. This 
implementation can be a difficult and time-consuming part of the HACCP process and is an area 
that many food companies struggle with. The transfer of ownership of the plan is important, as it is 
unlikely that the HACCP study team will be responsible for the daily execution of the HACCP plan 
in the factory. This is usually done by line operators or supervisors and it is important that they 
understand and are committed to the role of HACCP. Management control and staff training is 
essential to ensure supervisors, managers and operators can efficiently implement the HACCP 
plan. Training should cover topics such as sources of risk, the role of CCPs, the controls and 
monitoring procedures that individuals are responsible for and documentation requirements. The 
final element is the maintenance of the HACCP plan. Verification and periodic review should be in 
place for proper functioning of the system (Khandke et al., 1998). 

HACCP can be used by everyone and is an excellent tool for reducing food safety risk. Many 
companies have not taken full advantage of this. The HACCP process itself is fairly logical and it is 
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the hazard analysis step that can be difficult to get right without the proper expertise, i.e., 
knowledge of hazards and control measures. Determining critical limits also cause problems. PRPs 
are essential across HACCP for prevention of cross contamination from the environment or people 
(Wallace et al., 2012). Just how essential needs to be determined through a hazard analysis and risk 
evaluation but typically PRPs after any pathogen-reducing step or in any high-risk ready-to- 
consume product environment will be critical for food safety assurance. Food safety programs 
(HACCP and PRPs) require ongoing management commitment if they are to be sustainable and 
authentic. This includes provision of resources and application of all the normal management 
practices that will provide an essential operating framework. There are many external pressures for 
using HACCP, but none more important than the real desire to keep consumers safe. Regulatory 
requirements, media interest, brand protection, and customer requirements are all external drivers 
for its use. There are many examples of failure to learn from some that may have been prevented 
(Bertolini et al., 2007; Sun and Ockerman, 2005). 

The quality management systems with different quality management tools are most effective for 
companies to increase their competitiveness. Dr. Edward Deming and Dr. Joseph Juran had studied 
and implemented the quality management system in companies 60 years ago (Priede, J., 2012). The 
qualiy management sysem developed by them was a long time ago and they are still an effective 
approach and the researchers are still developing it into the next sage. Many companies are aiming 
to become world-class organizations and to achieve business excellence through the strategic 
implementation of QMSs. Business knowledge has been accumulated that can help to reach the 
goal. However, a lot more is required, especially top-level support and ground-level leadership in 
order to plan, develop and deploy the programs based on customer need and expectations. Periodic 
review and evaluation of the QMSs are also necessary, as a static program can often be translated to 
a non-performing program (Lona et al., 2013). A flexible and adaptable leadership is critical to any 
group environment, and it exists at all levels throughout an organization. Research studies (Thite, 
2000) have highlighted that essential leadership traits and abilities, such as the ability to manage 
people, stress, emotions, bureaucracy and communication, are required to ensure success. 
Charismatic leadership behaviors are identified as among the most critical leadership behaviors in 
terms of satisfaction. Charismatic leaders attempt to fuse each member’s personal goals with the 
organizational mission that promotes team commitment and cohesiveness leading to improved 
performance. The world has seen many charismatic leaders in the last century who have made a big 
impact on the success map (Lona et al., 2013). 

2.7 INNOVATIONS IN PACKAGING 
Traditionally, the food packages were used as a passive barrier that will protect the food from 
environment and delay the deterioration of product inside. The modern packaging system not only 
has the function of containing food, protection and marketing, they will have a significant role in 
retaining the quality and safety of food in storage and in the supply chain (Ahvenainen, 2003). The 
innovative packaging is synonymously called active, clever, indicator, intelligent, interactive or 
smart packaging. But the concepts between them can be entirely different. The active or intelligent 
packaging should be in agreement with food contact material legislation that includes the 
evaluation of specific migration limits, overall migration limit and toxicological properties. 

2.7.1 Active Packaging 
Active packaging interacts with the food and surroundings, thereby increasing the shelf life. 
Incorporation of components that will absorb moisture, CO2, CO2 emitter, O2 scavenger, 
antimicrobial substance, preservatives and scavenge ethylene will reassure the reduction of changes 
in packaging and storage. It is also intended to be a passive barrier to prevent the contamination or 
changes in the environment, along with the active packaging will have an active action due to the 
presence of active agents that will absorb, emit or release certain compounds for food preservation 
(Table 2.4). Moisture absorbers are also termed ’relative humidity controllers’, since they reduce the 
moisture in the head space of packaging, mainly in fresh fruits and vegetable packages and meat 
products (Yildirim et al., 2018). The package must be designed so as to maintain the properties of 
active agents, even after processing of the package and should not interfere with the properties of 
plastic. Usually as desiccants, inorganic substances such as bentonite, calcium sulfate, silica gel and 
molecular sieves, organic substances like cellulose, fructose, modified starch and sorbitol and also 
graphene oxide is used (Bovi et al., 2018). Pure unsaturated hydrocarbons are used as ethylene 
removing systems. Ethylene is a hormone with an important role in ripening, degradation of 
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chlorophyll, embryogenesis, growth cycle, respiration rate, root growth and development. Many of 
these functions may adversely affect the food quality in storage. Therefore, absorbing the ethylene 
inside the package can reduce the deterioration rate. The different ethylene-adsorbing agents 
include activated carbon, cloisite, Japanese Oya clay, montmorillonite, silica and zeolite. Higher 
amount of CO2 inside the package also can cause adverse effects to the food. The products with 
higher microbial activity inside the package, such as cheese, kimchi, soy paste and yogurt, will 
produce higher amounts of CO2 inside the package. This can be reduced by using scavengers like 
activated carbons, calcium hydroxide, potassium hydroxide, silica and zeolites (Han et al., 2018). 
The microbial activity inside the package can be reduced by the addition of antimicrobial 
substances such as CO2, ethanol, salts of acetate, benzoate, propionate, sorbate, metal oxides (CuO, 
MgO, TiO, ZnO), nanoparticles of metal (Au, Ag, Cu, Pt, Se), antioxidants, O2 scavengers, 
bacteriocins and enzymes (Wyrwa et al., 2017). 

2.7.2 Intelligent Packaging 
Intelligent packaging is defined as the materials or articles that will monitor the food inside the 
package and the environment surrounding the package. Intelligent packages use the technology as 
a communication function to enable the decision so as to provide information, warn of any 
problems, improve safety, guarantee quality and extend shelf life by continuously monitoring the 
internal and external environmental changes of the packages (Yam, 2012). It uses the metabolites 
produced on storage inside the package or the external temperature as the parameters to be 
monitored to find the status of quality, safety and shelf life of the food inside and also tracking and 
automatic identification (Clodoveo et al., 2021). The package is the source to provide the 
information of the food since it moves along with the food. The invention of intelligent packaging 
has led to a more efficient and safer supply chain. The traceability of the food product is important 
in the HACCP (hazard analysis and critical control point) point of view. The three main 
technologies that are used in the intelligent packaging system include data carriers, indicators and 
sensors. The data carriers will efficiently manage the supply chain logistics while indicators and 
sensors will provide the information related to the quality of food inside the pack. The system can 
be placed in primary, secondary or tertiary packaging structure (Ghaani et al., 2016). The indicators 
usually give information about the presence or absence of certain compounds that have resulted in 
the reaction between two or more compounds inside the food. This is immediately indicated as 
visual changes such as irreversible color change, giving qualitative or quantitative information 
(Brizio et al., 2016). The indicators mainly used are freshness indicator, gas indicator and time 
temperature indicator. The storage temperature and time of storage carries an important role in the 
shelf life of the product. Hence, the time temperature sensor will provide a valuable support to 
rectify it. They can provide partial history or full history of the product; hence, they are categorized 
broadly as two. A full history indicator will provide the information about all the temperatures that 

Table 2.4: Different Types of Agents Used in Active Packaging     

Type of Active Agent Food Applied Packaging Materials Applied  

Moisture absorber Fruit and vegetables, meat products LDPE, PET tray 
Ethylene scavenger Fruits and vegetables, fresh products Film, sachet 
Carbon dioxide absorbers Fermented foods, fresh products, fruit, 

coffee 
Film, sachet 

Carbon dioxide emitter Fish, fruit products, meat products, 
processed and precooked products 

Cellulose based pads, food-grade 
packets and films 

Oxygen scavenger Beverages, fresh products In can sealents and closure coating 
Antimicrobial agent All food products, chilled and frozen food 

products 
Cool bags, paper products 

Antioxidant Cereal products Film 
Phase change material Frozen, cold stored food, perishable 

products 
Vegetable oil-based packaging 

material   
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can be related to the entire life of the food (Robertson, 2016). It is majorly applied in chilled and 
frozen food packaging. The principles mainly used for time temperature indicators include physical 
cage, chemical change, polymerization reaction, enzymatic reaction on the basis of biological 
activity of bacteria, enzyme ad spore, melting reaction or reaction in the presence of acid, indicated 
by appearance or disappearance of color and deformation of the pack (Taoukis et al., 2003). 

The freshness indicator indicates the spoilage or decay of the product inside the package. A 
change in the amount of biogenic amines, CO2, ethanol, glucose, organic acid and volatile nitrogen 
compounds will indicate the growth of microorganism (Poyatos-Racionero et al., 2018). The increase 
in amount of CO2 and decrease in amount of O2 can also indicate the growth of microbes. The 
change in gas composition inside the food package can depend on respiration of food product, 
permeability of the packaging material and the storage condition. Also, there are other gases 
reduced or increased with the growth of microorganism; these all can be detected using the gas 
indicators that have the gas scavengers in them. In modified atmosphere packaging, it is an 
essential requirement to find the package integrity and leaks across the package. Sensors are 
devices that respond to a physical, chemical or biological property of the food inside the package 
and provide a quantifiable measurement of mainly pH, humidity, light exposure and temperature. 
Chemical sensors are the devices that detect the presence of certain biological or chemical activity, 
substances, gas etc. with the help of a detector that is of biological or chemical in nature. The signal 
from the detector is either physical or chemical and is converted into an electric signal with the help 
of a transducer. The analyzed signal is processed and presented by a signal processor. It can be 
chemical-, biosensor-, electrochemical-based biosensor and edible sensors. The electrochemical 
sensor will have an electrode as the transduction element. Some of the established systems for 
chemical detection includes amperometric oxygen sensors, metal oxide semiconductor field-effect 
transistors (MOSFETs), organic conducting polymers, piezoelectric crystal sensors and potentio-
metric carbon dioxide sensors. They are subjected to cross-sensitivity to carbon dioxide and 
hydrogen sulfide, contamination of sensor membranes and consumption of the analyte and, in most 
cases, these systems involve destructive analyses of packages (Ghaani et al., 2016). Data carriers do 
not provide the information of quality of the food inside the package but help in traceability and 
protection against forging or theft prevention (Muller and Schmid 2019). The main data carries used 
include barcode labels, QR code labels and radiofrequency identification tags (RFID tags) on 
tertiary packaging such as containers and pallets. 

2.8 RISK ASSESSMENT OF FOOD STORAGE AND PACKAGING 
As discussed earlier, the term ’risk’ defines the probability of causing adverse health effects on 
consumers and severity. Risk assessment is an integral component of an HACCP plan and has a 
pivotal role in the functioning of any food safety or quality system (Forsythe, 2008). 

Risk assessment can be divided upon the basis of the type of hazards in food, such as:  

a. Physical Risk Assessment  

b. Chemical Risk Assessment  

c. Microbiological/Biological Risk Assessment  

d. Allergen Risk Assessment 

Physical risk assessment is involved with the identification of the probability and severity of 
occurrence of a physical hazard and is often considered to be simpler and studies usually involve 
those at the farm/production unit level. Chemical risk assessment involves the risk of pesticide 
residues, antibiotics, heavy metals and toxins in food and usually requires deeper study to assess 
the risks involved in an objective way. The risk assessment on chemical hazard and biological 
hazards is still developing and a developing science. The assessments vary in different ways, 
such as:  

a. Microorganisms may multiply or die in food, whereas concentrations of chemical and physical 
hazards don’t change very much.  

b. Microbial risks are primarily the result of single exposure, whereas chemical risks are often due 
to cumulative effects.  

c. Microorganisms are rarely distributed in the food homogeneously. 
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d. Microorganisms can be transmitted by transmission through other agents without the direct 
ingestion of the food.  

e. Immunity varies from person to person and from population to population so the effects are 
difficult to ascertain (Forsythe, 2008). Among the main chemical contaminants in food are 
carcinogens and risk assessment methods for carcinogens have evolved with the advancement of 
scientific knowledge. While former methods allowed only hazard identification and potencies, 
new techniques facilitate the modes of action and division into genotoxic and epigenetic (non- 
genotoxic, non- DNA reactive) categories. These provide new opportunities for detailed risk 
assessment and provides quantitative estimates of risk. The qualitative advice does not provide 
risk managers with information for prioritizing a “margin of exposure” approach for substances 
that are both genotoxic and carcinogenic but it has been used now by the World Health 
Organization and the European Food Safety Authority (Barlow and Schlatter, 2010). 

The risk assessment of pesticide residues in food is currently performed on a compound-by- 
compound basis. If potential exposure of consumers is below the relevant health-based guidance 
value, the use of the particular pesticide is deemed to be acceptable. However, this often leads to the 
exposure of consumers to a number of pesticide residues at once time or in a short span of time. In the 
European Union, in 53–64% of food samples, pesticide residues were not detectable, 32–42% contained 
detectable residues, which were below the maximum residue levels (MRL) and 3.0–5.5% contained 
levels above the MRL, respectively. Of note, 14–23% of the samples with detectable residues contained 
more than one active ingredient. The consequence of such combined exposure has raised concerns 
amongst both consumers and regulators. This was recognized in the U.S. Food Quality Protection Act 
(FQPA) of 1996 and more recently in Europe in Regulation (EC) No. 396/2005 on MRLs. This 
emphasizes the importance “to carry out further work to develop a methodology to take into account 
cumulative and synergistic effects of pesticides” (Boobis et al., 2008). 

Aflatoxins are various toxic carcinogens and mutagens produced by certain molds, particularly 
Aspergillus species. The fungi grow in soil, decaying vegetation, and various staple foods and 
commodities such as hay, sweetcorn, wheat, millet, sorghum, cassava, rice, chili peppers, cotton-
seed, peanuts, tree nuts, sesame seeds, sunflower seeds and various spices. In short, the relevant 
fungi grow on almost any crop or food. When such contaminated food is processed or consumed, 
the aflatoxins enter the general food supply. They have been found in both pet and human food, as 
well as livestock feed. Animals fed contaminated feed can shed aflatoxin metabolites into eggs, 
dairy and meat. Most of the available data are on AFB1 and information on the other aflatoxins is 
scarce. AFB1 is readily absorbed and distributed to the liver. In humans, a mutational signature for 
aflatoxin exposure has been identified in HCC. AFB1 affects reproductive and developmental 
parameters (i.e., brain development, shortened time to delivery, low birth weight and adverse 
effects on spermatogenesis and folliculogenesis) at low doses (≥ 4 lg/kg bw per day) and these 
effects may occur following a short-term exposure. Aflatoxins reduce immunity, particularly at the 
cellular level (Schrenk et al., 2020). 

The term ’microbial risk assessment’ is relatively newly applied to microbial food safety issues. 
The publicaions about microbial risk assessment from 1994 to 1999 had only came from the USA 
and half of them had already been reviewed. Risk assessments that had been successfully 
completed were seven that targeted a specific pathogen (Klapwijk et al., 2000).  

a. B. cereus risk in pasteurized milk.  

b. Salmonella in chicken products.  

c. E. coli O0157:H7 in ground (minced) beef  

d. S. Enteridis in shell eggs and egg products  

e. L. monocytogenes data survey  

f. Rotavirus in drinking water  

g. Cryptosporidium in drinking water. 

The growth in the research of microbial risk assessment has given rise to the necessity of predictive 
food microbiology. The field of study that combines mathematics and statistics with microbiology 
to develop a model that will describe and predict the growth or decline of microorganisms in a 
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certain environment is termed ’predicitive food microbiology’ (Whiting, 1995). The factors are 
mainly temperature of processing, distribution and storage if subjected to any fluctuations and the 
microbial growth in food is affected. The model that shows the rate of microbial growth is termed a 
’kinetic model’ and the likelihood of specific pathogens in food is predicted by ‘probability’ models 
(Ross and McMeekin, 1994). 

The main objective of predictive microbiology is to describe mathematically the growth of micro- 
organisms in food under prescribed growth conditions. The major factors affecting growth are pH, 
aw, atmosphere, temperature and pressure. A risk analysis is carried out to identify the factors, 
components, reason for the risk and establish a clear picture of intensity of risk, thereby finding a 
perfect solution to the risk. Risk analysis is a matter of concern if regulatory requirements are 
considered. It contributes to decision making. Risk assessment comes under risk management. Risk 
analysis and risk evaluation together become a risk assessment. The risk assessments are done 
using models rather than only monitoring the available data. There are about 35 models currently 
in use recognized by the USA-EPA for the assessment of risk on exposure. They all are different 
from one another in their level, scope and purpose of analysis. They can be used for assessing risk 
on exposure of one pollutant or multiple pollutants. They can be applicable to either human or 
ecological receptors and also applicable to both of them. There can be models aimed at universal 
population, subpopulation or individuals concerning chronic, sub-chronic and acute exposures. 
They are used by government authorities, private companies and researchers in an international 
level. The recent paper will discuss different models in risk assessment for exposure assessment. A 
human exposure model is used for assessing the risk of emitted toxins in the air. An interaction 
occurring between a cause and its target at a particular place, at a particular time is termed 
’exposure’, while dose is the amount of that cause or an agent crossing the contact boundary. 

The model can be selected transport models, exposure models and integrated transport and 
exposure models. The transport model examines the movement and potential dose in particular 
units of these so-called risk agents at different environment. The dose referred to here can be a 
representation of exposure potential of the risk agents in an actual exposure. The exposure model 
observes the exposure factors, its activity patterns and yield at a general environment or in a 
microenvironment. The integrated transport and exposure model predict both and doses. The 
models used by the U.S. EPA can be either screening level or higher-tiered level (Figure 2.2). Most 
of the models are later types, since the screening level has limited spatial and temporal resolution. 
A model should be thoroughly reviewed by external expertise and those used for regulatory and 
research purposes are reviewed by the U.S. EPA’s scientific advisory boards, panels or committees.  
Webb and Davey (1992) called for a terminology for models to give express meaning to the model 
description and development. Whiting, 1995 proposed a new classification system for PFM 
according to specific criteria under three levels of primary, secondary and tertiary models. 

Figure 2.2 A view of response model.    

FOOD SAFETY 

36 

https://t.me/PrMaB2



Primary models describe the change in microbial number with time under particular environ-
mental and climatic conditions. The response can be measured directly by total viable count, toxin 
formation, substrate level or metabolic products or indirectly through absorbance, optical density 
or impedance. If a bacterial growth curve is monitored by recording how its TVC changes with 
time, the data collected can be plotted using a primary model. This can then generate information 
about the microorganism, such as generation time, lag phase duration, exponential growth rate and 
maximum population density. Secondary models describe the response of one or more parameters 
of a primary model changing to one or more changes in cultural and environmental conditions (pH, 
aw, Eh, temperature). These data are then collated using a secondary model, so that the effect of 
temperature is described by a mathematical equation. This allows the end user to determine what 
generation time will be observed at a temperature T (Dickson et al., 1992). Tertiary models basically 
take modeling to its final form. They are applications of one or more primary or secondary models, 
incorporated into a software. Tertiary models make predictive microbiology easily accessible and 
powerful to all areas of the food industry and research (Whiting, 1995). 

In India, microbiological risk analysis has been conducted by a number of researchers. The study 
by Kundu et al. (2018) estimates illness (diarrhea) risks from fecal pathogens that can be transmitted 
via fecal-contaminated fresh produce. To do this, a quantitative microbial risk assessment (QMRA) 
framework was developed in National Capital Region, India, based on bacterial indicators and 
pathogen data from fresh produce wash samples collected at local markets. Produce wash samples 
were analyzed for fecal indicator bacteria (Escherichia coli, total Bacteroidales) and pathogens 
(Salmonella, Shiga-toxin producing E. coli (STEC), enterohemorrhagic E. coli (EHEC)). Based on the E. 
coli data and on literature values for Cryptosporidium and norovirus, the annual mean diarrhea risk 
posed by ingestion of fresh produce ranged from 18% in cucumbers to 59% in cilantro for E. coli 
O157:H7, and was <0.0001% for Cryptosporidium; for norovirus the risk was 11% for cucumbers and 
up to 46% for cilantro. The risks were drastically reduced, from 59% to 4% for E. coli O157:H7, and 
from 46% to 2% for norovirus for cilantro in post-harvest washing and disinfection scenario. The 
present QMRA study revealed the potential hazards of eating raw produce and how post-harvest 
practices can reduce the risk of illness. The results may lead to better food safety surveillance 
systems and use of hygienic practices pre- and post-harvest. The most prevalent pathogenic 
bacteria isolated were S. aureus (3.4 log10 CFU/g) and B. cereus (3.4 log 10 CFU/g). Salmonella spp. 
was present in salads (3.2 log 10 CFU/g) and hand washings of the food handler (3.5 log 10 CFU/g). 
Salmonella contamination was found in salads served along with chicken fried rice and chicken 
noodles than in the food. 

2.9 CONCLUSION 
The packaging and storage conditions of food products have a very significant important role in its 
quality. The quality of food relies up on storage conditions such as temperature, relative humidity 
and atmospheric conditions. An optimum condition is required for obtaining the required shelf life 
of the food product. The changes occurring in a food inside the package can be physical, chemical 
or biological. The changes can adversely affect the food quality and hence should be dealt with 
utmost care. Scientific studies have opened the way for the development of different inventions in 
packaging and the effectiveness of active and intelligent packaging will dominate in a few years in 
the food industry. ’Risk’ is the term of the probability of an adverse health effect produced by a 
hazard in the food product. Therefore, risk assessment is an integral component and plays a pivotal 
role in the functioning of any food safety or quality system. The quality control and risk assessment 
of food storage and package count on the whole organization personnel participation. An effective 
association of food industries with research institutes in research development, legislative and 
commercial functions is required to overcome the challenges of risk. 
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3 Chromatography Coupled with Tandem Mass Spectrometry Application in 
the Assessment of Food Contaminants and Safety 

Meng-Lei Xu and Yu Gao  

3.1 INTRODUCTION 
Today, mass spectrometry (MS) is considered the gold standard and the preferred approach for the 
analysis of contaminants in food. MS is coupled with various separation techniques, such as gas 
chromatography (GC) and liquid chromatography (LC), to detect physical, chemical, and biological 
contaminants, even at low concentrations (Xu et al., 2021). Since the 1970s, GC has been coupled 
with MS for the detection of food contaminants. Over the years, the technology behind the GC‒MS 
technique has matured through optimization. Among the various contaminants in food, the GC-MS 
technique can detect volatile organic compounds (VOCs) and semi-volatile organic compounds 
(SVOCs). Alkanes, phthalate esters, polycyclic aromatic hydrocarbons, and polychlorinated 
biphenyls are some of the VOCs in food that can be detected by GC-MS. SVOCs, on the other hand, 
include pesticides, endocrine disrupters (ERs), and carcinogens. GC-MS method can also be used to 
target emerging contaminants such as brominated flame retardants and perfluorochemicals. LC-MS 
can also be used for the detection of thermally unstable chemical contaminants and pollutants with 
high polarity or high molecular weight. Proteins can also be analyzed using the LC-MS technique 
(Picó et al., 2015). There are some excellent reviews covering the LC-MS detection of food 
contaminants including agricultural chemical residues, veterinary drug residues, transformation 
and degradation products of these residues, and packaging migration substances (Santos Pereira, C. 
Cunha, and Fernandes, 2019; Chang et al., 2022; Malachová et al., 2014). 

Contaminants detection follows three main steps: contaminants isolation and concentration, 
separation, and identification. Generally, no pretreatment is considered the best sample pretreat-
ment, especially for detecting trace pollutants. With the development of MS technology, it is great 
to see two emerging trends. First, high-resolution MS can infer the composition of elements and 
accurate material mass, becoming a crucial tool for identifying unknown substances. Second, MS/ 
MS with high separation can obtain the secondary mass spectrum, which provides high sensitivity 
(Morales-Gutiérrez et al., 2014). In addition, multi-residue analysis methods and adsorption 
extraction are characterized by being fast, simple, inexpensive, effective, robust, and safe. At the 
same time, the number of trace organic pollutants worldwide is increasing, many of which are 
considered emerging pollutants. Future multi residue methods should take more account of 
emerging pollutants extraction and cleanup methods (Xu et al., 2021). Mass spectrometers with MS/ 
MS separation capabilities include triple quadrupole, ion trap, linear ion trap, and quadrupole time- 
of-flight (TOF). The need for sophisticated sample cleanup and tedious analytical techniques can be 
eliminated with MS/MS-based multi-contaminant methods. MS/MS can be operated in multiple 
reaction monitoring (MRM) mode when the number of contaminants to be analyzed in samples is 
high. Multi-contaminant analytical approaches can provide high sensitivity and specificity. They 
are becoming the new trend in food contaminant detection (Xu et al., 2021). 

Current food contaminants and residue analysis trend involves applying the TOF-MS system. 
This trend arises from the user-friendly and cheaper nature of the TOF-MS system compared to 
other high-resolution and high-accuracy MS techniques. This aspect is especially crucial for 
analyzing complex food matrices. LC-TOF-MS system offers several advantages. First, the LC-TOF- 
MS technique can detect several compounds at a time without having to reduce the sensitivity. 
Second, the LC-TOF-MS approach can identify unknown peaks through accurate mass number and 
isotopic abundance evaluation. Third, data can be obtained for additional compounds not involved 
in the previous detection via post-processing (Saito et al., 2012). The GC-TOF-MS system can also be 
applied in food pollutants and residue analysis and can further be used to determine the 
composition of elements (Elbashir and Aboul-Enein, 2018). In GC-TOF-MS techniques, the 
specificity of identifying unknown objects has also been enhanced. High-quality resolution and 
accurate quality monitoring of the substance to be measured can effectively reduce the noise of 
chemical substances from various sources, thus improving the limit of quantitation (LOQ) (Wang 
et al., 2013). Food with complex matrix and different processing technologies raise the quality and 
safety concerns. This chapter aimed to summarize the application of chromatography coupled with 
MS in food contaminants assessment and food safety (Xu et al., 2022). 
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3.2 PHYSICAL CONTAMINANTS DETECTION 
Physical contamination of food is the inadvertent incorporation of impurities during production 
and processing, or radionuclides exceeding their limits. Plastics are widely used man-made 
polymers. Approximately 79% of the plastic that is used ends up in landfills or in the environment, 
leading to the widespread occurrence of microplastics (MPs). Since the COVID-19 outbreak, the 
large-scale use of face masks has been part of a complex infection prevention strategies. While, 
plastic polymers and additives such as phthalates are found in face masks (Zuri et al., 2022). Large 
amounts of plastic can end up in the environment if mask disposal is inappropriate (Saberian et al., 
2021). Biodegradable plastics account for more than 64% of the global bioplastic production 
capacity. Polylactic acid (PLA) takes several years to a degree in situ, which may result in periodic 
accumulation of MPs in the environment. Since biodegradable plastics are more susceptible to 
degradation forces, more MPs could be generated from biodegradable plastics than from non- 
degradable feedstocks over the same period (Sintim et al., 2020). PLA can be hydrolyzed under 
certain conditions. A quantification method for PLA MPs was developed by efficient 
depolymerization of PLA by LC-MS/MS with a LOQ of 18.7 ng/g (Wang et al., 2022) (Figure 3.1B). 
Polyamide (PA), also namely nylon, a widely used plastic. MPs were developed by efficient 
depolymerization of PA6 and PA66 and determination of the emerging building block compounds, 
namely 6-aminocaproic acid (6-ACA) and adipic acid (AA), by LC-MS/MS. The results showed that 
with concentrations of 0.725–321 mg/kg, PA MPs were widely detected in fish guts and gills (Peng 
et al., 2020). MS/MS techniques possess higher detection sensitivity than other methods, such as 
fluorescence microscopy, polarized light microscopy, and Fourier-transform infrared spectroscopy. 
However, information on the particle size distribution of MPs cannot be obtained by MS/MS 
approaches (Mbachu et al., 2020) (Figure 3.1A). 

3.3 CHEMICAL CONTAMINANTS DETECTION 
Chemical contaminants in food always come from agrochemicals, and that arises from food 
processing and packaging (Xu et al., 2014). These contaminants represent a major food safety 
concern, and several papers have reported synthesis strategies for their detection using chroma-
tography coupled with MS/MS (Zhang et al., 2023). Chemical contaminants can pollute food 
through direct pollution, brief pollution, food chain enrichment, cross-contamination, and accident 
(Xu et al., 2017). Most food matrices are affected by chemical pollutants. The chemical contaminant 
residues detected by chromatography coupled with MS/MS methods in different food categories 
may vary, especially for the pre-treatment method. For pesticide residues, for example, several 
reports focused on vegetables and fruits than on other food items due to the use of plat protection 
product for pests and diseases control. Herein, detection method and pre-processing techniques are 
summarized according to the volatility of chemical pollutants, which can be divided into VOCs, 
SVOCs, and non-VOCs. 

3.3.1 VOCs Chemical Contaminants Analysis 
According to food matrices and chemical properties of pesticide residues, chromatography coupled 
with MS/MS methods in conjunction with a suitable sample preparation procedure can realize 

Figure 3.1 Sources (A) and determination by liquid chromatography tandem mass spectrometry 
(B) of microplastics. 

Source:  Mbachu et al., 2020;  Wang et al., 2022.    
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multiple residue detection. Several preparation methods, including solid-phase micro extraction 
(SPME), have been developed for VOCs detection in food. In general, SPME can be carried out in 
three different modes: direct immersion (DI-SPME), headspace (HS), and membrane-protected 
SPME. DI-SPME, as the name suggests, involves direct immersion of the SPME fiber in the sample 
for the extraction and concentration of target analytes (Hu et al., 2022). With the potential to reduce 
matrix interference for food substrates, HS extraction is a promising technique frequently used for 
volatile and semi-volatile compounds in complex substrates (Yue et al., 2020). The most commonly 
used techniques for separating a portion of volatiles matter from the non-volatiles are SPME and 
stir bar sorptive extractions (SBSE). VOCs are separated on a GC system. Mass spectrometry (MS, 
MS/MS, TOF-MS) is used to identify the chemical compounds (Starowicz, 2021). According to the 
available information, fast and non-solvent extractive techniques, such as SPME and SBSE, are the 
most popular techniques (Xu et al., 2021). 

3.3.2 SVOCs or Non-VOCs Compounds Analysis 
Pesticides, ERs, carcinogens such as mycotoxins, and process contaminants are common SVOCs or 
non-VOC compounds. These compounds can cause cancer or impaired neurodevelopment in 
humans. As a general practice, the ideal techniques for sample preparation should be clean, selective, 
time‐saving, inexpensive, easy to use, and environmentally friendly. For accurately detection of 
contaminants in multi-residue analysis, MS/MS is preferred over MS technology. The importance of 
preparation selectivity can be replaced by high separation in MS/MS. Therefore, a new trend is to 
extract multiple analytes at the same (Xu et al., 2021). For this reason, multi-residue preparation 
techniques, e.g., QuEChERs, adsorption extraction using a combination of SBSE and single-drop 
micro extraction, are the most widely used, rapid, and solvent-free extraction approaches. 

A new approach has been developed using smartphone-based imaging and image processing to 
estimate the acrylamide content in homemade toast made from white bread in a simple and fast 
way. In addition, in order to study the relationship between the concentration of acrylamide and 
color parameters of certain food products, a colorimetric analysis technique has been implemented 
(Sáez-Hernández et al., 2022). Smartphones can provide vital information to the user with just a 
picture, making them a user-friendly tool for food safety. These findings are promising for the 
future development of a smartphone-based application that can provide an orientation to the 
consumer in an in situ, green, and easy way (Figure 3.2). However, the efficiency of extracting from 
problematic food matrices needs to be further improved. At the same time, general improvements 
in laboratory equipment and the miniaturization of the analytical equipments have led to a wider 
range of applications. 

Figure 3.2 Smartphones as user-friendly tools in food safety compared to liquid chromatography 
tandem mass spectrometry. 

Source:  Sáez-Hernández et al., 2022.    
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3.4 BIOLOGICAL CONTAMINANT DETECTION 
Biological contaminants of food include microorganisms and their toxic metabolites, parasites and 
their eggs, viruses, and insect vectors. Microbial and toxic contaminants are the most common types 
of contaminants and are considered to contributors to food safety. Although we focus on the 
applications of MS in the analysis of biological contaminants in food, while, many target analytes 
are still chemical contaminants. For example, mycotoxins are indeed secondary metabolites of 
certain microorganisms, but the toxins themselves are of a chemical nature. Similar to mycotoxins, 
food allergens also fall under the category of chemical hazards; however, they are bioactive and 
with larger molecular weight than ordinary chemical pollutants, thus their mass spectrometry 
analysis is more complex. 

3.4.1 Mycotoxins Analysis 
Mycotoxins are secondary metabolites produced by certain fungi like Aspergillus, Penicillium, 
Fusarium, and Alternaria (Yang et al., 2020). Mycotoxins detection strategies share a resemblance 
with the detection of chemical contaminants. Isolation and concentration are the first steps, 
followed by separation and identification. Increasing attention is also being paid to the simulta-
neous occurrence of several mycotoxins. MS techniques have become reliable tools for mycotoxin 
analysis in different food matrices because of their excellent sensitivity and selectivity. Efficient 
sample pre-treatment procedures are also needed, including extraction, purification, detection, and 
quantitation. Based on the best we know, LC techniques have been used for detecting mycotoxins 
with florescent properties such as aflatoxins and ochratoxins. Due to its excellent sensitivity, 
selectivity, accuracy, and precision, GC is often used for identification mycotoxins that have no 
chromophore and fluorescent groups, or that have weakly fluorescent and weakly absorbent 
groups (Xu et al., 2012). However, the application of GC in the detection of mycotoxins is limited by 
the relatively slow analytical speed of GC. On the other hand, MS/MS has become the gold 
standard for the simultaneously separation and analyzing of multiple mycotoxins, in particular LC- 
MS/MS (Pallarés et al., 2022). SPE and immunoaffinity columns (IACs) are the most commonly 
used techniques to purify or cleanup for mycotoxins. Moreover, IACs remain the most popular 
approach for mycotoxin analysis due to their high degree of selectivity and their ability to achieve 
the maximum possible removal of matrix interferences (Pallarés et al., 2022). However, there are still 
some mycotoxins without a regulatory limit but with some evidence of toxicity. These mycotoxins 
are known as “emerging mycotoxins” and include some fusarium toxins such as enniatins and 
beauvericin (Gruber-Dorninger et al., 2017). Due to their non-polar nature, the non-aqueous 
capillary electrophoresis method coupled to Q-TOF-MS has been proposed for their identification 
with LOQ from 4.0 to 8.3 μg/kg depending on the emerging mycotoxin in concern (Delgado- 
Povedano et al., 2023) (Figure 3.3). 

Figure 3.3 Non-aqueous capillary electrophoresis method coupled to quadrupole time-of-flight 
mass spectrometer applied to emerging mycotoxin detection. 

Source:  Delgado-Povedano et al., 2023.    
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3.4.2 Food Allergen Analysis 
Food allergy refers to a disorder of the immune system caused by antigens in food. It is mediated by 
antibodies of the immunoglobulin E type (Tuzimski and Petruczynik, 2020). Around 90% of allergic 
reactions occur to milk and dairy products, eggs and egg products, fish and crustaceans, peanut, 
leguminous plants, nuts, and wheat (Xi and Yu, 2020). Small changes in allergen levels in food can 
lead to variations in allergenicity, with potentially life-threatening consequences for allergy 
sufferers. It is particularly important to develop sensitive and effective tests for these food allergens. 
Enzyme-linked immunosorbent assay (ELISA) kits utilizing polyclonal antibodies are currently 
used for the detection of food allergens. However, accurate quantitation of food allergens cannot be 
ensured by ELISA alone. Recently, the use of LC-MS or LC-MS/MS techniques, rather than 
routinely performed ELISA, has become established for quantitating allergens in various matrices. 
A full MS/MS fragmentation spectrum for a given parent ion allows all the product ions to be 
monitored at the same time with a high degree of accuracy and resolution (Koeberl et al., 2014). 
Some signature peptides, e.g., GGLEPINFQTAADQAR have been confirmed and synthesized as 
quantitative peptides of proteins, e.g., ovalbumin. The relative isotope-labeled internal standards 
were used for quantitative analysis (Fan et al., 2023). More methods are being developed, including 
multi-allergen assays, for the co-determination of several major food allergens from complex 
processed food matrices (Korte and Brockmeyer, 2017). Accordingly, high-performance LC and 
nano-liquid chromatography-tandem mass spectrometry have been used for determining the intact 
protein or signature peptides after protein digestion (Fan et al., 2022). 

3.4.3 Food Poisoning Analysis 
Food poisoning includes non-infectious primary causes, such as consumption of foods containing 
biological and chemical toxins, as well as sub-acute illnesses. Poisoning can be caused by bacterial, 
fungal, chemical, or toxic animal and plant sources. Fungal and chemical food poisoning are caused 
by a variety of chemical or biological contaminants and were covered in previous chapters. 
Phytotoxins are a class of naturally organic substances. They have high biological activity and are 
toxic. Toxic plants like toadstools, cassava, green beans, sprouted potatoes, and fresh daylilies can 
be poisonous when improperly prepared. Legumes contribute significantly to phytotoxicity, 
containing major toxins such as plant erythrocyte lectin, trypsin inhibitor, saponin glycosides, and 
phytic acid. Grains from the nightshase (Solanaceae) and the lily family (Liliaceae) may be the cause 
of poisoning via their secondary metabolites. Specific animals’ species or tissues are often 
responsible for animal food poisoning. Common examples include puffers, crustaceans, animal 
food poisoning, liver, tetrodotoxin, crustacean toxins, and ichthyotoxin. The sources of these 
phytotoxins or toxic food intoxications of animal origin are still chemicals; therefore, sharing similar 
detection approaches with chemical contaminants. 

3.4.4 Food Authenticity Analysis 
Another crucial research topic is food authenticity. Food adulteration can pose a serious health 
threat to consumers by using cheaper materials for economic gain. With the discovery of several 
major food adulteration incidents over the past decade, a key issue is the authentication of agro- 
food products. A significant incident was the contamination of chilli powder with dye in 2005 and 
the identification of the adulterated chilli powder exported from India to Britain in a Worcestershire 
sauce (Lohumi et al., 2015). The unrivaled specificity, accuracy, and sensitivity of MS techniques has 
led to their increasing use in food authentication and traceability. These characteristics are critical 
for establishing analytical strategies to detect food fraud and adulteration by monitoring selected 
constituents in food matrices. MS approaches are increasingly consolidating protein and peptide 
profiling (Valletta et al., 2021). Fish gelatins in seven commercial cyprinids, namely, black carps, 
grass carps, silver carps, bighead carps, common carps, crucian carps, and Wuchang breams, were 
analyzed using high-performance LC-MS/MS (HPLC-MS/MS) (Sha et al., 2023). 

3.5 PROCESSED FOODS ANALYSIS 
Specifically, food-processing contaminants of animal-based foods are mainly chemical pollutants 
formed when the components undergo chemical changes. Major food processing contaminants 
include N-nitrosos, polycyclic aromatic hydrocarbons, acrylamide, and heterocyclic amines. The 
mechanisms by which they form are known, but relevant reports remain sparse. Several regulatory 
analytical methods are used to determine nitrosamines (Gopireddy et al., 2022). A fully automated 
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one-step static HS sampling and GC-MS/MS can be used to analyze N-nitrosamines (LODs: 
0.08–0.29 μg/kg) in dried aquatic products of animal origin (Huang et al., 2022) (Figure 3.4). 

Edible oil can pose a risk to human health if consumed or stored improperly, and is classified as 
either vegetable or animal oil depending on its source. Common oil quality and safety issues 
rancidity, trans fatty acids and the presence of glucosinolate, erucic acid and gossypol residues. 
These quality and safety problems can be analyzed through the detection of associated chemical 
substances. Malondialdehyde, for example, is a biomarker of lipid peroxidation. It has traditionally 
been associated with rancidity. Nevertheless, waste cooking oil from restaurants and street 
vendors-known as ‘recycled cooking oil’ contains considerable amounts of endogenous pollutants. 
Magnetic solid phase extraction coupled to ultra HPLC-MS/MS offers benefits of low LOD, broad 
linear range and fast throughput. In addition, the sorbent is easy to synthesize; the adsorption 
process is convenient, fast, and efficient; and the sorbent can be reused at least ten times without 
significant loss of recovery (Lu et al., 2020). Traditional condiments that may contain harmful 
substances produced during their manufacture include sauces, vinegar, monosodium glutamate, 
and sugar. Chloropropanol is formed when hydrochloric acid is used to hydrolysis vegetable 
protein and is found in raw soy sauce, aged soy sauce, and oyster sauce. Four chloropropanols in 
paper straws were detected using matrix solid-phase dispersion coupled with GC-MS/MS with a 
LOD of 0.200 µg/L (Yuan et al., 2022). 

3.6 PROTEIN IN GENETICALLY MODIFIED FOODS 
Advances in biotechnology have made it possible to grow genetically modified crops containing 
multiple beneficial traits, known as stacked trait products, to control plant diseases, pests, and 
weeds (Hill et al., 2017). Genetically modified (GM) foods are a big concern globally due to the lack 
of information concerning their safety and health effects (Vidal et al., 2015). The introduction of GM 
technology into the agricultural system requires due diligence and a thorough analysis of the 
associated risks and/or benefits associated with it for a variety of stakeholders on a case-by-case 
basis prior to its commercialization (Sendhil et al., 2022). Evaluation of the genetically engineered 
crop to determine whether the transgene insertion has resulted in unintended changes to the 
endogenous allergen profile, particularly in allergenic foods such as soy (Organisms, 2010). 

Historically, the quantitative measurement of transgenic proteins in plant matrices has relied on 
immunochemistry techniques such as ELISA (Gu et al., 2017). Although the methodology is highly 

Figure 3.4 Fully automated analytical platform based on static headspace-gas chromatography- 
tandem mass spectrometry for the analysis of five N-nitrosamines in dried aquatic products of 
animal origin. 

Source:  Huang et al., 2022.    
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accurate, it still lacks control tissue for confidently assessing antibody quality and needs high-quality 
protein standards. Protein analysis can take label-free or labeled approaches. Quantification of the 
herbicide resistance gene-related protein 5-enolpyruvylshikimate-3-phosphate by MRM in LC-MS/ 
MS as a label-free method (Devi et al., 2018). Tagged LC-MS/MS was developed and validated for the 
determination of endogenous Zea mays 14 in corn kernels surrogate peptide method. It is useful to 
document the natural variability of endogenous allergens such as Zea m 14 to understand the 
variability within maize grain, although the value of measuring endogenous allergen levels in GM 
crops has been questioned (Hill et al., 2017). 

3.7 CONCLUSION 
To the best of our knowledge, most available studies on food contaminants detection focused on 
chemical and biological contaminants in raw materials. In addition, there is little data on the impact 
of the infusion process on pollutants and the migration of mycotoxins from raw materials into the 
surrounding food and beverage products. In the absence of GC-MS, LC-MS is the preferred 
instrument for food contaminants detection. Their relationship, however, is complementary rather 
than competitive because they have their specific scope of work. The development of mass 
spectrometry is not as significant for GC-MS, while triple quadrupole techniques and their coupling 
with GC systems have brought several advantages in multi-residue analysis. For multi-residue 
analysis, the application of liquid chromatography has a significantly increasing trend. This 
development of LC-MS is closely linked to this trend. Therefore, accurate quantitative results for a 
group of selected compounds can be obtained by MS/MS analysis of target contaminants. 
Moreover, TOF-MS can identify non-target and unknown compounds. MS/MS application plays a 
crucial role in the effective assessment of food contaminants and ensuring food safety, thereby 
serving as a vital tool in food quality and safety control. 
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ABBREVIATIONS  

6-ACA 6-aminocaproic acid 
AA adipic acid 
DI-SPME direct immersion solid-phase microextraction 
ELISA enzyme-linked immunosorbent assays 
ERs endocrine disrupters 
GC gas chromatography 
GC-MS/MS gas chromatography-tandem mass spectrometry 
GM genetically modified 
HPLC-MS/MS high performance liquid chromatography tandem mass spectrometry 
HS headspace 
IACs immunoaffinity columns 
LC liquid chromatography 
LOQ limit of quantitation 
MPs microplastics 
MRM multiple reaction monitoring 
MS mass spectrometry 
MS/MS tandem mass spectrometry 
PA polyamide 
PLA polylactic acid 
Q-TOF-MS quadrupole time-of-flight mass spectrometer 
SVOCs semi-volatile organic compounds 
SPME solid-phase microextraction 
SBSE stir bar sorptive extractions 
VOCs volatile organic compounds   
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4 FT-IR Analyses in Food Authentication 

Food Safety and Quality Assurance 

Rumana A. Jahan and Md. Nazim Uddin  

4.1 INTRODUCTION 
Food and agricultural products comprise complex and diverse chemical mixtures that historically 
made it challenging to evaluate food safety, nutrient content, stability, and sensory attributes. With 
the increasing food demand worldwide, their quality and safety are becoming more of a concern for 
consumers, producers, and governments as the global food supply system expands, incorporating 
an increasing number of involvements from “farm to fork” as well as the inherent vulnerability 
associated with such a process (US FDA, 2009; EC, 2018). These concerns are due to the health threat 
(including ethical grounds), business, and total health budget. The adverse effects of food fraud, 
including adulteration and authenticity, are illustrated by scandals like the use of carcinogenic 
industrial chemical dye in chili powder in Sudan in 2005 (Meikle, 2005), the melamine addition to 
infant formula milk in 2008 in China (Pei et al., 2011), the horsemeat scandal in Europe in 2013 
(Premanandh, 2013), and the replacement of expensive almonds with peanuts in UK restaurants in 
2022 resulted in a fatal illness of customer. It has been difficult for policymakers and professionals 
to address the global public health threat posed by contaminated food and water since there is a 
lack of reliable data on the scope and kind of threats added to the incidence of related ailments. 

Food adulteration can be defined as the process in which food quality is purposefully degraded 
either by adding low-grade quality material or by extracting valuable ingredients (Spink and 
Moyer, 2011). Although there is no harmonized definition of food fraud, it is generally accepted that 
it is committed intentionally for financial gain through consumer deception (EC, 2018). Intentional 
adulteration in food has become more widespread gradually due to the financial benefits, and 
several food products are commonly found fraudulent, such as honey and maple syrup, which is 
sometimes diluted with cheaper sweeteners, such as corn syrup or cane sugar, and then sold as 
pure products (Galvin-King et al., 2018; Amiry et al., 2017). Olive oil faces a similar problem by 
being diluted with cheaper vegetable oil (Rohman and Man, 2010; Georgouli et al., 2017). In 
addition, country-of-origin fraud concerning dried fish, legumes, other agricultural products, and 
spices is widespread (Lohumi et al., 2017; Wielogorska et al., 2018). Valuable foodstuffs are more 
susceptible to economically motivated adulteration (EMA) because of the high profits gained from 
these so-called premium food products, such as meat (Rohman et al., 2011; Nunes et al., 2016) and 
coffee (Reis et al., 2017), are particularly susceptible to adulteration, primarily when they are 
produced and supplied through complex supply chains (Black et al., 2016; Galvin-King et al., 2018). 

One of the major problems harming interactions between distributors and customers is the 
increase in food fraud (GMA and Kearney, 2010; PWC, 2016). Although the prevalence of food 
adulteration is unknown, it is believed that the damage to the world’s food business could reach 
$40 billion yearly. The Consumer Brands Association (CBA) estimated that food fraud in the U.S. 
market impacts around $10–$15 billion annually. As an example, the expanding milk utilization 
due to its nutritious content has rendered it more vulnerable to fraud (Handford et al., 2016). 
Conversely, inexpensive foods like corn and wheat are more likely to be susceptible to adulteration 
because of their poor profit margins (Smith et al., 2017). Additionally, 21st-century agriculture faces 
numerous difficulties due to the growing demands for feedstock for the bioenergy industry as well 
as increased food production for people and livestock. Demands in the agricultural sector are also a 
result of changes in agriculture-dependent emerging nations, adopting more sustainable and 
efficient production techniques and climate change (FAO, 2009). Therefore, it is crucial to research 
the functional molecules and food’s components, including their profile and speciation, authenti-
cation, traceability, and quality, as well as the detection and measurement of additives, adulterants, 
allergies, and chemical and microbiological pollutants. All of these reasons are dominant for the 
unwanted fact of food fraud. Therefore, evaluating these criteria along the entire chain, from the 
field/harvesting to storage, processing, packaging, and shelf life, is necessary, and these factors 
significantly impact the economy, agriculture, industry, and consumer health. 

Food fraud may cause serious health problems, including cramping, nausea, diarrhea, vomiting, 
nerve damage, allergic responses, and paralysis, depending on the adulterant used (Sicherer et al., 
1998). For instance, there were allegations of cumin and paprika powder being mixed with peanuts 
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and almonds in the USA and Europe in 2015 (Agres, 2015). These two allergens might cause severe 
or fatal allergic reactions if accidentally consumed (Sicherer et al., 1998). Fishes, soybeans, fruits, 
fish, milk, eggs, nuts, cereals, and shellfish are other major allergens in contaminated food that 
might have serious health repercussions (Añíbarro et al., 2007). The controversies involving food 
fraud have raised the demand for food testing facilities to create quick as well as accurate analytical 
techniques for spotting fraudulent foods. FTIR, specifically mid-infrared (MIR) and near-infrared 
(NIR) vibrational spectroscopy, which offers a quick and accurate detection approach for 
elucidating organic molecules and the identification of pure substances, is the most frequently 
utilized analytical method for identifying food fraud nowadays. The use of FTIR and multi-
dimensional instrumental approaches alone or as a component of stand-alone methodologies to 
analyze various food matrices will be critically discussed in this review. 

4.2 DETECTION OF FOOD ADULTERATION BY INSTRUMENTAL ANALYSIS 
4.2.1 Adulteration in Food and Authentication: Regulations and Quality Standards 

Food replacement, addition, tampering, misrepresenting food along with its ingredients or 
packaging, as well as making false or deceptive claims about a product to profit financially, are all 
included in the category of “food fraud” (Spink, 2011; Lakshmi, 2012). Although there is no unified 
definition for food fraud currently, a few functioning criteria can be used to identify it (EC, 2018). 
These include willful disregard for existing food laws, malice, financial gain, and customer fraud 
(EC, 2018). The General Food Law Control EC 178/2002 outlines the major principles for 
authentication and regulation (EC, 2002) of food. For example, the General Food Law proclaims its 
goal is to avoid “fraudulent or misleading actions” and “the adulteration of food” under Article 8, 
“Protection of Consumers’ Interests” (EC, 2002). Taking into account several known food scandals 
in Europe over the past 20 years, the European Food Safety Authority (EFSA) has been established 
to offer science and technology-based guidance (EC, 2002). The U.S. Department of Agriculture 
(USDA) and the U.S. Food and Drug Administration (USFDA) are the two central regulatory bodies 
in the United States for securing safe food (Johnson, 2014). The Federal Food, Drug, and Cosmetic 
Act (FFDCA), passed in 1938, is the main piece of legislation covering food, drugs, and consumer 
protection (US Congress, 1938). The Food Safety Modernization Act (FSMA), which became law in 
2011, allowed the FDA to require recalls (US Congress, 2011). Given the known cases of foodborne 
diseases in the early 2000s, this was thought to be required. 

A threshold for extraneous matter is now used by the majority of national, international, and 
industrial organizations to distinguish between accidental and intentional contamination. It is 
important to emphasize that not all contamination levels qualify as intentional adulteration. For 
instance, in the United Kingdom, the presence of 1% (w/w) or more foreign matter in food items 
qualifies as gross adulteration (Food Standards Agency, 2015). The European Spice Association 
(ESA) is an example of an industry organization with its own criteria, which is equivalent to the 
maximum 2.0% w/w for foreign materials set for herbs and 1.0% w/w for spices (ESA, 2015). The 
advancement of instrumental technology has made it possible to detect pollutants at very small 
levels using techniques like DNA tests and analytical chemical procedures, which are used to detect 
food fraud (Galvin-King et al., 2018). These restrictions are placed to distinguish between 
contamination and deliberate adulteration by the detection limit using the appropriate analytical 
techniques for identifying adulteration (Downey, 2016). 

Authenticity testing is essential to verify that the food being sold is of the actual nature, 
composition, and quality that the buyer has grown to expect (Defra et al., 2014). Food fraud occurs 
when manufacturers defraud customers by not correctly and truthfully disclosing a food product’s 
ingredients (Defra et al., 2014). In order to protect consumers and facilitate trade between Europe 
and other countries, the EU has standardized laws for food labeling, presentation, and advertising 
(EC, 2000). Three different categories of quality marks have been introduced by the European 
Council Regulation in 2006 to guarantee the authenticity of all kinds of agricultural products and 
foodstuffs (The Council of the European Union, 2006). These logos—the Traditional Specialty 
Guaranteed (TSG), Protected Designation of Origin (PDO), and Protected Geographical Indication 
(PGI)—have a particular connection to the geographic area from which the product originates. This 
rule dictates that food or beverages must meet stringent requirements (The Council of the European 
Union, 2006). The EU has also had explicit laws governing wine authenticity since 2011. In 
accordance with PDO and PGI, the wine that complies with the framework’s standards is now 
classified (The European Commission, 2014b, 2014a). 
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4.2.2 History of Food Analysis 
The evaluation of food’s chemical makeup and physical attributes is referred to as food analysis. 
Laboratory analysis methods increasingly replaced the ancient approaches with modern instru-
mental techniques throughout the previous century, and food analysis has dramatically changed in 
the last 100 years. Innovative advancements in spectrometry, chromatography/separations, pH 
devices, and spectrophotometry frequently had direct applications to examining food. The feasible 
spectrum of food applications has increased due to significant advances in analytical accuracy, 
precision, detection limits, and sample throughput brought about by ongoing methodology 
improvements over this time. Food analysis, which goes beyond simple characterization, is a critical 
component of the construction and architecture of the contemporary global food distribution 
system. It is used for new product development, quality control, regulatory compliance, and 
problem solving. In addition to examining the quality of the finished food product, the food 
industry is increasingly focusing on analyzing, authenticating, and characterizing the raw materials 
and ingredients utilized in foods. Regulatory bodies, consumer advocacy organizations, and the 
public demand for safer foods contribute to this, especially in light of the effects of globalization on 
sources. Analysis of foods is continuously requesting the development of more robust, efficient, 
sensitive, and cost-effective analytical methodologies to guarantee the safety, quality, and 
traceability of foods in compliance with legislation and consumers’ demands. The manufacturer’s 
objective is to guarantee that substandard, adulterated, or incorrectly labeled ingredients never 
enter the production process. The early 20th-century procedures based on “wet chemistry” have 
evolved into the potent instrumental approaches currently employed in the food laboratory. Many 
of these crucial instrumental capabilities were put to use by food chemists through technological 
adaptation to create new analytical techniques and procedures for measuring food components. 
The practical range of food applications has increased as a result of these improvements in 
analytical accuracy, precision, detection limits, and sample throughput. Any forecast regarding 
novel advancements in food analysis for the 21st century must consider the convergence of several 
forces. The first thing to think about is how quickly knowledge is being shared via the Internet and 
other electronic media, which has accelerated the pace at which scientific discoveries naturally 
progress at their own rate. Innovation and experimentation from the past will also lead to new 
technological advancements. However, the present trend toward more portable analytical 
measurement uses in food production or field crops outside of traditional laboratory settings as 
well as faster results, lower detection thresholds, and smaller analytical devices, will continue. 
Analytical methods have historically been categorized based on how they operate. Each technique 
has its own benefits and limitations when used for food analysis, but they all provide specific 
information on the sample or components under examination based on a particular physical- 
chemical interaction. Additionally, widely used conventional analysis and detection techniques, 
including thin-layer chromatography (TLC) and high-performance liquid chromatography (HPLC), 
are typically destructive, labor-intensive, time-consuming, and dangerous. New analytical tools are 
therefore required that offer comparable analytical capabilities to lab instruments while also being 
sufficiently reliable and user-friendly to be employed closer to the sample’s source by less 
experienced users. 

4.3 EVOLUTION OF FOURIER-TRANSFORMED INFRARED (FT-IR) SPECTROSCOPY 
Lord Rayleigh was the first scientist to discover in 1892 that a spectrum and its interferogram are 
connected via a Fourier transform. But after more than 50 years, Fellgett became the first scientist 
to translate an interferogram into its spectrum correctly. In 1965, Cooley and Turkey presented 
the quick Fourier transform technique based on the modern FTIR spectrometer. The Fourier 
transform is a mathematical technique for changing one function into another, and it is named 
after the French scientist and physicist Jean Baptiste Joseph Fourier. The first Fourier transform 
infrared (FTIR) spectrometer was commercially available in the 1970s, and JASCO developed its 
first FTIR spectrometer in 1982. As computers became widespread, FTIR spectroscopy became 
mainstream by the 1990s. (Daniels et al., 1970; Skoog and Leary 1992). The fundamental idea 
behind FTIR spectrometers is that various gases absorb IR radiation at frequencies that are 
unique to each species. But since FTIR spectroscopy is a dispersed technique, measurements are 
made over a broad spectrum instead of a restricted range of frequencies. The most popular type 
of infrared spectroscopy relies on molecular vibrations brought on by specific infrared 
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frequencies and energy absorption. Different chemicals have displayed distinctive infrared 
spectra, enabling FT-IR to recognize and categorize them. Because each IR active molecule has 
unique infrared spectra, the molecules could be identified and categorized using FT-IR 
(Cozzolino et al., 2011). FT-IR spectrometers have a few more advantages over other analytical 
techniques. The most important criteria is the drastic reduction of time required for data 
acquisition, specificity for particular compound, and also sensitivity. In addition, wavelength 
calibration in FT-IR ensures the precision of the analysis. The most common use is identifying 
unknown materials and confirming production materials (incoming or outgoing). The informa-
tion content is particular in most cases, permitting acceptable discrimination between like 
materials. Chemical bonds in a molecule can be identified by FT-IR, which produces an infrared 
absorption spectrum, and the spectrum produces complete information about the sample. Early- 
day FT-IR instruments were expensive and large. The technological advances in the coming years 
made FT-IR spectrometers affordable and improved their performance features several-fold. FT- 
IR spectroscopy is a hugely popular technique due to its unique combination of sensitivity, 
flexibility, specificity, and robustness. It has become one of science’s most commonly used 
analytical instrumental techniques, since it can handle solid, liquid, and gaseous analytes. The 
resultant spectrum is to be formed a few microns of sample penetration and indicate a small 
amount of homogeny because of how strongly organics absorb mid-IR. However, FTIR has some 
known limitations, including its relative intolerance of water (which quenches the IR signal even 
when present at just a few percent) and its sensitivity to the physical properties of the analysis 
matrix. It is nevertheless hugely popular and commonly used right across industries as diverse 
as food and beverage (Rohman et al., 2020), chemical, engineering, environmental (Freitag et al., 
2009), pharmaceutical (Lawson et al., 2018), and biomass (Allison et al., 2009) and in clinical 
settings (Balan et al., 2019). Suitable instrumentation forms now include benchtops, hand-held, 
and online real-time devices. 

Routine food assays are moving toward the automation of tools and analytical measurements 
based on smaller instrumentation, advancement in computer and data processing software, and 
above all, cost reduction. As diagnostic assay firms improve performance, the proportion of 
quick tests has risen considerably in recent years. As a result, advancements in rapid analytical 
methods for checking raw materials, product quality, and process monitoring have been 
proceeding. Food processing enterprises readily adopt these techniques to reduce the risk of food 
safety events and guarantee compliance with legal requirements. In this regard, infra-red (IR) 
spectroscopic technique has been used for its widespread application in different disciplines 
covering the analysis of both fresh and processed foods. Initiating from the IR spectrometers in 
the 1940s and 1950s, with the basic function to identify and clarify the structures of IR-active 
organic molecules, they were initially widely used in food research laboratories (Bureau et al., 
2009; 2013; Clark, 2016; Cozzolino et al., 2011). However, with the constant advancements of 
computer systems and data processing capabilities, Fourier-transformed Infrared (FT-IR) 
spectrometry has become a more valuable and accurate technique based on the absorption of 
infrared radiation by the IR-active molecules of compounds. Mainly, when IR radiation passes 
through a solid, liquid, or gaseous compound, a portion of it is absorbed by the component 
molecules resulting in specific vibrational frequencies in the inherent molecules. The rest of the 
unabsorbed IR radiation is transmitted and picked up by a detector of the FT-IR spectrometer. 
Measuring the intensity of the absorbed or transmitted IR radiation processed by the in-built 
processing software using complex mathematical operations known as Fourier transformations, a 
unique spectrum of the compound is produced finally. Since no two molecular compounds 
generate identical IR spectra, the FT-IR spectrum is unique and considers each compound’s 
fingerprint within the region 600–1,400 cm−1 (Larkin, 2018; Smith, 2011). This allows the 
utilization of FT-IR spectra for qualitative measurement and for identifying unknown com-
pounds (Bureau et.al., 2019). Moreover, since the intensity of the absorbance in IR spectra is 
directly proportional to the concentration of a pure compound or that of a specific component 
when analyzing mixtures (Gauglitz and Vo-Dihn, 2003), this made the FT-IR technique highly 
applicable for quantitative analysis. The infrared (IR) region of the electromagnetic spectrum, 
which is located between 714 and 1 × 106 nm has three subregions in the infrared spectrum; 
the near-infrared (NIR) region (714–2,500 nm or 14,000–4,000 cm−1), the mid-infrared (MIR) 
region (2,500–25,000 nm or 4,000–400 cm−1), and the far-infrared region (25,000–1 × 106 nm or 
400–10 cm−1) (Larkin, 2018). In the regions of NIR and MIR, most uses concern analyses of fruits, 
vegetables, crops, and their processed products. 
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4.4 APPLICATION OF FT-IR SPECTROSCOPY IN FOOD ANALYSIS 
4.4.1 Principle and Instrumentation 

FT-IR is the most common form of infrared spectroscopy based on molecular vibrations resulting 
from the absorption of particular infrared frequencies and energy. Various compounds will have 
different infrared spectra, allowing FT-IR to identify and classify them. Because each IR active 
molecule has unique infrared spectra, the molecules could be identified and categorized using 
FT-IR. Thus, the assessment of produced food quality (Bureau, 2019; Clark, 2016; Cozzolino, 
2011), quantification of bioactive materials and plant metabolites (Lu, 2012; Schulz, 2007), 
identification of adulteration and authenticating products for the type or specific geographic 
location (Cozzolino, 2017; Giusti et al., 2011; Huang, 2009; Karoui, 2010), and biological 
contamination (Huang et al., 2009; He and Sun, 2015) can be done. The FT-IR spectrometer uses 
an interferometer consisting of a source, a beam splitter, two mirrors, laser, and a detector. The 
energy goes to the beam splitter from the source, splitting the beam into two parts. One part is 
transmitted to a moving mirror, and the other is reflected in a fixed mirror. The moving mirror is 
able to move at a fixed velocity, controlled by the response of laser. The reflected beams from two 
mirrors are recombined again at the beam splitter, generating an interference pattern which then 
transmitted through the sample to the detector. This signal is then Fourier transformed to 
generate a spectrum. The working principle of an FT-IR spectrometer for food analysis is 
presented in a schematic diagram in Figure 4.1. 

The primary tool used for infrared spectroscopy analysis is the FT-IR spectrometer, as depicted in 
Figure 4.1, which shows a schematic of its optical system, which is mainly made up of the fixed 
mirror, moving mirror, beam splitter, appendix, light source, etc., along with the detector to receive 
the signal and the signal processing and acquisition unit assembled to a computer. FT-IR detectors 
can detect infrared radiation in four ways: transmission, attenuated total reflection (ATR), mirror 
reflection, and diffuse reflection mode. The resulting infrared spectrum represents a graph with the 
frequency (wavelength) on the horizontal axis and the material’s ability to absorb infrared light on 
the vertical axis. Depending on the various needs for detection and the physical conditions of the 
sample, users can select the best detection methods. Transmission spectroscopy, attenuation 
complete reflection spectroscopy, and other methods can be used to identify solid samples. It is 
possible to identify liquid samples using the transmission spectrum of an infrared liquid pool or the 
reflection spectrum of attenuated full-reflection accessories. 

Figure 4.1 A schematic diagram of FT-IR working principle for food analysis.    
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4.4.2 Sampling Process for Food Analysis in FT-IR 
Food samples as solids as well as in the form of liquids, pulps, and gels (freeze-dried to powders 
for removing interference from water) require little preparation generally for analysis using FT- 
IR. Solid foods can be analyzed using potassium bromide (KBr) discs, as this inorganic salt does 
not produce any vibrations in the IR region (Nyquist, 2012). In this process, a small portion of the 
solid analyte is mixed with KBr, followed by pressing the mix to a fused IR-transparent disc, 
which is then placed into the beam of light of an FT-IR spectrometer (Simmons, 1960; Gauglitz 
and Vo‐Dihn, 2003). KBr discs are the preferred method in some investigations, such as for 
detecting fraud in saffron samples (Anastasaki, 2010; Ordoudi et al., 2017). Routine solid powder 
analysis can be analyzed both in the classical transmission mode and by diffuse reflectance IR 
spectroscopy. Another mode of detection in Ft-IR spectroscopy known as the attenuated total 
reflectance (ATR) seems to be favored nowadays for investigating food authenticity or 
adulteration since it allows samples in all forms, including liquids, gels, composites, and also 
samples containing water. However, since water absorbs strongly in the IR region (Lu, 2012), 
giving rise to its absorption peaks in the IR spectrum. In the ATR unit, a crystal of small internal 
reflection element usually made from germanium (Ge), diamond, or zinc selenide (ZnSe) having 
a high refractive index and excellent IR transmitting properties is used (Gauglitz and Vo-Dihn, 
2003) upon which the sample is placed. The technique operates depending on the difference 
between the refractive index of the sample and the reflective element at the interface as the IR 
beam directed to the sample surface of the sample undergoes total internal reflection, and the 
spectral information about the sample can be obtained from this reflected beam. On the other 
hand, in the ATR technique, sample preparation is minimal. For liquid samples, it only requires 
centrifugation to remove solid particulates or cellular debris. For analysis, volatile samples can 
be evaporated to a film directly on the ATR cell. Polymer or gel samples can be pressed against 
the reflecting element to be analyzed similarly. 

4.5 RECENT ADVANCEMENTS IN FT-IR USED IN FOOD ANALYSIS 
4.5.1 FT-MIR Spectroscopy 

Recent studies have shown that FTIR-based methods, combined with chemometric techniques, can 
be successfully applied in the food industry to detect substances that affect the quality of food 
products or are employed for adulteration. Nowadays, the most frequently used technique for food 
analysis is FT-MIR spectroscopy, which uses a beam of MIR light through the sample and measures 
the transmission and absorption of the light (Su and Sun, 2019). FT-MIR spectroscopy is a non- 
destructive, label-free, susceptible, and specific technique that provides complete information on 
the chemical composition of biological samples. The technique can offer basic structural informa-
tion and serve as a quantitative analysis tool. Several studies showed that FT-MIR contains the most 
powerful applications for fresh crops like fruits and vegetables as well as the processed products 
(Larkin, 2018; Clark, 2016). For example, as illustrated in Figure 4.2(A) (S. Bureau, 2019), the spectra 
of fruit juice interprets its applicability for fruits and vegetables analysis. MIR absorbance spectra of 
naval orange juices are shown in Figure 4.2(A). Orange juice contains simple sugars and citric acid 
as their major component and the fact is that the dominant components of such fruits don’t have 
triple bonds; thus, the absorbance spectra with associated bond types appear in specific regions. 

Accurate band assignment is necessary in matrices with many components for analyzing 
significant wave numbers, plots with variable loading, or plotting regression coefficient. When solid 
dissolves and reacts with solvent molecules or cations, the band assignments in polysaccharide 
compounds may expand or shift (Kanou et al., 2017). The peak height at 1,723 cm−1 indicates the 
change in titratable acidity, which decreased significantly from 5.26 to 0.83% as the different juices 
were collected at various stages of maturation of that fruit. In contrast, an increase in soluble solids 
was reflected in the rise of other peaks (1,150–800 cm−1), which were associated to an increment of 
free sugars. In contrast, the spectra of pure solutions of citric, malic, quinic, and tartaric acids are 
illustrated in Figure 4.2(B) (S. Bureau. 2019) to help comprehend the peak height for a particular 
wavenumber. In addition, the ATR-MIR spectra of major pure sugar, including sorbitol, fructose, 
glucose, and sucrose reference standards in 10% (w/w) dissolved water, are shown in Figure 4.2(C) 
(S. Bureau, 2019). The following papers by various authors contain some of the more thorough 
insights that apply to biological systems: (Castillo, 2017; Talari, 2017 and Wiercigroch, 2017). Most 
samples used in food products analysis are usually available in the form of liquids, pulps, gels, 
films, or solids which need to be powder by freeze-drying to reduce the interference of water. These 
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samples often don’t need to be prepared in any particular ways. As mentioned, ATR is the most 
common and popular technique for food sample analysis as it requires almost no sample 
preparation, is rapid, and is easy to operate. Since most of the food samples contain water 
molecules to some extent which absorb significantly in the IR region, ATR can be applied practically 
to examine food adulteration and authenticity. 

4.5.2 Rapid Food Analysis Using Handheld FT-IR Techniques 
Compact, robust, and lightweight portable spectrometers are being developed due to the 
miniaturization of vibrational spectrometers. They can be configured to measure solids, liquids, or 
gases. The instrument’s performance should ideally be similar to that of a laboratory FTIR 
counterpart, and it should also have the necessary resilience for the surrounding conditions, be a 
shock- and vibration-resistant, and have an interferometer with steady performance in all 
directions. These miniature, portable spectrometers are commonly configured for qualitative 

Figure 4.2 ATR-MIR ATR‐MIR spectra (after subtraction of the water contribution) (1,800–800 cm−1, 
128 acquisitions, 4 cm−1 resolution) of (A) of navel orange juice at three stages during fruit 
development; early season (spectrum that has highest peak at 1723 cm−1) (soluble solids 8.1%, titratable 
acidity (TA) 5.26% citric acid equivalents), mid‐season (spectrum with middle peak at 1723 cm−1) (9.1%, 
TA 1.83%) and harvest (spectrum with lowest peak at 1723 cm−1) (14.0%, TA 0.83%), (B) pure acid and 
(C) pure sugar reference standards 10% (w/w) dissolved in water. Adapted from S.  Bureau et al. (2019), 
with permission.    
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investigation, which entails the rapid recognition and classification of unknowns using spectrum 
databases. In hostile work environments, the first responders have employed such system as their 
main applications to identify various hazards, such as nerve agents, explosives, and poisonous 
industrial chemicals. In such circumstances, a fast, real-time response, minimal preparation for 
sample in a non-destructive manner require a speedy real-time response, minimal sample 
preparation using a non-destructive method, and also small sample quantities is required. Sorak 
et al. (2012) demonstrated a handheld technique to quantitatively analyze a pharmaceutical product, 
an alcohol mix, and additives in bitumen modified by polymers. The Agilent 4300 is an illustration 
of a handheld FT-IR instrument with all the components of a standard unit. It has a flexible 
application with five replaceable probes to enable users to analyze in different modes. If necessary, 
these can also be decontaminated later. Ayvaz et al. (2015, 2016a,b) screened potato breeding lines 
for specific nutritional characteristics and used a portable FT-IR to evaluate the quantity of sugar 
and amino acid in the tubers of raw potato. The small device demonstrated in every experiment 
that it could offer quick and reasonably priced prediction models to help with potato breeding and 
crop management. In a recent study, it has been demonstrated that the portable system has the 
ability to measure all of the parameters related to quality as textural aspects, in processed tomato 
juice when FTIR analysis of tomato liquids was performed using four different instruments. The 
handheld devices even offered superior quantitative determination compared to other reference 
techniques or FT-IR benchtop units (Sorak et al., 2012) 

4.6 FTIR SPECTROSCOPY USED FOR FOOD ADULTERATION AND AUTHENTICATION 
Food adulteration is intentionally debasing food quality by either adding or replacing the food 
substances with undeclared alternative components or replacing some valuable components with 
substandard ones. Contrarily, food authentication is the process that makes sure the product 
matches the information on the label. Adulteration has an adverse effect on market growth because 
it undermines customer confidence and has a negative impact on human health. Therefore, food 
authentication is vital for food processors, retailers and consumers, and regulatory authorities. 
Food authenticity, however, frequently presents difficulties for the relevant authority due to the 
complexity of food and the expansion of adulterant types that make their identification challenging. 
Because expensive components may be fraudulently and/or mistakenly mislabeled, it is crucial for 
regulatory bodies, food processors, merchants, and consumers to ensure the authenticity of 
products by commodity, variety, and geographic origin. There is a need for development of a rapid 
technique to validate these parameters, and FTIR has been applied potentially in such cases in 
recent years. Combination of FT-NIR and FT-MIR with various statistical methods has been applied 
to authenticate herbal products, juices, crops, oils, dairy products, meat and other numerous food 
products. This method has a high degree of confidence in identifying food adulteration, monitoring 
biochemical and microbiological decomposition and shelf life, and determining changes in chemical 
components such as proteins and lipids. It is easily suitable for routine quality control or industrial 
applications (Kezban, 2020). 

Recent fraud scandals have raised serious concerns about the authenticity of beef, milk, and other 
products. In order to identify and measure the amount of pork in some recipes for halal verification,  
Rohman et al. (2011) used FT-IR spectroscopy. Table 4.1 and Table 4.2 display several adulterants 
and levels of authenticity utilizing the FTIR analysis technique. According to the article, the level of 
pork adulterant may be satisfactorily quantified at the range between 1,200 and 1,000 cm−1 in the 
fingerprint region using the FT-IR/ATR spectroscopy technique. The ability to discriminate 
between halal and non-halal sausages in Chinese ham that contained pig was achieved by Xu et al. 
(2012) using FTIR spectroscopy in conjunction with chemometric data processing techniques.  
Rahmania et al. (2015) investigated the potential for FTIR spectroscopy with additional data 
analyses to be used to classify and quantify rat meat adulterants in beef product formulations, 
similar to how certain types of meat are forbidden in Muslim and Jewish communities, such as rat 
and dog meat. Nunes et al. (2016) discovered that injecting aqueous solutions of non-meat 
ingredients (NaCl, phosphates, carrageenan, maltodextrin, and collagen) into beef flesh constituted 
fraud utilizing FT-IR/ATR spectroscopy. They found that this technique offers a reliable tool to 
quantify rat meat in beef products. Other well-known sources of adulteration in meat and meat 
products include the addition of non-meat proteins and carbohydrates like hydrocolloids, cellulose, 
and starch, exogenous salts like phosphates, and components made from vegetable fats, all of which 
are used to enhance the ability of meat to hold water and, as a result, its weight increases (Nunes, 
2016; Cavin et al., 2018). 
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Table 4.1: Summary of Studies on Different Adulterants/Authenticity Using FTIR as an Analysis Technique       

Food Quality Matter Sampling Techniques Wavelengths (cm−1) References  

Honey Anatolian honey ATR 1,800–700  Gok et al., 2015 
Oil Olive ATR 700–740, 

950–1,050, 
1,100–1,250, 
1,350–1,500, 
1,700–1,800, 2,750–3,000  

Gouvinhas et al., 2015 

Beef Non-beef NaCl, phosphates,  
carrageenan, maltodextrin 

ATR 4,000–525  Nunes et al., 2016 

Bovine meat/injected non-meat 
ingredients 

(NaCl, phosphates, carrageenan, 
maltodextrin)/direct meat samples 

ATR 4,000–525  Kezban et al., 2020 

Tilapia fish Use of sodium alginate in restructured  
tilapia fish product 

ATR 2,000–800  Huang et al., 2017 

Saffron C. sativus stamens, calendula, safflower, 
turmeric 

KBr discs 4,000–600  Petrakis and Polissiou, 2017 

Milk Hydrogen peroxide, synthetic urine,  
urea and synthetic milk 

ATR 1,400–1800  Santos et al., 2013  

Melamine ATR 4,000–650  Jawaid et al., 2013 
Potato Chips Acrylamide adulteration ATR 4,000–700  Pedreschi et al., 2010   
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4.7 CONCLUSIONS 
The globalization of the food manufacturing chain has increased the risk of food adulteration. 
Authorities and food manufacturers are under increasing pressure to develop efficient systems for 
thorough food monitoring. Acrylamide, organic pollutants, Sudan colors, and melamine in milk 
and dairy products are just a few of the recent contamination problems that the food producers and 
consumers have had to solve. It is necessary to develop and validate appropriate analytical 
methods and put them into use by food producers and authorities as quality control parameters 
and risk management systems to analyze chemical food contaminants. One of the emerging and 
robust methods for determining the authenticity and safety of food is vibrational spectroscopic 
technologies, such as FT-IR spectroscopy. The ability of IR combined with other data analyzing 
program can be potentially utilized to distinguish between specific spectral signatures of food 
contamination (unexpected substances) and quantify such signals (recognized agents). As an 
established analytical method for quick, high-throughput, non-destructive investigation of various 
sample types, FT-IR spectroscopy produces a fingerprint of that sample’s chemical or biological 
constituents. The advancements in FT-IR equipment and multivariate techniques have established 
their potential for complex multispectral data processing for biological system. FT-IR spectroscopy 
identifies the unknowns for detecting pollutants and adulterants in food, providing qualitative and 
quantitative information about the nature of substances, their structure, interactions, and molecular 
surroundings. As a result, the food industry can benefit from quick and specialized procedures like 
FTIR spectroscopy to evaluate quality and safety while also monitoring chemical contaminants 
such as micro/nano plastics. It would enable the food producer to evaluate the quality of their 
product immediately, enabling prompt corrective measures throughout manufacturing. Less 
operational expenses, small size, compactness, resilience, ease of use, and little prior knowledge are 
advantages of vibrational spectroscopy-based approaches. 
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5 Analysis of Food Additives Using Chromatographic Techniques 

Marco Iammarino and Aurelia Di Taranto  

5.1 INTRODUCTION 
More and more substances are permitted in food as additives for extending their shelf life, 
improving texture, modifying appearance, and for other technological functions. In Europe, more 
than 300 chemical substances are permitted as food additives in the Regulation No. 1129/2011/EC, 
with specific restrictions, where necessary (European Commission, 2011). A chemical substance is 
permitted for use as food additives after several toxicological studies aimed at ascertaining its 
safety for human consumption. The toxicological studies are focused on short-term genetic toxicity, 
acute oral toxicity, sub-chronic feeding, reproductive and developmental toxicity, and chronic 
toxicity/carcinogenicity. These studies and the related evaluations/opinions are carried out by 
dedicated Committees (e.g., the Expert Committee on Food Additives (JECFA), the EFSA Panel on 
Food Additives and Flavourings (FAF), etc.), for each food additive, individually, when the market 
requires the authorization for its use in food. 

There is no compulsory test to take into account within food safety evaluations, regarding the 
contemporary presence of different food additives in the same food. This is a complex aspect due to 
the large number of authorized food additives and the wide range of foodstuffs that may be added 
with different food additives. The situation becomes more complicated when food consumed by 
younger and adolescents (especially sugary drinks, snacks, sweets, ice cream, fast foods, etc.) are 
taken into account, since a large use of food additives (especially food colorings and sweeteners) 
characterizes these products. Indeed, it is plausible that the synergic effect of several chemicals 
and/or the reactions among them may cause health risks for humans, also if their concentrations in 
the product are below the legal limits. In the last years, the attention of the scientific community 
(particularly EFSA) has focused on the so-called “cocktail effect” due to the presence of different 
toxic compounds (predominantly contaminants) in the same product. Some authors reported 
examples of enhanced toxicity due to the contemporary presence of different pesticides and of the 
combination polycyclic aromatic hydrocarbons/heterocyclic amines as products resulting from 
meat cooking (Jamin et al., 2013; Ilboudo et al., 2014). Given the lack of data about this topic and 
about the occurrence of the most important contaminants in largely consumed food throughout 
Europe, several “Total Diet Studies” have been developed in the last few years. These surveys have 
laid the foundation for subsequent toxicological evaluations of possible “cocktail effects”. However, 
these “Total Diet Studies” substantially overlooked the food additives, since they were focused on 
the most important contaminants of the food chains (heavy metals, pesticides, dioxins, mycotoxins, 
etc.). It is also important to underline that, apart from some well-known food additives (e.g., 
nitrites/nitrates), for which many investigations have been carried out due to their potential toxic 
effects on humans, there is a substantial gap in knowledge about the occurrence in food of many 
others food additives (such as food dyes, sweeteners, butylated hydroxyanisole (BHA)/butylated 
hydroxytoluene [BHT], phosphates/polyphosphates, sulfiting agents, glutamates, etc.). In 2013, this 
gap has been highlighted by an External Scientific Report of the European Commission entitled: 
“Analysis of needs in postmarket monitoring of food additives and preparatory work for future 
projects in this field”. In many cases, this gap is due to the lack of reference analytical methods to 
apply (Corporate author(s), 2013). Moreover, the EFSA released several scientific opinions related 
to the re-evaluation of certain food additives (i.e., phosphoric acid/phosphates/di-tri-and poly-
phosphates, Indigo Carmine, etc.) reporting that the exposure may exceed the proposed ADIs, 
soliciting new studies about these topics (EFSA, 2014; 2019). 

Among food additives, the most significant concern in food safety is the monitoring of food 
preservatives (FPs) used and their global intake in the diet. FPs are used for improving the safety of 
foods, delaying the quality parameters loss and extending the shelf life. Other than practical, 
economical, and devoid of off-flavors, they should be not toxic. However, some FPs, especially 
antimicrobials, are characterized by some aspects of toxicity on humans, but they are widely used, 
since the regulations permit their addition within specific limits, defined after accurate risk 
assessment. Given the large number of food types usually treated with FPs, such as fruit juice and 
nectars, flavored drinks, beer, wine (also alcohol-free) and vinegars, other alcoholic drinks with less 
than 15% of alcohol, snacks, desserts, flavored fermented milk products, milk powder and cheese 
products, fresh fruit and vegetables (also dried or frozen), jam, jellies and marmalades, mustard, 
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processed potato products, chewing gum, liquid egg, soups and broths, sauces, fresh meat 
preparations, meat products, unprocessed and processed fish, molluscs and crustaceans, fine 
bakery wares, processed nuts, breakfast cereals, and the overall intake in the diet can be very high. 

The Commission Regulation (EU) No. 1129/2011 of 11 November 2011 amending Annex II to 
Regulation (EC) No 1333/2008 of the European Parliament and of the Council by establishing a 
Union list of food additives identifies the FPs by assigning a specific code. Most of FPs are used as 
antimicrobials (i.e., organic acids, sulfiting agents, nitrite/nitrate, etc.) within the pH range of the 
food. Nowadays, the most used FPs are sorbic acid and sorbates (E200-E203), benzoic acid and 
benzoates (E210-E213), sulfiting agents (E230-E238), nitrite/nitrate (E249-E252), and ascorbic acid 
and ascorbates (E300-E302). Moreover, other types of additives, such as polyphosphates, food dyes, 
and others are widely used as well, although some health effects of these compounds have been 
proven (EFSA, 2014; 2015a; 2015b; 2017a; 2019) (Table 5.1). 

The inhibition of microorganisms’ growth and their death is usually reached within a few days or 
weeks, depending on the type and concentration of FP used. A specific equation (5.1) is available 
related to the timescale for the killing of microorganisms in food treated with FPs: 

K = 1/t lnZ /Z or Z = Z ·e0 t t 0
Kt (5.1) 

Table 5.1: Main Food Additives      

Additive E-code Additive Group Possible Health Effects due to High and 
Prolonged Intake  

Sorbic acid E200 Preservatives: Sorbates Development of mutagens and genotoxic 
agents, especially at low pH, as in the gastric 
conditions 

Potassium sorbate E202 
Calcium sorbate E203 
Benzoic acid E210 Preservatives: Benzoates Allergic reactions in sensitive subjects such as 

rhinitis, hives, and dermatitis. Possible 
generation of benzene in acidic beverages 

Sodium benzoate E211 
Potassium benzoate E212 
Calcio benzoate E213 
Sulfur dioxide E 220 Preservatives/ 

antioxidants: 
Sulfiting Agents 

Headache, gastrointestinal disturbances and 
immunity-mediated reactions, 
bronchoconstriction and fatal anaphylaxis. 
Cholinergic mediated bronchoconstriction 
Increased formation of reactive oxygen 
species and the oxidative stress. Vitamin 
deficiency, repro-toxicity and teratogenesis, 
gastrointestinal lesions, and esophageal 
cancer 

Sodium sulfite E 221 
Sodium hydrogen 

sulfite 
E 222 

Sodium metabisulfite E 223 
Potassium 

metabisulfite 
E 224 

Calcium sulfite E 226 
Calcium hydrogen 

sulfite 
E 227 

Potassium nitrite E 249 Preservatives: Nitrite/ 
nitrate 

Formation of nitrosamine compounds. 
Oxidation of hemoglobin to methemoglobin 
(Methemoglobinemy). Other adverse 
reactions in susceptible people 

Sodium nitrite E 250 
Sodium nitrite E 251 
Potassium nitrate E 252 
Polyphosphates E 452 Thickeners/ emulsifiers/ 

stabilizers: Phosphates 
Bile duct formation and reduced absorption of 

calcium 
Ponceau 4R E 124 Colorings: Ponceau 4R Exacerbated hyperactivity in certain susceptible 

children with Attention Deficit/ 
Hyperactivity Disorder and other problem 
behaviors 

Tartrazine E 102 Colorings: Tartrazine Asthma and chronic hives in a sensitive 
subpopulation of consumers   
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where K is the “death rate” constant, t is the time period, Z0 is the number of living cells when the 
FP begins its action, and Zt is the number of living cells after time t. This equation is valid when the 
cell material is genetically uniform and the FP concentration is high. The mechanism of action of 
FPs consists in delaying and inhibit the lag phase. However, FPs are not effective when the 
microbial population is high, since their action is especially focused on the inhibitory action of 
enzymes. Another particular characteristic of some FPs (weakly lipophilic acid) is the capability of 
moving freely through the membrane. In the cell cytoplasm, where the pH is high, these FPs acidify 
the environment by breaking down the pH component of the proton motive force. The cell reacts by 
expelling the protons, diverting the energy from growth functions, leading to cell fall (Batt and 
Tortorello, 2014; Caballero et al., 2016; MacDonald and Reitmeier, 2017). 

Although many food additives have been approved for use in food and absolutely safe for 
human consumption, there is scientific evidence of several negative effects, particularly FPs, in the 
literature. In this regard, several food regulations worldwide define specific limits of addition for 
each food in which a FP is authorized. However, consumers have raised concerns about the 
presence of FPs in foods. Among FPs, the scientific community has focused the studies on a shortlist 
of compounds that seem the worthiest of attention. These FPs are sorbates, benzoates, sulfites, and 
nitrites/nitrates. 

Sorbic acid and benzoic acids are two major food preservatives, added into foods for inhibiting the 
microbial growth and are also effective against molds and yeasts. The antimicrobial activity of sorbic 
acid and sorbates consists of the reaction with the sulfhydryl group of bacteria, molds, and yeasts 
enzymes (i.e., catalase, peroxidases, fumarase, succinic dehydrogenase, etc.) (Surekha and Reddy, 
2014). This type of FP is widely used in cakes, sugary drinks, cheese, wine, and dried meats. The 
interaction between sorbate and nitrite results in the development of mutagens and genotoxic agents, 
especially at low pH, as in the gastric conditions. Two mutagens agents were identified: ethylnitrolic 
acid and 1,4‐dinitro‐2‐methylpyrrole (Hartman, 1983). Moreover, a recent study linked the high 
potassium sorbate intake to genotoxicity for the human peripheral blood lymphocytes in vitro 
(Mamur et al., 2010). Benzoic acid and benzoates are especially used in acid foods, such as sauces 
(ketchup), soft drinks, canned tuna, etc., since at low pH they are effective. They also compromise the 
microbial cell membrane permeability and play an important role in inhibiting the enzymes of the 
oxidative phosphorylation, acetic acid metabolism, tricarboxylic acid cycle, and the amino acid uptake 
(Surekha and Reddy, 2014). Benzoic acid is considered harmless at employment doses, since it is 
completely eliminated in the urine as hippuric acid. However, an acceptable daily intake (ADI) 
corresponding to 300–400 mg for subjects weighing 60–80 kg, has been established by FAO/WHO 
(FAO/WHO, 2006). In fact, these additives may be responsible of allergic reactions in sensitive 
subjects such as rhinitis, hives, and dermatitis (Iammarino et al., 2011). The major concern related to 
the presence of these additives in food is the possible generation of carcinogenic benzene. Indeed, 
hydroxyl radicals, generated by metal-catalyzed reduction of oxygen and hydrogen peroxide by 
ascorbic acid (present in high amount in many sugary drinks, both as natural compound or added 
acidity regulator), can react with benzoic acid to form benzene. Many foods and beverages are 
characterized by ideal conditions (such as low pH) for this reaction (Gardner and Lawrence, 1993), so, 
the replacement of benzoic acid and benzoates in such food and beverages is needed. 

Sulfites are a class of chemical compounds, SO2 releasers, widely used as additives in the food 
industry, thanks to their antimicrobial, color stabilizing, anti-browning, and antioxidant properties. 
Sulfur dioxide is a highly reactive molecule that interacts with many cell components. The main 
activity is exercised on the molecular configuration of enzymes. In particular, the sulfite ion acts as a 
powerful nucleophile, cleaving the disulfide bonds of proteins, modifying the active sites of 
enzymes. Sulfur dioxide may also react with important coenzymes (i.e., nicotinamide adenine 
dinucleotide), prosthetic groups (i.e., thiamin, flavin, folic acid, heme, pyridoxyl, etc.), and 
cofactors. Regarding its action against yeasts, SO2 and sulfite addition results in a significant 
decrease in adenosine triphosphate content prior to cell death. Another example of action is against 
Escherichia coli. In this case, the NAD-dependent formation of oxaloacetate from malate is inhibited 
by sulfiting agents (Surekha and Reddy, 2014). Nowadays, sulfites are included in the list of 
allergens and all food products containing sulfites above 10 mg kg−1 or 10 mg L−1 must show this 
information on the label. The symptomatology and pathogenesis of sulfite hypersensitivity are 
different depending on individual, exposure and source. These additives may cause headaches, 
gastrointestinal disturbances, and immunity-mediated reactions (skin irritations, urticaria, derma-
titis, etc.); also, bronchoconstriction and fatal anaphylaxis. After ingestion, sulfites are mainly 
absorbed in the gastrointestinal tract (70–90%) and only a small amount through the lungs. A 
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molybdenum-dependent enzyme, linked to the mitochondrial respiratory chain, the sulfite oxidase 
(SOX), detoxifies sulfites converting them to sulfates, especially in the liver, kidney, and heart, 
where the catalyzing activity is the highest. Moreover, it has been indicated that the SOX enzyme 
has lower activity in a subgroup of asthmatic patients. As a result, the excessive accumulation of 
sulfites may induce cholinergic mediated bronchoconstriction in some individuals. The release of 
chemical and cellular mediators may be mediated by IgE or non-IgE mechanisms. The toxic 
mechanisms of sulfite have been investigated for many years. These compounds could increase the 
expression of asthma-related genes (EGF, EGFR, and COX-2), and induce oxidized glutathione and 
reduced glutathione depletion in rat hepatocytes, increasing the formation of reactive oxygen 
species and the oxidative stress. Moreover, the formation of glutathione sulfonate may increase the 
toxicity of xenobiotics. Other studies demonstrated that sulfite addition may induce the increase in 
erythrocyte lipid peroxidation in sulfite oxidase-competent animals and the alteration of oral and 
gut microflora. As indicated above, sulfite can destroy the thiamine and denature other vitamins. 
So, the chronic exposure to sulfite, and the consequent vitamins deficiency, may lead to organ and 
tissue atrophy, fibrosis, teeth depigmentation, focal myocardial necrosis, and, more rarely, 
polyneuritis. Finally, although both EFSA and IARC reported no evidence of carcinogenicity, repro- 
toxicity, and teratogenesis for sulfites, many studies reported possible gastrointestinal lesions and 
esophageal cancer caused by disulfites (D’Amore et al., 2020). 

Sodium and potassium salts of nitrite and nitrate are other food additives largely used, due to 
contemporary action as antimicrobials (especially against Clostridium botulinum), organoleptic 
characteristics improvers (mainly appearance and color) and stabilizers against peroxidation of 
lipid (D’Amore et al., 2019). Other than vegetables and water, the intake of such compounds is 
also due to cured meats consumption. Indeed, the link between high consumption of cured 
meats and gastric cancer was demonstrated by several studies. The reason of such correlation 
was found in the reaction between nitrite and free amines with consequent formation of 
carcinogenic compounds (nitrosamines). The amount of nitrate in the products is also 
significant, since it can be converted to nitrite under gastric acidic condition or due to reducing 
action of bacteria enzymes. Both the IARC, in 2015, and the EFSA, in 2017, confirmed the 
significant role of nitrate and nitrite as food preservatives of meat products on the incidence of 
colorectal cancers (EFSA, 2017b; IARC, 2015). Other health effects due to the presence of these 
additives in food are the oxidation of hemoglobin to methemoglobin that cannot bind and 
transport oxygen to tissues (Methemoglobinemia) and several adverse reactions in susceptible 
people (Iammarino and Di Taranto, 2012a; Iammarino et al., 2013a; 2017c). By virtue of the 
foregoing, many researches focused on the replacement of these additives have been developed 
during the last decades (i.e., nanoparticles-packaging, addition of natural additives, such as 
antimicrobial molecules from plants, probiotic bacteria, etc.). However, a definitive solution has 
not been achieved yet, and nitrite and nitrate are still used in large amounts in foods. The 
antimicrobial action of nitrite consists in the release of nitrous acid and nitrogen oxides. This 
release inhibits active transport of aldolase and proline in E. coli, Pseudomonas aeruginosa, and 
Enterococcus faecalis. Instead, the anticlostridial action is based on the reaction between nitric 
oxide and iron of a siderophore compound involved in clostridia electron transport (Batt and 
Tortorello, 2014). 

Finally, the following chapters deal with other widely used food additives, such as polyphosphates, 
food dyes, and antioxidants, which were connected to food safety concerns in various ways. 

The following sections describe, case by case, a series of confirmatory analytical methods 
validated for the quali-quantitative detection and quantification of most important food additives 
in several types of food and beverages. These analytical procedures, fully described and validated 
following the most updated international guidelines (Iammarino, 2019), can be considered as useful 
tools for laboratories in charge of food inspection for both routine food control and research 
activity. Moreover, these methods can be applied for risk/benefits assessments, taking into account 
that this topic has gained much in importance during the last years and is an ongoing debate, 
especially at the FDA and EFSA. Indeed, there is no food or food additive 100% safe for all 
population groups, so that EFSA recently proposed composite metrics such as DALYs or QALYs for 
this kind of study (EFSA, 2010). The analytical approaches described in these paragraphs are then at 
the basis of such studies, since they allow the obtainment of comprehensive and reliable data sets 
on food additive levels in food and beverages (Iammarino et al., 2022b; 2022c). In Table 5.1, a list of 
the main food additives studied in this chapter, together with their possible health effects, is 
reported. 
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5.2 FOOD ADDITIVES DETERMINATION BY ION CHROMATOGRAPHY 
5.2.1 Nitrites and Nitrates in Food 

Three different procedures for sample preparation were optimized. The first is applicable to fresh 
meats, meat products, and shellfish analysis. A 5-g portion of a homogenized sample is mixed with 
100 mL of ultrapure water and placed for five minutes at 70°C. After cooling, the mixture is 
centrifuged for 5 min at 1500 x g at room temperature and the supernatant (~2 mL) is microfiltered 
(0.2 µm) before IC injection. This final microfiltration step is the same for all three procedures. The 
second procedure of a sample preparation is applicable to dairy products. A 4-g portion of 
homogenized sample is placed in a 50 mL FalconTM plastic tube and mixed with 40 mL of ultrapure 
water. The mixture is then vortexed for 1 min and then centrifuged for 5 min at 1500 x g at room 
temperature. The third procedure is applicable to leafy vegetables. A 100-g portion of sample is 
properly homogenized using a mixer capable of obtaining a proper level of homogenization, and 
then a 4-g portion of homogenized sample is mixed with 200 mL of ultrapure water and placed at 
70°C for five minutes. After cooling, the mixture is filtered as described above. 

The analytical determinations were carried out using two ion chromatography systems. The first 
was a Dionex DX500, composed of a GP50 quaternary gradient pump, an electrochemical detector 
(model ED40, set to conductivity mode) equipped with a temperature compensated conductivity 
cell, a Dionex anion self-regenerating suppressor set to 50 mA and an injection valve with a 25 µL 
injection loop. The bottle containing the mobile phase (9 mM sodium carbonate) was pressurized 
with pure nitrogen to 0.8 MPa. The system was interfaced to a personal computer for 
instrumentation control, data acquisition, and processing via proprietary network chromatographic 
software (PeakNetTM, Dionex Corporation, Sunnyvale, CA). The second system was a Thermo 
Scientific™ Dionex™ ICS-6000 HPIC™ System Thermo Fisher Scientific Inc., Waltham, MA, USA) 
composed of a SP Single Pump (ICS-6000), a Dionex anion self-regenerating suppressor (ADRS 600, 
4 mm set at recommended voltage), a DC detector set to conductivity mode, and an injection valve 
with a 25-µL loop. The chromatographic separations were accomplished using an IonPac AS9-HC 
anion exchange column (250 mm × 4 mm i.d., particle size: 13 µm) coupled to a precolumn AG9-HC 
(Dionex Corporation, Sunnyvale, CA) eluted in isocratic mode with a flow rate of 1.0 mL min−1, 
resulting in a total run time of 20 minutes. The calibration was obtained by using nitrite and nitrate 
standard solution in ultrapure water in a concentration range equal to 0.2–6.5 and 0.6–12.5 mg L−1 

for nitrite and nitrate, respectively. This procedure was validated according to the relevant 
Normative in force in Europe (European Commission, 2002; 2017) and with Regulation 882/2004/ 
EC (European Commission, 2004). The most important validation parameters evaluated 
(Iammarino and Di Taranto, 2012a) are reported in Table 5.2, while in Figure 5.1 some 
chromatogram examples are shown. 

This method was used for the development of many research papers in food safety. Several 
surveys were carried out, focused on the quantification of nitrite and nitrate endogenous levels in 
foodstuffs. Very interesting findings were reported relating to fresh meats (nitrate concentration up 
to 40 mg kg−1 in equine meat and 30 mg kg−1 in pork and cow meat), to different cheese types 
(nitrate concentration up to 58.6 mg kg−1) and to mussels (nitrate concentrations up to 205.3 mg 
kg−1) (Iammarino et al., 2013a). This analytical method was also applied for a comprehensive 
monitoring for evaluating the Italian meat products with the highest levels of nitrite and nitrate. 
The survey concluded that Bresaola was the meat product characterized by the highest levels of 
nitrite and nitrate, followed by Speck. Comparable levels were detected in salami, bacon, wurstel, 
ham, and seasoned sausage; with slight lower values in Mortadella, cooked meat, and cooked ham; 
and the lowest concentrations in canned meat (Berardi et al., 2021). Regarding vegetable analysis, 
this approach was used for evaluating the levels of nitrite and nitrate in most consumed leafy 
vegetables (spinach, lettuce, chard, and wild rocket). These studies reported that these samples can 
be characterized by nitrate levels higher than the legal limits and that nitrite levels can reach high 
values, also exceeding 200 mg kg−1 in leafy vegetables, so that the introduction of specific legal 
limits for nitrites in leafy vegetables was suggested (Iammarino et al., 2014; 2022a). Moreover, the 
certification of a reference material for nitrates (spinach powder) was obtained by an international 
interlaboratory study, by using, among others, this analytical method (Pagliano et al., 2019). 

5.2.2 Sulfites in Meat Products, Seafood, Processed Vegetables 
The extraction of sulfites from different food matrices and the preparation of standard solutions are 
obtained by using a specific solution containing 50 mM NaOH and 10 mM fructose. This 
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Table 5.2: Main Validation Parameters of the Analytical Method for the Determination of Nitrite and Nitrate in Food 
by Traditional Ion Chromatography          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery*(%) RSDr*(%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty (%)  

Nitrite 0.999 1.5 4.5 98.3 4.1 Meat, seafood, cheese, 
vegetables 

7.8 

Nitrate 0.999 3.2 9.6 98.7 4.2  9.7   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 4 spiking levels (n = 6 for each level)  
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composition allows the stabilization of sulfite ion against oxidation (at least 6 hours at 4°C). The 
sample is homogenized and then 4 g are weighed and placed in a 50-mL plastic tube together with 
40 mL of this solution. The sample is placed on horizontal shaker for 30 min. After centrifugation 
for 5 min at 100 g at room temperature, about 2 mL of supernatant are filtered under a vacuum (if 
needed) and then microfiltered (0.2 µm) before IC injection. The same analytical equipment 
described in the previous paragraph (comprising the analytical column, without pre-column) can 
be used. The mobile phase, set at 1.0 mL min−1, is composed of 8 mM Na2CO3 and 2.3 mM NaOH 
(A), and 24 mM Na2CO3 (B). The gradient program starts with an isocratic step at 100% A for 15 
min, a gradient step to 50% A and 50% B in 1 min, and then 4 min at this eluent concentration. The 
system is then re-equilibrated for 20 min at 100% A (total run time: 40 min). The most important 
validation parameters evaluated (Iammarino et al., 2010; 2013b) are reported in Table 5.3, while in  
Figure 5.2 some chromatogram examples are shown. 

This analytical method was compared to the Monier-Williams standardized approach (where 
final titration is replaced by sulfate determination by ion chromatography) in terms of reliability 
and applicability for official food control activities. This study concluded that the accuracy and 
measurement uncertainty were comparable between two approaches, while method sensitivity is 
higher for ion chromatography method. However, the most significant finding of this study was the 
verification that some compounds containing sulfur, which can be found in meat (L-methionine, 
sulfides and 2-methyl-3-furanthiol) can cause false-positive responses when the Monier-Williams 
approach is used. So, the ion chromatography should be preferred as confirmatory technique 
(Carrabs et al., 2017; Iammarino et al., 2017a). This analytical procedure was applied for the 
development of several surveys useful for the evaluation of sulfite levels both in meat products 
(Iammarino et al., 2017b) and shrimp (Iammarino et al., 2013c). Moreover, through an in-depth 
monitoring on the market, developed by analyzing more than 2,000 meat products, it was possible 
to verify that particular ingredients of some meat preparations (mainly white wine) can lead to the 
detection of quantifiable levels of sulfite in such products, so that a maximum permitted level for 
sulfite in products with no added food additive, corresponding to 40 mg kg−1, was proposed 
(Iammarino et al., 2012). Regarding shrimp analysis, this method was applied for evaluating the 
effect of different cooking treatments (grilling, oven, frying, steaming, and stewed cooking) on the 
residual level of sulfites in shrimps. The study concluded that cooking leads to the decrease of 
sulfites levels in the products, with the highest percentage of reduction (55.3%) obtained by 
steaming and lowest using oven (13.9%) (Berardi et al., 2022). 

5.2.3 Polyphosphates Determination in Food of Animal Origin 
This analytical method was developed for the simultaneous determination of all condensed 
phosphates listed in the European Regulation No. 1129/2011, namely (E450–diphosphate), E451 
(triphosphate), E452 (tetrapolyphosphate), other than trimetaphosphate. These analytes are highly 
unstable and the degradation of more complex compounds (i.e., tetrapolyphosphate) leads to the 

Figure 5.1 Nitrite and nitrate standard solution at a concentration of 3.0 mg L−1 (A); salami 
sample with nitrite and nitrate concentrations equal to 79.3 and 62.5 mg kg−1, respectively (B).    
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Table 5.3: Main Validation Parameters of the Analytical Method for the Determination of Sulfiting Agents in Food by 
Direct Ion Chromatography          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery*(%) RSDr*(%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty (%)  

Sulfite 0.999 2.7 8.2 88.6 5.8 Fresh meat and meat 
products, processed 
vegetables, jam, 
seafood 

9.9   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 3 spiking levels (n = 6 for each level)  
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formation of simpler such as triphosphate and diphosphate. Thus, the standard solutions are 
prepared fresh daily and singularly for each analyte. The sample is homogenized, then 4 g are 
weighed and placed in a 50-mL plastic tube together with 40 mL of ultrapure water. The sample is 
vortexed for 1 min and centrifuged at 250 g for 5 min at room temperature. The supernatant  
(~2 mL) is then microfiltered (0.2 µm) prior to chromatographic analysis. No further cleanup step is 
required. The same chromatographic apparatus described above can be used for applying this 
technique. The chromatographic column is different, an IonPac AS11 (250 mm × 2 mm i.d., 9 µm) 
(Dionex Corporation, Sunnyvale, CA). The gradient elution is obtained by using two lines: 10 mM 
NaOH (A) and 80 mM NaOH (B) and a flow rate set at 0.5 mL min−1. Starting from a Dionex 
Application Note (Dionex Corporation, 2016), the solvent gradient program was optimized for 
assuring method application to most important types of foodstuffs of animal origin. The gradient 
program is the following: 100% A (4 min), up to 20.5 mM in 1 min, isocratic (2 min), up to 45 mM in 
1 min, isocratic (9 min), and a final re-equilibration step at 10 mM for 2 min. The calibration curves 
are obtained, injecting the following concentrations for diphosphate, triphosphate, and trimeta-
phosphate: 1.25, 2.5, 5, 10, and 20 mg L−1. Concentrations ten times higher are used for 
tetrapolyphosphate. The most important validation parameters evaluated for this method 
(Iammarino and Di Taranto 2012b) are reported in Table 5.4, while in Figure 5.3 some 
chromatogram examples are shown. 

This analytical method was applied for discriminating fish samples (Pangasius hypophthalmus) 
treated with polyphosphate solutions, since this is a widespread food sophistication worldwide, 
with significant food safety implications. The application of this method was allowed to identify the 
samples submitted to this treatment while those not submitted showed no signal identifiable as 
polyphosphate so that no false-positive response was obtained. This method was also compared to 
the standardized approaches available for meat products and cheese (Ente Italiano di Normazione, 
1997; International Organization for Standardization & International Dairy Federation, 2013), based 
on the indirect photometry and the total phosphorus determination after sample mineralization. 
This comparison verified that method trueness (recovery percentage) and the measurement 
uncertainty of two methods are comparable, while the precision of ion chromatography approach is 
higher. Another comparison was made by analyzing commercial samples, and the data were 
evaluated as “false positive” and “false negative” responses, based on the product label indications. 

Figure 5.2 Sulfite standard solution at a concentration of 10.0 mg L−1 (A); fresh cattle/pork 
sausage with sulfite concentration of 835.5 mg kg−1 (as SO2) (B); shrimp sample with sulfite 
concentration of 612.9 mg kg−1 (as SO2) (C).    
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Table 5.4: Main Validation Parameters of the Analytical Method for the Determination of Condensed Phosphates in 
Food by Ion Chromatography          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery* (%) RSDr* (%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty 

(%)  

Diphosphate 0.997  11.2 33.9 92.1 2.8 Meat products, 
cheese, seafood 

5.3 
Trimetaphosphate 0.999  8.1 24.6 94.2 2.5 7.5 
Triphosphate 0.996  14.0 42.4 91.5 2.6 6.3 
Tetrapolyphosphate 0.999  33.0 99.0 93.6 2.7 7.5   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 4 spiking levels (n = 6 for each level)  
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As the final result, the indirect photometry can be considered a reliable method as “screening 
technique”, since the probability to obtain “false positive” results is significant. Ion chromatog-
raphy may be used as a confirmatory technique, successfully (no “false-positive” responses), except 
for seafood analysis (Iammarino et al., 2020a). 

5.2.4 Organic Acids and Other Additives in Cheese 
Different analytical methods were developed for the determination of several organic acids widely 
used in food as both food preservatives, stabilizers, and acidity regulators. One method is 
applicable for the simultaneous determination of lactic acid, acetic acid, sorbic acid, nitrite, benzoic 
acid, nitrate, and phosphate in all types of solid milk-based products. The same chromatographic 
system and analytical column reported above for sulfite analysis is used. 

A 4-g portion of a sample, homogenized by blade homogenizer, is placed in a FalconTM tube and 
mixed with 40 mL of a NaOH 8.5 ∙ 10−3M solution. This particular solution allows an adequate 
extraction of all analytes from the matrix, increasing method sensitivity (by increasing acids 
dissociation) and stabilizing the nitrite ion. The analytes extraction is accomplished by placing the 
tubes in an ultrasonic bath (Ultrasound power: 80%; Heating: 40°C) for 10 minutes and then 
vortexing for 1 minute. The sample preparation is completed by a step of purification, carried out 
through a centrifugation (1,500 x g, 10 minutes at room temperature) and a microfiltration (0.2 µm) 
of supernatant. Prior to chromatographic analysis (injection volume: 25 µL), the excess of chloride is 
then removed by filtering ~ 1 mL of filtrate using OnGuard II Ag chromatography filters (Dionex 
Corporation, Sunnyvale, CA), previously activated with 1 mL of ultrapure water. 

The analytes elution is obtained by using a flow rate of 1.0 mL min−1. The mobile phase is 
composed by 0.9 mM Na2CO3 (A) and 28.5 mM Na2CO3 (B). The linear gradient is the following: 
from 0.9 mM to 3.7 mM in 5 minutes, from 3.7 mM to 9.2 mM in 1 min, an isocratic step for 19 
minutes, then a linear gradient from 9.2 mM to 28.5 mM in 1 minute and 4 minutes at this eluent 
concentration. The system is then re-equilibrated for 10 min at the initial Na2CO3 concentration. The 
most important validation parameters evaluated for this method (Iammarino and Di Taranto 2013) 
are reported in Table 5.5, while in Figure 5.4 some chromatogram examples are shown. 

This analytical method was applied for the development of a comprehensive monitoring on 
different types of fresh and ripened cheese, in order to evaluate the natural levels of benzoic acid, 
since this presence was reported in the literature (Jia et al., 2023). This investigation allowed to 
suggest a maximum permitted level for this compound in cheese, equal to 40 mg kg−1 (Iammarino 
et al., 2011). Another type of chromatographic separation was proposed for the analytical 
determination of citric acid in mozzarella cheese, by using the same chromatographic system 
described above, but a different analytical column, the IonPac AS11-HC column (250 mm × 4 mm 
i.d., particle size: 13 μm, Dionex Corporation, Sunnyvale, CA). This approach was optimized with 
an Application Note proposed by Thermo Fisher Scientific for the determination of organic acids in 
food (Thermo Fisher Scientific, 2012 Iammarino and Di Taranto, 2012b). The sample preparation 
consists in placing 4 g of homogenized sample in a 50-mL polypropylene tube together with 40 mL 
of deionized water. The analyte extraction is obtained by vortexing for 1 minute. Sample 
purification is carried out through a centrifugation (1,500 g, 10 minutes at room temperature) and 
subsequent microfiltration of supernatant (0.2 μm) prior to chromatographic analysis. The gradient 
elution, using a flow rate of 1.0 mL min−1, is based on 38.25 mM NaOH (A) and 0.5 mM NaOH (B). 
The solvent program starts with a linear gradient from 0% to 10% A in 12 minutes, isocratic for 5 
minutes, and then up to 100% A in 1 minute. The mobile phase composition remains constant for 

Figure 5.3 Polyphosphates standard solution at a concentration of 200.0 mg L−1 (A); processed 
cheese sample with polyphosphates concentration equal to 866.1 mg kg−1 (as P2O5) (B).    
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Table 5.5: Main Validation Parameters of the Analytical Method for the Determination of 7 Food Additives in Cheese 
by Ion Chromatography         

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery*(%) RSDr*(%) Application Field 
(Selectivity and 

Ruggedness)  

Lactic Acid  0.992  0.6  1.9  92.3  9.4 Solid dairy products 
Acetic Acid  0.998  3.6  11.9  79.6  3.0 
Sorbic Acid  0.990  59.4  196.0  72.8  10.2 
Nitrite  0.994  2.8  9.3  78.6  10.3 
Benzoic Acid  0.999  16.5  54.5  95.0  7.0 
Nitrate  0.997  2.1  6.8  88.1  10.9 
Phosphate  0.997  2.1  7.0  98.4  8.5   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 1 spiking level (n = 6)  
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3 minutes, then the system was re-equilibrated for 4 minutes at 100% A. The instrumental calibration 
is obtained by analyzing four citric acid standard solutions in ultrapure water in a concentration range 
6.25–50 mg L−1. This method, coupled to the previous one, described for seven additives 
determination, was used for a study focused on the correct determination of lactic and citric acid in 
mozzarella cheese, since these two compounds are naturally present in such products. The study 
concluded that the addition of food additives can be ascertained if the concentration detected exceeds 
0.65 and 4.0 g kg−1 for citric acid and lactic acid, respectively (Di Taranto et al., 2015). 

5.3 FOOD PRESERVATIVES DETERMINATION BY CAPILLARY ION 
CHROMATOGRAPHY 

5.3.1 Nitrites and Nitrates Determination in Food 
Another approach useful for the detection of nitrate and nitrite in foodstuffs, alternative to the well- 
established traditional ion chromatography, was developed by using a novel chromatographic 
technique, the capillary ion chromatography (CIC). This technique is based on a novel technology, 
developed by using capillary column that, like conventional IC, utilize ion exchange, and eluent 
generation devices. When using these devices, reagents consumption is virtually zero and the 
operators simply add water to the system for obtaining the chromatographic separation (Bodsky 
and Hoefler, 2012). 

In the case of nitrite and nitrate determination, this application can be obtained by using a 
capillary HPIC system (Dionex ICS-4000-Thermo Fisher Scientific, Waltham, USA), equipped with 
dual-stepper motor pump, 0.4 μL sample loop, eluent generator (EGC KOH), suppressor cartridge 
(ACES™ 300, set at 10 mA) and a conductivity detector. The chromatographic capillary column 
used is the Dionex IonPac® AS11-HC capillary column (250 mm x 0.4 mm i.d., 9 µm, Thermo Fischer 
Scientific), eluted using the following KOH gradient: 2 mM KOH (9 min), up to 15 mM in 1 min, up 
to 30 mM in 26 min and final re-equilibration step at 2 mM (2 min). The flow rate is 0.015 mL min−1 

and the total run time is 38 min. The Chromeleon 7 software (Thermo Fisher Scientific, 2012) is used 
for instrument management, data acquisition, and elaboration. Regarding sample extraction and 
cleanup, 4 g of the sample, previously homogenized, weighed and placed in a 200-mL flask together 
with 80 mL of ultrapure water. The analyte extraction from the matrix is obtained by placing the 
samples in bain-marie at 80°C for 5 min. After cooling, the resulting suspension is microfiltered 
(0.22 µm) prior to chromatographic analysis. No further cleanup step is needed. The calibration 
curves can be obtained by injecting five standard solutions of nitrite and nitrate in the concentration 
range from 0.01 to 20 mg L−1. The most important validation parameters, studied for this method 
(D’Amore et al., 2019), are reported in Table 5.6, while in Figure 5.5 some chromatogram examples 
are shown. 

This analytical method was compared to the conventional approach by traditional ion 
chromatography, well established at an international level. The first comparison was focused on the 
selectivity parameter. Indeed, some authors identified some sugar phosphates present in animal 

Figure 5.4 Seven additives standard solution: 1: Lactic acid, 2: Acetic acid, 3: Sorbic acid, 4: 
Nitrite, 5: Benzoic acid, 6: Nitrate, 7: Phosphate (A); “Blank” Cheese sample (B); cheese sample 
fortified with standard solution of 7 additives (C).    
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Table 5.6: Main Validation Parameters of the Analytical Method for the Determination of Nitrite and Nitrate in Food 
by Capillary Ion Chromatography          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery* (%) RSDr* (%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty (%)  

Nitrite  0.999  1.2  3.6  100.8  2.7 Meat, seafood, cheese, 
vegetables  

2.4 
Nitrate  0.999  0.7  2.1  98.9  3.4  2.6   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 3 spiking levels (n = 6 for each level)  
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Figure 5.5 Nitrite (1) and nitrate (2) standard solution at a concentration of 2.0 mg L−1 (A); fresh 
cattle meat sample spiked with nitrite and nitrate (B); reference meat sample containing nitrite and 
nitrate (C).    
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muscles which can interfere with nitrate ion, since they are characterized by the same retention 
time. This drawback is avoided by using CIC. The second comparison was developed considering 
the poor chromatographic resolution between chloride and nitrite ions of traditional method. Also, 
in this case, CIC allows better resolution between two ions. Regarding validation parameters, 
method sensitivity of CIC is higher, method accuracy is comparable and measurement uncertainty 
is higher in conventional ion chromatography. Finally, the comparison highlighted that the reduced 
use of chemicals required for each analysis (15.2 µL of diluted KOH) can be considered another 
strength of this approach, in the view of the “Green chemistry” perspective (D’Amore et al., 2019). 

5.3.2 Sulfite Determination in Solid Foods and Alcoholic Beverages 
The most applied method for quantifying sulfiting agents in food is the Monier-Williams approach 
(Association of Official Analytical Chemists, 2000). This method is based on sample acidification 
with consequent distillation of SO2, which is collected in H2O2 and converted to H2SO4. The final 
step of this method is the titration of such acid with NaOH (Montes et al., 2012). However, this last 
step has been called into question by several authors, since titrations can suffer from repeatability 
drawbacks in the determination of the end point (Hulanicki and Glab, 1975). The capillary ion 
chromatography has been tested for replacing the final titration of Monier-Williams method, 
successfully. The same chromatographic system and capillary analytical column described above 
for nitrate and nitrite determination in food by CIC is used. Regarding sample preparation, a 
distillation unit is used. Ten g of a homogenized sample (for solid foods) and 10 mL for alcoholic 
beverages are placed in a 300-mL sample tube with 50 mL of 4N HCl. Thirty mL of 3% (v/v) H2O2 
are placed in the receiving vessel and then starting the distillation. The solution recovered by 
distillation is then concentrated on a hot plate at 200°C to a final volume of ~80 mL, transferred in a 
100-mL volumetric flask and then filled to the mark with ultrapure water. About 2 mL of this 
solution are microfiltered (0.22 µm) and injected in the capillary chromatographic system. The 
elution is isocratic, the flow rate is 0.015 mL min−1 of 5 mM KOH and the run is completed in 15 
min. The most important validation parameters, studied for this method (D’Amore et al., 2019), are 
reported in Table 5.7, while in Figure 5.6 some chromatogram examples are shown. 

This analytical method was compared to the approach described at the previous paragraph 
“Sulphites in meat products, seafood, processed vegetables” for the analysis of fresh meats and 
meat products (direct ion chromatography). This comparison was carried out taking into account 
both the validation parameters and samples spiked with some sulfur-containing compounds. 
Indeed, the presence of such compounds in meats can lead to their final recovery as sulfuric acid 
and their wrong quantification as sulfite (false positive response). Regarding validation parameters, 
linearity, precision, recovery percentage, and measurement uncertainty resulted comparable 
between two methods, and method sensitivity of this optimized Monier-Williams method is 
slightly lower than the direct ion chromatography. The analysis made by spiking samples of meat 
preparations with some compounds containing sulfur, such as 2-methyl-3-furanthiol, sulfides, and 
L-methionine, demonstrated that these compounds can produce signals and then “false-positive” 
results, since the SO2 detected can result higher than legal set for fresh meats, equal to 10.0 mg kg−1 

(Iammarino et al., 2017a). Thus, this method is useful as “screening” technique, since it is robust and 
fast, but it should be coupled to the direct ion chromatography for confirmatory purpose. 

5.3.3 Sorbic Acid and Benzoic Acid Determination if Food 
These two food additives are used in a very wide range of foods. The most significant effort of this 
method development was made for optimizing a proper gradient elution suitable for analyzing all 
food types usually added with these 2 FPs. The capillary chromatography system described above 
is used. The following gradient elution was optimized, with a flow rate of 0.025 mL min−1: 3mM 
KOH from 0 to 24 min, up to 40 mM in 1 min, isocratic for 5 min, back to 3 mM in 1 min and then a 
final re-equilibration step at this KOH concentration for 4 min (total run time: 35 min). Sample 
extraction is obtained by using the same solution described above for the determination of seven 
food additives by IC (NaOH 8,5 · 10−3M, pH = 11.9) as extracting solvent. Two grams of 
homogenized sample are placed in a 250-mL volumetric flask together with 40 mL of extracting 
solution. The sample is placed in bain-marie at 70°C for 5 min. After cooling, about 2 mL of 
suspension are microfiltered (0.22 µm) before injection. The most important validation parameters, 
studied for this method (D’Amore et al., 2021), are reported in Table 5.8, while in Figure 5.7 some 
chromatogram examples are shown. 
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Table 5.7: Main Validation Parameters of the Analytical Method for the Determination of Sulfurous Anhydride in 
Food and Alcoholic Beverages by Distillation Coupled to Traditional Ion Chromatography          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery* (%) RSDr* (%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty (%)  

Sulfite 0.999 3.3 9.9 81.0 4.6 Fresh meat and meat 
products, alcoholic 
beverages seafood 

9.4   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 3 spiking levels (n = 6 for each level)  
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5.4 FOOD ADDITIVES DETERMINATION BY HPLC-UV-DIODE ARRAY DETECTION 
5.4.1 Food Dyes Determination in Food 

An optimized procedure of sample preparation and an effective chromatographic separation has been 
proposed for the determination of 12 permitted and not permitted food dyes in fresh meats and meat 
products (Iammarino et al., 2019a; 2019b). The same procedure can also be applied for the 
simultaneous determination of eight food dyes in both solid and liquid foods. The following 12 dyes 
can be determined in meats: Carmine, Amaranth, Ponceau 4R, Allura Red AC, Carmoisine, Ponceau 
SX, Ponceau 3R, Erythrosine, Sudan I, Sudan II, Sudan III, Sudan IV; while the following widely used 
food coloring can be determined in solid foods (such as meats, cereal-based foods, sweets and food 
supplements) and beverages: Carmine, Ponceau 4R, Allura Red AC, Green S, Brilliant Black GN, 
Brilliant Blue, Tartrazine and Sunset Yellow. This analytical method was applied for fresh meats and 
meat products analysis by using a HPLC system: WatersTM 2690 Separations Module (Milford, US) 
equipped with an autosampler, a column compartment, a micro-vacuum degasser and a WatersTM 

996 PDA Detector. The Waters® Millennium®32 software was used for data acquisition and 
elaboration. The same analytical method was also applied for other foodstuffs analysis, such as cereal- 
based products, sweets, beverages, and food supplements by using another HPLC system, a 
Shimadzu Nexera, composed of a CBM-40 system controller, a LC-40D XR solvent delivery pump, a 
SIL-40C XR autosampler, a DGU-405 degassing unit, a CTO-40S column oven, and a SPD-M40 PDA 
Detector (Shimadzu Corporation, Kyoto, Japan). The absorbance signal is detected at 520 nm for the 
determination of 12 dyes in meats, with other two wavelengths used for the determination of five food 
dyes in food: 600 nm and 455 nm for Green S/Brilliant Black/Brilliant Blue and Tartrazine/Sunset 

Figure 5.6 Chromatograms comparison. Cattle fresh raw meat sample spiked with sulfites 
(80 mg kg−1 as SO2) (A); cattle fresh raw meat sample spiked with sulfides (30 mg kg−1) (B). The 
ion detected by CIC is sulfate.    

5 ANALYSIS OF FOOD ADDITIVES USING CHROMATOGRAPHIC TECHNIQUES 

85 

https://t.me/PrMaB2



Table 5.8: Main Validation Parameters of the Analytical Method for the Determination of Sorbic Acid and Benzoic 
Acid Food and Beverages by Capillary Ion Chromatography          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery* (%) RSDr* (%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty (%)  

Sorbic Acid  0.999  1.6  4.9  97.6  2.1 Fresh and processed 
vegetables, jam, 
cheese, beverages, 
sauces, spices and 
soups  

8.2 
Benzoic Acid  0.999  4.1  12.6  92.2  2.5  7.1   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 3 spiking levels (n = 6 for each level)  
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Yellow, respectively (520 nm is confirmed for Carmine/Ponceau 4R and Allura Red AC). The diode 
array detector allows collecting the absorbance spectrum of each dye, in the range 190–700nm, which 
increase method selectivity, considerably. The analytical column used is C18 RP-GoldTM (5-μm, 150 × 
4.6 mm, Thermo Fisher, Waltham, USA), equipped with a drop-in guard cartridge (3-μm, 10 × 4 mm, 
Thermo Fisher). The optimized gradient elution is composed of 0.02M acetate (pH 7.0) (mobile phase 
A) and acetonitrile (mobile phase B). A flow rate of 1.2 mL min−1 and an injection loop of 10 µL are 
used. The elution gradient is the following: from 0% B to 15% B in 15 min, a gradient up to 34% B in 10 
min, up to 80% B in 1 min, isocratic for 21 min, gradient to 0% B in 1 min and final re-equilibration step 
at this eluent composition for 4 min (total run time of 52 min). The optimized procedure of sample 
preparation consists of an extraction of 2 g (or 2 mL for beverage samples) of homogenized sample 
with 20 mL of acetonitrile:methanol:water:ammonia (50:40:9:1v/v/v/v) in a 50-mL polypropylene 
tube, using a vortex shaker for 2 min. The samples are then transferred to a 100-mL flask and placed in 
ultrasonic bath for 2 h (frequency: 100 Hz, T: 40°C). Finally, the samples are moved again in a 50-mL 
polypropylene tube for a re-extraction using vortex shaker for 1 min (this last step can be avoided for 
beverage samples). About 1.5 mL of supernatant are microfiltered (0.2 µm) directly in vial for HPLC 
analysis. The most important validation parameters, studied for this method (Iammarino et al., 2019a), 
are reported in Tables 5.9 and 5.10, while in Figures 5.8 and 5.9 some chromatogram examples are 
shown. 

This analytical method was exploited to develop a comprehensive monitoring on the market for 
evaluating levels of dyes used in meat products. Indeed, these data are lacking, as highlighted in 
the first point of conclusion of the External Scientific Report of the European Commission entitled: 
“Analysis of needs in post-market monitoring of food additives and preparatory work for future 
projects in this field”, which states “The groups of sweeteners and food colors were identified as 
priority substances to be addressed in post market monitoring” (Corporate author(s), 2013). This 
study concluded that only Carmine and Ponceau 4R are currently used in meats and, between the 

Figure 5.7 Chromatogram of sorbic and benzoic acids standard solution (2.0 mg L−1). Chromatogram 
examples of commercial sample analysis: Mayonnaise sample added with 1420.9 mg kg−1 of sorbic acid 
(B); ketchup sample added with 779.3 mg kg−1 of benzoic acid (C).    
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Table 5.9: Main Validation Parameters of Analytical Method for Determination of 12 Food Dyes in Meat Products by 
HPLC/UV-DAD          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery* 
(%) 

RSDr* (%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty (%)  

Carmine  0.999  4.3  13.2  100  6 Fresh meats, meat 
products and 
seafood  

6.4 
Amaranth  0.999  5.9  17.8  103  12  12.8 
Ponceau 4R  0.999  4.9  14.9  95  14  13.6 
Allura Red AC  0.998  3.7  11.3  93  15  12.4 
Carmoisine  0.998  7.3  22.0  100  11   13.0 
Ponceau SX  0.998  7.3  22.0  105  7   17.6 
Ponceau 3R  0.997  4.1  12.3  99  10   14.4 
Erythrosine  0.998  7.5  22.9  89  11   17.2 
Sudan I  0.995  5.4  16.4  92  11   13.9 
Sudan II  0.992  7.2  21.7  91  9   19.5 
Sudan III  0.999  1.4  4.2  86  13   9.6 
Sudan IV  0.999  6.1  18.6  90  12   10.1   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 3 spiking levels (n = 6 for each level)  
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Table 5.10: Main Validation Parameters of the Analytical Method for the Determination of 8 Food Dyes in Food and 
Beverages by HPLC/UV-DAD          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery* (%) RSDr* (%) Application Field 
(Selectivity and 
Ruggedness) 

Measurement 
Uncertainty (%)  

Carmine  0.999  45.0  136.4  107.7  3.7 Cereal-based products, 
sweets, beverages, food 
supplements  

10.2 
Ponceau 4R  0.998  12.9  39.0  108.0  3.3  15.9 
Allura Red AC  0.999  1.8  5.4  101.5  5.1  10.9 
Green S  0.999  32.2  97.7  88.0  8.9   17.6 
Brilliant Black  0.999  43.0  130.3  95.9  5.9   24.7 
Brilliant Blue  0.999  39.2  118.7  103.5  4.9   5.6 
Tartrazine  0.999  18.4  55.8  110.4  4.1   12.2 
Sunset Yellow  0.999  12.0  36.4  102.1  4.9   7.0   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 3 spiking levels (n = 6 for each level)  
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two, Carmine is used at mean levels 4–15 times higher than Ponceau 4R. None of analyzed samples 
resulted as “non-compliant” due to dye concentration exceeding than the legal limits defined in the 
Regulation No. 1129/2011/EC, and the highest concentrations detected resulted equal to 86.4 and 
8.1 mg kg−1 for Carmine and Ponceau 4R, respectively. Another significant finding was the 
detection of Carmine in 4 samples of fresh meat preparations where the addition of food dyes is not 
permitted (Iammarino et al., 2020b). 

5.4.2 Ascorbic Acid and Nicotinic Acid in Meats 
The same apparatus described above for food dyes determination in fresh meats and meat products 
was used for developing an analytical method for the determination of ascorbic acid and nicotinic 
acid in meats and meat products. Only the first additive is listed in the European Regulation No. 
1333/2008 (E300-302, ascorbic acid and ascorbates), while nicotinic acid in not permitted, but it can 
be used for the same purpose in meats (antioxidant) in a fraudulent way. 

The sample preparation consists of mixing 4 g of homogenized sample with 40 mL of phosphate 
buffer 10−2 M for extracting ascorbic acid and nicotinic acid at pH 3.5 and pH 9.0, respectively. The 
extraction of analytes is accomplished by using the vortex mixer for 1 min, then the mixture is 
centrifuged for 5 min at 250 x g at room temperature and the supernatant is microfiltered (0.2 µm) in 
vial for HPLC. The chromatographic separation is obtained through reversed phase liquid 
chromatography, using a Luna C18 column (250 × 4.6 mm i.d., particle size 5 μm, Phenomenex, 
Torrance, CA) chromatographic column, coupled to a HILIC Security Guard Cartridge (4 × 3.0 mm, 
Phenomenex), operating at a flow-rate of 1.5 mL min−1, following a gradient elution of acetonitrile 
(A), water (B) and acetate buffer 100 mM, pH 5.8 (C). The gradient elution, with constant percentage 
of C (5%), starts at 5% A, isocratic for 2.5 min, then up to 45% A in 5 min, isocratic for 2.5 min and a 
final re-equilibration step at 5% A for 5 min (total run time: 15 min). 

Figure 5.8 Chromatogram examples. “Blank” pork meat sample (A); pork meat sample spiked 
with standard solution of 12 dyes: 1-Carmine, 2-Amaranth, 3-Ponceau 4R, 4-Allura Red AC,  
5-Carmoisine, 6-Ponceau SX, 7-Ponceau 3R, 8-Erythrosine, 9-Sudan I, 10-Sudan II, 11-Sudan III,  
12-Sudan IV (B).    
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The absorbance signal is detected at 260 and 215 nm for ascorbic acid and nicotinic acid, respectively. 
Setting the acquisition wavelength range from 190 to 320 nm, the diode array detector allows to obtain 
the absorbance spectrums of both compounds, improving method selectivity, substantially. The most 
important validation parameters, studied for this method (Iammarino and Di Taranto, 2015), are 
reported in Table 5.11, while in Figure 5.10 some chromatogram examples are shown. 

This analytical method was applied for monitoring the ascorbic acid use in fresh meat 
preparations. A quantifiable concentration of ascorbic acid (> LOQ = 20.1 mg kg−1) was detected 
in 33 samples out of 180 analzsed (18.3%). Nineteen of these samples were characterized by 
amounts greater than 160.0 mg kg−1, so that the food additive addition was confirmed. Other 14 
samples have shown an ascorbic acid concentration in the range LOQ – 50 mg kg−1. In these 
cases, the addition of such low concentration of food additive seems unlikely, since the 
antioxidant effect would be very low. Thus, this presence was linked to the presence of tomato 
(particularly rich in ascorbic acid) in the products as food ingredient. Taking into account the 
distribution of the ascorbic acid concentrations detected in these samples, the measurement 

Figure 5.9 Chromatogram of a cereal-based sample spiked with 200 mg kg-1 of 8 dyes. Signals 
detected at 520 nm (A), 600 nm (B), and 455 nm (C).    
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Table 5.11: Main Validation Parameters of the Analytical Method for the Determination of Ascorbic Acid and 
Nicotinic Acid by HPLC/UV-DAD          

Compound Determination 
Coefficient (R2) 

LOD 
(mg kg−1) 

LOQ 
(mg kg−1) 

Recovery* (%) RSDr* (%) Application Field 
(Selectivity and 

Ruggedness) 

Measurement 
Uncertainty (%)  

Ascorbic acid  0.999  6.6  20.1  104.2  4.4 Fresh meats and 
meat products  

5.6 
Nicotinic acid  0.999  6.7  20.4  99.7  1.1  4.5   

RSDr = Repeatability relative standard deviation 
* = Mean value calculated on 3 spiking levels (n = 6 for each level)  
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uncertainty of the method (5.6%) and an appropriate tolerance, this study suggested a maximum 
permitted level of ascorbic acid in fresh meat preparations (in the presence of ascorbic acid 
sources) equal to 50.0 mg kg−1. Below this value, the sample should be considered as “compliant” 
(Iammarino and Di Taranto, 2012c). 

5.5 CONCLUSION 
This chapter reports an accurate description of 10 chromatographic techniques applicable for 
determining the concentration of widely used food additives in most representative food types. All 
validation procedures applied to verify the full reliability of such approaches are described as well, 
together with all evaluated parameters and chromatogram examples. The chapter can be 
considered as a useful support for laboratories in charge of food control, relating to food additive 
determinations, and it supplies a list of analytical tools also useful for the development of 
monitoring and surveys to exploit during risk assessment studies. 
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Figure 5.10 Chromatogram examples. Ascorbic acid standard solution 50 mg L−1 (1A); “Blank” 
cattle fresh sausage (1B); Cattle fresh sausage with measured ascorbic acid concentration of 693.3 
mg kg−1 (1C); nicotinic acid standard solution 25 mg L−1 (2A), “blank” pork fresh sausage (2B); pork 
fresh sausage spiked with 50 mg kg−1 of nicotinic acid (2C).    
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6 Aflatoxin Detection in Dairy Products 
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Carlos Adam Conte Junior  

6.1 AFLATOXINS 
The mycotoxins are a group of secondary metabolites produced by fungi spp., including Aspergillus, 
Penicillium, Fusarium, and Alternaria (Negash, 2018; Rushing & Selim, 2019). Aflatoxins are one of 
many naturally occurring mycotoxins in soils, foods, humans, and animals. The genus Aspergillus 
produces 20 different aflatoxins, mainly six different types: B1 (AFB1), B2 (AFB2), G1 (AFG1), G2 
(AFG2), M1 (AFM1), and M2 (AFM2) (Pal et al., 2021; Quadri et al., 2012). Furthermore, Aspergillus 
flavus and Aspergillus parasiticus produce the most toxigenic strains of aflatoxins AFB1-AFB2 and 
AFG1-AFG2, respectively (Kumar et al., 2021). Aflatoxins cause reduced animal growth and 
productivity leading to morbidity and mortality and meat and milk contaminated rejection in the 
international market due to their harmful effects (Abebe et al., 2018; Wagacha and Muthomi, 2008). 
This context results in a cost of $1 billion in the United States with loss by maize, groundnut, and 
wheat growers. In addition, achieving $160 million loss each year to maize producers in the United 
States and a total of $450 million in sub-Saharan Africa, accounting for 38% of global aflatoxin- 
related agricultural losses (Gbashi et al., 2019; IARC, 2012b; Pal, 2017). Therefore, aflatoxin is a 
worldwide concern with economic and health impacts wherein 4.5 billion global population are at 
risk of excessive exposure to aflatoxins (Abrar et al., 2013). 

The A. flavus is ubiquitously found in soil and contaminates many of the world’s crops, 
including cereals, oilseeds, spices, and nuts. The colonization of this fungus in plantations causes 
expressive economic losses by contaminating seeds with aflatoxin (Amaike and Keller, 2011;  
Klich, 2007). The aflatoxin produced by this fungus (AFB1) is the most toxic aflatoxin to humans 
and animals since its association with hepatocellular carcinoma (HCC), leading to liver cancer 
(Qureshi et al., 2015; Rajarajan et al., 2013; Rushing & Selim, 2019). Furthermore, the IARC 
concluded that there was enough evidence in humans to classify this aflatoxin as a carcinogen 
(HCC) as well as growth suppression, immune system modulation, and malnutrition (IARC, 
2012a, 2012b). From AFB1, other metabolites are formed through the P450 system, including 
AFM1, aflatoxin Q1 (AFQ1), aflatoxin P1 (AFP1), aflatoxicol (AFL), aflatoxicol H1 (AFH1), and 
aflatoxin B2a (AFB2a) (Rushing and Selim, 2019). Briefly, AFB1 reaches the intestine and is rapidly 
absorbed and transported via the portal bloodstream to the liver; thus, this aflatoxin is subjected 
to reduction, epoxidation, hydroxylation, and demethylation (Yiannikouris and Jouany, 2002). 
The AFM1, a major metabolite produced by CYP1A2, is the most carcinogenic among the 
hydroxylated ones (Cullen et al., 1987; Sinnhuber et al., 1974), which is excreted in urine and 
secreted in milk in mammalian species (Saha Turna and Wu, 2021). 

6.2 AFLATOXIN M1 IN DAIRY PRODUCTS 
The AFM1 is the most crucial undesirable milk contaminant, being a consequence of the presence of 
AFB1 in feed offered to dairy cows (Min et al., 2021a; Prandini et al., 2009), wherein approximately 
0.3–6.2% of AFB1 is converted into AFM1 (Alahlah et al., 2020). The AFM1 results in carcinogenicity, 
mutagenicity, genotoxicity, teratogenicity, and immunosuppression, even at low concentrations 
(Nemati et al., 2010). In this way, AFM1 is classified as group 1 in terms of toxicity (IARC, 2012a). 
Studies have shown that the presence of AFM1 in milk products is a health issue in many countries 
because all age groups daily consume these products. Furthermore, AFM1 presents heat stability 
and thus cannot be degraded or destroyed by standard food processing procedures. Studies 
evaluated the presence of AFM1 in raw, pasteurized, powder, organic, concentrated, and ultra-high 
temperature (UHT) milk samples and showed AMF1 concentrations above the acceptable European 
limit (0.05 mg/kg) regardless of heat treatment such as pasteurization and sterilization. Although 
the literature is ambiguous about the effect of heat processing on the amount of AFM1 in dairy 
products, most studies indicate that treatments using heat such as pasteurization and sterilization, 
do not cause changes in the AFM1 levels in these products. Likewise, evaporation, concentration, or 
drying did not affect the AFM1 content in milk (Flores-Flores et al., 2015). In that regard, AFM1 still 
may contaminate other dairy products, such as cheese and yogurt, generating even more health 
concerns for consumers (Campagnollo et al., 2016; Iqbal et al., 2015; Iqbal et al., 2010). 
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Studies report that AFM1 levels in milk can be reduced by increasing the quality control of animal 
feed. Flores-Flores et al. (2015) reported some factors that influence the concentration of AFM1 in 
milk: I - Animal feeding: milk from animals fed by grazing presents lower levels of AFM1 compared 
with milk from animals fed with compound feed and/or stored foodstuff; II - Animal feed storage: 
stored foodstuff has higher contamination of AFB1 due to the humid conditions thereby facilitating 
the growth of fungi and accumulation of toxins. Despite being a well-known problem, the presence 
of AMF1 in milk and dairy products is still a global concern. Furthermore, little is known about the 
influence of dairy processing steps on AFM1 levels, a gap to be explored. Nonetheless, monitoring 
the incidence of AFM1 in dairy products is necessary to reduce world public health risks (Li et al., 
2018; Škrbić et al., 2014), mainly due to the high levels of AFM1 still observed in these products in 
several countries in the world (Mollayusefian et al., 2021; Saha Turna and Wu, 2021). 

6.3 LIMITS OF AFM1 IN DAIRY PRODUCTS 
The limits of the presence of AFM1 in milk vary in different countries worldwide. The maximum 
acceptable threshold established in Brazil and MERCOSUL is 500 ng/L for fluid and 5 ng/g for 
powder milk (Brasil, 2022). The same limits are observed in the regulations of Asian countries 
(500 ng/L) and United States (500 ng/kg) (Anukul et al., 2013; FDA, 2007). Otherwise, stricter limits 
are found in other countries, such as Iran (100 ng/L), European Union (50 ng/L; the lowest limit of 
AFM1 in liquid milk) (EU, 2010; ISIRI, 2010), and Morocco (50 ng/kg for raw milk, UHT milk, and 
milk intended for dairy products manufacturing) (Mannani et al., 2021). 

6.4 AFM1 IN MILK 
The AFM1 concentrations in milk vary highly across most countries, as seen in Table 6.1. Studies 
from Asia show a high and variable occurrence of AFM1 in milk, attributed to differences in feeding 
systems, farm management practices, and analytical methods (Asi et al., 2012). In addition, Pakistan 
and Bangladesh had the highest concentrations of AFM1, including exceeded limits (500 ng/L; 
Section 1.3.). Regarding Africa, an occurrence similar to Asia wherein Rwanda, Malawi, and 
Ethiopia showed levels above 500 ng/L; however, Egypt was the only one demonstrating levels 
below 50 ng/mL (Table 6.1). The study by Iqbal et al. (2015) justified the high incidence of AFM1 in 
milk from African countries to the lack of awareness and constraints in analytical facilities. In 
Europe and America, the levels and incidence of AFM1 in milk were low compared to other 
continents. Ecuador was the only country where milk containing AFM1 concentration was above 
50 ng/mL (78.83 ng/L/Kg). The low level observed in these continents may be related to the strict 
regulations concerning these mycotoxins in feed and milk products and the adoption of good 
storage practices (Iqbal et al., 2015). 

The scenario found in Asian and African countries is attributed to the mismanagement of animal 
feed. For example, there is a fresh feed shortage during the cold season, in which concentrated feeds 
containing wheat, corn, and cotton seeds are used; however, they may have poor storage conditions 
(Ghiasian et al., 2007; Abolfazl Kamkar, 2005; Tajkarimi et al., 2008). Weather is another factor that 
affects AFM1 levels, where high milk contamination is observed in areas with humid climates than in 
regions with arid/semi-arid climates. These conditions influence the AFB1 formation in feed during 
the pre-harvest, harvest, and storage (Hashemi, 2016; Kos et al., 2018; Tajkarimi et al., 2007; Unusan, 
2006). In Europe, fewer studies were observed, but the strict regulations may be responsible for the 
lower AFM1 indices (Iqbal et al., 2015). Furthermore, in America, good agricultural practices such as 
the use of pest-resistant crops, proper cultivation practices, adequate use of fertilizers, irrigation, and 
crop rotation can be responsible for preventing and controlling fungal growth and mycotoxin 
formation in dairy farming (Goncalves et al., 2015; Gonçalves et al., 2017; Pires et al., 2022). 

6.5 AFM1 IN CHEESE 
Among dairy products, cheese is the only one susceptible to the direct growth of fungi and 
mycotoxin production. Otherwise, the process used for cheese preparation can affect the AFM1 
levels in the final product (Rahmani et al., 2018; Sengun et al., 2008). Indeed, Kamkar et al. (2008) and  
López et al. (2001) related that the presence of aflatoxin in cheese may be possibly due AFM1 residue 
in milk, the growth of the fungi on cheese followed by the consequent production of aflatoxins and 
the presence of AFM1 in powdered milk enriching the milk used in cheese manufacture. Studies 
report that cheese could be the most potent source of aflatoxin among dairy products due to the 
highest concentration of AFM1 (three–five times) than in corresponding milk (Prandini et al., 2009;  
Scaglioni et al., 2014). This higher concentration is related to the AFM1 association with the casein 
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Table 6.1: Occurrence of AFM1 in Milk and Estimated Daily Intake (EDI)           

Continent Country Milk Type Quantification 
Method 

Incidence Range (ng/L 
and ng/kg) 

Mean (ng/L and 
ng/kg) 

EDI ∗ (ng/kg 
bw/day) 

Reference  

Asia China Raw ELISA 94/797 ≤ 50–486  35.7  0.128  Min et al., 2021b) 
Bangladesh UHT ELISA 05/25 25.07–48.95  35.46  0.127  Tarannum et al. 

(2020) Pasteurized ELISA 13/25 18.11–672.18  99.77  0.356 
Raw ELISA 35/50 22.79 – 1,489.28  699.07  2.497 

Iran Pasteurized ELISA – 113.3–270.6  177.74  0.635  Mokhtari et al. 
(2022) Raw ELISA – 57–228  134.61  0.481 

Japan Whole milk * HPLC-FLD; LC- 
MS/MS 

19/37 < 10–70  45  0.161  Ono et al. (2020) 

Pakistan Powder ELISA 4/4 412.5 – 1,935.0  922.5  3.295  Yunus et al. (2020) 
UHT ELISA 11/15 145.5–642.9  365.7  1.306 
Pasteurized ELISA 13/13 56.9 – 3,935.5  1,167.5  4.170 

India Raw HPLC-FLD 19/46 ND-2,913  273  0.975  Hattimare et al. 
(2022) Pasteurized 6/15 ND-1,212  278  0.993 

UHT 5/12 ND-1,523  416  1.486 
Powder 2/10 ND-2,608  486  1.736 

Africa Rwanda Raw ELISA – Max. 14,500  890  3.179  Nishimwe et al. 
(2022) 

Malawi Raw VICAM afla test 
fluorometry 
procedure 

112/112 10–5,000  551  1.968  Njombwa et al. 
(2021) 

Ethiopia Pasteurized ELISA 21/64 11–1798  324  1.157  Zebib et al. (2022)  
Raw ELISA 24/64 03–2,177  319  1.139  
Raw ELISA 52/52 550–1,410  690  2.464  Tadesse et al. (2020)  
Pasteurized ELISA 56/56 29–2,159  970  3.464 

Egypt Raw HPLC-FLD – 5.36–103.02  40.27  0.144  Esam et al. (2022) 
America Brazil Goat raw milk HPLC-FLD 108/108 5.60–48.20  21.9  0.078  de Matos et al. (2021) 

Ecuador Raw VICAM® Assay 
Tests 

– 23–763  78.83  0.282  Torres et al. (2022) 

Europe Greece Pasteurized ELISA 32/22 2.04 17.84  7.72  0.028  Malissiova et al. 
(2022)   

Note  
∗ EDI = (AFM1 concentration) X (daily consumption) / (body weight = 70 kg;  Saha Turna and Wu, 2021). Milk consumption: 81 g/day ( Malissiova et al., 2022). ND – Not 

detectable.  
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Table 6.2: Occurrence of AFM1 in Cheese and Estimated Daily Intake (EDI)           

Continent Country Cheese Type Quantification 
Method 

Incidence Range (ng/L 
and ng/Kg) 

Mean (ng/L 
and ng/Kg) 

EDI ∗ (ng/kg 
bw/day) 

Reference  

Africa Ghana Wagashie cheese HPLC-FLD 93/182 50–3,600  656  0.562  Kortei & Annan 
(2022) 

Ethiopia Cheese (Industrial) ELISA 72/72 18–5,580  2,210  0.002  Tadesse et al. 

(2020) Cheese (Local) ELISA 10/10 8–3,860  770  0.660 
Cottage cheese ELISA 24/32 14–539  137  0.117  Zebib et al. (2022) 

Egypt Ras cheese HPLC-FLD – 59.72–108.14  86.97  0.075  Esam et al. (2022) 
Processed cheese HPLC-FLD – ˂5.0–27.75  10.77  0.009 

America Brazil Minas Frescal cheese HPLC-FLD 20/28 –  113  0.097  Gonçalves et al. 

(2021) 
Nicaragua White cheese VERATOX kit 152/152 5–485  30  0.026  Peña-Rodas et al. 

(2020) 
Europe Greece Feta cheese ELISA 07/25 2.10–4.09  2.98  0.003  Malissiova et al. 

(2022) 
Italy Fior di Latte cheese UPLC - FLD – –  83.5  0.072  Pecorelli et al. 

(2020) Primosale cheese UPLC – FLD – –  265.5  0.228   

Note  
∗ EDI = (AFM1 concentration) X (daily consumption) / (body weight = 70 kg;  Saha Turna and Wu, 2021). Cheese consumption: 60 g/day ( Malissiova et al., 2022). ND – 

Not detectable.  
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fraction in milk, which is concentrated in a significant proportion in the curd portion after draining 
of whey because of this binding (Kaan Tekinşen & Cenap Tekinşen, 2005; Scaglioni et al., 2014). 
Furthermore, countries like Turkey introduced a legal limit for AFM1 at 250 ng/kg for cheese 
(Turkish Food Codex, 2002). 

Cheese is a product with diverse technological variations in its production, characteristic of the 
place of origin. However, few studies evaluate these different technologies’ influence on AFM1 
indices. Table 6.2 shows the studies that assess the levels of AFM1 in cheeses from other countries. 
Most parts of the studies have been identified in countries on the African continent, showing high 
incidence ranging of 51 at 100% of samples (Table 6.2), in the same way, with AFM1 concentration 
between ˂5.0 at 5580 ng/L/Kg, showing AFM1 levels higher than limits determined in several 
countries (Section 1.2.). Regarding to the average levels of AFM1 only the processed cheese rated in 
Egypt showed acceptable aflatoxin levels within the strictest range (≤ 50 ng/L; EU, 2010). Lower 
levels were observed in the Americas and Europe (2.10 at 485 ng/L/Kg) compared to Africa; 
however, most samples showed concentrations above the European limit (EU, 2010). Malissiova 
et al. (2022) related that the occurrence of AFM1 in cheese is relatively high worldwide. However, 
the gradual decrease of AFM1 in stored Karish cheese was reported by Marshaly et al. (1989). 
Indeed, some factors such as low pH, the presence of lactic acid bacteria, or the formation of by- 
products could contribute to the reduction of AFM1 levels in dairy products; furthermore, other 
studies also suggest that during cheese production, a high percentage of AFM1 is transferred in 
whey than curd (Pietri et al., 2016). Despite the behaviors noted above, a high stability of AFM1 was 
also observed during the ripening and storage of some cheeses such as Brick, Limburger, 
Camembert, Tilsit, Cheddar, Gouda, Manchego, Parmesan, and Mozzarella (Galvano et al., 1996). 
According to Mohammadi et al. (2022), the concentration and the occurrence of AFM1 in fresh 
cheese types were higher than in the ripened samples. However, this behavior was not observed in 
current studies (Table 6.2), with Ras cheese (86.97 ng/L/Kg) showing AFM1 levels similar to Fior di 
Latte cheese (83.5 ng/L/Kg) and lower than the Minas Frescal cheese (113 ng/L/Kg). In addition to 
factors such as cheese-making procedures and ripening conditions, the levels of AFM1 in milk 
hygiene and storage conditions at dairies and the geographical region also influence the levels of 
this aflatoxin in cheese (Ghiasian et al., 2007; Kaan Tekinşen and Cenap Tekinşen, 2005). 

6.6 AFM1 IN YOGURTS 
Despite being broad, information about the influence of the processing of yogurts on AMF1 is quite 
contradictory in relation to the data found as seen in the Table 6.3. However, some probiotic 
bacteria have been reported to be effective in binding and removing AFM1 from contaminated milk. 
This effect can be affected by different factors such as the strain used, the concentration of AFM1, 
pH, heat processes, ionic strength, fermentation temperature, protein content, titratable acidity, 
storage temperature, and time (Arab et al., 2012; Sarlak et al., 2017; Sevim et al., 2019). Using bacteria 
for AFM1 decontamination in dairy products is a promising area of study; nevertheless, this section 
will focus on detecting AFM1 naturally contained in yogurt samples. Among dairy products, yogurt 
is one of the least studied products concerning the presence of AFM1 (Tadesse et al., 2020). Most of 
the current studies have been identified in countries on the Asian continent, showing high 
incidence between 53–893 ng/L/Kg (Table 6.3), but only one study shows samples with AFM1 
levels higher than limits determined in European limit (≤ 50 ng/L; EU, 2010). However, yogurt 
samples from America and Africa showed high mean concentrations of AFM1, with samples from 
Ethiopia showing levels above 1,600 ng/L/kg (Table 6.3). 

Studies already reported the lower presence of AFM1 in yogurt samples than in milk being 
attributed to lactic acid bacteria (El Khoury et al., 2011; Guo et al., 2019); this could be mainly attributed 
to fermentation factors such as low pH and the formation of organic acids or other by-products, or 
even to the presence of yogurt starter bacteria (Hassanin, 1994; Sarimehmetoğlu and Küplülü, 2004). 
The reduced pH during the process of fermentation causes denaturation of milk proteins (caseins), 
leading to the formation coagulum that leads to the adsorption of AFM1 to proteins. Furthermore, the 
exposure of more hydrophobic sites of the complex casein fractions with denatured whey proteins can 
bind to a greater extent with aflatoxins (Brackett and Marth, 1982; Dosako et al., 1980; Tamime and 
Robinson, 2007). However, the study of Tadesse et al. (2020) attributed the high presence of aflatoxins 
in their yogurt samples to previously contaminated milk. It concluded that the fermentation process 
during yogurt might not be presented as an impact on the level of AFM1 in your samples. Contrary to 
other studies, varying concentrations of AFM1 in yogurt were found concerning milk (Murshed, 
2020). Egmond et al. (1977) and Munksgaard et al. (1987) reported a significant increase in free AFM1 in 
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Table 6.3: Occurrence of AFM1 in Yogurt and Estimated Daily Intake (EDI)           

Continent Country Yogurt Sample Quantification 
Method 

Incidence Range (ng/L 
and ng/Kg) 

Mean (ng/L 
and ng/Kg) 

EDI ∗ (ng/kg 
bw/day) 

Reference  

Africa Ethiopia Yogurt industrial ELISA 83/83 9–4010  1,631  1.398  Tadesse et al. 

(2020) Yogurt local (Ergo) ELISA 10/10 7–4760  1,628  1.395 
America Brazil Yogurt HPLC-FLD 7/72 17–130  130  0.111  Pires et al. (2022) 
Asia China Yogurt ELISA 194/319 10.0–66.7  20.7  0.018  Xiong et al. (2022) 

Yogurt HPLC – –  37.34  0.032  Cai et al. (2021) 
Bangladesh Fermented milk ELISA 5/5 –  16.9  0.014  Sumon et al. (2021) 
Yemen Yogurt HPLC-FLD 54/62 53–893  399  0.342  Murshed (2020)   

Note  
∗ EDI = (AFM1 concentration) X (daily consumption) / (body weight = 70 kg;  Saha Turna and Wu, 2021). Yogurt consumption: 21 g/day ( Miller et al., 2022). ND – Not 

detectable.  
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fermented milk. This effect may be attributed to different final fermentation pHs of yogurts, various 
initial concentrations of starter bacteria and AFM1 in the milk, other fermentation conditions, changes 
in some physicochemical properties of caseins, and/or application of unreliable analytical methods 
(Sarlak et al., 2017). 

6.7 ESTIMATED DAILY INTAKE (IDE) OF DAIRY PRODUCTS 
Milk is a highly nutritious food with lactose; fat; vitamins A, D, and E; and several minerals, 
including calcium, magnesium, and potassium, together with caseins and whey proteins (Pereira, 
2014). In addition, recent epidemiological evidence shows that aflatoxins are harmful to human 
health, including primary liver cancer, child growth impairment, and immune suppression 
(Hasninia et al., 2022), and chronic dietary exposure constitutes the most significant risk of 
aflatoxins exposure in humans (Topi et al., 2022), including the presence of AFM1 in dairy products 
such as cheese, butter, yogurt, and others. The estimated daily intake (EDI) is a critical risk 
assessment stage, aiming to determine the concentration of aflatoxin to which an individual or a 
population is exposed (Saha Turna and Wu, 2021). In that regard, the EDI was determined for milk, 
cheese, and yogurt samples evaluated in the studies. The milk samples of Bangladesh, Pakistan, 
India, Rwanda, Malawi, and Ethiopia showed high levels of AFM1 (above 1 ng/kg BW/day), 
regardless of the processing used (powder, UHT, and pasteurized) (Table 6.1). The cheese sample 
was the dairy product that showed the lowest EDI index with high values found in Ghana and 
Ethiopia, with 0.562 and 0.660 ng/kg BW/day, respectively (Table 6.2). Moreover, Ethiopia showed 
the country that shows the highest EDI in the yogurt samples (1.398 and 1.395 ng/kg BW/day), 
highlighting the need for greater preventive care regarding the presence of AFB1 in milk samples. 

The risk of AFM1 exposure in milk consumers varies greatly among different countries, 
attributing to AFM1 concentrations, dairy product consumption, and body weight considered in the 
EDI calculation. Xiong et al. (2022) report that the difference in milk AFM1 concentrations is a 
critical factor regarding the risk of AFM1 exposure in milk and dairy products. Currently, the Joint 
Expert Committee on Food Additives (JECFA) of the Food and Agriculture Organization and 
World Health Organization has not set a tolerable daily intake (TDI) for any of the aflatoxins, 
including AFM1. Despite this, exposure to this mycotoxin should be kept as low as reasonably 
achievable (Saha Turna and Wu, 2021). 

6.8 CONCLUSION 
According to current literature data, high levels of AMF1 are still found in milk samples in many 
countries. About 79% of the milk samples contain AFM1 levels higher than the maximum 
acceptable level established in the EU for this toxin. This high AFM1 contamination results from 
high aflatoxin contamination in dairy cattle feedstuffs. The influence of dairy product processing on 
AFM1 levels still needs to be further explored because of the greater number of samples of cheese 
and yogurt contaminated with high levels of AFM1. With respect to the toxic effects of AFM1 on 
human health, strict regulatory monitoring and legislation must be applied to reduce exposure to 
aflatoxins in animal feed, which is the best strategy to reduce population exposure to AFM1. 
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7 Analysis of Heavy Metals in Seafoods 

Long Wu, Wei Zeng, Ting Wu, Xuemei Tang, Wenjing Kang, Yin Liu, and Miaomiao Yang  

7.1 INTRODUCTION 
Seafood has rich nutrients for human health, including proteins, lipids, and other bioactive 
elements (Larsen et al., 2011). As the components in seafood are quite different from those in the on- 
land animals, seafood can greatly enrich people’s diet (Jobling, 2016). Nowadays, seafood has been 
regarded as one of the most important sources of nutrients in the food supply (Farmery et al., 2022). 
In addition to raw seafood, it can be processed into a wide variety of products, with many forms 
(e.g., smoked, canned, cured, dried, fresh, frozen etc.). The processed seafood can be endowed with 
unique flavor and taste, but the contaminants of seafood may arise. Cooking is a good means to 
deal with seafood to avoid microbial contamination. Although a thorough cooking of food can 
destroy most contaminants like pathogens, metals or the compounds in food can be rather stable 
(Nivetha et al., 2022). In this regard, we should take care about the content of metals in specific 
foods, especially the heavy metals. Actually, the human body requires various trace heavy metals in 
biological systems. High levels of heavy metals in food can induce cytotoxic effects or even 
genotoxicity. On the other hand, some metals can go through different forms in cooking and storing 
processes. Metal ions can form complexes with organic compounds at a low concentration level of 
mg kg–1, which may result in unpleasant color variations (Saleh et al., 2001). Therefore, much 
attention should be paid on the contaminants of heavy metals in seafood. 

Heavy metals refer to a group of metals and non-metals, whose density is generally greater than 
4,000 kg m–3 (Vardhan et al., 2019), including mercury (Hg), cadmium (Cd), arsenic (As), lead (Pb), 
zinc (Zn), copper (Cu), and so on. According to the trace elements in human body, they can be 
divided into non-essential and essential trace elements (Shah, 2021). For non-essential trace 
elements, their accumulation in the organism will cause high toxicity. Meanwhile, a low 
concentration of essential trace elements plays an important role in the normal physiological 
process of human body, but a high concentration will pose severe health risks (Jaishankar et al., 
2014). It is generally believed that heavy metals will accumulate in aquatic animals through the 
following ways: 1) absorb the dissolved heavy metals through the gills; 2) ingest bait or food 
containing heavy metals; 3) through the infiltration exchange between the body surface and water 
(Ali and US SA, 2014). Due to their non-degradation, heavy metals can be transmitted and 
accumulated along the food chain, thus producing biological amplification effect. From this it is 
clear that heavy metals not only do harm to marine organisms, but also pose potential risks on 
human health when people consume heavy metal–contaminated seafood. Moreover, many heavy 
metals that coexist in organisms may show antagonism and synergy effects, making it more 
difficult to determine their toxicity. In addition, some microorganisms in the ocean can convert 
certain heavy metals into more toxic compounds (Regnell and Watras, 2018). The above facts 
indicated that heavy metal contamination can cause the problems in seafood, and it directly affects 
human health with the consumption of such seafood. Intensive attention has been paid on the 
influences of heavy metals on seafood safety and human health. Still, it is of great importance to 
inspect and control the heavy metal–contaminated seafood products. In this chapter, we will 
introduce the common heavy metals in seafood products, and then summarize all kinds of 
analytical methods (traditional and rapid ones) for the detection of heavy metals in seafood, 
especially the newly developed biosensors (Figure 7.1). In addition, some suggestions are given on 
the control of heavy metals in seafood. At the end, the current challenges as well as prospects of 
analysis of heavy metals will be presented to provide innovative idea tactics for seafood safety. 

7.2 HEAVY METALS IN FOOD TOXICITY 
7.2.1 Mercury (Hg) Toxicity 

Mercury (Hg) is a heavy metal with forms of Hg(OH)2 and HgCl2 in water. Until the 1950s, Hg was 
considered a contaminant due to widespread poisoning deaths. After that, Hg exposure was 
thought to have harm to human health. Most Hg ends up in the ocean due to natural processes like 
atmospheric deposition and discharge of sewage plants (Sundseth et al., 2017). Methylmercury 
(CH3Hg), another form of Hg, is easily accumulated in aquatic organisms and transmitted to 
humans through the food chain (Li et al., 2017). Due to human activities and the polluted 
environment, the acidity of rivers and lakes reduces the loss of volatile Hg and increases its binding 
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to particulates in water, which facilitate the methylation of Hg at a low pH environment. In the case 
of consumption of seafoods, CH3Hg is the most important toxic compound compared to other 
inorganic forms of Hg (Szefer, 2013). 

The damage of Hg on health is largely determined by the metallic form and the exposure time 
and dosage (Boyd et al., 2000). When suffering from Hg poisoning, common symptoms may occur, 
including skin rashes, impaired motor skills, fatigue, and anxiety. When the situation gets worse, 
memory loss or speech problems may happen. In the case of severe CH3Hg poisoning, it has fatal 
effects on the brain development of fetuses (Hong et al., 2012). CH3Hg exposure in children may 
cause various serious health problems, such as renal disease, mental impairment, cerebellar ataxia, 
and physical growth disorder. The risk assessment of long-term and low-dose exposure to CH3Hg 
is still not clear, but CH3Hg as a hazardous substance in seafood should be particularly noticed. 

7.2.2 Cadmium (Cd) Toxicity 
Cadmium (Cd), a silver-white metal in monomers, is a non-essential element for the human body. It 
is widely distributed in nature with the characteristics of high toxicity, difficult to degrade, and easy 
to enrich. Man-made emission of Cd is mainly from industrial waste, which can be transported 

Figure 7.1 Schematic presentation of various detection methods for the detection of heavy metals 
in seafood.    
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between the environment and the food chain (Chunhabundit, 2016). Excess Cd will have toxic 
effects on the living organisms in water. A trace amount of Cd is easily dissolved in the water and 
then absorbed by fish and other marine organisms. The biological half-life of Cd is more than ten 
years (Suwazono et al., 2009), which means that Cd can exist in organisms for a long time, especially 
in the liver and kidneys. According to the Joint FAO/WHO Expert Committee on Food Additives 
(JECFA) in 1992, the provisional tolerable weekly intake (PTWI) of Cd was set at 7 μg kg−1 body 
weight on the basis of the effect of renal damage (Galal‐Gorchev, 1993). Besides, the European Food 
Safety Authority set Cd’s PTWI as 2.5 μg kg−1 body weigh based on benchmark dose derived 
urinary Cd threshold (Pastorelli et al., 2012). Studies revealed that environmental Cd exposures can 
pose adverse effects on the human kidney and bone. Also, epidemiological studies suggested that 
Cd exposure may cause unfavorable clinical consequences, including diabetes, chronic kidney 
disease, hypertension, cardiovascular disease, osteoporosis, and diabetic nephropathy (Ju et al., 
2012). So, it is a potential risk to go through Cd dietary exposure via seafood consumption. 

7.2.3 Arsenic (As) Toxicity 
Recently, arsenic (As) in natural water has received intensive attention, which exists in the 
environment with different valency states (e.g., As(Ⅲ), As(Ⅴ)). It is important to note that the 
valency state of As is related to toxicity in the aqueous system (Jain and Ali, 2000). Due to this, all its 
forms should be considered to determine the toxicity of As. Seafood is the major source of As intake 
in humans, and As is present in marine-derived foods with the primary form of organic compounds 
(Taylor et al., 2017). Some organic arsenical compounds are found in herbicides, pesticides, 
fungicides, and wood preservatives. So, the agricultural practices with the use of such ingredients 
could do harm to the environment and aquatic animals. According to the JECFA, PTWI of inorganic 
As is set as 15 μg kg−1 body weight, and that of organic As is established as 50 μg kg−1 body weight 
value (Saei-Dehkordi et al., 2010). Compared to inorganic arsenicals, organic arsenicals have much 
higher upward translocation and tends to be more easily in conversion and accumulation of As 
(Thirunavukkarasu et al., 2002). With constant As exposure, it will have various adverse health 
effects like skin diseases, carcinogenesis, and neurological diseases (Rahaman et al., 2021). On the 
basis of intake risk of As, health assessment should be carried out to set an acceptable consumption 
of seafood. 

7.2.4 Lead (Pb) Toxicity 
Lead (Pb) can be commonly found in the contaminated air, water, dust, food, or consumer 
products. Pb from the atmosphere or soil can end up in lakes and rivers with the wind and rain, and 
thus can be directly exposed to humans via drinking water (Bhateria and Jain, 2016). Exposure of Pb 
can occur via inhalation, ingestion, or occasionally skin contact. Specifically, Pb may be taken in via 
direct contact with the mouth, nose, eyes, and breaks in the skin. Most occurrences of Pb poisoning 
arise out of the ingestion and absorption of Pb through the digestive tract. The physical factors and 
physicochemical nature of consumed materials have an effect on the Pb absorption. Pb tends to 
aggregate in the soft tissue, such as the liver, spleen, kidneys, lungs, and brain. Exposure to Pb 
poisoning will lead to the increase of blood enzyme levels and blocks the protein synthesis. Further, 
the excess Pb can induce kidney toxicity by changing the kidney’s excretory activity and damaging 
its structure (Rana et al., 2018). Pb poisoning also has various deleterious effects on neurological, 
cardiovascular, and reproductive systems. The FAO/WHO Expert Committee has approved the 
maximum daily Pb intake of 7 μg kg−1 body weight or 490 µg of Pb for adults (Abedi et al., 2020). 
Although infants and children are especially vulnerable to low Pb levels, no such guideline is 
provided for them. 

7.2.5 Zinc (Zn) and Copper (Cu) Toxicity 
Zinc (Zn) and copper (Cu) are essential trace metals with low toxicity in humans. However, 
excessive absorption of Zn can suppress copper (Cu) and iron absorption and may cause serious or 
irreversible adverse health issues in most individuals (Maret and Sandstead, 2006). High levels of 
intake of Zn may cause symptoms such as nausea, vomiting, pain, cramps, and diarrhea. It was 
reported that under long-term intake of high levels of Zn (100 mg elemental Zn/d), Cu deficiency 
may occur, and blood lipoprotein levels can be changed with increased levels of low-density 
lipoprotein, and decreased levels of high-density lipoprotein (Foster et al., 2010). A high level of 
Zn2+ in solution is highly toxic to bacteria, plants, invertebrates, and even vertebrate fish. Cu is 
essential in the human body as it is a component of many proteins. But excess Cu may lead to Cu 
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poisoning with acute symptoms, such as vomiting, hematemesis, hypotension, melena, coma, 
jaundice, and gastrointestinal distress (Ishola et al., 2017). Long-term Cu exposure can even damage 
the liver and kidneys. Actually, mammals have efficient regulation mechanisms (absorption and 
excretion) to adjust the body’s Cu at an appropriate level, so that they can be protected from excess 
dietary Cu levels (Araya et al., 2007). For this reason, it is difficult to set a limit of safe Cu 
consumption. However, the consumption of Cu-contaminated marine organisms are a potential 
threat to human health. 

A study evidenced that the sediments in lakes had a relatively high concentration of heavy metals 
(Cr, Ni, Cu, Cd, and Pb) (Yin et al., 2014). The observed Cr, Ni, Cu, and Pb in snail tissues were 
found to be significantly correlated with those metal concentrations in sediments of the lake. It can 
be deduced that benthic organisms such as shrimp, lobster, and crab are among the most affected 
by heavy metals in sediments due to their direct interaction. Of course, the route of heavy metal 
uptake is dependent on different ecological and feeding habits of marine organisms. Therefore, it is 
essential to appeal to analytical techniques to determine the content of heavy metals in seafood and 
estimate the risk of the consumption of different seafoods. 

7.3 DETECTION TECHNIQUES FOR HEAVY METALS 
7.3.1 Traditional Detection Techniques 

7.3.1.1 Atomic Absorption Spectrometry (AAS) 
As a traditional analytical technique for detection of heavy metals, atomic absorption spectros-
copy (AAS) includes flame atomic absorption spectrometry (FAAS), graphite furnace atomic 
absorption spectrometry (GFAAS), and cold vapor atomic absorption spectroscopy (CVAAS). 
FAAS and GFAAS are widely used for the determination of heavy metals in seafood, while 
CVAAS is the most commonly used to measure total Hg content in seafood (Ferreira et al., 2018). 
However, when the sample is complex or the concentration of analytes is at a low level, it is 
difficult to get accurate results by direct analysis of samples. Therefore, separation/enrichment 
steps before analysis and determination are necessary. Together with AAS, the common sample 
pretreatment technologies are acid digestion, microwave digestion, solid phase extraction (SPE), 
and dispersive liquid-liquid microextraction (DLLME). Arulkumar et al. reported the assay of the 
toxic heavy metal in ten species of fish from the Thondi fishery off the southeast coast of India by 
AAS after digestion with HNO3-HClO4-H₂SO₄ (5:2:1) mixture. Concentrations of Cd, Pb, Cu, and 
Zn were found to be within the recommended permissible levels for human consumption in 
national and international regulatory guidelines (Arulkumar et al., 2017). Compared with acid 
digestion, microwave digestion technology is more widely used in sample pretreatment due to 
the higher safety and efficiency. Tuzen analyzed the toxic elements (Hg, As, Pb, Cd, and Ni) in 
ten different fish species from the Black Sea of Turkey by FAAS, GFAAS, and CVAAS after 
microwave digestion with a mixture of HNO3 and H2O2 (Tuzen, 2009). The results showed that 
the contents of these elements were 25~84 μg kg−1, 0.11~0.32 μg g−1, 0.28 ~ 0.87 μg g−1, 0.10 ~ 0.35 
μg g−1, and 1.14~3.60 μg g−1, and the concentrations of toxic heavy metals in these fish did not 
cause much damage to humans. Likewise, after the treatment of microwave-assisted acid 
digestion, Cd and Pb existed in important fishes from the southern Kingdom of Morocco were 
determined using GFAAS. The results showed that the contents of Cd and Pb in fish muscle were 
0.009~0.036 µg g−1 and 0.013~0.114 µg g−1, respectively, which generally did not cause health 
problems to consumers (Chahid et al., 2014). In the field of SPE, it is urgent to develop a variety of 
selective solid phase extraction adsorbents for heavy metal adsorption in seafood. Abolhasani 
et al. functionalized MCM-48 nanoporous silica with 1-(2-pyridinazo)-2-naphthol (PAN) and 
used it as an adsorbent for simultaneous separation of ultra-trace heavy metals ions and 
determination of these ions in seafood using FAAS. Under the optimized experimental 
conditions, the limits of detection (LODs) of Pb, Cd, Ni, and Cu ions were 0.9, 0.3, 0.6, and 0.4 ng 
mL−1, respectively. Besides, the method showed excellent recoveries for the determination of Pb, 
Cd, Ni, and Cu ions in shrimp, crab, and fish (Abolhasani and Behbahani, 2015). 

A novel Fe3O4@SiO2@polypyrrole magnetic nanocomposite was developed for the efficient 
enrichment of heavy metal ions. The magnetic nanosorbent was applied for the selective extraction 
of Cd(II) and Ni(II) ions, and then the content of heavy metals was determined by FAAS. A result 
was obtained with LODs of 0.3 ng mL−1 and 1.2 ng mL−1 for Cd(II) and Ni(II), respectively. This 
nanocomposite was applied to the rapid extraction of trace quantities of heavy metal from fish and 
shrimp, and satisfactory recoveries were obtained (Abolhasani et al., 2015). DLLME has become an 
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ideal pretreatment technique owing to its simplicity, effectiveness, and low consumption. All the 
system parameters were elaborately optimized for DLLME-SQT (slotted quartz tube)-FAAS 
method and used for the detection of Pb in mussel samples. They have found the sensitivity of this 
method was increased by about 141 times over the conventional FAAS. The LOD was found to be 
270 μg kg−1 for mussel (Erarpat et al., 2017). 

7.3.1.2 Atomic Fluorescence Spectrometry (AFS) 
AFS is a simple and excellent element analysis technique, which not only has high detection 
sensitivity, but also can detect multiple elements simultaneously. In recent years, the combina-
tion of AFS and other methods has become the most widely used technology for the 
determination of trace and ultrafine elements in seafood. Liang et al. have used AFS to directly 
measure the total Hg content in gastropod and bivalve species collected from eight coastal sites 
along the Chinese Bohai Sea, and the methylmercury content was determined by HPLC-AFS. 
Methylmercury levels ranged from 4.8 to 168.4 ng (Hg) g−1, while total Hg contents ranged from 
6.7 to 453.0 ng (Hg) g−1 (Liang et al., 2003). Chemical vapor generation (CVG) is considered one of 
most popular derivation procedures for mercury speciation (Shade and Hudson, 2005). Zu et al. 
developed an electrochemical cold vapor generation (ECVG) coupled with AFS for the 
determination of ultra-trace amount of methylmercury in six common seafood samples  
(i.e., tunny, sleeve-fish, yellow-fin, hairtail, sea shrimp, and kelp), and a very short detection time 
(60 s) was achieved using a homemade electrochemical flow cell. The methylmercury contents of 
seafood samples were unequally distributed from 3.7 to 45.8 ng g−1, and the recoveries were from 
87.6 to 103.6% (Zu and Wang, 2016). 

Hydride generation (HG) is a derivatization and sample introduction technique for analytical 
atomic spectrometry, and the inclusion of online hydride generation leads to an improvement on 
sensitivity (Marschner et al., 2018). Mato-Fernandez et al. proposed a pressurized liquid extraction 
procedure for extracting arsenical species from marine biological material (mussel and fish), and the 
analysis of AsC5H11O2 was achieved using high-performance liquid chromatography (HPLC) 
coupled to ultraviolet cracking and hydride generation-atomic fluorescence spectrometry (UV-HG- 
AFS). The AsC5H11O2 concentration found in mussel and fish samples was around 2.8~12.8 mg kg−1 

(Mato-Fernández et al., 2007). Table 7.1 listed the results of AFS for the detection of various heavy 
metals in seafood. The summarized samples demonstrate that AFS is an accurate and stable method 
for detection of heavy metals in highly complex samples, such as seafood. 

7.3.1.3 X-Ray Fluorescence (XRF) Spectrometry 
A great advantage of XRF techniques is that the multi elemental analysis can be directly carried out on 
solid samples. It avoids the tedious and laborious digestion steps and the possible analyte losses and/ 
or sample contamination (Marguí et al., 2009). Wang et al. established a low-cost high-definition X-ray 
fluorescence (HDXRF) spectroscopy method for rapid and sensitive detection of multiple elements in 
scallop (Wang et al., 2022). In the work, low LODs were obtained for As, Cd, Ni, Pb, Sn, and Zn with 
0.072, 0.070, 0.502, 0.063, 0.033, and 4.383 mg kg−1. The results were further evaluated by other 
technique, demonstrating the good analytical performance of the HDXRF technique in scallops. A 
total reflection X-ray fluorescence (TXRF) method for determining Hg in several seafood samples 
(mussel, prawn, edible crab, hake, and sole) has been developed (Romero et al., 2014). The method was 
based on the trapping of Hg vapors using silver nanoparticles (Ag NPs) immobilized on quartz 
reflectors. The concentrations of Hg varied in the range of 0.1~0.7 mg g−1. Besides, the method can be 
used for field sampling. Since it does not require a drying step before analysis, the preconcentrated 
analyte can be stabilized for at least 30 days without any losses by evaporation. 

Alonso-Hernandez et al. adopted an energy dispersive X-ray fluorescence (EDXRF) for the 
detection of total As content in muscle tissues of species of fish, crustaceans, and molluscs (Alonso- 
Hernández et al., 2012). In this research, fish, crustaceans and molluscs give an average As value of 
10.2, 26.5, and 22 μg g−1 dry wt, respectively. In addition, a novel method of dispersive micro-solid 
phase extraction (DMSPE) combined with EDXRF or TXRF was proposed for the determination of 
ultratrace Hg(II) ions in complex seafood samples (Musielak et al., 2022). Based on preconcentration 
and separation of Hg(II) ions with graphene oxide/thiosemicarbazide, DMSPE coupled with 
EDXRF and TXRF showed very high enrichment factors and low detection limits in both liquids 
(60, 2.1 pg mL−1) and solid samples (73, 1.8 ng g−1). DMSPE coupled with TXRF has lower LODs 
due to the better sensitivity of TXRF measurement. 
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Table 7.1: Detection Results of Various Heavy Metals in Seafood by AFS         

Technique Analytes Pretreatment LODs Found Recovery (%) Ref.  

RP-HPLC- 
UV-CV- 

Hg2+; CH3Hg+; 
C2H5Hg+ 

Acid digestion 
Condensation and 
filtration. 

7.6 ng g−1; 10.8 ng g−1; 18.2 
ng g−1 

<0.14 μg g−1; <0.26 μg g−1; 
<0.21 μg g−1 

94~100; 
95~99; 
93~100 

( Grijalba et al., 2018) 

UV-AFS Hg2+; CH3Hg+ Ultrasound assisted 
acid leaching 

0.015 mgL−1; 0.081 mgL−1 <1.05 μg kg−1; <13.22 
μg kg−1 

96~105; 
86~108 

( Hu et al., 2018) 

EVG-AFS Hg2+; CH3Hg+ Extraction (HCl, 
double-frequency 
ultrasonic) 

0.098 μgL−1; 0.073 μgL−1 <2.45 μg kg−1; <34.62 
μg kg−1 

87.3~109.6; 89.2~110.6 ( Zhang et al., 2012) 

LC-UV-HG-AFS Hg2+; CH3Hg+ Microwave digestion 1 ng g−1; 0.3 ng g−1 <2.33 mg kg−1; <2.23 
mg kg−1 

Sum of Hg: 88~117; ( Zmozinski et al., 2014) 

LC-AFS AsC5H11O2 Methanol extraction 4~22 ng g−1 <1947 μg kg−1 / ( Simon et al., 2004) 
CVG-HPLC-AFS Hg2+; CH3Hg+ Alkaline digestion 0.085 μg L−1; 0.033 μg L−1 <78.9 μg kg−1 / ( Yin et al., 2008) 
CVG/PVG-AFS CH3Hg+ Alkaline digestion 2.77 μg kg−1; 1.06 μg kg−1 <5.09 mg kg−1; <5.25 

mg kg−1 

92.6~104; 93.2~105 ( Lancaster et al., 2019)   
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7.3.1.4 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 
Inductively coupled plasma mass spectrometry (ICP-MS), known as a standard detection method for 
heavy metals, has been one of the most popular techniques for detecting ultra-trace levels of metals 
and metalloids in a large variety of samples. ICP-MS has the advantages of high sensitivity, high 
precision, low LOD, and multi-element measurement capabilities. For example, Nam et al. used ICP- 
MS for the determination of total As in bluefin tuna, yellowfin tuna, bigeye tuna, and swordfish (Nam 
et al., 2010). The results indicated that the concentrations of total As in the seafoods ranged from 0.74 to 
6.87 mg kg−1. Combining separation methods with detection techniques can effectively avoid the 
interferences in samples and enhance the detection sensitivity. For instance, Hight et al. developed a 
green method to detect methylmercury in seafood by HPLC-ICP-MS without hazardous solvents 
(Hight and Cheng, 2006). Hg compounds were extracted from seafood by 1% w/v L-cysteine·HCl·H2O 
under 60 °C heating for 120 min, and L-cysteine (0.1%, w/v) plus L-cysteine·HCl·H2O (0.1%, w/v) were 
adopted as a mobile phase to determine total Hg. The method showed low LOQs for CH3Hg (7 μg kg−1) 
and inorganic Hg (5 μg kg−1) in edible seafood, indicating acceptable detection performance for 
seafoods in practical applications. With diluted HNO3 solution for extraction and (NH4)2HPO4 in 1% 
methanol as a mobile phase, Schmidt et al. developed LC-ICP-MS/MS for As speciation in shark, 
shrimp, squid, oyster, and scallop (Schmidt et al., 2018). As a result, the recoveries of arsenite (As(III)), 
arsenate (As(V)), monomethylarsonic acid (MMA), acid dimethylarsinic (DMA), and arsenobetaine 
(AsB) in all samples ranged from 90 to 104%. The method exhibited good sensitivity with LOQs of 30, 
26, 12, 6, and 6 ng g−1 for As(III), As(V), MMA, DMA, and AsB, as well as excellent accuracy and 
precision for As speciation analysis. After dissolution, derivatization, and extraction of the seafood, GC 
coupled to ICP triple quadrupole mass spectrometry (GC-ICP-MS/MS) was implemented in the 
analysis of mono methylmercury (MMHg) in several types of seafood, such as mussel, squid, crab, 
whale, cod, and dogfish (Valdersnes et al., 2016). All the samples are determined with MM Hg 
concentrations of 0.035~3.58 mg kg−1 and repeatability relative standard deviations of 2.1 to 8.7%, 
revealing that it may serve as a potential method for MM Hg. Table 7.2 lists the applications for heavy 
metals detection in seafood by ICP-MS. 

7.3.1.5 Inductively Coupled Plasma-Optical Emission Spectrometry (ICP-OES) 
As a highly sensitive, accurate, and precise detection technique, ICP-OES owns the advantages of 
wide linear range, simultaneous multielement determination, and easy online determination. An 
online microcolumn separation/preconcentration combined with ICP-OES was proposed for the 
detection of trace amounts of MeHg+ and Hg2+ in clam, oyster, scallops, fish, and shrimp (Xiong 
and Hu, 2007). Prior to the detection, the chelating resin was used as the microcolumn filler for the 
quantitative adsorption of MeHg+ and Hg2+. The method indicated that the recoveries of mercury 
species spiked in seafood samples with the range of 89.9~102.4% for MeHg+ and 87.0~104.6% for 
Hg2+. The accuracy of proposed method was further verified by using dogfish muscle as a certified 
reference material. In addition, ICP-OES can be applied to monitor the heavy metals in seafood and 
evaluate the risk of seafood consumption in humans. For example, Lehel et al. adopted ICP-OES for 
the determination of Hg, Cd, As, and Cr in shellfish, oysters, and squid were collected from a local 
fishery product market in Hungary (Lehel et al., 2018). Comparing obtained results of heavy metals 
with provisional tolerable intake values, it is suggested that the consumption of investigated 
samples will not cause harm to the human body. Based on a novel ion imprinted polymer grafted 
on Fe3O4 nanoparticles, Najafi et al. achieved a simple extraction and preconcentration of Hg(II) 
ions in fish samples (Najafi et al., 2013). The magnetic sorbent was successfully applied in detection 
of trace amounts of Hg(II) ions coupled with ICP-OES. The method showed a LOD of 0.03 ng mL−1 

with RSD of 1.47%, and in fish sample tissue, Hg(II) was detected as low to 5.5 ng g−1, which 
demonstrated the good performance of a proposed method. 

In another work, the microwave digestion with HNO3-H2O2 was used for smooth weakfish 
samples treatment (Silva et al., 2017). After that, the detection of As, Pb, and Cd in smooth weakfish 
samples was performed using ICP-OES. It was found that the amount of Pb was below the LOD (1.9 
ng g−1), and As and Cd content in samples are ranged from 120.06~266.78 ng g−1 and 120.06~243.96 
ng g−1, respectively. Similarly, based on microwave-assisted digestion and ICP-OES, Milenkovic 
et al. analyzed the content of Cd, Hg, and Pb in packaged fish and seafood products (Milenkovic 
et al., 2019). The concentrations of Cd, Hg, and Pb for sea fish ranged from 0.01 to 0.81 mg kg−1, 0.01 
to 1.47 mg kg−1, and 0.10 to 6.56 mg kg−1. The study concluded that the constant consumption of 
seafood may cause potential health risk, especially the Hg- and Pb-contaminated fishery products. 
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Table 7.2: Detection of Heavy Metals in Seafood with ICP-MS-Based Techniques        

Technique Analytes Pretreatment Found LODs Ref.  

ICP-MS Pb; Cd; Hg Microwave-assisted 
acid digestion 

<0.274 mg kg−1; <0.364 mg kg−1; 
<0.557 mg kg−1 

4, 1, 2 µg kg−1 ( Miedico et al., 2015) 

ICP-MS/OES Pb; Cd; As; Hg Acid digestion (68% 
HNO3 + 32% H2O2) 

<0.320 mg kg−1; <0.256 mg kg−1; 
<3.559 mg kg −1; <0.052 mg kg −1 

2.4, 1.2, 2.8, 2.1 µg kg−1 ( Habte et al., 2015) 

ICP-MS/OES Pb; Cd; As; Hg Microwave-assisted 
acid digestion 

0.290, 2.51, 7.77, 0.036 mg kg−1 2.43, 1.26, 2.82, 2.10 μg kg−1 ( Nho et al., 2016) 

IC-ICP-MS As(V), As(III), MMA, 
DMA, AsB 

Microwave-assisted 
digestion 

Total As: 55.57 mg kg−1 (seaweed); 
10.01 mg kg−1 (fish) 

8.0~12.0 μg (As) kg−1 ( Lin et al., 2020) 

HPLC-ICP-MS Hg2+, CH3Hg+, C2H5Hg+ Microwave-assisted 
acid digestion 

Total Hg: 44.84 µg kg−1 0.12, 0.08, 0.20 g L−1 ( Liu et al., 2018) 

LC-CVG- 
ICP-MS 

Hg2+, CH3Hg+ Acid digestion and 
extraction with  
L-cysteine 

<0.08 mg kg−1; <1.05 mg kg−1; 1.7, 2.3 ng g−1 ( Schmidt et al., 2013) 

ICP-MS As, Cd, Cu, Cr, Ni, Pb, Zn Microwave-assisted 
digestion 

Dry mass: 12.8, 0.63, 10.9, 0.66, 1.83, 
0.61, 46.2 mg kg−1 

0.07, 0.06, 0.3, 0.4, 0.08, 0.4, 
0.6 µg g−1 

( Barbosa et al., 2019) 

HPLC- ICP-MS iAs = As(III) + As(V) Microwave-assisted 
acid digestion 

<0.663 mg kg−1 4 µg kg−1 ( Pétursdóttir et al., 2012)   
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7.3.2 Rapid Detection Methods 
Different from the conventional detection methods that require time-consuming steps and heavy 
instruments, rapid ones have been developed with flexible construction, fast response, and 
sensitive analysis. Based on the fundamental principles and setups of traditional instruments, rapid 
detection methods focus more on the specific functions of nanomaterials and strategies of method 
design. As they are derived from the traditional techniques combined with various nanomaterials 
and biosensing strategies, they are also known as biosensors. As a newly emerging analytical 
method, biosensors are built on the basis of various biological elements, such as protein, DNA, 
antibody, and so on. With the interaction force of physical adsorption, electrostatic attraction, 
biometric identification, and chemical coupling, the biological elements are connected with sensing 
platform. When analytes are captured by biological recognition elements, the physical variation 
(light, electricity, magnetism) is directly or indirectly converted into an output signal. Besides, the 
molecular properties (e.g., structures, types) are related to the characteristics of the output signals, 
with which analytes can be qualitatively detected. Further, the signal intensity reflects the amounts 
of analytes in a system, so it is often used for quantitative detection. Based on the above description, 
with different biological elements, biosensors with diverse functions can be constructed and 
applied in different analytical fields. In general, biosensors consist of immobilized sensitive 
biomaterials as identification components, appropriate physicochemical transducers and signal 
amplifiers (Figure 7.2). Biosensors can act as a receiver and a converter at the same time, so the 
signal can be effectively detected and output for rapid detection. Till now, many biosensors have 
been proposed in food safety, including colorimetric biosensor, optical biosensor (e.g., fluorescence, 
SERS), electrochemical sensor, magnetic relaxation switching sensors, and enzyme-linked immu-
nosensors. Biosensors are flexible for the analysis of food samples, due to researchers can easily 
design the optimal detection scheme according to the properties of analytes. Therefore, biosensors 
are developed rapidly and greatly favored by scientists from all fields of analytical science. For the 
analysis of food contaminants, especially the heavy metal ions, the biosensor has the advantages of 
fast response speed, flexible design, and high sensitivity. In this section, we will introduce some 
examples of biosensors for the detection of heavy metals in seafood. 

7.3.2.1 Colorimetric Sensor 
A colorimetric sensor is a method that can quantitatively detect the concentration of heavy metal 
ions by the color changes of a solution or with a colorimeter. Based on different organic 
micromolecular, polymer dyes, quantum dots, and metal-organic frame nanomaterials, a simple 
and sensitive colorimetric sensor can be built for the detection of heavy metals. Due to the intrinsic 
oxidation property of Cu2+, a simple colorimetric strategy was developed for detection of Cu2+ in 
seawater and shellfish (Yin et al., 2015). In this system, L-cysteine can interact with 1-chloro-2,  
4-dinitrophenylbenzene (CDNB) to form the yellow product of 2, 4-dinitrophenylcysteine (DNPC). 
The presence of Cu2+ can catalyze the oxidation of L-cysteine to L-cysteine, thus reducing the 
production of DNPC and causing the color of the solution changing from yellow to colorless. The 
results showed that the method had good sensitivity for detection of Cu2+ with a LOD of 0.5 nmol L−1. 
In addition, based on Rhodamine conjugate polymer (P(RD-CZ)), a sensor platform was established 
for the detection of Hg2+ in anglerfish (Ayranci et al., 2017). In another example, based on the single- 
atom nanozyme, a colorimetric method was proposed for the detection of Cr(VI) (Mao et al., 2021). In 
the work, single-atom Fe acts as a peroxidase mimetic and 8-hydroxyquinoline  
(8-HQ) as an inhibitor to prevent TMB from oxidation. The chelation of Cr(VI) with 8-HQ is used to 
reproduce color change in TMB oxidation. This method was successfully applied to detect Cr(VI) in 
tuna samples with a LOD of 3 nM. Although colorimetric methods are not restricted by laboratory 
instruments, they may also suffer from some limitations, such as easy to be disturbed by the complex 
background of actual samples. 

7.3.2.2 Electrochemical Sensors 
Electrochemical analysis is a kind of analytical method that is established by using the relationship 
between the composition and content of the analyzed solution in the electrolytic cell and its 
electrochemical properties (e.g., resistance, potential, current). From the structure, the electro-
chemical detection system is usually composed of three electrodes, including a working electrode 
(WE), a reference electrode (RE), and a counter electrode (CE) (Figure 7.3). Heavy metal ions can be 
reduced or oxidized on a WE surface by applying a potential. The correlation between heavy metal 
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Figure 7.2 Schematic presentation of the structure of biosensors (enzymatic biosensor,  
immunosensor and DNA sensor, etc.).    
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concentration and current can be obtained by electrochemical signals. The surface of WE play a 
crucial role in the measurement results, as it is sensitive to the electron transfer. The appropriate 
modification of electrode surface has great influence on the sensitivity and accuracy of detection. 
Therefore, the nanomaterials can be modified on the electrode to improve the conductivity and 
specific surface area of the electrode, thus improving the selectivity and sensitivity. For example, for 
sensitive detection of heavy metal ions, a modification step was conducted for the electrode (Lu 
et al., 2018). Vertically ordered mesoporous silica-nanochannel film (VMSF) was firstly decorated 
and acted as the antifouling layer and anti-jamming layer on the working electrode, and GQD were 
confined in VMSF to capture analytes and enhance signal intensity. Without tedious pretreatment, 
the method achieved sensitive detection of Hg2+, Cu2+, and Cd2+ with LODs of 9.8 pmol L−1, 8.3 
pmol L−1, and 4.3 nmol L−1. Due to the porous architecture of metal-organic frameworks (MOFs), 
Cu-MOFs were prepared and modified on electrodes for the detection of Hg2+ in canned tuna 
(Singh et al., 2020). Under the optimal conditions, the method provided good reproducibility and 
stability with an LOD of 0.0633 nmol L−1. In addition, portable electrochemical devices are 
attractive for field monitoring due to their designability and disposability. For instance, an 
electrochemical device with stacked flat electrodes was designed for the detection of Pb2+ and Cd2+ 

in food samples (Pang et al., 2023). Gold nanoparticles were firstly deposited on carbon paper 
electrodes (CPE) and then modified with Co-based MOFs; a functional disposable electrode was 
prepared with large specific surface area and good conductivity. With the development of various 
modified materials, electrochemical analysis has a broader prospect in the field of heavy metal ion 
detection. 

7.3.2.3 Fluorescence Sensors 
Due to their high selectivity, sensitivity, and instrument portability, fluorescent probes have been 
widely used in detection of food contaminants. For the fluorescence detection of heavy metals, 
different mechanisms are reported on the fluorescent probe interacting with the heavy metal ions, 
mainly including intramolecular charge transfer enhancement and fluorescence quenching induced 
by electron, charge, or energy transfer. The former mechanism will lead to a fluorescence “turn on” 
response, and the latter one gives “turn off” signals. For instance, based on terbium (III)-referenced 
N-doped carbon dots (N-CDs-Tb-DPA) composites, a ratiometric fluorescence sensor was 
constructed for detection of Hg2+ in seafood (He et al., 2020). Because of the strong trapping ability 
of N-CDs toward Hg2+, the electron transfer was inhibited in the presence of Hg2+ with the 
fluorescence quenching at 436 nm. However, the fluorescence of Tb-DPA (54 3nm) remained the 
same, which was used as a reference signal to eliminate the interference of background. The 
mercaptan-protected aldehyde of DAC-Hg acted as a recognition group for selectively sensing of 
Hg2+ with a LOD of 5.0 nM. 

7.3.2.4 Enzymatic Biosensors 
Using enzymes as bioreceptors, enzymatic biosensors are coupled with the physical transducer to 
generate optical, electronic, or magnetic signals that are proportional to the analyte concentration in 

Figure 7.3 Schematic illustration of electrochemical detection system.    
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the sample. In recent years, a variety of enzymes have been used to construct enzymatic biosensors 
for detection of heavy metal, such as urease, phosphodiesterase, peroxidase, xanthine oxidase, and 
glucose oxidase. Based on urease and magnetic nanoparticles (MNPs), a new enzymatic biosensing 
platform was developed for the detection of Hg2+, Cd2+, and Pb2+ in fish gill and muscle tissue 
(Swain et al., 2020). Wherein, urea and phenol red are the color-developing indicators, and when 
heavy metal ions exist, the urease activity is inhibited, which could be observed from the change in 
color of the phenol red indicator. The method showed a good stability for Hg2+, Cd2+, and Pb2+ 

with LODs of 0.5, 0.1, and 0.1 ng L−1.With a portable microfluidic device, the method can be further 
developed for the rapid on-site testing of samples. In another study, a label-free DNAzyme double 
amplification biosensor was proposed for the detection of Pb2+ (Zhang et al., 2021). In this work, the 
recognition probe was constructed with two complementary oligonucleotides: the RNA base 
substrate and DNAzyme probe. In the presence of Pb2+, it will trigger the cleavage of the RNA 
substrate, and two 3′-terminals were digested by Exonuclease I. As a result, the double-stranded 
DNA structure binds to Sybr Green I emits stronger fluorescence than that of digested DNA 
sequences. 

7.3.2.5 Immunosensors 
Owing to the high selectivity, rapid detection, good detection sensitivity, and stability, immu-
noassays such as ELISA have been regarded as a “golden standard” in detection. To achieve 
immunoassay for heavy metals, the preparation of monoclonal antibodies and complete antigens 
are some of the key issues. Commonly, non-toxic complexes are firstly prepared by chelating agents 
and metallothionein coordination with heavy metal ions. After that, the metal complexes are 
coupled to a carrier protein to form a complete immunogen, followed by a series of steps to prepare 
a heavy metal–specific monoclonal antibody. The detection follows the same principle of antigen- 
antibody recognition mode. For instance, based on monoclonal antibodies, an indirect competitive 
ELISA (ic-ELISA) and chemiluminescent enzyme immunoassay (CLEIA) were constructed for the 
detection of Pb2+ (Xu et al., 2020). The LODs of 0.7 ng mL−1 and 0.1 ng mL−1 were obtained for ic- 
ELISA and CLEIA), respectively. The prepared antibodies are demonstrated with high sensitivity, 
specificity, and accuracy for the detection of Pb2+ in water, food, and feed samples. Still, antibodies 
may suffer from some disadvantages, such as being difficult to prepare and high cost. Besides, they 
may behave with relatively low stability under drastic conditions including high temperature, 
oxygen, low or high pH, and so on. 

7.3.2.6 Aptamer Sensors 
For the detection of heavy metals, aptamers have the advantages such as low cost, easy 
preparation, high affinity and specificity, and good stability (Sarkar et al., 2022). As a kind of 
bioreceptor, aptamers are often combined with different transducers to construct different 
biosensors, including colorimetric, fluorescent, electrochemical, and surface‐enhanced Raman 
scattering (SERS) aptasensors, and so on. Based on DNA-templated Ag-Au nanoparticles, two 
aptamers were designed for the specific recognition of CH3Hg+ and C2H5Hg+ in fish muscle 
samples (Chen et al., 2018). In the strategy, CH3Hg+ and C2H5Hg+ preferentially bind to the 
aptamer and induce the growth of Ag-Au with different sizes, thus giving rise to a color change 
from yellow to purple. With naked eye observation, the method showed LODs of 1.0 μg Hg g−1 

for CH3Hg+ and the total concentration of CH3Hg+ and C2H5Hg+. Besides, based on aptamer- 
modified Cu nanoclusters (CuNC) and Au nanoclusters (AuNC), a ratiometric fluorescent probe 
was proposed for detection of Hg2+ (Shi et al., 2021). In the presence of Hg2+, the binding of the 
two aptamers with Hg2+ caused the aggregation of CuNC and AuNC, further resulting in a 
change in fluorescence intensity via fluorescence resonance energy transfer (FRET). The 
ratiometric signal output method showed good stability for evaluating Hg2+ levels in aquatic 
products. As SESR is a surface sensitive technique, the analytes should be close to the surface of a 
SERS substrate. For example, based on aptamers regulated graphene oxide (GO) catalysis 
towards HAuCl4, a gold nanoparticle (AuNPs)–based SERS was constructed for detection of 
Hg2+ using Victoria blue 4R as a probe (Li et al., 2018). In the absence of Hg2+, the aptamer will 
bind with GO to form complexes and inhibit its catalytic activity. When Hg2+ exists, they will 
compete with aptamer and GO catalysis facilitate the formation of AuNPs with higher signals. 
The method behaved a linear range of 0.25~10 nmol L−1 with a LOD of 0.08 nmol L−1, indicating 
the high sensitivity and selectivity of SERS method. 
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7.4 CONCLUSION 
In seafood samples, Pb, Cd, and Hg are the primary metals, and As is the primary metalloid to 
cause health concerns. The heavy metals in seafood are introduced from their sources to the toxic 
effects, aiming to emphasize their potential risks in seafood. Due to the widespread presence of 
heavy metals in the environment, existing analytical techniques are described to provide possible 
solutions for seafood safety, including the traditional instrumental techniques and rapid detection 
techniques. Thanks to their advantages like rapid response, high sensitivity, and flexible design, 
biosensors have become the most popular methods in analysis of heavy metals. When combined 
with nanomaterials, the detection performance (sensitivity, accuracy, and stability) can be greatly 
enhanced. However, most studies only focus on designing different biosensors, which make them 
difficult to apply in practical applications. Therefore, user-friendly biosensors are required to 
achieve more functions, such as high throughout detection, miniaturization, and intelligent 
integration. Moreover, to prevent superfluous testing, it is essential to make the evolving criteria for 
heavy metal levels in seafood clear about the choice of metals and stated permissible daily 
exposures. 
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8 Assessment of Biological Contaminants by Using ELISA/PCR Technique 

Priyakshi Nath, Tejpal Dhewa, and Sanjeev Kumar  

8.1 INTRODUCTION 
Microorganisms are widely spread in nature, benefiting or harming any living thing. Human illness 
from microbial-contaminated food is brought by foodborne pathogens (Bintsis, 2017). Pathogenic 
organisms release toxins that have the power to alter metabolism, causing catatonia and death and 
exhibiting a negative impact on a nation’s economic development. Before the World Health 
Organization (WHO) and its partner took the initiative in 2006 to quantify the worldwide burden of 
foodborne illness, the WHO created the Foodborne Disease Burden Epidemiology Reference Group 
(FERG) in 2007 to further the effort (WHO Report 2015). Approximately 7.69% of the world’s 
population, or 7.8 billion people, suffer from foodborne illnesses, and 7.5% of deaths each year, or 
about 56 million deaths worldwide, are caused by foodborne illnesses (WHO Report, 2016). 
Outbreaks of foodborne illness usually occur in communities in which food is prepared for a 
sizeable population and served to a mass population, as in places such as old age homes, 
orphanages, boarding houses, ceremonial functions, restaurants/cafeterias, community kitchen 
practices, or any food pantry, etc. Currently, more than 200 distinct foodborne illnesses are 
recognized. According to reports, bacterial pathogens are more common and widespread in 
foodborne illnesses than viruses and other parasitic infections (Lee and Yoon, 2021). 

According to a study on foodborne illness, there are over 48 million foodborne-related illnesses, 
28,000 hospitalizations, and about 3,000 fatalities per year in the United States of America due to 
foodborne illness (Scharff et al., 2016). The enterohemorrhagic E. coli O104:H4 strain, which might 
have been accidentally or purposefully introduced into the food chain, was responsible for one of 
the greatest epidemics of acute gastroenteritis/haemolytic uraemic syndrome (HUS) in Germany, 
which occurred in 2011 (Belojevic and Radosavljevic, 2014). The outbreak quickly spread to other 
nations, including Spain, France, the Netherlands, Denmark, Greece, Austria, Sweden, Canada, 
Poland, and the United Kingdom (UK), and it resulted in approximately 2,987 cases of the non- 
haemolytic uremic syndrome and 855 cases of the hemolytic uremic syndrome among people. On 
investigation, researchers found the presence of enteroaggregative features of E. coli and its ability 
to secrete Shiga toxin; consequences showed HUS, often preceded by bloody diarrhea (Frank et al., 
2011). Staphylococcal foodborne disease (SFD) is one of the common foodborne diseases that occur 
prominently in the USA. SFD occurs when food is contaminated by Staphylococcus aureus that 
secretes enterotoxins known as Staphylococcal enterotoxins (Kadariya et al., 2014). Staphylococcal 
enterotoxins (SEs) are heat stable and belong to the pyrogenic toxin superantigens family. 
Staphylococcal food poisoning (SFP) incidents are caused by inappropriate handling and subsequent 
storage of foods such as meat, poultry products, dairy products, bread products, etc., under the 
circumstances more suitable for Staphylococcus contamination (Argudín et al., 2010). Superantigens 
for pyrogenic toxins are present in Streptococcus pyogenes and Staphylococcus aureus, and they play 
roles in developing many human and animal diseases. These toxins have been linked to toxic shock 
syndrome (TSS) and Staphylococcal food poisoning (SFP). They can suppress the immune system 
and promote non-specific T-cell proliferation (Schlievert et al., 2000). SFP occurs when food 
contaminated with Staphylococcal enterotoxins produced by Staphylococcus: coagulase positive 
strains namely Staphylococcus aureus and Staphylococcus intermidus are consumed (Hennekinne, 
Buyser, and Dragacci, 2012). Staphylococcal enterotoxins (SEs) promote transcytosis, permitting 
toxicogens to enter into the bloodstream and allowing SEs to communicate with APC (antigen- 
presenting cells) and T cells (Kadariya et al., 2014). In a food poisoning epidemic that occurred in a 
military facility in India, 94 people who had eaten raita (a curd dish) for lunch were later revealed to 
have coagulase-positive Staphylococcus aureus infections. Following an inquiry, it was discovered 
that staphylococci infections were present in 1/3rd of the food handlers, and the same microbial 
species was also isolated from the kitchen’s refrigerator, floor, and shelf. In this unintentional 
outbreak, the infected individuals mostly experienced nausea, vomiting, stomach discomfort, fever, 
and diarrhea (Mustafa et al., 2009). European Union foodborne illness occurred because of 
Campylobacter in fresh poultry and broiler meat, where 45.2 infected cases/100,000 people appeared. 
Campylobacter is one of the major foodborne illness-causing agents in European countries, followed 
by Salmonella. Campylobacter species are present extensively throughout nature, and when 
Campylobacter enters the human body through food, they colonize the intestinal part of the body 
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(Bintsis, 2017). Among all the species of Campylobacter, Campylobacter jejuni is one of the prominent 
agents causing diarrhoeal illness in a human. According to a report, C. jejuni causes about eight lakh 
foodborne illness cases, hospitalization cases around 8,500, and nearly 80 cases of death each year in 
the USA (Scallan et al., 2011). Cytolethal distending toxin (CDT) is a virulence tripartite toxin 
produced by Campylobacter, comprising three adjacent subunits encoded namely as cdtA, cdtB, and 
cdtC genes and these clusters of genes are responsible for full CDT activity (Méndez-Olvera et al. 
2016). cdtA and cdtC genes are responsible for toxin binding and internalization to the host cell 
while cdtB gene plays an essential role in encoding the active component of the toxin (Igwaran and 
Ifeanyi, 2019). Gene cdtB produces protein CdtB, which has the capacity to initiate a cascade that 
leads to blocking of cell cycle. The protein produced by the gene cdtA and cdtC act as a dimeric 
subunit and helps to bind CdtB and eventually transports the complex structure into the cell 
interior. On entering the cell, CdtB then enters the nucleus and causes breakage of double-stranded 
DNA. As a consequence, cytolethal distending toxin blocks G2/M phase of the cell cycle prior to 
cell division and induces cytoplasmic swelling followed by the death of the cell (Carvalho et al., 
2013). Clostridium perfringens are nonmotile, encapsulated, rod-shaped bacterial foodborne illness- 
causing agents secreting proteins that encode toxins and release spores resistant to different 
environmental stresses such as heat, radiation, etc. (Bintsis, 2017). In 2018, the foodborne outbreak 
in West Midland, England, happened because of enterotoxigenic spores of Clostridium perfringens 
present in cheese sauce. About 34 people suffered from diarrhea and abdominal cramps because of 
consuming this contaminated food (Bhattacharya and Beaufoy, 2020). Salmonella spp. is another 
potential foodborne illness-causing agent. Salmonellosis occurs when a person ingests food or 
water contaminated with Salmonella spp. (Bintsis, 2017). In 2011, a food poisoning incidence 
occurred in a military establishment, in which 53 cases were reported of fever, headache, vomiting, 
abdominal cramp and diarrhea after eating a potato-bitter gourd vegetable that was contaminated 
with Salmonella spp., although other potential microbial organisms were also detected and 
suspected to cause the incidence (Kunwar et al., 2013). Due to poor hygienic practices, a food 
poisoning outbreak in India resulted in 291 cases. It was discovered that the food was relatively 
contaminated with Salmonella spp. and enteropathogenic E. coli when left out in the open for an 
extended period (Bajaj et al., 2019). However, WHO reported the highest annual rate of viral 
infections responsible for causing foodborne illness with 0.028 mortality rates (WHO Report 2015). 
Norovirus (NoV) is an enteric pathogen that causes acute gastroenteritis diseases mostly in 
humans. It can contaminate varieties of food sources such as berries, vegetables, meat, and seafood, 
even foodstuffs might get easily contaminated by Norovirus due to poor handling or during 
processing of the foodstuffs by the food-handlers. NoV infection generally takes place through 
direct ingestion of contaminated food or water, or coming in contact with NoV in the environment 
(Hardstaff et al., 2018). In 2011, incidences of water samples infected with NoV that sickened people 
even up to two months after contamination were documented (Seitz et al., 2011). According to a 
study, green bell peppers were found to be contaminated in the field or by employees who were 
infected and came in contact with the crops during harvesting, picking, and packaging the final 
product (Seitz et al., 2011). In 2018, a nursing home experienced an outbreak of viral acute 
gastroenteritis because of the NoV infection found in turkey meat. This outbreak involved person- 
to-person virus transmission. There were around 11 afflicted individuals who experienced nausea, 
vomiting, fever, and watery and bloodless diarrhea (Parrón et al., 2019). In a report by Canadian 
Food Inspection Agency (CFIA), 279 cases of foodborne illness appeared in Canada due to 
consumption of raw oysters that were contaminated with Norovirus as of by March 30, 2022. To 
avoid food poisoning caused by this virus, it is essential to cook the food at a temperature of at least 
145°F. The aforementioned information conveys the idea that foodborne illnesses have emerged as 
global health concerns and are spreading at an alarming rate. Public health organizations are 
concerned about ensuring food safety due to the rising demand for and availability of street foods 
and ready-to-eat items (Law et al., 2015). In order to prevent the spread of foodborne infections, 
other than providing assurance of good food quality, and ensuring a reliable supply of food, it is 
crucial to inspect food for the presence of any foodborne pathogens. No matter the population age 
or the region/country, foodborne pathogens have the potential to produce serious outbreaks of 
disease. The safety of food products is regularly monitored by numerous organizations around the 
world, including the WHO (World Health Organization), UNEP (United Nations Environment 
Program), FAO (Food and Agriculture Association), etc. It is crucial to quickly diagnose any 
pathogens present in contaminated food products, affected people after consuming contaminated 
food, or other sources that act as carriers of the pathogens. 
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In this chapter, ELISA (an antibody-based immunoassay) and PCR (polymerase chain reaction), 
along with a few other cutting-edge methods, are covered in detail. However, the conventional 
methods have some drawbacks, including a lengthy and labor-intensive pathogen detection 
process, the use of bulkier and larger instruments, higher costs, inadequate staff training, etc. 
Scientists have concentrated on developing novel techniques that may quickly diagnose diseases 
with high specificity, sensitivity, accuracy rate, and cost-reliability. Researchers are working hard to 
create better, more effective ways to quickly and easily identify infections. 

8.2 ORIGIN OF CONTAMINATION 
Humans can contract a foodborne illness by consuming tainted food or drink, or they can cause 
transmission of the pathogen from person to person. Regularly eaten foods like fresh fruits, 
vegetables, milk, seeds, herbs, dairy products, meat, eggs, bacon, etc., travel directly from the farmer 
to the customer or through a wider distributor to small-scale or large-scale companies (Baraketi and 
Lacroix, 2018). The risk for food contamination increases when the fresh raw products are directly 
consumed by consumers that have not undergone any heat-treatment process. The production of 
fresh raw materials offers consumers a variety of nutrient supplements. Contamination can happen at 
any level, including the pre- to post-harvest, transportation, preparation, and packaging stages, from 
the farm to the customer or directly to the industry. The leftover parts of the animal after slaughter are 
exposed to bacteria in the animal’s intestinal tract throughout the meat processing process, eventually 
contaminating the remaining animal carcasses. As the meat is processed, it comes in touch with the 
air, water, food handlers, and distribution systems, all potentially contaminating the finished meat 
products. In the case of poultry products, de-feathering and evisceration are crucial processes that 
could result in food product contamination (Baraketi and Lacroix 2018). The foodborne pathogens 
that contaminate these meat products mostly include Salmonella spp., Clostridium perfringes, 
Campylobacter spp., E. coli, Listeria monocytogenes, Staphylococcus aureus, etc. (Bantawa et al., 2018). The 
food code monologue outlines key points to safeguard consumer health, including knowledge 
demonstration, food handlers’ health control, equipment contamination prevention, proper time 
management, and proper regulation of physical parameters like temperature conditions. It also 
outlines how to control risk factors (Food Code, 2017). The majority of supermarkets in both 
developed and developing nations sell ready-to-eat (RTE) foods, such as fruits, vegetables, dairy 
products, processed meats, etc., that are typically raw and readily available to customers. Before and 
after meal preparation, utensils and kitchen surfaces must be thoroughly cleaned to preserve hygiene 
and prevent any pathogenic contamination of the raw food ingredients. It is advised to divide big 
quantities of food into smaller portions for quick cooling in the refrigerator. It is also advised to reheat 
canned food products before consumption, simply to prevent cross-contamination (Baraketi and 
Lacroix, 2018). In addition, it has been noted that people tend to dine out more frequently than eating 
home-cooked meals in the majority of countries. This is one of the main causes of a higher risk of 
contracting foodborne illness. Inadequate hygienic conditions and improper cleansing of kitchen-
ware, according to research, can lead to pathogenic diseases. A study reported that none of the kitchen 
participants typically washed their hands after breaking raw eggs. However, they did cleanse their 
hands properly every time they handled raw fish or meat in the kitchen (Onyeneho and Hedberg, 
2013). Barker et al. demonstrated the decontamination of kitchenware using an improved cleaning 
method in which the use of hypochlorite at 5,000 ppm showed superior results to the detergent-based 
cleaning method with an addition of proper rinsing step. This study showed how crucial it is to 
undergo cleaning of kitchen surfaces and kitchen utensils to prevent cross-contamination of 
pathogens in the food items (Barker et al., 2003). 

8.3 METHODS 
Conventional methods, which rely on cultivating the microscopic organisms on agar plates, are 
thought to be the most straightforward, frequently inexpensive, and sensitive approach. However, 
these procedures rely on the microorganisms’ ability to proliferate in particular culture conditions 
employing fundamental procedures, which include pre-enrichment, selective enrichment, and 
selective plating, followed by a biochemical screening process and a serological confirmation phase 
(Mandal, 2011). Preliminary results from such a cumulative sequence of steps take two to three 
days, and the final confirmation of the identified pathogen takes longer than a week (Lin, Wang, 
and Oh 2013). Despite being the most straightforward and reliable pathogen identification strategy, 
conventional methods take much time and demand a lot of work in the steps, such as preparing 
culture media, inoculating plates and counting colonies to isolate and identify the pathogenic strain 
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(Mandal, 2011). Due to their low sensitivity rate, they sometimes even give false negative results, 
making it impossible to detect the original pathogenic strains (Law et al., 2015). The next section 
discusses the conventional methods, including the culture-based technique, which identifies 
specific diseases based on microbial growth, the PCR detection method, and antibody-based 
immunoassay, which measures the quantitative reaction of an antigen with its antibody. 

8.3.1 Culture-Based Approach 
It is one of the earliest traditional methods for finding harmful microbial strains. The major benefit 
of this technology is that it is inexpensive and has a high success rate. It confirms the presence or 
absence of the pathogenic strain in the food supply (Priyanka et al., 2016). Based on sorbitol 
fermentation, the investigation of E. coli O157:H7 culture on a SMAC (Sorbitol MacConkey Agar) 
medium revealed heavy growth culture with 100% sensitivity, 85% specificity, and 86% accuracy of 
E. coli in stool detection rate (March and Ratnam, 1986). The primary drawback of this method is the 
prolonged turnaround time. Additionally, due to emerging serotypes such as sorbitol-fermenting 
non-O157 and O157 STEC, false negative results were obtained occasionally (Hirvonen et al., 2012). 
However, the limitations of SMAC medium can be controlled by using a chromogenic medium to 
isolate Shiga toxin E.coli (STEC) with enhanced specificity and sensitivity. CHROMagar STEC 
medium permits growth and speculative identification of mauve colonies around 75% of STEC 
isolate, comprising a vast collection of different types of serotypes of enterohemorrhagic E. coli 
(EHEC) (Gouali et al., 2013). The major advantage of using the CHROMagar medium is that it 
provides easier discrimination of colonies based on color because of the presence of a chromogenic 
substance in the medium (Priyanka et al., 2016). CHROMagar medium, thus, is more effective than 
a SMAC medium. A study by Tzschoppe et al. on the detection and isolation of EHEC strains and 
aggregative EHEC O104:H4 strains from ready-to-eat vegetables revealed that the growth of a STEC 
culture on a CHROMagar medium was closely linked to the essential STEC serotypes and the pre- 
existing terB (tellurite resistance) gene. While the presence of the terB gene was less common in the 
diarrheagenic eae-negative and stx-positive strains (13.5%), apathogenic E. coli strains (12.0%), and 
sorbitol-fermenting nonmotile O157 strains (0.0%), the distribution of terB was significantly higher 
(87.2%) among the diarrheagenic eae- and stx-positive strains. According to the study, tellurite was 
one of the CHROMagar STEC medium’s selective components. By cause of regional variations in 
availability, there may be variances in the specificity and sensitivity of E. coli isolated stains from 
diarrheagenic and non-diarrheagenic strains (Tzschoppe et al., 2012). Antibiotics are a common 
example of a selected component or drug that is employed in chromogenic media to stimulate 
microbial growth in the culture. These antibiotics can potentially impede the growth of other off- 
target bacteria in the medium (Perry, 2017). The use of multiple distinct chromogenic enzymes and 
selective components, such as the bacterial detection procedure, would improve the identification 
and specificity of the pathogen detected (Nehra et al., 2022). One of the most often employed 
enzymes is a bacterial hydrolase, such as β-galactosidase (β-Gal), which is primarily targeted 
because of its chromo-fluorogenic substrate activity (Lozano-torres et al., 2021). When included in 
the media, chromogenic and fluorogenic substrates allow for a change in colour intensity (mostly 
bright color), following an enzymatic reaction and enable differentiation of colonies based on the 
target enzyme. When pathogens from food products are discovered using fluorogenic media, a 
small amount of sample is required for detection and once fluorescence is seen in the culture or agar 
media, the pathogen already present in the sample is screened (Nehra et al., 2022). In general, the 
enzyme’s activity is not species-specific. When a particular enzyme hydrolyzes a fluorogenic 
substrate, fluorophores are produced. When the rate of fluorescence is measured using spectro-
photometry under UV light, the presence of a pathogen can be determined by the discharge of 
detectable signals (Manafi, 1996). A microbial pathogen enters a state of dormancy when exposed to 
unfavourable environmental conditions, such as nutrient deprivation, changes in osmotic pressure, 
severe temperatures, exposure to food preservatives, etc. (Fakruddin et al., 2013). Since these 
microorganisms are difficult to cultivate on standard nutritional media while in a dormant state, 
several fluorescent dyes have successfully identified these infections. Fluorescein isothiocyanate 
(FITC) has been used as a marker in a study to detect gram-negative bacteria based on its binding to 
the unlabeled antibody (Zeng et al., 2018). The detection of pathogens using fluorescent dyes has 
shown to be an inexpensive, simplified method with reduced pathogen detection time. Such 
characteristics for fluorescent dyes such as Eva Green (Bundidamorn et al., 2018), Acridine Orange 
(Guo et al., 2017), SYTO 9 (Skerniskyte et al., 2016), CTC-DAPI (Wideman et al., 2021), etc. were used 
for the detection of common foodborne pathogens. Table 8.1 discusses fluorescent dyes in 
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Table 8.1: Different Fluorescent Dyes Used in the Detection of Foodborne Pathogens        

Dyes Microorganism 
Detected 

Detection 
Limit 

Reaction Advantages References  

Fluorescein 
isothiocyanate (FITC) 

Acidovorax citrulli 106 CFU/mL FITC emits visible yellow-green 
light 

Helps to locate the 
pathogens intracellularly, 
helps to visualize live cells 
and stains them either 
violet or blue color, etc. 

( Zeng et al., 
2018)  

( Fakruddin 
et al., 2013) 

CTC-DAPI (5-cyano-2,3- 
ditolyl tetrazolium 
chloride—4’,6- 
diamidino-2- 
phenylindole) 

Listeria monocytogenes Not Stated CTC-DAPI stains help to 
undergo viable cell count 
within the bacterial biofilms 
after antimicrobial treatment 

Rapid processing technique 
helps to estimate viable 
bacterial cell count 

( Wideman et al., 
2021) 

CTC-DAPI Campylobacter jejuni Not Stated CTC stain indicates cellular 
respiratory activity in 
bacterial cells, DAPI stain 
allows the enumeration of 
viable bacterial cell count. 
Together as a double staining 
process, it enables to monitor 
VBNC of C. jejuni easily 

Suitable for rapid pathogen 
detection helps to estimate 
viable bacterial cell count 

( Cappelier et al., 
1997) 

EVA Green Salmonella spp., L. 
monocytogenes, 
Shiga toxin- 
producing E. coli 
(STEC) 

1 CFU/25 g Ability to provide robust PCR 
signal and strong–sharp DNA 
melting curve peak, suitable 
to apply in a closed-tube 
format such as HRM 
application, and exhibits 
reasonable photostability 

Very suitable for utilisation 
in rapid processing 
detection technique 

( Bundidamorn 
et al., 2018) 

( Mao et al., 
2007) 

Acridine Orange E.coli Not stated Fluoresce green when it binds to 
dsDNA and red when it binds 
to ssDNA or RNA 

Actively utilized for cell 
enumeration in rapid 
pathogen detection 
Technique 

( Guo et al., 
2017) 

SYTO 9 Salmonella spp., 
Yersinia 
enterocolitica, 
Listeria 
monocytogenes, 
Campylobacter spp. 

1–1.9 × 103 

CFU/mL 
Cell permeable stain and allow 

increased quantum yield 
upon nucleic acid binding 

Stains Live/Dead, Gram 
positive-Gram negative 
bacterial pathogen and 
allow rapid detection from 
the sample 

( Skerniskyte 
et al., 2016)   
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identifying various pathogenic strains in food samples. A few important aspects are considered for 
effective detection: 1) the length of time needed to cultivate microorganisms, 2) the lengthening of 
the incubation period needed for enough microbial growth to create visual colonies, and 3) the 
length of time needed for the enzyme to produce color after the introduction of a chromogenic 
substrate. All of these criteria indicate that the culturing approach is a laborious operation (Nehra 
et al., 2022). For the successful execution of the standard culture method, expensive laboratory tools 
and skilled workers are needed. However, there are some factors that prevent pathogen isolation, 
such as insufficient amount of pathogen concentration in the sample, uneven pathogen distribution, 
presence of native pathogens, variety of food matrices, sluggish determination of microorganisms, 
restricted accuracy, etc. All of these things indicate the importance of using quick approaches, 
notably in the food business, to quickly detect viruses in food samples while also being time- 
efficient, with less error in pathogen detection, minimal labor, etc. 

8.3.2 Immune Cell-Based Approaches 
Immunoassay relies on the quantitative interaction of antigen and antibody for identification or to 
check the presence of any pathogen in a food sample. Numerous non-covalent associations between 
paratopes and the binding location on an antigen, or epitope, are involved in the process of antigen- 
antibody interaction (Sela-culang et al., 2013). Immunoglobulins, or antibodies, are soluble globulin- 
class proteins that play a key role in the immunological reactions within the body (Igs). When an 
antigen or immunogen is present, mature effector B cells release Igs. Antibodies are frequently used 
as a great biorecognition component for pathogen identification in various food or other 
environmental samples (Nehra et al., 2022). Enzyme-linked immunosorbent assay (ELISA), lateral 
flow immunoassays (LFIAs), reserve passive agglutination tests, etc., are popular pathogen 
detection immunoassays in food matrices. Essential features such as the purity and specificity of an 
antibody play an important role in pathogen detection immunoassays (Priyanka et al., 2016). The 
ELISA-based pathogen detection method is widely used as a sandwich ELISA, which is often the 
most popular pathogen detection method. In this immunoassay, the amount of bound antigen from 
the enrichment culture is determined using two primary antibodies, a capture antibody, and a 
detection antibody (Zhao et al., 2017). Nearly all ELISA techniques employ chromogenic substrates 
that produce some sort of perceptible color change to indicate the presence of antigen. Sandwich 
ELISA is a sensitive and reliable method that uses both primary and secondary antibodies. 
Typically, the walls of the microtiter plate wells are used to immobilize the primary antibody 
(capture antibody). The immobilized capture primary antibody binds to the food sample’s target 
antigen, and any leftover unbound antigens are rinsed off the microtiter wells. The remaining 
unbound secondary antibodies are eliminated when the bound antigen is sandwiched with an 
enzyme-conjugated secondary antibody to produce a complex antigen-antibody structure. The 
target antigen is sandwiched between the capture primary antibody and the secondary antibody 
that has been enzyme-conjugated to generate the complex structure. When a colorless substrate is 
added, an enzymatic reaction takes place with the substrate, which causes the colorless substrate to 
change into a colored form. The amount of antigen present in the supplied sample is thus visualized 
by the color intensity, which is recorded as a signal (Figure 8.1) (Law et al., 2015). β-galactosidase, 
alkaline phosphatase, and horseradish peroxidase enzymes (HRP) are frequently used in the ELISA 
method (Yeni et al., 2014). The use of HRP enzymes has successfully conducted the detection of 
pathogens from various food samples such as contaminated vegetables, meat (Shen et al., 2014), 
non-fat dairy products (Capo et al., 2020), and cattle feces (Zhang et al., 2016). In order to meet the 
new, emerging issues, there has been an ongoing effort to improve the ELISA approach. As 
monoclonal antibodies (mAbs) have an affinity for monovalency, they have become a potent tool 
for pathogen identification. A study was conducted comparing pathogen detection’s effectiveness 
using direct ELISA and conventional culture results. It was shown that indirect ELISA, which uses 
monoclonal antibodies, outperformed traditional culture, which detected 23% of Salmonella spp. in 
the contaminated chicken meal sample, with a sensitivity, specificity, and accuracy rate of 94% 
(Schneid et al., 2006). In another study, mAbs were generated to detect the presence of Vibrio 
parahaemolyticus pathogen in seafood. mAbs produced against recombinant thermostable-related 
hemolysin (TRH) protein allowed detection of all the pathogenic strains of V. parahaemolyticus using 
the sandwich ELISA technique. Results obtained from the PCR assay did not show any 
differentiation between live and dead cells, while a sandwich ELISA assay successfully detected the 
live cells in the enrichment culture. A combination of monoclonal antibodies-based methods that 
included both sandwich ELISA and PCR techniques showed an accurate and enhanced sensitive 
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detection of Vibrio parahaemolyticus in the seafood enrichment culture (Kumar et al., 2011). Similar to 
such above-mentioned studies, the ELISA detection technique has further been used in numerous 
experiments to identify the pathogenic strains in the food sample; a few significant ones were 
discussed in Table 8.2. Immunological identification of pathogenic strains from food samples has 
improved in sensitivity, specificity, and reliability with quick results. Bacillus cereus can be found in 
research and clinical laboratories using the ELISA technique with effectiveness. In a study, entire 
Bacillus cereus cells were used as immunogens to make mouse and rabbit polyclonal antibodies 
(pAbs) and monoclonal antibodies (mAbs) in preparation for the double-antibody sandwich ELISA 
technique’s detection of B. cereus pathogen in food samples containing minced meat. This 
investigation demonstrated that the use of polyclonal antibodies increases sensitivity as they can 
recognize more epitope sites than monoclonal antibodies (mAbs) and can even detect pathogenic B. 
cereus strains in extremely low concentrations (0.9 × 103cells/mL in phosphate-buffered saline) (Zhu 
2016). The use of nanobody-fused reported proteins in a sandwich ELISA immunoassay has 
successfully detected Salmonella foodborne pathogens in the food samples. Such improved 
immunoassay techniques exhibit high-affinity outcomes within a reduced time and minimum use 
of the reagents (Gu et al., 2022). 

Antibody (Ab) coated microtiter well 

Unbound antigen washed off

i)

ii)

iii)

iv)

a) b) c) e)

d) f)

Figure 8.1 Schematic representation of sandwich ELISA technique for pathogen detection: i) 
primary capture Ab is made immobilized on a solid surface; ii) target Ag binds to the primary Ab 
and left unbound Abs are washed off; iii) on incubation, primary Ab-target Ag-enzyme conjugated- 
secondary Ab complex structure is formed; iv) on enzymatic reaction with the colorless substrate, 
the coloured signal is imparted.    
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Table 8.2: Detection of Foodborne Pathogens Using ELISA Detection Technique         

Pathogen 
Detected 

Food Sample Substrate Utilised Enzyme Employed Detection Limit Assay 
Time (hrs) 

References  

Escherichia coli Artificial contamination 
of milk, vegetables, 
ground beef, etc. 

3,3′,5,5′- 
tetramethylbenzidine- 
hydrogen peroxide 
(TMB-H2O2), 

Horseradish 
peroxide (HRP) 

68 CFU/mL in PBS 
(Phosphate- Buffered 
Saline) 6.8 × 103 CFU/mL 
detected in the food 
sample 

3 ( Shen et al., 2014) 

Listeria 

monocytogenes 

Non-fat dried milk 3,3′,5,5′- 
tetramethylbenzidine 
(TMB) 

Horseradish 
peroxide (HRP) 

1 × 102 CFU/mL 8 ( Capo et al., 2020) 

Enterohemorrhagic 
Escherichia coli 

(EHEC O157:H7) 

Artificial contamination 
of vegetables 
(lettuce, spinach, 
sprouts, etc.), 
grounded beef, raw 
milk, and cattle feces 

Tetramethylbenzidine 
(TMB) 

Horseradish 
peroxide (HRP) 

1 × 103 CFU/mL for E.coli 

O157:H7 culture, 
1 × 104 CFU/g before 
enrichment of 
contaminated food 
samples, 
1 × 102 CFU/g after 
enrichment of 
contaminated food 
samples. 

Variable ( Zhang et al., 
2016) 

Vibrio 

parahaemolyticus 

Seafood homogenate TMB-H2O2 Horseradish 
peroxide (HRP) 

1 × 103 cells/mL after 
enrichment 

16 ( Kumar et al., 
2011) 

Bacillus cereus Artificially 
contaminated 
comminuted meat 

TMB HRP 0.9 × 10 cells/mL Variable ( Zhu et al., 2016) 

Salmonella enteritidis Artificially 
contaminated milk 
sample 

TMB HRP 5 x 104 CFU/mL in milk, 
10 CFU/mL after the 
enrichment step 

8 ( Gu et al., 2022)   
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The ELISA method demonstrates traits including a high rate of sensitivity and specificity of 
pathogen detection, a high-efficiency rate due to the ability to conduct simultaneous analysis 
without the need for time-consuming sample pre-treatment, a high accuracy rate, a safe, eco- 
friendly method, and a cost-effective assay. Although ELISA has numerous advantages as a 
pathogen detection method, it has some disadvantages, including the need for specialist equipment, 
antibody instability, and contamination at the intermediate phase of chemical-conjugate specific 
binding that can result in false positive results. 

8.3.3 Polymerase Chain Reaction (PCR)-Based Approach 
The polymerase chain reaction is one of the most frequently used pathogen detection methods 
(PCR). The detection of specific target DNA or RNA sequences of the pathogen present in the 
sample drives the PCR techniques for pathogen detection (Law et al., 2015). It permits in-vitro 
amplification of the specific target nucleic acid sequences and also amplifies targeted either natural 
or synthetic nucleic acid sequences present in low concentration in the sample (Nehra et al., 2022). 
PCR method undergoes amplification of specific target DNA fragment following a three-step cyclic 
process (Mandal, 2011): a) Specific target dsDNA fragment is denatured into ssDNA at high- 
temperature conditions; b) two specific primers (synthetic oligonucleotides) are annealed to the 
target ssDNA sequence that acts as a DNA template for hybridisation at specific high temperatures; 
c) the primers complementary to the ssDNA fragments are polymerized in the presence of 
deoxyribonucleotides and thermostable DNA polymerase enzymes in the final step of the primer 
polymerization process. In order to increase the quantity of target DNA fragments, these three 
processes are performed repeatedly. Once the PCR-amplified products have been stained with EtBr 
(ethidium bromide), they can easily be seen as bands on the electrophoresis gel (Lin, Wang, and Oh 
2013). Because of their dependable and quick detection results, PCR-based techniques have been 
employed to identify foodborne pathogens from food samples in addition to the benefits they offer, 
such as speed, rate of high accuracy, sensitivity, and specificity. By amplifying target DNA 
fragments and specific genes that encode bacterial toxins, PCR techniques are very helpful for 
detecting the toxic genes produced by pathogens like Vibrio cholera, E. coli, Staphylococcus aureus, 
Campylobacter jejuni, Salmonella spp., Shigella spp., Listeria monocytogenes, etc. Compared to 
procedures based on culture and immunoassay, this method is quicker. The amplified product from 
a PCR technique can be obtained in 30 minutes, and as the technology uses several primers, it has 
become easier to distinguish between different pathogenic strains (Priyanka et al., 2016). Despite 
being useful, the typical PCR approach gives inaccurate estimates of the viability of cells when used 
for pathogen identification. This occurs because the DNA could not be distinguished as coming 
from either live or dead cells using the conventional PCR technique (Foddai and Grant, 2020). 
Viability PCR is used to identify pathogens based on an unbroken cell wall or cell membrane, which 
has been observed to overcome the restriction of correct distinction among live or dead cells by the 
conventional PCR approach. Biological dyes are used in conjunction with PCR technology in 
viability PCR. Testing for viability by PCR uses dyes like EMA (ethidium monoazide) or PMA 
(propidium monoazide, which is a derivative of ethidium bromide). The food samples are first 
stained with EMA or PMA dye because they have the capacity to penetrate damaged cell 
membranes and attach to DNA both in free form and in cells with damaged cell membranes or cell 
walls. After the cells are exposed to intense light, the dye creates a covalent link with the nucleic 
acids, resulting in irreparable damage such as breaking the nucleic acid strands. The cells with an 
intact cell membrane would only be amplified after DNA amplification, while the cells with a 
compromised cell membrane or extracellular cells with degraded DNA would produce inadequate 
templates (Emerson et al., 2017). As a result, PCR shows the ability to distinguish between live and 
dead cells rapidly and effectively, and it has developed into one of the faster methods for 
identifying foodborne pathogens. However, the presence of an intact cell membrane in every cell 
does not guarantee that the cell is alive. Evidence suggests that some cells have intact cell 
membranes but are metabolically inactive, producing false results (Ayrapetyan and Oliver, 2016). 
According to a study, when bacteria including Escherichia coli 0157:H7, Micrococcus species, 
Staphylococcus aureus, Streptococcus species, etc., were exposed to EMA dye, the dye not only 
eliminated DNA from dead cells but also partially decreased the DNA content of living cells 
(Nocker et al., 2006). It has been discovered that messenger RNA (mRNA) is a more accurate 
predictor of cell viability than DNA. This is because the mRNA molecule is only found in cells that 
are metabolically active. Reverse transcriptase enzyme is used in reverse-transcriptase PCR (RT- 
PCR), sometimes referred to as quantitative PCR (qPCR), to transform extracted messenger RNA 
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(mRNA) into complementary DNA (cDNA). The freshly synthesized complementary DNA is then 
employed as the template strand for exponential amplification using traditional or quantitative PCR 
if quantification is necessary (qPCR). Since bacterial transcripts are readily destroyed by 
intracellular and extracellular RNases and the detectable mRNA becomes restricted to the active 
and live cells within the sample, the fundamental concept of RT-PCR demonstrates rapid reduction 
of mRNA levels following cellular death (Foddai and Grant, 2020). Because RT-PCR does not use 
gel electrophoresis to identify PCR products, it differs from simple PCR. The produced PCR 
product is quantified using the fluorescent signal generated by intercalating dyes or probes (Law 
et al., 2015). Even when the pathogen content in the mixture if initially remains very low, RT-PCR 
could precisely accurately measure the target nucleic acids. By using fluorescent reporter molecules, 
which enable real-time evaluation of PCR products by watching the amplification of a specific 
target sequence based on fluorescent technology, this method accelerates the process of detecting 
infectious microbes in the provided sample (Vizzini et al., 2017). Fluorescent dye or DNA probes, 
along with thermostable DNA polymerase, nucleotides, and a sample, allow for the quantification 
of amplified DNA in qPCR (Nehra et al., 2022). Several DNA probes, like TaqMan probes, molecular 
beacon probes, FRET probes, etc., are utilized to evaluate the amplified products. Taq DNA 
polymerase enzyme cleaves particular DNA fragments in the 5’ to 3’ direction, allowing TaqMan 
probe to perform quantification and mutation detection functions (Vizzini et al., 2017). A molecular 
beacon, on the other hand, is an oligonucleotide probe with a stem-loop or hair-pin shape that 
contains a quencher and a fluorophore at the 5’ and 3’ ends, respectively (C. Wang and Yang, 2013). 
The loop section and the stem, which are created by annealing two complementary arm pieces, 
contain a complementary sequence to a particular target sequence. The molecular beacon probe has 
dyes connected to both ends of a reporter dye and a quencher dye. No fluorescence is produced 
because both dyes are kept in close proximity by the hybrid stem. The voluntary conformational 
changes that occur during hybridization separate the two dyes, causing emission of a fluorescence 
signal at the exact target sequence (Law et al., 2015). In the PCR method, various dyes, such as 
SYBRGreen, SYBERGold, ethidium bromide, etc., are used to detect amplicons. In Table 8.3, a few 
significant studies are detailed about the use of different types of dyes utilized in various PCR- 
induced studies. SYBRGreen dye was discovered, which could attach to freshly produced copies of 
the target DNA fragments during DNA amplification using PCR, considerably enhancing the 
fluorescent signal. This explains why the amplicons generated by the PCR directly correlate with 
the fluorescent strength signal (Priyanka et al., 2016). The amplicons produced would be higher the 
more intense the fluorescent signal detected. SYBERGreen dye has often been applied in the 
detection of various pathogens from food samples viz., fresh meat, raw milk and pasteurized cheese 
(Bastam et al., 2021), neonate’s milk (Carvalho et al., 2013), dairy products (Singh et al., 2012), etc. In 
a study employing qPCR test, SYBERGreen dye was used to identify the pathogenic strains of Vibrio 
parahaemolyticus in tropical shellfish, and V. parahaemolyticus was found in the culture at a 
concentration of about 1 × 102 CFU/mL (Tyagi et al., 2009). Multiplex PCR (mPCR) allows 
simultaneous amplification of numerous loci in a single reaction for the quick detection of 
pathogens from various food samples like ready-to-eat takeout foods (Lee, 2014), contaminated 
tomatoes, ground beef (Yang et al., 2013), lettuce (Y. Mao et al., 2016), minced meat (Boukharouba, 
2022) etc. Different primer sets are amalgamated into a single PCR assay (Lin, Wang, and Oh 2013). 
The development of multiplex PCR depends heavily on the primer design since good mPCR assays 
require primer sets with identical annealing temperatures (Law et al., 2015). In mPCR assays, primer 
concentration is a crucial variable. It helps to alter the primer concentration to enable the synthesis 
of accurate PCR products because interactions between different primer sets may lead to the 
creation of primer dimers (Law et al., 2015). Buffer concentration, cycle temperatures, DNA 
template strands, calibration between deoxynucleotide concentration and MgCl2, DNA polymerase 
enzyme, and other important parameters are taken into consideration. In one of the earliest 
applications of PCR, Mycobacterium tuberculosis was found in sputum samples. The assay’s results 
demonstrate sensitivity, specificity, and cost-effectiveness, considerably easing the tuberculosis 
laboratory diagnosis process (Eisenach et al., 1991). Since then, practically, almost, all infections can 
be detected rapidly and with easy thanks to the discovery and use of various PCR techniques. 

The polymerase chain reaction method holds a number of potential advantages, including a high 
rate of positivity and sensitivity compared to other detection methods, the need for a small amount 
of sample to detect the microbes present in it and the ability to amplify their copies thousands to 
millions of times, improved virus detection abilities, quick detection, low cost, etc. (Liu et al., 2019). 
The PCR process provides a lot of benefits, but it also has certain drawbacks. Due to the 
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Table 8.3: Detection of Foodborne Pathogens Using Different PCR Techniques        

Types of 
PCR 
Techniques 

Food Sample Pathogen Detected Dye Used Detection Limit Reference  

Multiplex PCR Artificially contaminated food 
products viz., tomato, lettuce, 
and ground beef 

Salmonella typhimurium, 

Escherichia coli O157: H7, 
Listeria monocytogenes 

PMA 5.1 × 103 CFU/g for 
Salmonella typhimurium, 
7.5 × 103 CFU/g for E. 

coli O157:H7 and 8.4 × 
103 CFU/g for Listeria 

monocytogenes 

( Yang et al., 2013) 

Multiplex PCR Korean ready-to-eat food Escherichia coli O157:H7, 
Bacillus cereus, Salmonella 

spp., Vibrio 

parahaemolyticus, 
Staphylococcus aureus, 

Listeria monocytogenes 

Not Stated Variable ( Lee et al., 2014) 

Multiplex PCR Artificially contaminated live 
shrimp sample 

Vibrio vulnificus Not stated 1.3 × 105 CFU/mL ( Roig et al., 2022) 

Multiplex PCR Artificially contaminated organic 
lettuce and minced meat 

E. coli, Salmonella enterica, 

Listeria monocytogenes 

Not Stated 103 CFU/mL ( Boukharouba 
et al., 2022) 

Multiplex PCR Artificially contaminated 
vegetable (lettuce) 

Listeria monocytogenes, 

Listeria ivanovi 

Not Stated 10 CFU/g ( Mao et al., 2016) 

RT-PCR Artificially contaminated raw 
milk, pasteurised milk and 
cheese 

Staphylococcus aureus, 

Listeria monocytogenes, 

Salmonella typhi 

SYBER Green Not Stated ( Bastam et al., 
2021) 

RT-PCR Artificially contaminate 
Modified-Atmosphere-Packed 
(MAP) Salmon Steaks 

Photobacterium phosphoreum Propidium 
monoazide 
(PMA), SYBR 
green 

3–8 log CFU/g (Mace et al. 2013) 

(Continued) 
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TABLE 8.3 (continued)       

Types of 
PCR 
Techniques 

Food Sample Pathogen Detected Dye Used Detection Limit Reference  

RT-PCR Fresh pork meat Salmonella spp., 
Shigella spp., 
Staphylococcus aureus 

Not Stated 2.0 CFU/g for Salmonella, 
6.8 CFU/g for Shigella 

spp., and 9.6 CFU/g for 
Staphylococcus aureus 

( Ma et al., 2014) 

RT-PCR Infant milk formula Salmonella spp. 
Listeria monocytogenes, 

E.coli O157 

SYBER Green 1.7 CFU/25 g ( Azinheiro, 
Carvalho, and 
Prado 2020) 

RT-PCR Dairy products Listeria monocytogenes, 
Salmonella spp. 

SYBER Green 3 log CFU/ml in non-fat 
dried milk 

( Singh et al., 
2012)   
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extraordinary sensitivity of PCR, any contamination of the material, even in trace amounts of DNA, 
can produce false findings. Another issue is that the primers employed in the PCR process can lead 
to the non-specific annealing of somewhat similar sequences but not exactly the same as the target 
DNA (Garibyan, 2013). 

8.3.4 Biosensing Approach: An Efficient Rapid Foodborne Pathogen Detection Technique 
An analytical tool called a biosensor device has two primary parts: a bioreceptor and a transducer. 
While the transducer transforms biological connections into detectable electrical signals, the bio- 
receptor detects biological materials such as antibodies, enzymes, nucleic acids, binding proteins, 
aptamers, etc. (Law et al., 2015). Utilizing a biosensing technique for pathogen detection offers 
dependability, sensitivity, accuracy with specificity, quick detection, and cost-effectiveness (Nehra 
et al., 2022). For pathogen detection, biosensors need a small amount of material. Unlike nucleic acid 
or immunology-based techniques, this technology does not require a pre-enrichment phase for 
proper pathogen detection. The important property of a biosensor is that it enables quick and 
portable pathogen detection for both laboratory and field experimentation. Due to its extremely 
quick pathogen detection capabilities, it allows interactive information on food ingredients and 
gives opportunity to take prompt corrective action. The following section discusses a few types of 
biosensors that can quickly identify foodborne pathogens. 

8.3.4.1 Optical Biosensors 
An optical biosensor compact analytical device consists of a biological sensing component 
connected to an optical transducer system. This makes use of many transduction hypotheses to find 
foodborne pathogens. The most frequently employed method is surface plasmon resonance (SPR). 
Momentary waves are used in the SPR optical system to measure the modifications that occur in the 
relative index (RI) relatively close to the sensor surface. When incident light contacts a free electron 
at a specific angle (α), known as the SPR angle, waves are produced. Any modifications at the 
interface of two media surface significantly impact the angle (Poltronieri et al., 2014). Antibodies are 
first fixed on a thin metal surface, delivering an optically transparent waveguide, regulating the 
capture of target pathogens. When near-infrared (IR) or visible light passes through a waveguide, 
the interaction of the light with the electrons cloud on the metal surface, allows the production of a 
powerful vibration. The binding of a pathogen causes a shift in the resonance to generate longer 
wavelengths, and the resulting shift shows how many pathogens are bound to the metal’s surface. 
According to a study, the pathogens E. coli O157:H7, Salmonella spp., Campylobacter jejuni, and 
Listeria monocytogenes were detected simultaneously fin artificially contaminated apple juice using 
the SPR optical biosensor technique, which is based on wavelength division multiplexing. Each 
bacterial species detected in the study has a detection limit that varies from 3.4 × 103 to 1.2 × 105 

CFU/mL (Taylor et al., 2006). Another study used the SPR biosensing technology and ground beef 
and cucumber that had been intentionally contaminated with E.coli O157:H7, having a detection 
limit of 3 × 103 CFU/mL (Wang et al., 2013). SPREETA Biosensor and BIOCORE 3000 Biosensor are 
two commercially available optical biosensors for detecting foodborne pathogens. E. coli O157:H7 
can be found in apple juice, milk, and ground beef, according to a study employing the SPREETA 
biosensor with a detection limit of around 102–103 CFU/mL (Waswa et al., 2007). In a different 
investigation, a BIOCORE biosensor with a detection limit of 105 cells/mL was used to identify 
Listeria monocytogenes (Leonard et al., 2004). Optical biosensor exhibits beneficial properties like high 
sensitivity, real-time, or label-free immunosensing detection system etc., its high-cost rate that 
limits the usage of this method. 

8.3.4.2 Electrochemical Biosensors 
Due to the specific identification function of the bio-recognition element within the test sample, the 
biosensor selectively recognizes the target molecule and captures it on the surface of the electrode. 
The electrode, as the primary signal converter, has the capacity to collect the identifying signal 
produced on its surface and convert it into an electrical signal that is measurable and can be 
processed to produce a qualitative or quantitative result for the particular target (Zhang et al., 2019). 
Amperometric, potentiometric, conductometric, and impedimetric biosensors are some additional 
categories for electrochemical biosensing techniques. The electrochemical biosensing technique was 
successful in detecting several pathogens from various samples. Staphylococcus aureus was detected 
using an amperometric biosensor with a detection limit of approximately 1 CFU/mL (Ávila et al., 
2012). In an experimental investigation, a contaminated food meal that included sprouts, cooked 
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corn, fried rice, tomatoes, strawberries, and lettuces were utilized to detect Bacillus cereus; the 
detection limit was determined to be between 35–88 CFU/mL (Pal et al., 2008). Another study 
described using an electrochemical biosensor based on Cerium(IV) oxide/chitosan-modified 
electrodes to detect the DNA of Clostridium perfringens from dairy foods while monitoring 
impedance change during the experiment (Qian et al., 2018). 

Nevertheless, of the huge studies and publications on biosensors based on pathogen detections, 
there is very minimal knowledge about the commercial availability of biosensors and their 
applications in different areas. Some of the commercial biosensors used in different sectors are 
mentioned. For instance, glucose testing biosensor kits, pregnancy test kits, insulin detectors, 
hemoglobin testing kits, etc., are most commonly known and used in the field of medicine (Bahadir 
and Sezgintürk, 2015), VitFast systems, BIOFISH 300 Sulphite, BIOFISH 700 SUL, BIOWINE 700 
MUST & WINE, RIDACUBE SCAN etc. used in food additives and quality control (Di Nardo and 
Anfossi, 2020), BOD (Biological Oxygen Demand) biosensors in aquaculture (Bahadir and 
Sezgintürk, 2015), Metrohm Dropsens, PalmSens, GAMRY instruments, etc. are utilized for 
pathogen detections (Akgönüllü et al., 2020), etc. Biosensors provided specificity, sensitivity, and 
rapid monitoring of the targeted analyte in different sectors and proved to be a useful technology in 
the present time, and its applications are expected to increase in the coming days. The biosensor 
technology is being studied, developed, and focused upon to progress in its advancement and 
potential by overcoming limitations. There is a need to find alternate ways to mitigate the life span 
limitation of the biological constituents, easy shifting of the prototype to the site of mass 
production, proper handling of the tool, minimize the analysis cost, and find ways that are capable 
of enhancing the ability of multiplex testing (Di Nardo and Anfossi 2020). 

8.4 CONCLUSION 
Although traditional methods for detecting microorganisms in various sources yield positive 
findings, they are time- and labor-intensive. Therefore, various quick pathogen detection techniques 
are being developed to address the shortcomings of traditional approaches. Rapid detection 
techniques deliver more precise, sensitive, accurate, and dependable results than traditional 
procedures. These quick detection methods also deliver quick and effective results, which have been 
valuable in preventing foodborne outbreaks and containing any epidemics. Utilizing nucleic-based 
techniques, immunoassays, and other effective detection methods necessitates having a thorough 
understanding of the specialized equipment and the working principles. Effective training is also 
highly important. Furthermore, there is not just one important strategy that favors or offers a quick, 
sensitive, and highly accurate outcome for the infections found. Therefore, combining various quick 
pathogen detection techniques improves the consistency of positive and confirmed pathogen results. 
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9 Intelligent Point-of-Care Testing for Food Safety 

Mycotoxins 

Xiaofeng Hu, Shenling Wang, Zhaowei Zhang, and Peiwu Li  

9.1 INTRODUCTION: Typical Mycotoxins in Grain and Oil 
The word “mycotoxin” originates from the combination of the Greek “mykes” and the Latin 
“toxicum” (Van der Zijden et al. 1962). Mycotoxins are the secondary metabolites of small molecules 
with different chemical structures and complex toxicity produced by fungi in the metabolic process. 
It is one of food’s most harmful natural risk factors. At present, more than 400 kinds have been 
isolated and identified. The mycotoxins produced by Aspergillus, Fusarium, and Alternaria fungi, 
including aflatoxin (AFT), ochratoxin A (OTA), and fusarium toxin, are the most harmful ones. 
Mycotoxins easily pollute most agricultural products such as grain and oil, threatening people’s 
safety and health. Research results from the International Food and Agriculture Organization show 
that mycotoxins contaminate about 25% of the world’s grain and oil products. According to 
incomplete statistics from China’s Grain Administration, the annual grain loss caused by mixed 
mycotoxin pollution accounts for 6.2% of the total grain production, which is more than six times 
the yearly increase of grain needed to ensure national food security. 

9.1.1 Aflatoxin 
Aflatoxins are toxic secondary metabolites produced by Aspergillus flavus, Aspergillus parasiticus, 
Aspergillus nomius, etc. It has carcinogenic, teratogenic, and mutagenic hazards (Li et al. 2009). 
Aflatoxin was first identified in the early 1960s when more than 100,000 turkeys died on British 
farms, and the disease was known as “Turkey X disease” because of its unknown cause (Wannop 
1961). Studies have shown that the cause of Turkey’s mortality was aflatoxin-contaminated feed 
(Lancaster et al. 1961). Aflatoxins are a class of difuran coumarin derivatives catalyzed by 
polyketone compound synthetase. The basic structure is composed of a difuran ring and a 
coumarin. The difuran ring is the basic toxin structure, while the coumarin is associated with 
carcinogenesis. Since the discovery of aflatoxin, more than 20 kinds of aflatoxin and its derivatives 
have been isolated, including aflatoxin B1 (AFB1), B2 (AFB2), G1 (AFG1), G2 (AFG2), M1 (AFM1), M2 
(AFM2), etc. The chemical structure formula is shown in Figure 9.1. 

In 1993, the World Health Organization’s (WHO) International Agency for Research on Cancer 
(IARC) classified AFB1 as a Group I carcinogen, that is, substances with confirmed carcinogenicity 
in humans (Ostry et al. 2017). The toxicity of aflatoxins varies significantly among different chemical 
structures. The toxicity of main aflatoxins was ranked as AFB1>AFM1>AFG1>AFB2>AFG2 (Tahir 
et al. 2018), aflatoxin with double-bond structure at the end of difuran rings is more toxic, while 
aflatoxin without double-bond structure is relatively less toxic. Among them, AFB1 is the most 
widely distributed, the most poisonous, and the most carcinogenic. Aflatoxin has cytotoxicity, 
hepatotoxicity, genotoxicity, reproductive toxicity, and immunotoxicity. It is easy to cause cancer, 
teratogenicity, and mutagenicity and has acute and chronic toxicity (Thomas et al. 2003). Large 
doses of aflatoxin can cause acute toxicity and even death. In contrast, small amounts of aflatoxin 
are chronically toxic, causing growth disorders, nutritional deficiencies, chronic liver damage, and 
immune system impairment in animals (Bedard et al. 2006). Aflatoxin-contaminated food can easily 
lead to aflatoxin-contaminated food poisoning. The severity depends on the amount and duration 
of exposure. Acute symptoms include vomiting, bleeding, abdominal pain, jaundice, pulmonary 
edema, cerebral edema, coma, convulsions, and even death (Mwanda et al. 2005). In 2004, an 
outbreak of aflatoxin disease in Kenya resulted in 125 deaths from consuming aflatoxin- 
contaminated corn food. The study found aflatoxin contamination levels in 55% of corn samples 
tested>20 μg/kg, 35% aflatoxin contamination level>100 μg/kg, 7% aflatoxin contamination 
level>1,000 μg/kg (Khlangwiset et al. 2011). The chronic toxicity of aflatoxin can induce tumors or 
induce other diseases and suppress immune function. Long-term aflatoxin exposure is strongly 
associated with growth and cognitive impairment in children (Khlangwiset et al. 2011). Therefore, 
most countries and regions set a limited level of aflatoxin in various agricultural products and food. 
Aflatoxin contamination in human food is strictly regulated by the Food and Drug Administration 
(FDA). Aflatoxin levels in grains and products should be below 20 μg/kg. The European Union 
(EU) has adopted stricter limits (0.1~2 μg/kg) for aflatoxin in cereals or cereal products intended for 
human consumption (Ismail et al. 2018). 
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9.1.2 Zearalenone 
Zearalenone (ZEN), also known as F-2 toxin, is a harmful secondary metabolite with estrogen-like 
effects produced primarily by Fusarium. The Fusarium spp. that can produce ZEN mainly includes 
Fusarium graminis, F. culmorum, F. equiseti, F. verticillioides, and F. semitectum. In 1962, Stob et al., 
Purdue University isolated ZEN from corn infected with ear rot (Stob et al. 1962). In the same year, 
Christensen et al. also reported that ZEN was isolated from corn culture infected with scab and 
named F-2 toxin. In 1966, Dr. Urry et al. used NMR and mass spectrometry to identify the chemical 
structure of F-2 toxin as a sihydroxybenzoic acid lactone compound, which was named zearalenone 
(Ryu et al. 1999). The chemical formula of ZEN is C18H22O5, and the relative molecular weight is 
318. ZEN can be reduced to zearalenol (ZOL) and zeranol (ZAL) in animals (Figure 9.2). Both 
reduction forms have two diastereoscopic stereoisomers, α-ZOL and β-ZOL, and four metabolic 
structures α-ZAL and β-ZAL. 

In temperate climates, ZEN mainly contaminates corn, barley, wheat, oats, rice, rye, and 
sorghum. ZEN production occurs mainly in the field but can also be synthesized under harsh grain 
storage conditions, such as humidity greater than 30% to 40% (Zinedine et al. 2007). That’s because 
ZEN and deoxynivalenol (DON) are metabolized by the same fungus and often contaminate food 
and oil at the same time. Like most mycotoxins, ZEN is difficult to remove completely during food 
processing because of its high thermal stability. Cereal products such as breakfast cereals, baked 
snacks, bread, pasta, and even cooking oils (such as corn and wheat germ oil) are considered 
significant sources of human exposure to ZEN (Mally et al. 2016). Due to its strong estrogen activity, 
ZEN can bind to estrogen receptors and mainly acts on the reproductive system (Marin et al. 2013). 
Sporadic epidemics suggest that ZEN triggers central precocious puberty and may lead to early 
puberty in children (Yang et al. 2016). ZEN has been classified as a Group III carcinogen by IARC, 
and the European Union regulates the content of ZEN in food products to be no higher than 75–350 
μg/kg in different foods (Pinotti et al. 2016). 

Figure 9.1 Chemical structures of six main aflatoxins.    

Figure 9.2 Chemical structures of mian zearalenones.    
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9.1.3 Ochratoxin 
Ochratoxin, also known as brown Aspergillus, is a toxic secondary metabolite produced by 
Aspergillus and Penicillium. Ochratoxin was first discovered in 1965, Van der Merwe published a 
paper in the journal Nature entitled “Ochratoxin A, a toxic metabolite produced by Aspergillus 
ochraceus Wilh” (Van der Merwe et al. 1965). The toxic secondary metabolites produced by the strain 
were named ochratoxin A (OTA). Subsequently, scientists identified ochratoxin B (OTB) and 
ochratoxin C (OTC). OTA often contaminates grain, oil, and products. 

Ochratoxin is a para-chlorophenolic group containing a dihydroisocoumarin moiety that is 
amide-linked to L-phenylalanine. The chlorine atoms of OTAs are replaced by hydrogen atoms to 
produce OTBs, and OTC is the ethyl compound of OTAs (Figure 9.3). Based on dietary intake 
studies, OTA can bind to plasma proteins through the gastrointestinal tract and accumulate in the 
kidneys with a long half-life (about 35 days) (Ringot et al. 2006). OTA can compete with 
phenylalanine hydroxylase in the kidney and liver and inhibit certain protein synthesis as well as 
ribonucleic acid (RNA) and deoxyribonucleic acid (deoxyribonucleic acid, DNA) synthesis (Studer- 
Rohr et al. 2000), with strong nephrotoxicity, hepatotoxicity, neurotoxicity, and immunotoxicity. For 
this reason, the IARC classifies OTA as a Group II B carcinogen. It is important to note that high- 
dose OTA exposure is only found in limited areas. For example, OTA levels of 8.91 and 148 ng/mL 
were detected in human urine in Egypt and Sierra Leone, respectively (Bui-Klimke et al. 2015). The 
EU has set OTA limits of 5 mg/kg for raw foods and 3 mg/kg for cereals. 

9.1.4 Deoxyniverenol 
Deoxynivalenol (DON), also known as vomitoxin/emetic toxin, belongs to the B-type mono-
trichosporene toxin. DON was first identified in 1970 in barley infected with scab in Kagawa 
Prefecture, Japan, and was named Rd toxin (Morooka et al. 1972). In the following year, Japanese 
scholars Yoshizawa and Morooka clarified that the structure of the toxin was a 4-deoxy derivative 
of nivalenol (NIV), which was renamed deoxynivalenol (Yoshizawa et al. 1973). Subsequently, 
DON-contaminated agricultural products were found both in Ohio, USA, and in Shanghai 
(Vesonder et al. 1973). DON is a tetracyclic sesquiterpenoid compound whose chemical names are 
3α,7α, 15-trihydroxy-12, 13-epoxy-monotrophorus 9-ene-8-one, and molecular formula is C15H20O6. 
Its chemical structure formula is shown in Figure 9.4. There is one ketogroup at C8 and three 
hydroxyl groups at C3, C7, and C15. It has been shown that the epoxy groups at positions C12 and 
C13 in the chemical structure of DON are the main toxic groups, which can inhibit protein 
biosynthesis, and the C3 hydroxyl group is related to its toxicity. The DON pollution of Chinese 
crops showed a trend of high pollution rate and low pollution degree. In terms of acute toxicity, 
ingestion of food contaminated by DON may cause nausea, vomiting, diarrhea, headache, 
dizziness, abdominal pain, and fever (Sobrova et al. 2010). In terms of chronic toxicity, it has been 

Figure 9.3 Chemical structures of (A) OTA, (B) OTB, and (C) OTC.    

Figure 9.4 Chemical structures of DON.    
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found in animal experimental studies that long-term exposure to low-dose DON-contaminated 
food can damage intestinal morphology and function (Pestka 2010). Epidemiological studies in 
animal models have been widely used to establish limit standards around the world, and DON has 
been classified as a Group III carcinogen by IARC (Ostry et al. 2017). The U.S. FDA has set the limit 
of DON in finished grains as 1 mg/kg. 

9.1.5 Cyclopianic Acid 
Cyclopiazonic acid (CPA) is a toxic metabolite produced by some fungi of Aspergillus and 
Penicillium (Lalitha Rao et al. 1985). Discovered in 1973, CPA was isolated from a liquid culture 
medium of P. cyclopium and its structure was identified (Sweeney et al. 1998). In addition to the two 
fungi, A. flavus, A. Aspergillus parasiticus, A. oryzae, A. tamarii, P. camembertii, and other fungi can 
also produce CPA. Studies have shown that CPA is synthesized from one molecule of L- 
tryptophan, one molecule of mevalonic acid, and two molecules of acetic acid, and its precursor 
compound is β-CPA. Iso-α-CPA is a new CPA analog discovered in 2009 that is presumed to be 
derived from D-tryptophan (Figure 9.5). CPA is a neurotoxin that acts as a specific sarcoplasmic 
reticulum/endoplasmic reticulum Ca2+ pump inhibitor to induce nervous system disorders (Selli 
et al. 2016). CPA interferes with the differentiation of human monocytes into macrophages and has 
immunosuppressive activity in humans (Hymery et al. 2014). CPA can also cause Koudua 
poisoning, with symptoms mainly manifested as dizziness and vomiting (Lalitha Rao et al. 1985). 
Moreover, since both CPA and AFB1 can be produced by Aspergillus parasiticus, mixed contami-
nation of the two mycotoxins often occurs (Cole 1986). 

9.2 RESEARCH PROGRESS OF INTELLIGENT POCT METHOD 
9.2.1 Optical Intelligent POCT Method 

Optical sensing detection technology is an analytical method of molecular recognition detection 
using optical signals, which plays an important role in the field of analysis and detection. Optical 
detection can provide information such as concentration, molecular structure, microstructure, and 
binding dynamics of the object to be measured. It relies on detecting changes in optical signals and 
makes it highly compatible with various spectral measurements by detecting changes in 
wavelength, phase, time, intensity, and polarity of light. For example, fluorescence, chemilum-
inescence, near infrared spectroscopy, hyperspectral technology, surface plasmon resonance, 
surface-enhanced Raman scattering, and so on. It is widely used in disease marker detection, water 
quality detection, food safety and dangerous goods detection, and other fields. 

9.2.1.1 Fluorescence 
Fluorescence (FL) refers to the emitted light, for example, when a substance is irradiated by the light 
of a certain wavelength, absorbs light energy, enters an excited state, and then returns to the ground 
state. Fluorescent molecules can be used as labeling materials and have a wide range of applications 
in smart sensing fields such as biochemistry and medicine. Hu et al. developed a typical AIEgen 
(bromo-modified tetraphenylene) with high luminous efficiency, uniform size, and good bio-
compatibility (Hu et al. 2021). AIEgen nanospheres were coupled with AFB1 and CPA monoclonal 
antibodies, respectively, and an AIEgen synchronous intelliSensing method for AFB1 and CPA was 
established. The experimental results show that the lowest detection limits (LOD) of AFB1 and CPA 
are 0.003 ng/mL and 0.01 ng/mL, respectively, the linear ranges are 0.05–1.2 ng/mL and 0.8–50.0 
ng/mL, respectively, and the recovery ranges from 90.3% to 110.0%. The method has excellent 
specificity, repeatability (coefficient of variation CV less than 4.6%), and reproducibility (CV less 

Figure 9.5 Chemical structures of CPA and its derivatives.    
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than 6.7%). The AFLB is stable for 180 days at 4℃. This provided a new method for highly 
intelliSensing typical harmful metabolites of Aspergillus flavus in grain and oil. Hu et al. also 
developed silica template with uniform particle size and labyrinth inside (Hu 2021). The loading 
method for QDs-loaded silica nanosphere was established, and the LQDB with high luminous 
efficiency was constructed. QDs are efficiently loaded by the large specific surface area of the 
labyrinth-like inner wall. Intelligent POCT equipment and apps are designed. The synchronous 
pretreatment method of mycotoxins in grain and oil was established. The time for detecting a single 
sample is shortened, and the shortest time for pretreatment and detection is 7 minutes. The LOD of 
AFB1 and ZEN in corn and urine was as low as 0.002 ng/mL and 0.02 ng/g, respectively. The CV 
values of repeatability and reproducibility are less than 5%, and the specificity is satisfied. The 
stability test shows that the LQDB test strip can be stored at 4℃ for 180 days, and the recoveries 
range from 97.3 to 108.8%. The comparison of corn and urine samples showed that the result of this 
method was consistent with that of the UPLC-MS/MS method, which showed that the LQDB strip 
had good accuracy, which provided a new idea for the research of multi-toxin intelliSensing and 
highly sensitive fluorescent labeling materials. 

9.2.1.2 Chemiluminescence 
Chemiluminescence (CL) is a kind of light radiation phenomenon in a chemical reaction. According 
to the linear relationship between the concentration of the substance and the chemiluminescence 
intensity under certain conditions, the content of the substance can be analyzed. Zangheri et al. 
have proposed a chemiluminescent detection-based biosensor that can be used for intelligent 
sensing of OTA (Zangheri et al. 2021). The OTA and horseradish peroxidase OTA conjugate (HRP- 
OTA) in the sample were competitively reacted with OTA antibody on the cellulose nitrate strip, 
and then chemiluminescence reaction was generated after the addition of luminol /H2O2. The 
smartphone camera was used as the photodetector to perform intelligent sensing for OTA in the 
sample. Shahvar et al. developed an intelligent sensing detection method for morphine detection 
based on chemiluminescence (Shahvar et al. 2018). They dripped potassium permanganate onto a 
thin layer of samples, captured the chemiluminescence via a smartphone, and calculated the results. 
The detection limit can reach 0.5 mg/L. The CL intelligent method is simple and low cost, which is 
suitable for on-the-spot detection of morphine. 

9.2.1.3 Near Infrared Spectrum 
Near-infrared spectroscopy (NIR spectroscopy) studies the interaction of matter and light in the near- 
infrared region of the electromagnetic spectrum between 750 nm and 2,500 nm (Zeng et al. 2021). 
When infrared light interacts with molecules in the sample, the bonds of those molecules vibrate at 
different frequencies depending on the type of bond. In the near infrared region, C-H, N-H, and O-H 
vibrational bonds are most prevalent and determine the spectral shape of a given sample. Since it 
analyzes functional groups, NIR cannot only analyze information about the chemical composition of a 
substance, but also provide information about its function. Khan et al., using NIR, developed a 
prediction model using partial least squares (PLS) regression to analyze and predict the parameters 
that have a significant impact on the quality of milk powder, such as fine particle size fraction, 
dispersion, and packing density of various milk powder samples, with an accuracy of 88%–90% (Khan 
et al. 2021). As a nondestructive technique, NIR technology also shows good potential in adulteration 
identification. For example, Zaukuu et al. used NIR’s LDA model to identify and quantify different 
degrees of chili powder mixed with corn meal, and the identification accuracy and prediction 
accuracy of corn meal adulteration were 95.55% and 95.02% (Zaukuu et al. 2019). In addition, Kamboj 
et al. used NIR analysis to establish a stoichiometric model, and used multivariate analysis to analyze 
the content of sugar in milk qualitatively and quantitatively. The correlation coefficient of the 
regression model is higher than 0.9, and the root mean square error of the verification is 0.04. 
Therefore, NIR technology can provide the dairy industry with a simple, efficient, fast, green, and 
non-destructive technology for detecting and quantifying milk adulteration (Kamboj et al. 2020). 

9.2.1.4 Hyperspectral Imaging 
Hyperspectral image (HSI) combines spectral and imaging techniques in an imaging mode to 
obtain spectral and spatial information simultaneously (Senthilkumar et al. 2015). HSI can quickly 
and nondestructively provide valuable information about the external physical and internal 
chemical properties of agricultural and food products. It has a wide range of applications in 
quality and safety assessment of different agricultural products and food products such as fruits 
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(Chen et al. 2015), vegetables (Trong et al. 2011), poultry carcasses (Nakariyakul et al. 2007), grains 
(Fox et al. 2014), dairy products (Forchetti et al. 2017), etc. First of all, HIS can be used for 
adulteration identification analysis. Fu et al. used near-infrared hyperspectral imaging to distin-
guish wheat flour from low levels (< 5.0%) talcum powder and benzoyl peroxide (BPO) granules. 
The spectra of wheat talc mixture samples were analyzed by the first derivative band difference 
method, and the spectra of wheat BPO mixture samples were analyzed by spectral correlation 
measurement and band ratio method, and adulterants were successfully identified from wheat 
talc/BPO mixture (Fu et al. 2020). Secondly, HIS can be used for quality identification. Liu et al. 
collected HIS images of healthy, damaged, and moldy peanuts of 1,066 peanut samples by means of 
spectrograph for comparison, and used peanut recognition index as data feature pre-extraction and 
fusion into HIS images. After feature pre-extraction, peanuts were identified by deep learning 
technology. This method can improve the accuracy of peanut identification (Liu et al. 2020b). 
Thirdly, HIS can identify the pollution level of heavy metals. Sun et al. use the HIS system to obtain 
HIS images of lettuce leaves, and then use ENVI software to extract hyperspectral data from all 
samples. Based on the full spectral data and the spectral data selected by CARS, and using the 
established SVM and PLS-DA discriminative models, a method for identifying lead pollution levels 
in vegetables based on HIS technology was established, which was successfully applied to identify 
the degree of lead pollution in lettuce leaves (Sun et al. 2021). 

9.2.1.5 Surface Plasmon Resonance Technology 
Surface plasmon resonance (SPR) technology is based on optical phenomena occurring on 
conductive films at the interface of media with different refractive indices. SPR has the advantages 
of no labeling of samples, no purification of analyte, real-time monitoring and reflection of a 
dynamic process, high sensitivity, and low cost, and can avoid false positive signals caused by 
labeling materials. SPR is an efficient method to detect surface affinity interaction, and has been 
widely used in biosensors and chemical sensors and has become a powerful analytical technology 
for biological, medical diagnostics, and food and animal feed risk assessment monitoring. SPR 
technology has been applied to the detection of mycotoxin in grain and oil. Xu et al. synthesized 
gold nanoparticles of about 25 nm, coated them on the cross section of the end of optical fiber, then 
modified ZEN nucleic acid aptamers, and developed a low-cost, portable, and reusable fiber-based 
ZEN local surface plasmon resonance biosensor, which can be used for the detection of ZEN. The 
minimum limit of detection (LOD) was 0.102 ng/mL (Xu et al. 2021). Wei using self-assembly 
monomolecular membrane preparation of SPR sensor chips, established at the same time detecting 
AFB1 in the corn and wheat, OTA, ZEN, and DON SPR method, LOD range of 0.59~3.26 ng/mL, 
relative standard deviation less than 10%. In addition, the results obtained by this SPR method were 
consistent with those obtained by the HPLC-MS/MS method, indicating that this SPR method can 
be applied to grain and oil safety detection (Wei et al. 2019). Rehmat et al. used the spin coating 
technique to coat chitosan and carboxymethyl chitosan on SPR chips to analyze OTA in a complex 
coffee matrix, and developed a fast and sensitive immunoassay method for competitive inhibition 
of SPR, with LODs up to 3.8 ng/mL, respectively. A highly sensitive and low-cost immunoassay 
was achieved (Rehmat et al. 2019). 

9.2.1.6 Surface Enhanced Raman Spectroscopy 
Surface enhanced Raman scattering (SERS) is the signal amplification generated by electromagnetic 
interaction between light and metal nanoparticles, which is achieved by a laser field generated by 
excitation of plasma resonance. SERS combines Raman spectroscopy and nanotechnology, and is a 
spectral method based on light scattering. The signal is generated by an inelastic collision between a 
sample and incident photon emitted by a monochromatic light source (such as laser beam) (Yan 
et al. 2021). It has been widely used in food detection and cancer diagnosis as an effective tool for 
detecting interface properties and molecular interactions, and characterizing surface molecular 
adsorption behavior and molecular structure. The advantages of SERS include ultra-sensitive 
detection, fast turnover, on-site sampling, on-site monitoring, low cost, portable sensor, and 
suitable for large-scale screening. Combining biological cognitive events with SERS can signifi-
cantly improve the analytical performance of such a method, but also increase the complexity and 
cost of the method. Duan reported a method using interface assembly of plasma nanoparticles and 
current displacement reaction to prepare Ag-gold bimetallic nanowire arrays as SERS substrates for 
the detection of Fumei Shuang in juice samples and melamine in milk samples, with LODs up to 1 
and 10 nM, respectively (Duan et al. 2021). Pan et al. developed a rapid SERS method for the rapid 
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detection of acetamidine residue on cabbage leaves based on the synergistic combination of AuNPs 
stability and AgNPs optical properties. The detection limit of this method was 0.14 mg/kg, which 
was lower than the minimum residue limit set in China. This method is simple in sample 
pretreatment and has great potential in field and nondestructive testing (Pan et al. 2021). Wang et al. 
successfully developed a high-sensitivity SERS method for detecting nitrite, adopted the signal 
conversion strategy based on the one-step nitrite-mertan reaction between nitrite and 2- 
thiobarbituric acid to improve the sensitivity of SERS, and used the portable Raman spectrometer 
system and self-made gold nanoparticles as the enhanced matrix. The resultant S-nitroso-mercaptan 
compound was detected in the solution (Wang et al. 2021). 

9.2.2 Electrochemical Immune Intelligent POCT Method 
The principle of electrochemical immune intelligent POCT is to use chemical identification system to 
convert the information of the object to be tested into electrical signals that can be detected and output. 
It has the advantages of simple equipment, low price, easy-to-realize automation, high sensitivity, 
wide measuring range, instant, economic, and so on. Wu et al. constructed an electrochemical aptamer 
sensor based on CdTe/CdS/ZnS quantum dots and Luminol for intelligent sensing of AFB1 in food 
with LOD of 0.43~0.12 p mol/L and linear range of 5.0~10 nM (Wu et al. 2017). Kudr et al. used an 
inkjet printed electrochemical reduction GO microelectrode to detect HT-2 toxins with a LOD of 1.6 
ng/mL and a linear range of 6.3 to 100 ng/mL (Kudr et al. 2020). Malvano et al. developed an 
unlabeled electrochemical impedance biosensor for detecting Escherichia coli O157:H7 in food. By 
adding an electron transfer medium to activate ferrocene, the electrical performance of the system was 
improved and the sensitivity of the electrochemical impedance biosensor to Escherichia coli O157:H7 
was improved. LOD was 3 CFU/mL (Malvano et al. 2018). 

9.2.3 Magnetic Intelligent POCT Method 
Nuclear magnetic resonance (NMR) measures the magnetic properties of a spin, related to the 
physical or chemical properties of the object under test. NMR is a physical process in which atomic 
nuclei with non-zero magnetic moments absorb radiation of a certain frequency in resonance under 
the action of an external magnetic field. The detectors detect and receive NMR signals emitted as 
electromagnetic radiation, which can be sent to a computer and converted into images through data 
processing. NMR technology can be used for water analysis. Bertam et al. used low-pulse field 
NMR to study the changes in water activity and distribution of white muscle and black dried meat 
during freezing storage. The results showed that with the increase in freezing time, the content of 
free water in pork also increased significantly, and the degeneration and structural changes of 
protein were closely related to the changes in water activity in meat. White muscle was more prone 
to water migration and deterioration under freezing conditions than black dry meat (Bertram et al. 
2007). Cornillon et al. used NMR to study the water mobility and distribution in corn chips, 
chocolate cookies, soft caramel, corn starch/water, and other low-moisture cereal and biscuit 
systems, and pointed out that various chemical interactions in the system lead to changes in water 
mobility (Cornillon et al. 2000). MacMillan et al. determined oil and water content in French fries 
using magnetic resonance imaging (Macmillan et al. 2008). 

9.2.4 Bionics Intelligent POCT Method 
9.2.4.1 Olfactory Intelligent POCT Method 

Electronic nose is a kind of analytical equipment that is used to detect and identify odor mixture 
quickly. It can imitate the working principle of human smell and carry out olfactory intelligent 
perception of the measured object. Specific chemical sensors are used in the device, which produce 
a characteristic odor distribution based on the interaction with the gas mixture and identify the 
composition of the mixture by comparing the resulting odor curve with the odor standard (Aouadi 
et al. 2020). The electronic nose is similar to the human nose in that it is based on the same operating 
principle, in which the volatile components of the study sample are analyzed by chemical sensors 
that mimic the olfactory cells in the nose and then the signals are sent to a data recognition system 
that mimics brain function. Triyana et al. reported on a portable electronic nose based on low-cost 
dynamic headspace and metal oxide gas sensor arrays for identification analysis of vegetable oils 
(sunflower, grape seed) and animal fats (chicken, lamb, pig). This portable electronic nose, 
consisting of ten field-effect tube-type sensors, has been used to evaluate lipid oxidation in various 
edible oils (olive oil, peanut oil, soybean, rapeseed, camellia oil, corn, sunflower, flaxseed, and 
walnut) with good results. The recognition rate of calibration and verification models was 100% 
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(Triyana et al. 2015). In recent years, electronic noses have also been used to detect and identify 
moldy (Penicillium expansus, Aspergillus Niger) apples, with predictive accuracy between 72% and 
96.3% (Jia et al. 2019). In addition, the electronic nose can also be used to monitor the damage and 
ripening degree of lychee fruits (Xu et al., 2021) and the damage degree of yellow peach fruits (Yang 
et al. 2020), with an accuracy of 93.33%. 

9.2.4.2 Taste Intelligent POCT Method 
Electronic tongue, also known as artificial tongue or taste sensor, is mainly used for taste 
classification of various chemical substances in liquid samples, which can imitate human taste for 
taste intelligent perception. Electronic tongues can be used to apply fingerprinting, which compares 
the profile of a mixture with that of a standard substance, to identify, classify, and analyze 
multicomponent mixtures in a qualitative and quantitative manner (Ciosek et al. 2007; Deisingh 
et al. 2004). As an intelligent perception technology close to human taste perception ability, the 
electronic tongue has completely changed the traditional food evaluation system, and can also solve 
the problem of food adulteration. Dias et al.‘s identification model of goat, cow, and goat/cow 
mixture using a potential electronic tongue can detect adulteration of goat milk and cow milk. The 
results showed that the overall classification recognition and prediction abilities of the electronic 
tongue were 97% and 87%, respectively (Dias et al. 2009). In another study, voltammetric electronic 
tongues were used to detect antibiotic residues in milk, allowing for quantitative detection of 
antibiotics. Wei et al. investigated the ability to monitor quality attributes of yogurt samples during 
fermentation, ripening, and storage by deploying a voltammetric electronic tongue. The results 
suggest that the electronic tongue can predict the sensory properties of cheddar cheese during a 12- 
month storage period (Wei et al. 2011). 

9.2.4.3 Visual Intelligent POCT Method 
Machine vision perception is an intelligent perception technology that uses cameras and computers 
to process images and imitate human eyes for image recognition, tracking, and measurement. 
Visual intelligent perception systems can achieve high quality, high efficiency, complete automa-
tion, and can replace the manual inspection method, so as to eliminate the error and inconsistency 
of human judgment results, but also reduce the tedious operation of manual inspection. Some 
researchers have explored the scope of applying machine vision systems to grain quality detection 
and classification. Visual intelligent perception has been applied to the detection of meat and meat 
products (Li et al. 2001), fish (Mery et al. 2011), fruits and vegetables (Cubero et al. 2011), and cooked 
food (Pedreschi et al. 2004). 

9.2.4.4 Tactile Intelligent POCT Method 
Tactile intelligent perception is the intelligent perception of taste, brittleness, texture, thickness, and 
viscosity of the measured object. So far, various types of tactile intelligent perception detection 
devices have been developed (Kuppuswamy et al. 2020; Shimonomura 2019). Tactile intellisthesia 
detection devices typically consist of a camera and tactile skin that converts physical contact into 
light signals that can be captured by the camera, depending on how the contacts are converted into 
optical information. The marker displacement method is one of the most widely used research 
methods, in which cameras measure the displacement of visual markers embedded in soft materials 
(Hofer et al. 2021). This method is suitable for detecting the magnitude and direction of forces. In the 
reflective film method, the camera captures small deformation on the surface of a flexible material 
sheet covered with a reflective film (Yuan et al. 2017). Because small, irregular changes in the 
sensor’s surface are accentuated by light applied from the side, even very small irregularities in the 
contact area, such as human fingerprints, can be visualized. The haptic intelligent perception 
technology can be used to obtain a three-dimensional touch feeling that is closer to human feeling 
and measure the characteristics of the substance that cannot be measured by traditional methods. 

9.2.5 Other Intelligent POCT Method 
Terahertz spectrum refers to electromagnetic waves with frequencies ranging from 0.1 to 10 THz 
(wavelength 30 μm to 3 mm). Studies have shown that the vibrational and rotational energy levels of 
most biomolecules (DNA, proteins, and amino acids) are in this band (Bernier et al. 2013; Redo- 
Sanchez et al. 2013); therefore, terahertz technology has intelligent sensing ability to detect and 
distinguish biological samples. Terahertz spectroscopy is considered to be the most promising 
detection method for its low energy, high resolution, and high penetration, and has shown extensive 
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application potential in many areas of food process monitoring and quality control, such as the 
identification of transgenic cotton, rice, and soybean seeds (Liu et al. 2016a; Liu et al. 2016b). For the 
detection of melamine in food (Baek et al. 2014), Liu et al. quickly determined AFB1 in soybean oil by 
terahertz spectroscopy with LOD of 2 μg/kg, and the accuracy was above 90% (Liu et al. 2020a). 

Biological speckle is an optical and non-destructive intelligent sensing technology used to 
analyze biological materials. When the target object is irradiated by coherent light such as a laser, 
biological speckle phenomenon will occur (Zdunek et al. 2014). The wide range of interactions 
between coherent light and complex biological materials produce changes in speckle patterns 
(bright and dark areas) that are captured by the camera and transmitted to the processing system. 
There are two ways to measure biological speckle activity: backscatter and forward scatter speckle. 
In a backscatter device, the laser reaches the surface of the sample and the reflected light is 
captured. In a forward scatter device, the laser passes through the sample and reaches the camera. 
At present, some agricultural studies have involved biospeckle intelligent sensing applications, 
such as animal reproduction and parasite monitoring (Rabal and Braga 2010), detection of wheat 
seed germination process and simulation of germination damage (Sutton et al. 2017), and 
monitoring of food emulsions (Silva, 2010). The meat quality was analyzed (Amaral et al. 2013), and 
the biospeckle activity was correlated with the chlorophyll content of apples (Zdunek et al. 2012). 
Biological speckle can provide knowledge about the biological and physical properties of tissues. 
The method is fast, simple, and economical, and has a wide range of applications in food quality 
and safety. 

9.3 CONCLUSION 
In this chapter, harm of typical mycotoxins and recent research studies of the intelligent POCT 
method are discussed. These research works demonstrate that intelligent POCT provides rapid and 
accurate detection and analysis for a variety of analytes in food quality monitoring. 

More importantly, intelligent POCT is portable, inexpensive, and easy to use compared with 
conventional detection devices, offering sustainable detection technology for resource-limited areas 
of the world. 
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10 Mycotoxin Degradation Methods in Food 

Jaqueline Garda-Buffon, Francine Kerstner de Oliveira, Juliane Lima da Silva,  
Wesclen Vilar Nogueira, and Eliana Badiale-Furlong  

10.1 INTRODUCTION 
Mycotoxins are a group of toxic compounds produced by filamentous fungi, such as some species 
of the genera Aspergillus, Penicillium and Fusarium, during their growth, when subjected to stress 
conditions. Several studies have been carried out to evaluate the mycotoxin occurrence in different 
foods, such as cereals (Khodaei et al., 2021), nuts (Narváez et al., 2020), coffee (Oueslati et al., 2022), 
spices (Potortì et al., 2020), oilseeds (Kholif et al., 2021), fruits and juice (Ji et al., 2022), beer (Schabo 
et al., 2021), wines (Kochman et al., 2021), salami (Parussolo et al., 2019), dry-cured meat (Peromingo 
et al., 2019) and eggs (Osaili et al., 2022). These studies even reported concentrations higher than 
those established as maximum limits by regulatory agencies. Increased awareness of food safety 
and public health has influenced the global concern to prevent, minimize and control mycotoxins in 
food and feed. This mycotoxin occurrence in food proves the consumption risk of these 
contaminants by humans and animals since they are detected frequently in most different food 
types. Some of the effects of mycotoxin contamination include immune and neurological system 
damage, gastrointestinal and kidney disorders and even cancer (Luz et al., 2022). In addition, 
mycotoxin contamination may cause huge economic losses, since it is estimated that up to 25% of 
the world’s food is contaminated with mycotoxins every year (FAO - Food and Agriculture 
Organization of the United Nations, 2019). Researchers worldwide have focused their objectives on 
exploring approaches for the decontamination and/or degradation of these substances. Strategies 
include the use of chemical, physical and biological methods (Luo et al., 2018). The chemical 
methods consist of the application of agents that degrade the mycotoxins structure (Chandravarnan 
et al., 2022). Physical methods are based on the use of washing, heating or irradiation to reduce 
contamination by degradation and/or leaching (Massarolo et al., 2022). Finally, the biological 
methods are based mainly on microorganisms (with emphasis on bacteria, filamentous fungi and 
yeasts) or enzymes capable of altering their structure or adsorbing these contaminants (Nešić et al., 
2021). In this way, the focus of the chapter is to provide information on the different methods of 
mycotoxin degradation (Figure 10.1) related to food production and guaranteeing food safety. 

10.2 PHYSICAL METHODS 
Physical methods aimed at reducing mycotoxin concentrations in food matrices can be divided into 
traditional and non-thermal methods. Traditional methods include sorting, washing, peeling, 
separating the visibly contaminated portion (e.g., by density), stripping (Hojnik et al., 2017) and 
grinding (e.g., wet and dry) (Massarolo et al., 2022). Even if the initial techniques are rigorous, they 
may not be sufficient to reduce mycotoxin levels below legislated limits (Agriopoulou et al., 2016). 
Therefore, the techniques for reducing the mycotoxin concentration must be associated with others 
during the subsequent stages of the production chain of a given product. Drying raw materials to a 
critical safe water content for raw material storage is one of the alternatives for reducing fungal 
proliferation and possible mycotoxin synthesis during storage (Schmidt et al., 2019). In addition, the 
management and logistics of batches of raw materials and processed products in storage facilities is an 
indicated alternative (Moncini et al., 2020). However, the reduction of mycotoxin levels cannot depend 
only on the initial stages of conservation and post-harvest processing, as initial concentrations can be 
high and not only be associated with matrices that have a visibly contaminated portion 
(Schaarschmidt and Fauhl-Hassek, 2018). Furthermore, the use of such methods can be laborious, 
inefficient and often impractical, especially on an industrial scale (Udomkun et al., 2017). In addition to 
the methods already mentioned, the use of thermal treatment in the industrialization of raw materials 
usually favors the control of mycotoxins by reducing their concentrations (Table 10.1). When 
evaluating the studies, the baking has greater efficiency in the degradation of a variety of mycotoxins: 
deoxynivalenol (94.2%), beauvericin (90%), fumonisin B1 (82.6%), fumonisin B2 (82.6%), aflatoxin B1 
(78.6%), aflatoxin G2 (82.2%) and moniliformin (71%). Promising results are also observed when 
microwave radiation, extrusion and pressure cooking are employed. 

Mycotoxin reduction depends on several factors such as chemical structure, mycotoxin 
concentration, moisture content, pH and ionic concentration of the matrix during treatment. In 
addition, two factors stand out: temperature and treatment time. The time for mycotoxin 
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degradation can be long, requiring high energy consumption, making the process costly, in 
addition to affecting the quality of treated food products (Rastegar et al., 2017). This last fact was 
observed by Schmidt et al. (2019), who, when evaluating the reduction of mycotoxins in dried grains 
using microwaves, observed severe damage to enzyme activity and gluten proteins, resulting in 
low-quality flour and bread. On the other hand, even if the processing time is short, such as those 
used in extrusion, its process characteristics (e.g., high temperature, high pressure and short 
duration) do not necessarily imply the degradation of mycotoxins, as these can combine with 
biopolymers during processing (e.g., proteins and carbohydrates), forming so-called modified 
mycotoxins. These mycotoxins cannot be detected by the usual methods (Rychlik et al., 2014). In 
addition, they may pose an additional risk to consumers, as they are hydrolyzed during digestion 
and can return to their free form (Kovač et al., 2018). Modified mycotoxins can also occur naturally 
in plants, through hydrolysis, reduction or oxidation processes, resulting in the formation of 
reactive groups in the chemical structures of mycotoxins, allowing their connection with 
biopolymers (Broekaert et al., 2015). Examples are the occurrence in wheat of zearalenone-14- 
glucoside, modified form of zearalenone (Schneweis et al., 2002), deoxynivalenol-glutathione 
(Kluger et al., 2013), deoxynivalenol-3-sulfate and deoxynivalenol-15-sulfate, modified forms of 
deoxynivalenol (Warth et al., 2015), the occurrence in wheat and oats of glycoside derivatives of T-2 
toxin and HT-2 toxin toxins (Lattanzio et al., 2012), the occurrence in wheat flour N-(1-deoxy-d- 
fructos-1-yl) and N-(1-deoxy-d-fructos-1-yl), fumonisin B2 and B3 glucose conjugates, respectively 
(Matsuo et al., 2015). For these reasons, other approaches began to be evaluated in order to reduce 
the mycotoxin concentration in different food matrices. Among the new approaches, non-thermal 
methods stand out (Table 10.2). The use of these methods can affect the chemical structure of 
mycotoxins by contact (e.g., direct and indirect) or oxidative, leading to their degradation. 
However, its effectiveness will depend on some specific factors such as moisture in the food matrix, 
mycotoxin concentration and exposure intensity (Luo et al., 2017). Among these factors, humidity is 
the main factor responsible for assisting in the degradation of mycotoxins. This may be related to 
the fact that a higher moisture content allows the formation of free radicals by water ionization 
(Jalili et al. 2012). 

Jalili et al. (2012) evaluated the effect of gamma radiation (5 to 30 kGy) on the concentrations of 
aflatoxins and ochratoxin A in pepper. The authors observed that peppers with the highest 
moisture content (18%) showed the greatest reductions in aflatoxins and ochratoxin A, around 35 
and 55%, respectively. Kumar et al. (2012) evaluated this same method (10 kGy) in reducing the 
concentration of ochratoxin A in green coffee beans. The authors found that mycotoxin degradation 
was inversely proportional to the moisture content of the samples. Reductions in the initial 
concentration of ochratoxin A were 5, 9, 20, 90 and 100% for samples with 9, 10, 12, 23 and 58% 
moisture, respectively. Similar behavior was observed in the degradation for degradation of 
ochratoxin A and zearalenone and in maize by electron beam irradiation (10 kGy) (Luo et al., 2017), 
of alternariol, alternariol monomethyl ether and tentoxin in wheat flour by cold plasma 

Figure 10.1 Methods used to degrade mycotoxins and obtain safe food.    
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Table 10.1: Degradation of Mycotoxins in Food Matrices by Thermal Processes       

Matrice Treatment Condition 
for MR 

Mycotoxin (MR - %) Reference  

Corn tortillas Alkaline cooking 365 ºC for 20 min MON (71)  Pineda-Valdes et al. (2002) 
Apple juice Evaporation 80 ºC for 20 min PAT (14.06)  Kadakal et al. (2003) 
Rice Conventional cooking 160 ºC for 20 min AFB1 (36)  Park et al. (2006) 
Rice Pressure cooking 160 ºC for 20 min AFB1 (88)  Park et al. (2006) 
Bread Baking 200 °C for 20 min BEA (90)  Meca et al. (2012) 
Peanut Roasting 200 °C for 25 min AFB1 (89.7)  Martins et al. (2017) 
Pistachio nuts Roasting 120 °C for 60 min AFB1 (93.1)  Rastegar et al. (2017) 
Bread Baking 180 °C for 35 min DON (49)  Tibola et al. (2018) 
Cookies Baking 200 °C for 30 min T-2 (45) and HT-2 (20)  Kuchenbuch et al. (2019) 
Crunchy muesli Baking 170 ºC for 20 min T-2 (15) and HT-2 (19.2)  Kuchenbuch et al. (2019) 
Maize bread Steam cooking 150 ºC for 30 min AFB1 (33.9), AFB2 (39), AFG1 (34.4) and 

AFG2 (37.2)  
Lin et al. (2019) 

Chicken breast Baking 200 °C for 5 min AFB1 (78.6), AFG2 (82.2), FB1 (82.6) and FB2 (82.6)  Sobral et al. (2019) 
Chicken breast Microwave 350 W for 0,45 s AFB1 (81.6), AFG2 (84.6), FB1 (70.1) and FB2 (70.1)  Sobral et al. (2019) 
Grain cookies Baking 190 ºC for 12 min DON (94.2)  Devos et al. (2020) 
Cornmeal Extrusion 160 ºC AFB1 (83.7), AFB2 (80.5), AFG1 (74.7) and 

AFG2 (87.1)  
Massarolo et al. (2021)   

AFB1 = aflatoxin B1, AFB2 = aflatoxin B2, AFG1 = aflatoxin G1, AFG2 = aflatoxin G2, BEA = beauvericin, DON = deoxynivalenol, FB1 = fumonisin B1, FB2 = fumonisin B2, 
HT-2 = HT-2 toxin, MON = moniliformin, OTA = ochratoxin A, MR = maximum reduction, T-2 = T-2 toxin.  
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Table 10.2: Mycotoxin Degradation in Food by Non-Thermal Processes       

Treatment Matrice Condition Mycotoxin (MR - %) Reference  

High hydrostatic 
pressure 

Olives 5 min at 250 MPa and 35 °C CIT (100)  Tokuşoğlu et al. (2010) 

Pulsed electric field Milk Maximum voltage and frequency of 80 kV and 1 
kHz respectively for 4–32 µs pulse duration 

AFM1 (72.2)  Khoori et al. (2020) 

Gamma irradiation Corn 10 kGy OTA (67.9) and ZEN (71.1)  Luo et al. (2017)  
pepper 30 kGy OTA (25)  Woldemariam et al. 

(2021)  
Sorghum 46.596 Gy per min AFB1 (59) and OTA (32)  Amara et al. (2022) 

UV light radiation Chili powder 365 nm wavelength for 15 and 60 min AFB1 (87.8)  Tripathi et al. (2010)  
Grape juice 254 nm wavelength from 14.2 to 99.4 mJ/cm2 PAT (43.4)  Dong et al. (2010)  
Milk Wavelength of 360 nm at 0, 2,5 e 5 J/cm2 for 30 min AFM1 (74.26)  Khoori et al. (2020) 

Pulsed light Rice and rice 
bran 

9 cm from the light source, 3 pulses per s for 20 s AFB1 (90.3) and AFB2 (86.7)  Wang et al. (2016)  

Peanut 7 cm from the light source, 3 pulses per s for 4 min AFB1 (98.9) and AFB2 (98.1)  Abuagela et al. (2019) 
Cold plasma Hazelnut 50 mm away from the plasma source (1,000 W) 

with duration of 1, 2, 4 and 12 min 
AFB1 (79.1) and AFs (74.2)  Siciliano et al. (2016)  

Wheat flour 6 mm away from the plasma source with a duration 
of 180 s 

AOH (60.6), AME (73.8) and 
TEN (54.5)  

Hajnal et al. (2019)  

Oat 2 mm away from the plasma source with duration 
of 0, 2, 4, 6, 8 and 10 min 

DON (54.4)  Feizollahi et al. (2020)   

AFB1 = aflatoxin B1, AFB2 = aflatoxin B2, AFM1 = aflatoxin M1, AFs = sum of aflatoxins B1, B2, G1 e G2, AME = alternariol monomethyl ether, AOH = alternariol, 
CIT = citrinin, OTA = ochratoxin A, PAT = patulin, MR = maximum reduction, TEN = tentoxin, ZEN = zearalenone.  
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(Hajnal et al., 2019). However, the moisture content did not influence the degradation of 
deoxynivalenol in barley when treated by cold plasma (Feizollahi et al., 2020). In addition, the 
application of these methods may have some peculiarities, with a negative impact on the quality of 
food matrices. The use of pulsed light used to degrade aflatoxin B1 and B2, promoted significant 
changes (p < 0.05) in the surface color of peanuts when treated for 4 min, observed in the values of 
L* (brightness), a* (redness) and b* (yellowing) (Abuagela et al., 2019). The use of gamma radiation, 
despite not having as objective the evaluation of degrading mycotoxins, significantly affected (p < 
0.05) germination (Kottapalli et al., 2003), soluble protein content, must color, alpha-amylase and 
diastatic power of barley, decreasing with increasing radiation dose (Kottapalli et al., 2006). Zhu 
et al. (2014) used ultraviolet light irradiation in apple juice to degrade patulin. The authors observed 
an increase in the value of L* and a decrease in the values of a* and b*. Furthermore, the loss of 
ascorbic acid was 36.5% under the conditions used to degrade 90% of the mycotoxin. Therefore, this 
is a disadvantage for the food industry. 

The use of high hydrostatic pressure used in olives, in addition to degrading citrinin (100% 
degradation), increased the content of total phenolic compounds and hydroxytyrosol. However, the 
concentration of oleuropein, the compound responsible for preventing bone loss in humans, was 
lower after high-pressure treatment for 5 min at 250 MPa and 35°C (Tokuşoğlu et al., 2010). Thus, 
although there are contrasting reports on the effect of different non-thermal methods to degrade 
mycotoxins in different food matrices, these can be considered promising for the industry. 
However, the effect on the physical-chemical composition of the food matrices must be considered. 
Furthermore, any method should be used in combination with good manufacturing and storage 
practices to prevent toxigenic mold growth and mycotoxin synthesis. 

10.3 CHEMICAL METHODS 
Chemical treatments for mycotoxin degradation in food and feed products are based on the use of 
chemical compounds, such as ammonia, hydrogen peroxide, sodium bisulfite, organic acids and 
ozone, among others, to degrade the mycotoxin structure. Although there is no regulation 
regarding the application of any chemical treatment for degrading mycotoxins in foods for human 
consumption, many studies report the effectiveness of these treatments (Table 10.3). Additionally, 
chemical decontamination techniques for feedstuff were approved in the European Union in 2015, 
provided that the treatment does not adversely affect the characteristics and the nature of the feed, 
is effective and irreversible and does not result in harmful residues for the feed or environment 
(European Union, 2015). The first chemical method studied for the degradation of mycotoxins was 
ammonia (Norred, 1982). However, treatments with ammonia are not practical, regardless of its 
efficiency, because of the high potential for toxic derivates formations and the modifications in 
nutrient content and sensory properties of the product (Ismail et al., 2018; Yagen et al., 1989). On the 
other hand, hydrogen peroxide is an efficient oxidizing agent that can destroy mycotoxin structure 
and it is safe to be used in certain food processes. The advantage of hydrogen peroxide application 
is that it can be easily removed after degradation treatment. Also, studies have indicated that 
irradiating UV associated with hydrogen peroxide can generate more free radicals than hydrogen 
peroxide alone. This process, known as “advanced oxidation processes”, is widely used in 
oxidating organic compounds in environmental and food matrices (Shen, 2021). However, there are 
no recent studies that apply these processes in mycotoxins. Once sodium bisulfite has a low cost 
and is already commonly added to several types of food and beverages, including wine, fruit juice, 
jellies and dried fruit for acting as an inhibitor of enzymatic degradation, as an antioxidant and as a 
bacteriostatic agent, the residual bisulfite is an approved food additive and studies indicate may be 
a possibility to mycotoxin degradation, mainly DON and AFB1 (Dänicke et al., 2012; Yagen et al., 
1989). Sodium bisulfite may destroy aflatoxin B1 when is inserted into the double bond of the furan 
ring in the mycotoxin structure, eliminating the main binding site in the DNA and consequently the 
main toxic effect of the molecule (Yagen et al., 1989). 

Organic acids such as lactic acid and citric acid may be used for mycotoxin control with a focus 
on preventing the growth of the fungal population or on degradation. The inactivation with the 
hydrolysis provocated by these acids leads to the conversion of the degraded compound into 
products with much lower toxicity (Doyle et al., 1982). However, drastic conditions like high 
temperatures are necessary to convert mycotoxins into compounds less toxic to acids, which limits 
its application in the food industry (Nunes et al., 2021). Ozone is a strong oxidant used to disinfect 
food processing and packaging equipment. Also, has been used to inhibit fungal growth and 
decontaminate different types of food and beverages (Chandravarnan et al., 2022). Ozone may 
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Table 10.3: Studies on Chemical Approaches for Mycotoxin Degradation in Food Products        

Matrice Treatment Mycotoxin Spiked Concentration 
(ug kg−1) 

Maximum 
Degradation 

Reference  

Corn Ammonia AFB1 1000 99%  Norred (1982) 
Corn Ammonia AFB1 

AFB2 
AFG1 
AFG2 

1000 88% 
85% 
96% 
93%  

Nyandieka et al. (2009) 

Chili poder Hydrogen peroxide AFB1 100 58%  Tripathi and Mishra (2009) 
Corn Hydrogen peroxide AFB1 

AFB2 
AFG1 
AFG2  

∗ 100% 
100% 
100% 
100%  

Tabata et al. (1994) 

Black pepper Ammonia AFB1 
AFB2 
AFG1 
AFG2 
OTA 

60 ug/kg−1 for OTA, 
AFB1 and AFG1, and 
18 ug/kg−1 for AFB2 
and AFG2 

44% 
40% 
45% 
41% 
52%  

Jalili et al. (2011)  

Black pepper Hydrogen peroxide AFB1 
AFB2 
AFG1 
AFG2 
OTA 

44% 
32% 
43% 
37% 
38% 

Citric Acid AFB1 
AFB2 
AFG1 
AFG2 
OTA 

29% 
25% 
23% 
24% 
26% 

Sodium bisulfite AFB1 
AFB2 
AFG1 
AFG2 
OTA 

44% 
23% 
35% 
25% 
41% 

Cereal grains Sodium metabisulfite DON  ∗ > 95%  Dänicke et al. (2012) 
Sorghum Citric acid Σ(AFB1 + AFB2) 140 92%  Méndez-Albores et al. (2009) 
Soybean Citric acid AFB1 10 94%  Lee et al. (2015) 

Lactic acid 93% 
Parboiled rice Ozone AFB1 

AFB2 
AFG1 
AFG2 

46 
48 
259 
625 

81% 
62% 
59% 
48%  

Luz et al. (2022)  
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DON 
OTA 
ZEA 

164 
647 
1,536 

56% 
88% 
76% 

Apple juice Ozone PAT 202 ∗∗ 75%  Diao et al. (2019) 
Corn Ozone AFB1 

AFG1 
AFB2 
AFG2 

50 
50 
50 
50 

57% 
55% 
30% 
36% 

Porto et al. (2019) 

Peanuts Ozone AFB1 500 79% Li et al. (2019) 
Milk Ozone AFM1 0.56 50% Mohammadi et al. (2017) 
Wheat Ozone DON 

Σ(AFB1 + AFB2 + 
AFG1 + AFG2) 

1,000 
200 

64% 
48% 

Trombete et al. (2017) 

Red pepper Ozone AFB1 25 74% Kamber et al. (2017) 
Corn Ozone OTA 

ZEA 
67 
2932 

64% 
86% 

Qi et al. (2016) 

Corn Ozone AFB1 
AFB2 
AFG2 

53.6 
12.08 
2.42 

79% 
72% 
71% 

Luo et al. (2014) 

Wheat (pericarp)  
Wheat 

(endosperm) 

Ozone DON 1,065 
534 

100% 
100%  

Savi et al. (2014)   

Notes  
∗ Not mentioned.  

∗∗ Spiked concentration unit: ug L−1. AFB1 = aflatoxin B1; AFB2 = aflatoxin B2; AFG1 = aflatoxin G1; AFG2 = aflatoxin G2; AFM1 = aflatoxin M1; DON = deoxynivalenol; 
OTA = ochratoxin A; PAT = patulin; ZEA = zearalenone.  
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attack the double bond in organic compounds and produce lower molecular weight and less toxic 
compounds without affecting the quality properties of food minimally, being this the main 
advantage of its use (Mir et al., 2021). Studies indicate that the gaseous form of ozone is more useful 
in the decontamination of fungal and mycotoxins than the aqueous form (Freitas-Silva and 
Venâncio, 2010). Besides, the treatment effectiveness depends on the gas concentration, exposure 
time, moisture, food matrice and mycotoxin structure (Afsah‐Hejri et al., 2020). Although ozone is 
safe, efficient and environmentally friendly, it is an unstable compound that has a short half-life 
that quickly decomposes to form oxygen (Chandravarnan et al., 2022). As it needs to be kept 
constant in the degradation process, this requirement can present some cost and logistical 
disadvantages (Pandiselvam et al., 2019). 

Another interesting approach that is unprecedented in the literature for the degradation or 
reduction of mycotoxins is the application of plant extracts and essential oils. Aqueous plant 
extracts and essential oils have the potential to prevent and control mycotoxin contamination 
because of its antifungal activities (Chandravarnan et al., 2022; Hamad et al., 2023). Therefore, an 
interesting approach is the application of these extracts and different essential oils in food and the 
evaluation of their relation with the synthesis or degradation of mycotoxin, since the impact of 
these oils and their chemical constituents on mycotoxin degradation remains unknown. Although 
some were published more than 30 years ago, the research contains valuable information to be 
discussed because of their contribution to mycotoxins detoxification (Table 10.3). The fact that more 
data exists with aflatoxins is probably because aflatoxin B1 is considered the most toxic naturally 
occurring mycotoxin, followed by aflatoxins G1, B2 and G2 (Luz et al., 2022). 

Comparing the research, applying ammonia, hydrogen peroxide, sodium bisulfite and organic 
acids have been of less interest probably because of these approaches’ disadvantages. The 
degradation differences between the studies show that the same method can be effective for 
different matrices and/or different mycotoxins. Ammonia, for example, was used to degrade 
aflatoxins by Norred (1982) and Nyandieka et al. (2009) in corn and both studies have a maximum 
degradation higher than 90%. Jalili et al. (2011) studied different methods for degradate aflatoxins 
and OTA in black pepper and, although the best result was applying ammonia, all methods 
degraded the mycotoxins. Sodium metabisulfite was an excellent treatment to degrade DON in 
cereal grains in the study made by Dänicke et al. (2012). Treatments with citric and lactic acids were 
studied by Méndez-Albores et al. (2009) and Lee et al. (2015) to degrade aflatoxins in sorghum and 
soybean, respectively, and all the maximum degraded results were bigger than 92%, showing the 
efficiency of these approaches. Although these chemical methods can effectively detoxify 
mycotoxins, the safety of the degraded compounds and the removal of residual chemicals after 
treatments largely limit their application, besides that, some degradation processes can be easily 
reversible, such as some acid treatments (Chandravarnan et al., 2022). 

Studies using ozone are more recent and frequent and there is also a wider variety of mycotoxins 
studied using this chemical approach. The degradation differences between the studies show that 
mycotoxins have a different sensitivity to treatments using ozone. In addition, the food matrix is 
also an important parameter that has different sensitivities. Ozone treatment was more effective 
when applied to wheat than parboiled rice for DON. Furthermore, the application condition is also 
very important, as the degradation was higher for DON in the Savi et al. (2014) study than in the  
Trombete et al. (2017) (both in wheat). In the first study, Savi et al. (2014) applied a higher 
concentration of O3 and a lower mass of wheat. Among the aflatoxins, AFB1 appears to be the most 
sensitive among ozone treatments because it has the best degradation (Table 10.3). As much as all 
the presented approaches are effective in decontamination, each chemical treatment has its own 
limitations and application conditions, so there is a need to identify environmentally and 
biologically safe and cost-effective mycotoxin decontamination agents that are in accordance with 
the aim of the proposed study. 

10.4 BIOLOGICAL METHODS 
The biological control of mycotoxins based on the use of fungi, bacteria and enzymes capable of 
degrading and/or adsorbing mycotoxins is a biological approach for reducing mycotoxin levels, 
promising in terms of efficiency and specificity, constituting a positive impact for the production of 
safe foods for consumption. Furthermore, it is established as an ecologically correct and safe 
strategy for the elimination of mycotoxins in food production (Nešić et al., 2021). Fungi (in 
particular, yeasts) and bacteria (mainly lactic acid) can act to reduce mycotoxin levels due to 
the adsorption phenomenon or the mycotoxin degradation caused by microbial secretions 
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(Wang et al., 2019). Adsorption uses cell surfaces of active or inactive microorganisms to bind 
mycotoxins (Luo et al., 2020). Differently, the enzymes act in the degradation and/or transformation 
of the chemical structure of these contaminants, resulting in compounds with less toxicity (Oliveira 
et al., 2021). The mycotoxin reduction by biological methods is affected by different factors, such as 
the type of biological agent and mycotoxin, adsorbent and contaminant concentration, pH and 
temperature of the medium (Luo et al. 2019). Thus, the optimization of these factors is fundamental 
to guarantee efficiency in the reduction of mycotoxin levels using biological methods. In this 
context, the main microorganisms and enzymes used in the biological control of mycotoxins will be 
discussed below, focusing on their application in food. 

10.4.1 Lactic Acid Bacteria 
Lactic acid bacteria are microorganisms widely studied for application in mycotoxin degradation 
by biological methods, mainly due to their safety history in food applications and cultivation and 
maintenance conditions. Lactic acid bacteria can act to reduce the mycotoxin concentration in foods 
using two different mechanisms: the use of cells and/or enzymes produced by some strains 
(Muhialdin et al., 2020). The main structure of the cell wall of lactic acid bacteria is made up of 
peptidoglycan encrusted with teichoic and lipoteichoic acids, a protein and polysaccharide layer. 
Among these compounds, peptidoglycan and polysaccharides are responsible for the adsorption of 
mycotoxins (Luo et al. 2019). Wang et al. (2015b) reported the reduction of patulin concentration in a 
culture medium attributed to adsorption by selected lactic acid bacteria. Furthermore, the authors 
describe the positive relationship between increased adsorption and greater surface area and cell 
wall volume, an effect attributed to the high number of binding sites. In addition to adsorption, it is 
important to note that viable cells of lactic acid bacteria are responsible for the production of several 
bioactive metabolites that can prevent mycotoxin production in food. These bioactive compounds 
include acids, carbon dioxide, hydrogen peroxide, phenyllactic acid and low molecular weight 
bioactive peptides. It is estimated that these metabolites can bind to mycotoxins, resulting in 
reduced toxicity (Muhialdin et al. 2020). However, the mechanisms of adsorption and/or 
degradation of mycotoxins by lactic acid bacteria are still unclear. 

10.4.2 Yeasts 
Yeasts are microorganisms widely used in biotechnological processes to produce bread, beer, wine 
and spirits, among others. As in lactic acid bacteria, the cell wall in the yeast structure makes the 
cells capable of adsorbing a wide range of compounds, including mycotoxins. Viable cells, non- 
viable cells and yeast products are able to reduce the bioavailability of mycotoxins in food. In the 
literature, there are reports that show the ability of yeast to remove different mycotoxins from raw 
materials and foods in fermentation (Piotrowska, 2021). Traditionally, different strains of the yeast 
Saccharomyces cerevisiae are studied for their ability to degrade mycotoxins (Luo et al., 2020). Zhang 
et al. (2019) evaluated the adsorption of patulin by the yeast Saccharomyces cerevisiae CCTCC 93161 
in cultivation in an aqueous solution. The authors concluded that the proteins and polysaccharides 
in the yeast cell walls interacted with patulin and were responsible for physical adsorption, 
reducing the patulin concentration by about 22% at the beginning of fermentation (0h). After 24 
hours of fermentation, the percentage of patulin removal reached approximately 85%. In another 
study, conducted by Li et al. (2018), the interaction between Saccharomyces cerevisiae CITCC 93161 
and the mycotoxin patulin during cultivation were evaluated. The authors observed the complete 
degradation of patulin and attributed the action of endo and exoenzymes produced during 
fermentation. The mitigation potential of the mycotoxin nivalenol by the alcoholic fermentation of 
Saccharomyces cerevisiae US-05 with the application of magnetic fields was evaluated by Boeira et al. 
(2021). The authors concluded that alcoholic fermentation mitigated contamination by nivalenol by 
up to approximately 56% after 96 hours, showing a promising method for mitigating this 
mycotoxin. Despite the wide emphasis given to the genus Saccharomyces, other yeasts have been 
studied, among them, Kluveromyces marxianus for aflatoxin M1 (Martínez et al., 2019) and 
Meyerozyma guilliermondii for patulin (Fu et al., 2021). 

10.4.3 Enzymes 
In recent years, efforts have been made to identify enzymes capable of degrading mycotoxins. 
Enzymes are proteins that have catalytic activity, acting as biocatalysts that increase the speed of 
reactions, accelerating the conversion of substrates into products (Nelson et al., 2014). Due to their 
catalytic nature and detoxification abilities, enzymes are efficient decontamination agents 
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(Manubolu et al., 2018). Enzymes can come from the product of microorganisms or be intentionally 
added to the medium with a view to decontamination. In the first case, it may be difficult to 
distinguish the decontamination mechanism, due to the possibility of adsorption by the micro-
organism cells and the action of enzymes in the degradation of the physical structure, or even due 
to the possibility of a synergistic effect (Luo et al. 2019). Enzymes can act in the biotransformation of 
mycotoxins forming less toxic or non-toxic compounds. The main conversion pathways are 
hydroxylation, hydrogenation, hydrolysis, oxidation, esterification, glucuronidation and glycosyl-
ation, deep oxidation, methylation, sulphation, demethylation and deamination (Nešić et al., 2021). 
However, the enzymatic biotransformation mechanism of mycotoxins is variable and difficult to 
elucidate, depending on the type of mycotoxin and enzyme used. Different factors can influence 
mycotoxin degradation (e.g., enzyme activity, pH, temperature and incubation time). The enzyme 
activity applied in the mycotoxin degradation is a limiting factor for the industry application, 
mainly due to its high cost (Oliveira et al., 2021). Thus, the optimization of these factors is crucial 
regarding the potential application of enzymes in mycotoxin degradation. 

10.4.4 Food Application of Biological Methods 
In the last decade, several bacteria, yeasts and enzymes have been proposed for use as decontami-
nating agents in foods, however, not all of them have been effectively evaluated in food matrices. The 
difficulty in implementing biological methods is mainly due to the need to be non-pathogenic, 
specific, effective and not result in toxic effects. Table 10.4 shows some literature reports on the 
application of biological agents to reduce mycotoxin levels in food. Milk is the highlight of research 
carried out in recent years, possibly due to its wide consumption in different forms in the human diet 
and its fundamental role in the diet of children. Thus, guaranteeing the quality of milk is essential to 

Table 10.4: Mycotoxin Degradation by Biological Agents in Food       

Treatment Mycotoxin Matrice Reduction (%) Reference  

Bacteria     
Lactobacillus kefiri AFB1 Milk  82  Wang et al. (2015a) 
Lactobacillus kefiri OTA Milk  94  Wang et al. (2015a) 
Lactobacillus kefiri ZEA Milk  100  Wang et al. (2015a) 
Lactobacillus delbrueckii spp. bulgaricus 

LB340 + Lactobacillus rhamnosus 
HOWARU + Bifidobacterium lactis 
FLORA-FIT BI07 

AFM1 Milk  11.7  Corassin et al. (2013) 

S. thermophilus sub. Lactis + L. bulgaricus AFM1 Yogurt  69.8  Elsanhoty et al. 
(2014) 

S. thermophilus sub. Lactis + L. bulgaricus 
+ L. plantrium 

AFM1 Yogurt  87.8  Elsanhoty et al. 
(2014) 

S. thermophilus sub. Lactis + L. bulgaricus 
+ L. acidophilus 

AFM1 Yogurt  72.8  Elsanhoty et al. 
(2014) 

Lactobacillus rhamnosus RC007 AFM1 Milk  61  Martínez et al. (2019) 
Pediococcus acidilactici RC005 AFM1 Milk  34  Martínez et al. (2019) 
Pediococcus pentosaceus RC006 AFM1 Milk  26  Martínez et al. (2019) 

Yeast     
Saccharomyces cerevisiae AFM1 Milk  92.7  Corassin et al. (2013) 
Saccharomyces cerevisiae S6u OTA Wine  51.6  Cecchini et al. (2018) 
Saccharomyces cerevisiae S10c OTA Wine  45.4  Cecchini et al. (2018) 
Saccharomyces cerevisiae RC016 AFM1 Milk  19  Martínez et al. (2019) 
Kluveromyces marxianus VM003 AFM1 Milk  36  Martínez et al. (2019) 
Saccharomyces boulardii RC009 AFM1 Milk  25  Martínez et al. (2019) 

Enzymes     
Peroxidase AFB1 Beer  24  Sibaja et al. (2019) 
Peroxidase AFB1 Milk  97  Sibaja et al. (2019) 
Peroxidase AFM1 Milk  65  Sibaja et al. (2019) 
Peroxidase OTA Grape juice  17  Nora et al. (2019) 
Peroxidase OTA Beer  4.8  Garcia et al. (2020) 
Peroxidase ZEA Beer  10.9  Garcia et al. (2020) 
Lacase CotA ZEA Corn meal  90  Guo et al. (2022)   

AFB1 = aflatoxin B1; AFM1 = aflatoxin M1; OTA = ochratoxin A; ZEA = zearalenone.  
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provide safe products to consumers. Based on the data presented in Table 10.4, it can be observed that 
bacteria, yeasts and enzymes have been evaluated for the reduction of the main mycotoxins 
(aflatoxins B1 and M1) associated with this food. The yeast Saccharomyces cerevisiae showed 
prominence in the degradation of aflatoxin M1, resulting in the mitigation of up to 92.7%, while the 
peroxidase enzyme resulted in the mitigation of up to 97% of aflatoxin B1 in that same matrix. The 
high levels of reduction observed demonstrate the potential application of biological methods for the 
degradation of mycotoxins. However, studies that clarify the degradation products, as well as their 
non-toxicity, are crucial for the industrial application of these biological degradation methods. 

10.5 FINAL CONSIDERATIONS 
Due to the frequent occurrence of mycotoxins and their toxicity, these compounds are a matter of 
concern for health control agencies. In view of these factors, there is a need for studies that have as 
their scope the degradation of mycotoxins, which is the alternative to avoid the great disposal of raw 
materials or food when aiming at the health of the consumer. Among the methods described, the 
microbiological methods stand out due to their applicability and innovation in the food production 
chain. However, the use of combined methods, mainly physical and biological, is promising, enabling 
the increase of degradation and the availability of safe and quality food for humans and animals. 
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11 Food Irradiation for Food Safety 

Md. Hasan Tarek Mondal  and Md. Akhtaruzzaman   

11.1 INTRODUCTION 
Food safety is a serious issue of the current world with dominant human as well as environmental 
significances if ineffectually processed. With increasing the globalization of the food supply, ensuring 
the safety of supply for the consumers has become a worldwide collaborative effort. The major 
concern for confirming food safety can be demonstrated by the extent of foodborne illness around the 
globe. Food irradiation technology has been widely used to control the foodborne pathogen in food 
products during industrial processing. The International Atomic Energy Agency claims that ionizing 
radiation is used commercially in 33 nations across the world to process various food products 
(International Atomic Energy Agency, 2007). The commonly irradiated food items are fresh fruits, 
vegetables, poultry, beef and pork, shellfish and eggs. In recent decades, the safety issue of irradiated 
food products has been a considerable debate. The concerns of irradiated food over a period of time 
are toxicity compounds produced and their adequate nutritional characteristics of food that are 
processed by irradiation treatments. Food products that are treated by ionizing radiation not only 
meet the quarantine requirements but also promise an alternative method in food processing. The 
food material is transiently exposed to radioactivity in a radioactivity chamber at a predetermined 
speed to control the quantity of dosage engrossed by the particular food substances. According to the 
WHO, FAO and IAEA’s prior experimental findings, the severe ionizing energy level should not 
exceed 10 kGy, and the energy of X-rays and the electron produced by appliance bases should be 
worked at 5 MeV to 10 MeV in order to halt radioactivity of treated food. Food is subjected to an exact 
amount of powerful radiant energy, often known as ionizing radiation, through a process termed 
“food irradiation.” Chemical bonds can be broken by ionizing radiation. In beef, poultry and shellfish, 
irradiation can destroy harmful bacteria and other germs. Additionally, it can prevent the sprouting of 
potatoes, onions and other tubers and bulbs improve the shelf life of fresh fruits and vegetables, and 
de-infest spices. A versatile technique for food preservation is food irradiation. It is a secure food 
preservation technique that the U.S. Food and Drug Administration (FDA) and more than 60 other 
national food safety authorities have approved for use with a range of foods. Ionizing radiation that 
can be used to irradiate food includes gamma rays from cesium 137 (137Cs) or cobalt 60 (60Co), X-rays 
from machine sources operating at or below a 5 MeV energy level, and electrons from machine 
sources operating at or below a 10 MeV energy level (also known as E-Beam). Typically, the dosages 
of radiation applied to food are expressed in kilograys (kGy; 1 kGy = 1,000 Gy). Microorganisms’ 
DNA reacts to radiation very quickly. Consequently, food irradiation damages microbial cells by 
reacting either directly or indirectly on DNA molecules. To ensure food preservation and safety, the 
precise dose of food irradiation is essential. 

11.2 FOOD IRRADIATION 
Irradiating food is a novel method for processing of food materials by using precise quantities of 
radiation (X-rays, ɣ-rays and faster electron) for destroying the pathogens that are present in food 
with maintaining safety and suitability. Food irradiation is a non-thermal food treating method for 
the disruption of microbial cell that achieves microbial safety with extending shelf life of a food 
product. With this method of processing, food is not rendered radioactive. Irradiation kills 
pathogens and makes them unable to reproduction. The following list of ionizing radiation that has 
been approved for use in food processing materials:  

i. Cobalt-60 (60Co) emits gamma radiation of minimum and maximum energy of 1.17 MeV to 
1.33 MeV.  

ii. Cesium-137 (137Cs) provides maximum energy of 0.662 MeV.  

iii. Electrons that have been accelerated to the highest energy of 10 MeV.  

iv. X-rays with a maximum energy of 5 MeV. 

An ionizing radiation dose of less than 1 kGy applications can preclude decay in onion, bulbs and 
tubers. It can also be used for preventing spoilage of fresh fruits, vegetables, dried fish, beef and 
also delay the ripening process of fruits. The applications of intermediary dose of 1–10 kGy with 
combination of refrigeration also prevent spoilage of stored products such as poultry, meat, egg, 
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seafood and strawberries. High ionizing energy doses in the diversity of 10–71 kGy are also applied 
in packaged food products such as meat, seafood, poultry and prepared foods and it is also applied 
for sterilizing some spices and food additives. These food products treated by radiation technology 
preserve their excellence features such as color, texture, taste and nutrient content (Ehlermann, 
2016). Though ionizing radiation retains the quality of foods, chemical changes of food are also 
occurring during processing. The chemical alterations in food due to the application of radiation 
treatments are tiny and the possibility of toxic effects on patron is also insignificant. In the food 
irradiation technique, the aesthetical and nutritional features of foods are conserved to a higher and 
healthier rank rather than other methods of processing. Food irradiation is mainly applied for 
preservation purposes of food as well as sterilization application of various types of food items in 
processing industry. The main benefits of food irradiations are summarized below:  

i. Destroying pathogenic microorganisms that are associated with food spoilage.  

ii. Sprouting inhibition of potatoes and other bulbs during storage.  

iii. Delay fruits ripening process.  

iv. Disinfesting pests and parasites in horticultural produces.  

v. Sterilizing of packed food items.  

vi. Improves keeping qualities of various food products. 

“Irradiated food” refers to food that has received ionizing radiation treatment. In the presence of 
ionizing radiation, food absorbs energy. The term “absorbed dosage” refers to the amount of energy 
absorbed, and it is expressed in units of Gray (Gy). Food absorbs energy from the environment, 
creating free radicals, which mix with other food molecules and generate short-lived compounds 
that kill microorganisms. Bacteria are killed by irradiation, which damages their DNA and proteins. 
The food irradiation process cannot be used for all food products. This drawback arises from the 
fact that the ionizing radiation significantly alters the flavor or texture of the product. Look for dairy 
products that have undergone pasteurization methods to ensure lower levels of exposure danger if 
you want to encourage high levels of food safety. 

11.3 PRINCIPLES OF FOOD IRRADIATION 
When particular amount of radiation passes through food substances, the energy is engrossed by 
the food substances and leads to excitation of the atoms and constituents of food molecules 
resulting in biological and some chemical changes recognized to happen during irradiation of food. 
The reaction of isomerization and dissociation (loss of hydrogen atom) happens within the 
molecules of the irradiated substances and produces free radicals. Usually the free radicals that are 
produced during irradiation require a very squat period of time and dried food products 
comprising bone will have inadequate mobility and persevere for a long time. The prime radiation 
technique is used in food processing industries. In food processing industries, gamma (ɣ) rays are 
mostly used for irradiation purposes that are obtained from the radioactive sources in the forms of 
cobalt (60Co) or cesium (137Cs). Hydrolysis and oxidative degradation are the principal impacts of 
irradiation on carbohydrates. The breakdown of complex carbohydrates produces simple com-
pounds. Ionizing radiation may alter the physical and chemical composition of foods that are high 
in carbohydrates, although such alterations have no lasting nutritional impact. However, certain 
foods with very high sugar content lose their nutritional value and become unpleasant as a result of 
high ionizing radiation dosages. Due to the protective qualities of the food’s constituents, vitamins 
in food are less ionizing radiation resistant than vitamins in pure solutions (Chauhan et al., 2009;  
Zanardi et al., 2018). It may be required to maintain low temperatures and exclude oxygen in order 
to protect vitamins A, E, K, and thiamin, particularly from medium and high dosage irradiation. 
The impact of radiation on folic acid is poorly known. Radiation’s effects on the vitamin C content 
in fruits and vegetables have been the subject of conflicting reports. These differences may result 
from conversion to the physiologically active dehydroascorbic acid. Antithiamine and antivitamin 
B6 tests on high-dose irradiation chicken and meat produced no results. 

11.4 DEGREES OF FOOD IRRADIATION 
Radiation energy secretes from one source to another in space in a quantifiable environment. 
Different measures of radiant energy are emanated from an electromagnetic spectrum. In the 
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irradiation process, the ionizing energy is applied to materials such as food substance for achieving 
the sterilization before preservation of food by abolishing microbes, pests and parasites. 
Electromagnetic gamma (ɣ) and corpuscular beta (β) rays, which are produced by radioactive 
versions of materials like cobalt (60Co) and cesium (137Cs), are the main radiations employed in the 
food industry. Three procedures can be used to treat food products in the food processing industry 
using ionizing energy. 

11.4.1 Radappertization 
In this method, the food materials are treated with necessary amounts of doses to stop decay, 
poisonousness caused by organisms in food. This is also termed “sterilization.” The obligatory dose 
is usually maintained in the range of 25–45 kGy. 

11.4.2 Radicidation 
In this method, the food substance is treated with a sufficient dose of ionizing radiation in order to 
decrease the quantity of feasible, pathogenic, non-spore-forming, bacteria and also inactivates 
foodborne parasites. The recommended dose is used in the range of 2–8 kGy. 

11.4.3 Radurization 
In this method, the food substance is treated with a sufficient dose of ionizing radiation to enhance 
its keeping quality by eliminating the numbers of substantial viable spoilage organisms. The 
essential dose is used in the range of 0.4–10 kGy. 

For the goal of preserving food, ionizing radiation is frequently utilized. According to previous 
research findings, the main benefits of using ionizing radiation for food processing include 
preventing sprouting, delay of fruit and vegetable ripening and senescence, reducing pest 
infestation in agricultural products, destroying microbes responsible for spoilage and removing 
parasites and pathogens that are dangerous to human health. Through a significant decrease in the 
number of bacteria that cause rotting, radiation improves the keeping quality of some goods (Fan 
et al., 2008; International Atomic Energy Agency, 2005). The process of irradiation is dependent on 
the amount of radiation exposure. The range of modest radiation doses of 0.02–0.2 kGy can 
suppress the sprouting of yams, potatoes, onions, garlic and other commodities. The dose range of 
0.2–1 kGy is employed for physiological processes that take place over time, such as the ripening of 
fruits, and the 1–7 kGy dose range is employed in such treatments to expose fresh meat and 
seafood, depending on the product (Gautam and Tripathi, 2016). 

11.5 MECHANISM OF MICROBIAL DESTRUCTION OF IRRADIATED FOOD 
The mechanism regarding microbial destruction during irradiation of food happens primarily on 
the basis of interruption of the cell membrane or cellular bustle through damaging the DNA of 
organisms (Erkmen and Bozoglu, 2016). During ionizing radiation, the electron deletion occurs 
from a radioactive source, resulting in energy deposition transpired on mark molecules, for 
example, DNA directly. Water in nearby molecules is available in the cell of organisms. When 
ionizing treatment is applied in food, the molecules of water misplace an electron and produce 
H2O+ and e-. The product formed by radiolysis of water reacts with the additional molecules to 
yield a variety of chemical compounds such as hydrogen, oxygen, hydroxyl radicals (•OH), 
hydrogen peroxide (H2O2) and molecular hydrogen. The formed chemical compounds are very 
much reactive and cause breakdown at the sugar-phosphate bonds of single-strand DNA and also 
collapse the bonds that are connected with the base pair towards a reverse in double-strand DNA 
(Erkmen and Bozoglu, 2016). As a result, bacterial cell death occurs. Generally, bacteria, yeasts and 
viruses are less sensitive to irradiation than molds. The success of inactivating microorganisms 
depends on a number of variables, including the microorganisms’ physiological state, bacterial 
strain, the composition of the food, the dose utilized and capacity to repair radiation-induced DNA 
damage (Farkas et al., 2014). The figure of the microbial destruction mechanisms of gamma rays on 
food samples is illustrated in Figure 11.1. 

A change in the membrane’s lipid composition, particularly in the polyunsaturated fatty acids, 
disturbs the membrane’s normal structure and has an impact on the permeability of the membrane, 
among other membrane activities. Additionally, membrane enzyme activity may be impacted 
(Erkmen and Bozoglu, 2016). Most predominant foodborne pathogens and the main food spoilage 
microorganisms are usually sensitive to irradiation and can be rendered inactive by low and 
medium doses of radiation between 1 and 7 kGy. At the same radiation dose, cocci are more 
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resistant to radiation than rods, and Gram-positive bacteria are more radiation resistant than Gram- 
negative bacteria. Different isolates and strains of the same species of bacteria may have different 
irradiation sensitivity. Microbes’ ability to adapt to stressful environments may lead to an increase 
in their resistance to radiation. Some of the harmful bacteria may be able to endure higher radiation 
doses due to certain resistance genes to specific medications (Skowron et al., 2018). The matrix 
composition, the length of time used to apply the method, the intensity of application, inactivation 
temperature and the resistance of the bacteria all affect how effectively microorganisms are 
inactivated (Figure 11.2). Viruses and yeasts have high radiation tolerance as well (Calado et al., 
2014). Additionally, vegetative microbial cells are more sensitive than spores. 

11.6 IRRADIATION FOOD PRODUCTS 
Food processing with ionizing radiation has some beneficial effects, such as extending shelf life of 
product, inactivation of pathogenic bacteria, insects, parasites, yeast and molds, delaying fruit and 
vegetable ripening and sprouting inhabitation of tuber crops. The effects can be achieved by using 
lower radiation exposures. The potential application of different doses of radiation on food 
products, their effects are summarized in Table 11.1. 

11.7 SAFETY ISSUE OF IRRADIATED FOOD 
The safety issue of irradiated food is an important aspect for the present century. Evidence has 
proven the safety issue of irradiated food. Over 50 years of research on the food safety of irradiated 
food has proven their evidence against safety approach of irradiated food. The Food and Drug 
Administration (FDA) has claimed that the irradiation processing is safe by conducting research for 

Figure 11.1 The 60Co irradiation source that generates gamma rays ( Rosario et al., 2020) [(1) with 
the ability to penetrate structures and bacteria is the microbial inactivation source (a) (2) Gamma 
rays harm the DNA of the microbe, making the cell inert (3) The inactivation of microbes by UV-C 
light (b): Mercury lamps emit UV-C photons with a maximum efficacy of 253.7 nm (1) Influence the 
organisms (2) The production of pyrimidine dimers (Thymine-Cytosine) is primarily responsible 
for the inactivation and slowing of microbial growth (3)].    
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more than 30 years. A combined report prepared by FAO, IAEA and WHO stated that food treated 
with any dose is acceptable, palatable and healthy. This statement guides strong evidence that any 
food exposed to incorrect irradiation treatment may have lost its vital assets but is not risky for 
consumption (Filho et al., 2014). According to a 1981 report, the WHO, FAO and IAEA team on the 
wholesomeness of irradiated food foodstuffs established a maximum radiation level of 10 kGy as 
being safe and wholesome. When energy was delivered up to 10 kGy, toxicological risk was absent, 

Figure 11.2 Microbial resistance levels (a) Gamma Radiation ( Mahapatra et al., 2005), (b) UV-C 
Radiation.    

Table 11.1: A Variety of Radiation Doses and Their Potential Applications     

Dose Range Effects/Purpose Foodstuff  

Lower Dose (around 
1 kGy) 

Avoid sprouting (potatoes, onions, 
garlic, etc.) After harvesting; eradicate 
insects and larvae in wheat, flour, 
fruits and vegetables. Slow process of 
ripening. Kill several harmful food- 
related parasites. 

Bananas, mangoes, other non-citrus fruits, 
grains and pulses, dehydrated vegetables, 
dry fish and meat, fresh pork, potatoes, 
onions, garlic and ginger. 

Moderate dose  
(1 to 10 kGy) 

Severe reduction in or elimination of 
specific parasites and microorganisms 
that cause food deterioration. 
Decrease or eradication of numerous 
pathogenic bacteria. 

Berries, grapes, dried vegetables, fish,  
poultry, raw or frozen seafood and meat. 

Sterilization at a high 
level (10 to 50 kGy) 

Food sterilization for specific 
applications, such as meals for 
patients with immune system 
compromises. Several disease-causing 
viruses are eliminated. 

Sterilized food for immunocompromised 
patients.   
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and there were no obvious negative impacts on nutrition or microbiology. According to a different 
conclusion from the same panel, irradiated foodstuffs should continue to be calculated separately 
while taking into account the scientific requirement and their safety. It is appropriate to set a 
maximum dosage level for the treatment of some food products by ionizing radiation. Without 
significantly harming nutrition or microbiology, the energy carried up to 10 kGy did not pose a 
toxicological risk. It is immobile considered to be a problem and defensive principles should be 
used until such documents are obtainable because there are insufficient documents on the effects of 
eating a diet consisting of irradiated foods on long-term health impacts and on the effects of long- 
term consumption of irradiated foods on human health. However, in vitro research has shown that 
2-ACBs have tumor-promoting properties. According to a recent scientific view from the European 
Food Safety Authority on chemical safety of irradiated food along with their inherent treatments, 
the most radiolytic compounds are 2-ACBs, hydrocarbons and cholesterol. In food products, oxides 
and furans are also generated that have undergone various food processing procedures and are not 
just formed by irradiation. Regardless of the intended purposes for the treatment, evidence 
supports the safety of food and food products or raw materials used as ingredients exposed to 
ionizing radiation (Vaz et al., 2012). Additionally, the amounts that they increase in food that has 
been exposed to radiation were not noticeably higher than those that result from heat treatments. 
The majority of the information from the most recent literature regarding various biological risks 
supports the food classes and radiation levels mentioned, as per prior assessments by the Scientific 
Committee on Food of the European Commission. Another crucial topic of the 21st century is the 
toxicological perspective of foods that have been exposed to ionizing radiation. Radiolytic 
compounds including short-chain hydrocarbons and formaldehyde are formed as a result of the 
food irradiation process, which also creates reactive radicals. 2-Alkyl-Cyclobutanones are produced 
when triglycerides are radioactively lysed (2 ACBs). Because these molecules are unique, they are 
frequently used as indicators to distinguish foodstuffs that have undergone radioactivity. 

11.7.1 Radioactivity Safety 
As a result of exposure to common ambient radiation, foods are normally radioactive to variable 
degrees. Food products exposed to gamma radiation (cobalt-60) do not become radioactive since no 
neutrons are secreted during the treatment and no atomic variations occur in the food molecules’ 
nucleus matrix (Loaharanu, 2007). It is highlighted that the redox potential is simply one of the 
variables that significantly affects how reactive an irradiated aqueous system, such as food, is when 
it comes to radiolysis of water. The electron concentration at the reaction site and the activation 
energy play further roles in determining the rates of reactions between the radiolysis product of 
water and reactive moieties in substrates. IAEA studies revealed that the increase in background 
radiation exposure from eating food exposed to gamma rays from cobalt-60 or cesium-137, 10 MeV 
electrons, or X-rays produced by electron beams with energy below 5 MeV is negligible and is best 
described as zero. 

11.7.2 Toxicological Safety 
Safety issue of irradiated food based on toxicological evidence is the most important because during 
irradiation, series of radiolytic product called cyclic ketones (2-alkylcyclobutanes) are formed. 
These cyclic chemicals are created when irradiating fat-counting food products. Short-term 
studies have been started to date to look into probable toxicological compounds and their health 
risks. In the cell line of bacteria and humans, Hartwig et al. (2007) examined the toxic and colon 
carcinogenic potential of several pure synthesized 2-alkylcyclobutanones. Various pure synthetic  
2-alkylcyclobutanones were examined by Hartwig et al. (2007) in bacterial and human cell lines for 
their potential to be harmful and to cause colon cancer. Although the Ames test did not indicate any 
mutagenic action in Salmonella strains, they discovered that significant cytotoxicity was observed 
in bacteria. Genotoxicity was suggested by the alkaline unwinding process’ detection of DNA base 
damages in mammalian cells but not by the comet assay. The makeup of triacylglycerol’s fatty acid 
profile was also discovered to affect cytotoxicity and genotoxicity. The radiolytic products found in 
radiation-treated beef were studied by the Federation of American Societies for Experimental 
Biology between 1976 and 1979, and they came to the conclusion that the quantities that would be 
consumed would not have any toxicological effects. All of the detected radiolytic compounds are 
also present in non-irradiated food products. After 35 years of investigation, no compounds that 
can only be detected by the food irradiation process have been found. There is no conclusive 
incontestable proof that irradiated foods contain radiation-formed carcinogens or other hazardous 
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elements, according to extensive toxicological research. Last but not least, a World Health 
Organization expert committee formed in 1980 examined all the data from 1,200 studies and 
suggested that its member countries allow any food irradiated up to an average dose of 10 kGy 
without the need for additional testing. These studies, which were carried out in the middle of the 
1980s, showed no negative outcomes. Animals fed diets that were irradiated with doses between 25 
and 50 kGy, which is far greater than the level used for human food, did not experience any 
mutagenic, teratogenic, or oncogenic harmful effects that may be related to eating irradiated food 
for several generations (Kava, 2007). 

11.7.3 Microbiological Safety 
The important effect of radiation on microorganisms depends on the interaction of free radicals 
with their DNA and RNA. Depending on the strains and physiological condition of the strains 
employed, different microorganisms have varying radiation resistance. Cells under stress charac-
teristically exhibit amplified levels of radiation resistance. The pathogenic and decay organisms like 
L. monocytogenes, Staphylococcus aureus, Salmonella, E. coli O157:H7, Campylobacter, Yersinia enter-
ocolitica, yeast and mold can be successfully removed from food by irradiation. Raw meats’ sanitary 
quality can be improved by food irradiation by avoiding potential health risks. The use of radiation 
activity during the processing of foodstuffs depends on sensitivity of the microbes, the species, size, 
spores and various microenvironments, as well as the physical condition of the food, the oxygen 
content and the presence of chemical substances such as proteins, sulfites, nitriles and sulfhydryl 
compounds. Low and medium dose (1 to 7 kGy) radiation can inactivate Gram-negative and 
spoilage bacteria like Enterobacteriaceae and Pseudomonas spp. since they are overly susceptible to it. 
Ionizing radiation greatly lengthens the life of food with acceptable range through eliminating 
germs (1 to 3 years). Additionally, if the food was contaminated after irradiation, it has been 
predicted that irradiated foods might be more favorable to the proliferation of foodborne diseases. 

11.7.4 Nutritional Safety of Food Irradiation 
Food chemical composition can be altered by irradiation, which alters the nutritional value of the 
product. With a dosage of 1 kGy, irradiation does not result in any appreciable loss of 
macronutrients (Indiarto et al., 2020). Even at doses above 10 kGy, irradiation has no effect on the 
nutritional value of proteins, lipids and carbohydrates; however, there may be some sensory effects 
(Ehlermann, 2014). According to animal feeding experiments, irradiating food at any practical 
interest dosage level will not have an adverse effect on the nutritional content of these ingredients 
(Nair and Sharma, 2016). The nutritional value and quality of processed food items can be 
preserved with the right treatment, such as radiation conditions paired with packing methods 
(Indiarto et al., 2020). From a nutritional point of view, irradiation has little effect on the digestibility 
and amino acid composition of proteins, so meat, poultry and fish are good choices for irradiation 
(Prakash, 2020). In a similar manner, chicken, mackerel and cod post-irradiation do not appear to 
have an impact on the biological value and digestibility of dietary proteins or amino acid pattern 
(Woodside, 2015). The impact of radiation on proteins depends on their state, structure and content, 
as well as whether they are native or denatured, dry or in solution, liquid or frozen and the 
presence or absence of certain other chemicals. However, long-term feeding studies found that 
irradiating raw and cooked beef (up to 70 kGy) does not affect their digestion or nutritional content 
and only serves to extend the shelf life (Pedreschi and Mariotti-Celis, 2020; Woodside, 2015). 

Carbohydrates are substantially less vulnerable to radiation when consumed as dietary 
ingredients than when utilized in pure form. Carbohydrates are protected by the protein (Harder 
et al., 2016). There were no discernible modifications in the bulk density or composition of wheat 
flour or starch following gamma irradiation. It’s interesting to note that, depending on the dosage, 
the flour’s amylose content rose by 25% to 36% (Bashir et al., 2017). Based on the fruit type, the stage 
of ripening, and the radiation dose, irradiation can either increase or decrease the amount of 
sugars in fruits. Individual sugar alterations caused by radiation are similarly minimal. As an 
illustration, modest doses of irradiation result in minor but considerable increases in the glucose 
content of Custard apples and decreases in the glucose and sucrose contents of mangoes and 
Imperial mandarins (Prakash and Ornelas-Paz, 2019). Fruits’ viscosity or hardness may alter as a 
result of the hydrolysis or depolymerization of carbohydrates like pectin and starches 
(Prakash, 2020). The most vulnerable macromolecule to food radiation is lipids (Prakash, 2020). 
Depending on the composition, irradiation causes fatty acids and lipids to undergo oxidation, 
polymerization, decarboxylation, and dehydration and releases a variety of chemicals 
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(Ravindran and Jaiswal, 2019). Foods with high lipid content (52%–70%), and particularly those 
with a high amount of unsaturated fatty acids, are especially vulnerable to radiation because 
the formation of free radicals during radiation accelerates the oxidation of lipids. The susceptibility 
to oxidation and, thus, to radiation treatment increases with the extent of unsaturation (Sajilata and 
Singhal, 2006; Štajner et al., 2007). Irradiating at freezing temperatures and packaging to block the 
effects of light and oxygen can prevent the alterations that occur in lipids (Ravindran and 
Jaiswal, 2019). The results of several investigations on the effects of meat irradiation on lipids have 
demonstrated that, at low doses of radiation, lipids in the presence of their endogenous 
antioxidants are not especially vulnerable to radiation-induced peroxidation (Roberts, 2016). 
Additionally, rather than only affecting fat, when food is exposed to radiation as a whole, all of its 
contents are affected (Harder et al., 2016). Irradiation has little to no effect on minerals, just like it 
has little to no effect on macronutrients. Food irradiation can lower the amount of minerals that are 
easily obtainable, but for those who eat a balanced diet, the reduction does not result in a significant 
loss of nutrition (Bevelacqua and Javad Mortazavi, 2020; Woodside, 2015). 

Foods containing the very sensitive vitamins A, B1, C and E can be altered by irradiation. Free 
radicals produced by irradiation are mostly to blame for these changes (Prakash and Ornelas-Paz, 
2019). The amount of radiation used; the makeup of the food; how it is packaged, stored, and 
processed; as well as those circumstances’ temperature and oxygen content will all affect how much 
vitamin is actually lost (Woodside, 2015). Vitamins B1 and E, which are the most vulnerable to 
radiation, can be preserved not only by excluding oxygen, but also by low-temperature irradiation. 
The kind of product and irradiation dose have an impact on vitamin C losses as well (Nair and 
Sharma, 2016). Vitamin C cannot be changed by low doses of radiation (1 kGy) (Prakash and 
Ornelas-Paz, 2019). When exposed to radiation, vitamin C partially transforms into dehydroas-
corbic acid, which also possesses vitamin C action in people (Nair and Sharma, 2016). To reduce 
impacts on organoleptic changes and vitamin losses, food is frequently irradiated at dosages lower 
than 10 kGy (Woodside, 2015). There are certain less sensitive vitamins in diet. However, not all 
vitamins are equally sensitive to irradiation when properly handled during irradiation (Roberts, 
2016). Table 11.2 lists the relative sensitivity to irradiation of certain vitamins. Vitamin radiation 
sensitivity decreases in the order shown below (Stefanova et al., 2010): 

Fat-soluble vitamins: vitamin E > carotene > vitamin A > vitamin D > vitamin K 

Water-soluble vitamins: vitamin B1 > vitamin C > vitamin B6 > vitamin B2 > folate, niacin, 
vitamin B12  

The nutritional value of irradiated foods is often on pace with or higher than that of non-irradiated 
foods that have undergone standard processing. Irradiation can be harmful to the nutritional 

Table 11.2: Vitamins’ Relative Susceptibility to 
Radiation Treatment ( Pedreschi and 
Mariotti-Celis, 2020;  Woodside, 2015)    

High Sensitivity Low Sensitivity  

Vitamin C  W Carotene  F 

Vitamin B1 (thiamin)  W Vitamin D  F 

Vitamin E  F Vitamin K  F 

Vitamin A (pyridoxine)  F Vitamin B6 (pyridoxine)  W 

Vitamin B2 (riboflavin)  W 

Vitamin B12 (cobalamin)  W 

Vitamin B3 (niacin)  W 

Vitamin B9 (folate)  W 

Vitamin B5 (pantothenic acid)  W   

Notes  
W Water-soluble vitamin  
F Fat-soluble vitamin  
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content of food, but conventional heating and drying techniques can be far worse. Nutrient losses 
from irradiation won’t be significant enough to have a negative impact on people’s or populations’ 
nutritional state. Due to the irradiation process, irradiated food manufactured in accordance with 
recognized good manufacturing practice is recognized safe and nutritionally appropriate (Nair and 
Sharma, 2016; Nishihira, 2020). 

11.8 HEALTH CONCERN OF IRRADIATED FOOD 
Ionizing energy is primarily used to treat food with the intention of enhancing or protecting human 
health by eliminating disease-causing microorganisms and avoiding the use of chemicals that are 
frequently used to preserve or disinfect food products and may potentially leave behind toxic or 
cancer-causing residues. One of the biggest health risks in the world, according to the World Health 
Organization, is disease-causing organisms contaminating food. By extending the shelf lives of food 
while keeping their nutritional value and organoleptic (sensory) qualities (such as taste, odor, color 
and texture), using ionizing radiation to preserve food can significantly improve the health of 
humans by eliminating malnutrition at a global scale. Food that is prevented from spoiling has a 
financial value and benefits for human health that far outweigh the cost of irradiation. Although 
food irradiation is thought to be safe, concerns have been raised about the effects of irradiated food 
on health. Numerous scientific inquiries have yielded both favorable and unfavorable results. 
People who have impaired immune systems are particularly vulnerable to infections spread 
through their food. Patients with AIDS or receiving chemotherapy may be given treatment to 
sanitize the digestive tract and placed on a sterile diet in order to prevent infection problems. Foods 
may be sterilized with irradiation and then kept for several months without refrigeration (Eustice, 
2020; Mohácsi-Farkas, 2016). High-dose irradiation has been used recently to prepare meals for 
infants and individuals with impaired immune systems (Feliciano, 2018). 

One of the main health issues in the world today is food allergies, which have been rising 
alarmingly in recent years. Food allergens are typically proteins, which have a complicated spatial 
structure and are made up of several amino acids. Allergenicity may be decreased by changing the 
proteins’ spatial arrangement. Alternately, free radicals such •OH, •H, and eaq

– may oxidize and 
deoxidize the amino acids in allergy proteins, affecting them. Thus, peptide bonds experience 
breakage and crosslinking, which results in the elimination of allergen native constructions. The 
majority of food allergens have been successfully eliminated using various ways by irradiation, 
which has been demonstrated to be effective in practice (Pan et al., 2021). The use of irradiation 
technology to combat lectins, the most prevalent cause of food intolerance and their immunological 
and allergy consequences has been proven to be both safe and efficient. As a result, it has been 
suggested as a means to lower or completely eradicate food allergenicity (Vaz et al., 2011). Most 
nations’ usual diets include nitrates, nitrites and nitrosamines. Food additives called nitrates and 
nitrites give processed meat its color and taste. These additives have been found to have the 
potential to cause cancer. The majority of nitrosamines can cause DNA adductions and gene 
mutations in animals, which can lead to carcinogenesis (Song et al., 2015). Numerous studies have 
looked into the possible application of radiation as a food preservation technique to reduce 
unwanted and hazardous chemicals in food products like N-nitrosamine, residual nitrite and 
biogenic amines (Shalaby et al., 2016; Yousefi and Razdari, 2015). The production of nitrosamine 
and nitrite-related compounds in cured meat can be managed by irradiation. To preserve the flavor 
and color, sterilizing dosages of irradiation on cured meat dramatically reduces or eradicates the 
concentrations of nitrates and nitrites (Ravindran and Jaiswal, 2019). Also, ionizing radiations have 
proven to be effective in plummeting biogenic amines in matured cheese during the period of six 
months of storage (Shalaby et al., 2016; Yousefi and Razdari, 2015). 

During the irradiation process, harmful bacteria in food are killed or destroyed by the 
production of reactive molecules such free radicals and hydrated electrons. When electrons hit 
water molecules, these chemicals are created. However, in addition to microbial disinfection, 
other chemical processes are also started, which have the potential to produce a number of 
compounds and alter the characteristics of irradiated foods. The new chemical compounds that 
are produced are directly related to the composition of the foodstuff. Among all the substances 
produced during irradiation, benzene, toluene, formaldehyde, and malonaldehyde have 
prompted the most safety concerns (Ravindran and Jaiswal, 2018). There have been reports of 
formaldehyde and malondialdehyde being powerful mutagenic and skin tumor-causing agents 
(in mice). According to a study, formaldehyde-exposed mice develop chromosomal abnormali-
ties while going through the spermatogenic process (Ravindran and Jaiswal, 2018). Among 

11 FOOD IRRADIATION FOR FOOD SAFETY 

191 

https://t.me/PrMaB2



dietary pollutants, benzene is reported to possess one of the maximum carcinogenicity values. 
Leukemia can develop after consuming benzene over a long period of time (Johnson et al., 2007). 
According to studies, excessive toluene exposure in mice inhibited hippocampal neurogenesis 
while having no effect on the organs’ other functions (such as the lungs, liver, and kidney) (Kim 
et al., 2020). Cancer incidence will rise as a result of a rise in the amount of a mutagen in food 
caused by irradiation. There will be an increase in the incidence of cancer for several decades 
after food irradiation is eventually prohibited. 2-alkylcyclobutanones (ACBs) are triglyceride 
radiolytic derivatives that are produced only by irradiating foods that contain fat. Some 
hazardous effects were to be predicted due to their unique chemical structure. These ingredients 
are present in extremely low amounts in irradiated food (Ehlermann, 2014). Over the past 
ten years, a number of experiments have been carried out to ascertain the toxicological and 
mutagenesis consequences linked to 2-ACB ingestion. These investigations have shown that at 
low doses, 2-ACBs have no mutagenic or genotoxic effects on cell lines of mammals. However, 
rat and human colon cells have experienced cytotoxicity and genetic damage when exposed to 
these compounds at greater levels. The researchers came to the conclusion that while these 
substances have little toxicological potential, eating irradiated fattening food won’t have any 
negative effects on people (Arvanitoyannis and Dionisopoulou, 2010; Ravindran and Jaiswal, 
2019). Due to ascorbic acid, fructose, sucrose and glucose, ionizing radiation caused the 
production of furan in apple and orange juices. After the first three days of storage, furan levels 
in both juices continued to rise as the radiation dosage rose from 0 to 5 kGy. The increase in furan 
during the earlier period of storage may have been caused by the after-effects of irradiation 
(Vranova and Ciesarova, 2009). Furan is toxic to the liver in rats and mice. It causes 
cholangiofibrosis in rats and hepatocellular adenomas or cancers in mice. There is little evidence 
of chromosomal damage occurring in living organisms, and the underlying process is not well 
understood (EFSA Panel on Contaminants in the Food Chain (CONTAM) et al., 2017). Irradiation 
is never an appropriate solution for fixing a contamination problem that already contains mold 
or mycotoxins. Food contaminated with mycotoxins and reduced in quality and quantity due to 
the presence of mold can have serious negative effects on health (Calado et al., 2014). 

11.9 RISK ASSESSMENT OF IRRADIATED FOOD 
Risk assessment is a methodical process used to find potential risks to human health or the 
environment posed by certain activity. It is basically a method of detecting potential health risks 
that could arise from a specific set of activities and evaluating the impact. Two categories exist 
within the process of risk analysis: Firstly, a qualitative process (process of identifying major 
hazards to which an initiative is unprotected) and secondly, quantitative (offers a direct correlation 
to the assessment of the hazards that require safety). Risk assessment covers a wide range of 
actions, such as pest control, genetically modified organisms, and preservation methods (i.e., 
migration in packaging and irradiation). It is crucial to emphasize that few research have been 
conducted in this field, and those that have are of limited validity regarding the risk assessment of 
irradiation (X-rays, e-beam, irradiation and microwave). Therefore, conducting epidemiological 
research with reference to risk assessment of consuming irradiated food for both animals and 
humans is a priority. The goal of these studies is to shed more light on the risks associated with 
irradiation exposure and eating irradiated feed and food. 

Assessments of the effect and potential danger of radioactive contamination are typically based 
on data about the source term or contamination density (Bq m−2) of specific radionuclides, transport 
in soils, transport to vegetation or animals, and biological uptake and accumulation (for example, 
for fish, the concentration ratio is the Becquerel/kg tissue per Becquerel/L water). The average bulk 
mass or surface concentration is typically used to estimate ambient radioactivity because radio-
nuclides in sample matrices are considered to be uniformly distributed as simple atomic, molecular 
or ionic species. Risk assessments ought to be based on the greatest available science, according to 
experts and decision-makers from all sectors. Using a variety of nuclide-specific measurement 
results of activity concentrations in sand, air, flora and products as well as outdoor dose rates, 
radio-ecological models were employed to determine the upper level of present and future 
absorbed radiation doses for populations in various regions of the German Federal Republic. Any 
food that is irradiated or that contains an irradiated ingredient must be labeled with the word 
“irradiated” prominently, either as part of the main label or right next to the irradiated ingredient. 
Additionally, it might (optionally) display the “Radura” symbol, a universal symbol indicating 
radioactive food. 
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11.10 CONCLUSIONS 
Ionizing radiation is used in the food business as a method of controlling harmful bacteria and 
parasites in foods, preventing postharvest food losses and extending the shelf life of perishable foods. 
Numerous studies have been accomplished to assess the nutritional value and safety issue of 
irradiated foods. Despite the fact that there is evidence to suggest that irradiation processing causes 
chemical changes, irradiated foods are just as safe as those that have undergone other common 
processing techniques, like heating, pasteurization and canning. In order to increase the safety of food 
products, ionizing radiation has been explored for the processing of food for many years. The process 
of food irradiation is currently a recognized technique for preventing harmful bacteria causing human 
foodborne disorders. Processing different food products using this method is both safe and efficient. 
According to evidence from numerous studies, the impact of ionizing radiation on approved food and 
food products eradicated harmful microorganisms like E. coli and Salmonella, two bacteria that are 
responsible for food spoilage, as well as numerous types of dangerous foodborne illnesses. Irradiation 
tries to stop the process of sprouting of tubers and ripening of fruits so that food can be maintained for 
a lengthier period of time without suffering a momentous loss of nutrients. Food is irradiated in an 
enclosed procedure that can be returned for further processing or discarded. The process of 
irradiating food also has a respectable safety record, unlike radioactive resources. It has no negative 
effects on the environment or on people’s bodies. In fact, there haven’t been enough reports of 
potential health problems associated with eating irradiated food, and the food doesn’t turn 
radioactive. The major issue with irradiation technology is how consumers feel about using ionizing 
radiation in the food processing sector. To dispel the myth that food irradiation uses nuclear energy, 
the acceptance of irradiation technology depends on adequate education, support and communica-
tion. The majority of people hold the belief that eating food and eating materials exposed to ionizing 
radiation poses harm to their health and increases the possibility of creating malformed organisms. 
Some people are also scared of the potentially disastrous incidents that might take place at the food 
radiation factories and think that if more food irradiators are permitted, the possibility of accidents 
will rise. Yet, compared to other foods, the cost of irradiation foods is notably higher. Another issue is 
how customers react to the irradiated food products; various studies have been conducted on this 
subject. Research outcomes have consistently revealed that a number of peoples have fallacies about 
food irradiation process and they think that irradiation makes food unsafe. According to the findings 
of various studies, the buying rate of irradiated food and food items will increase if people are 
conscious about the irradiation process and its control on food pathogens. The chief difficulty to 
acquiring irradiation technique is the deficiency of adequate knowledge and its supporting 
technologies, which led to several disagreements. In order for consumers to make an informed 
decision, it is vital to supply exact data and employ the food irradiation technique as a substitute 
technology that is safe for food and food products preservation. In conclusion, the myth that 
irradiation technology is used for fraud and death should be dispelled at this time, and it is urgent to 
use this wonderful source of ionizing radiation as irradiation technology for food processing and 
preservation in order to increase the security and safety of the world’s food supply. 
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12 Using Inorganic Nanoparticles for Sustainable Food Safety  
and Quality Control 

Neela Badrie  

12.1 INTRODUCTION 
Securing food safety and quality is the goal towards achieving food and nutrition security, but 
could be challenging due to the rapid growth of the global food supply, the diversity of food 
companies and public health sectors and changing consumer food habits (Tertis et al., 2021). A food 
control system safeguards the safety, quality, wholesomeness and fitness for consumer consump-
tion, begins on the farm and ends at the consumer plate and includes foods which are traded 
domestically, regionally and internationally (FAO, 2022). According to the World Health 
Organization (WHO, 2020), about 600 million people become ill after eating contaminated food 
every year. The effects of unsafe foods cost about US$95 billion in lost productivity each year for 
low- and middle-income economies (UN, 2022). 

The global nanotechnology industry has shown overall standing and development and is 
projected to exceed US$125 billion by 2024 (Liu and Xia, 2020) and to reach US$126.8 billion by 2027 
(Machado et al., 2022). The novel uses of nanoparticles (NPs) technologies in the agri-food industry 
have transformed traditional foods and improved on food security, safety and quality (Ashraf et al., 
2021). The growth of nanotechnological applications has enabled functional food development, 
facilitated nutrition enrichment, advanced food smart and active nanopackaging systems, detected 
and monitored foodborne pathogens and contaminants, increased the shelf-life of agroprocessed 
foods and have guided regulations (Abbas et al., 2019; Siddiqui and Alrumman, 2021; Ungureanu 
et al., 2022). However, despite these advances, there are various safety and health hazards linked to 
the consumption of nanofoods, accumulations of nanomaterials (NMs) in human bodies and 
environmental pollutant hazards (Siddiqui and Alrumman, 2021). In this chapter, the focus is on the 
characteristics and antimicrobial activity of ‘green’ synthesized NPs, their applications in various 
nanobiosensors for detection and monitoring of food quality and their incorporation and functions 
in nanobiosensors for smart food packaging. The scientific issues related to the biosafety and 
toxicity of inorganic/metallic NPs and their potential negative health safety effects on workers and 
the food processing environment are included. 

12.2 USING NANOPARTICLES FOR SUSTAINABLE FOOD QUALITY AND SAFETY 
CONTROL 
Nanotechnology is an evolving driven technology of the 21st century due to its multi-functions 
involving nanomaterials (NMs) ranging in size from 1–100 nanometers (nm) (Lugani et al., 2021;  
Machado et al., 2022). The NPs are nanosized organic, inorganic or hybrid materials with at least 
one component ranging from 1 to 100 nm and can be defined by their size and diameter (Shang 
et al., 2019; Baig et al., 2021; Ndwandwe et al., 2021). Metallic nanoparticles (NPs) have distinctive 
chemical, physical and biological properties in comparison to the pure natural bulk materials 
related to high surface-area-to-volume ratio on the reduction of NP size to the nanometer scale 
(Ponce et al., 2018; Singh et al., 2021; Ndwandwe et al., 2021). The NPs have served as carriers for 
antimicrobial polypeptides to protect against deterioration of foods, as nanopesticides and 
nanobiosensors to detect mycotoxins, viruses and bacteria (Cerqueira and Pastrana, 2019; Das et al., 
2019; Lugani et al., 2021). The structural alterations of metallic NPs result in NP-induced toxicity, 
related to the principles of oxidative stress and levels of reactive oxygen species (ROS) that hinder 
cell proliferation and differentiation and cause cell death (Dayem et al., 2017). The NPs, which show 
reactivity and biological activity, possess intense affinity to their targets such as proteins (Zehra 
et al., 2021). The antimicrobial effectiveness of NPs is related to the driving force of photons, the 
structural changes in microbial cellular permeability, disulfide bond formation associated to the 
functional thiol group of proteins, the ROS generation and hyperoxidation of DNA and RNA 
nucleotides (Guzmán-Altamirano et al., 2022). 

12.3 ‘GREEN’ SYNTHESIS OF NANOPARTICLES FOR DETECTION/MONITORING OF 
FOOD SAFETY AND QUALITY 
The production of metal and metal oxide NPs can occur by the ‘bottom-up’ and ‘top-down’ 
methods (Basavegowda et al., 2020). In general, the NPs are most often formed by the ‘bottom up’ 
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by processing of atoms or molecules to construct complex nanostructures followed by bioreduction 
such as ‘green’ synthesis (Anirudhan et al., 2018; Rane et al., 2018; Rovera et al., 2020; Adeyeye and 
Ashaolu, 2021). The ‘top-down’ approach involves the reduction of the larger inorganic particles into 
nanosized particles (Anirudhan et al., 2018; Basavegowda et al., 2020; Rovera et al., 2020). In an effort to 
promote environmental sustainability, the in-vivo ‘green’ synthesis of NPs by plants, bacteria, fungi 
and algae (Singh and Singh, 2019) adds to simplicity, sustainability, biocompatibility, cost- 
effectiveness, and minimizes the potential of environmental risks (Ahmad et al., 2019; Nasrollahzadeh 
et al., 2019; Singh and Singh, 2019; Castillo-Henríquez et al., 2020; Rahman et al., 2020; Cassani et al., 
2021; Couto and Almeida, 2022; Malini et al., 2022; Maťátková et al. 2022 Maťátková 2022Maťátková 
2022; Mustapha et al., 2022). The NPs when employed in ‘green’ nanosynthesis are devoid of harsh 
operating chemical and physical methods common to the conventional methods (Carrillo-Inungaray 
et al., 2018; Saratale et al., 2018; Sanjay. 2019; Dikshit et al., 2021). Metal NPs have been synthesized and 
applied to food safety and quality analysis, crop development and environmental monitoring (Devra, 
2022). Generally, the NPs are engineered and possess electronic, catalytic and unique optical 
properties which are applied to the field in special sensing and Surface-Enhanced Raman 
spectroscopy (SERS) (Li et al., 2020; Khan et al., 2022). Magnetic NPs have been designed and 
synthesized to include functional groups and with high surface to mass ratios facilitating the 
mechanisms for preconcentration of trace levels of molecules, heavy metals and foodborne pathogens 
in complex food matrices (Yu et al., 2022). Hence, the focus in this section is on the sustainable 
development of bio-inspired NPs for food safety and quality control uses. 

12.3.1 Green Synthesis of Metallic Nanoparticles from Plants 
The usage of plant extracts for the manufacture of metal NPs offers several advantages (Ungureanu 
et al., 2022), such as a wide range of biomolecular variability, cheap material, low toxicity, 
simplicity, short production time, suitability for scale-up production, can act as blocking/ 
stabilizing agents and reducing agents, thereby reducing the use of synthetic NPs (Sanjay, 2019;  
Tsekhmistrenko et al., 2021; Khan et al., 2022). As reported by Rafique et al. (2017), the synthesis of 
Ag-NPs using plants could overcome the challenges of the slow route of using microorganisms and 
the required stringent control in sustaining the microbial culture. 

There is a growing trend of utilizing agri-food waste extract as reducing agents for NPs synthesis 
(Rodríguez-Félix et al., 2021). Table 12.1 shows the utilization of various plant waste for NPs 
synthesis. The AgNPs were synthesized from onion (Allium cepa) peel collected as domestic waste 
from households in India (Santhosh et al., 2021). These fabricated AgNPs showed active 
antibacterial effects. Omran et al. (2021) recognized the importance of upcycling of mandarin (Citrus 
reticulum) waste peels into functional compounds. The mandarin peel extract demonstrated 
excellent performance as bioreductant, biostabilizer and biocapping agent for the biological 
fabrication of AgNPs. The waste banana stem, Musa paradisiaca Linn aqueous extract (Doan et al., 
2021) served in both AgNPs and AuNPs synthesis and banana waste peduncles used for AgNPs 
synthesis for antibacterial activities (El-Desouky et al., 2021). Safflower (Carthamus tinctorius L.) 
waste extract aided in the synthesis of AgNPs and possesses antibacterial activity (Rodríguez-Félix 
et al., 2021). Among all the NPs, the AgNPs were the most commercially made and applied due to 
their antimicrobial activity while AuNPs have been studied as a sensor/detector (He et al., 2019). 

Table 12.1 shows the various applications of ‘green’ synthesized metallic/inorganic NPs as 
antimicrobials in food safety and quality control. These NPs have been synthesized mainly for 
antimicrobial activities from black currant (Ribes nigrum) leaf extract (Hovhannisyan et al., 2022), 
raspberry (Rubus ellipticus) root extract, waste banana stem, Musa paradisiaca Linn. (WBS) aqueous 
extract and banana peduncle (Doan et al., 2021, El-Desouky et al., 2021), algae Padina pavonica (El- 
Zamkan et al., 2021), carboxyl methyl cellulose and cellulose extract (He et al., 2021), blueberries 
Vaccinium arctostaphylos aqueous extract (Khodadadi et al., 2021), Ocimum tenuiflorum fresh leaves, 
Mentha (mint) leaves, Murrayakoenigii (curry leaves), Aloe vera (Kumari et al., 2021), Citrus limon (lemon 
peel), Citrus sinensis (orange peel) and Citrus tangerina (tangerine peel) (Niluxsshun et al., 2021), 
Citrus limetta (sweet lemon peel) extract (Dutta et al., 2020), Allium cepa (onion) peel extract (Santhosh 
et al., 2021), Reishi mushroom Ganoderma lucidum) extract (Aygün et al., 2020), Moringa oleifera flower 
extract (Bindhu et al., 2020; Adrianto et al., 2022), Parkia speciosa leaf aqueous extract (Ravichandran 
et al., 2020), Capparis zeylanica leaf broth (Ravindran et al., 2020), globe amaranth Gomphrena  
globosa aqueous extract of fresh leaves (Tamilarasi and Meena, 2020) and suspensa fruit water extract 
(Du et al., 2020). The CuNPS were fabricated from walnut, Juglans regia green husk aqueous 
extract (Hassan et al., 2022), AuNPs, from Peacock flower or Barbados Pride, Caesalpinia pulcherrima 
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Table 12.1: Applications of ‘Green’ Synthesized Metallic/Inorganic Nanoparticles as Antimicrobials in Food Safety 
Quality Control        

Nanoparticles 
(NPs) 

Green Synthesis 
Substrate 

Particle Size Applications/ 
Methodology 

Findings References  

AgNPs Black currant (Ribes 

nigrum) leaf extract 
AgNPs size, 1 to 50 nm Demonstrate AgNPs for 

antibacterial activities 
against Escherichia coli 

and kanamycin- 
resistant E. coli 

Composite film with AgNPs 
had lower bacterial 
contamination compared to 
polyethylene films  

Hovhannisyan et al., 
2022 

AgNPs (Carthamus tinctorius 

L.), safflower waste 
aqueous extract 

AgNPs size, 8.67 ± 4.7 nm Synthesize AgNPs from 
waste and test 
antibacterial activity 

Effective antibacterial activity 
for Staphylococcus aureus 

and Pseudomonas fluorescens  

Rodríguez-Felix et al., 
2021 

AgNPs Raspberry (Rubus 

ellipticus) root 
extract 

AgNPs size 13.85 to 
34.30 nm 

Bioactive components in 
root extract reduced 
Ag+ ion into AgNPs 

Compared to root extract, 
AgNPs resulted in higher 
antibacterial and 
antioxidant properties  

Khanal et al., 2022 

AgNPs and AuNPs Waste banana stem, 
Musa paradisiaca 

Linn (WBS) aqueous 
extract 

WBS-AgNPs size, of 7–13 
nm and AuNPs of 
11–14 nm 

Fabricate of AgNPs and 
AuNPs using WBS for 
antimicrobial effects 

WBS-AgNPs have 
antibacterial activity  

Doan et al., 2021 

AgNPs Banana waste 
peduncles (BWP) 

Plasmonic AgNPs size, 
~14.1 nm 

Fabricate of AgNPs and 
AgNPs/Degussa 
nanocomposite 
fabricated from banana 
waste 

Nanocomposites exhibited 
synergistic antibacterial 
activities  

El-Desouky et al., 2021 

AgNPs Algae Padina pavonica 

petroleum ether 
extract 

AgNPs diameter size, 
46.21 nm 

Synthesize AgNPs and 
screen dairy milk and 
environmental samples 
for virulence and 
disinfectant-resistance 
genes of Listeria spp. 

Deactivation of L. 

monocytogenes in cheese 
milk curd and whey by 
AgNPs and extract after 14 
days and deactivated after 
28 days of storage  

El-Zamkan et. al., 2021 

(Continued) 
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TABLE 12.1 (continued)       

Nanoparticles 
(NPs) 

Green Synthesis 
Substrate 

Particle Size Applications/ 
Methodology 

Findings References  

AgNPs Blueberries Vaccinium 

arctostaphylos 

aqueous extract 

AgNPs size range of 
7–16 nm 

Synthesize AgNPs and 
evaluate antibacterial 
properties 

AgNPs showed broad 
antibacterial activities  

Khodadadi et al., 2021 

AgNPs Curry leaves, Aloe 
vera, Ocimum 

tenuiflorum (tulasi) 
fesh leaves, Mentha 
(mint) 

Aloe vera mediated 
AgNPs, diameter size 
range of 27–31 nm 
Cellulosic fibers 
AgNPs, average size of 
about 20 nm 

Mix plant extract with 
silver nitrate and coat 
on blotting paper as 
packaging 

Antibacterial activities of 
packaging for E. coli and S, 

aureus which extend 
storage of tomatoes to 
about 30 days and 
coriander leaf to 15 days  

Kumari et al., 2021 

AgNPs Citrus limon, Citrus 

sinensis, Citrus 

tangerina, lemon, 
orange, and 
tangerine peels 
respectively 

AgNPs size 5–80 nm Phytochemicals in peel 
extracts served as 
reducing and 
stabilizing agents for 
AgNPs and to 
investigate antibacterial 
activity using well- 
diffusion method 

Broad spectrum of 
antibacterial activity  

Niluxsshun et al., 2021 

AgNPs Allium cepa (onion) 
peels extract 

AgNPs size, 2–80 nm Synthesis and 
characterize of AgNPs 

AgNPs demonstrated 
antibacterial activity  

Santhosh et al., 2021 

AgNPs Reishi mushroom 
Ganoderma lucidum) 
extract 

AgNPs diameter size, 
15–22 nm 

Microwave assisted green 
synthesis of Ag NPs 

AgNPs showed DNA 
cleavage activity against 
many bacteria and fungus 
C. albicans  

Aygün et al., 2020 

AgNPs Moringa oleifera flower 
extract (MOF) 

AgNPs size, 22 nm Synthesis of AgNPs from 
MOF extract, assess 
antimicrobial and 
sensing properties 

AgNPs inhibited bacteria and 
detected the presence of Cu 
by optical sensor-based 
surface plasmon resonance  

Bindhu et al., 2020  
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AgNPs Lemon peel extract, 
Citrus limetta 

AgNPs size, of 18 nm Synthesize and 
investigate AgNPs for 
antibacterial activities 

AgNPs demonstrated 
antibacterial and antifungal 
activities cell membrane 
permeability  

Dutta et al., 2020 

AgNPs Parkiaspeciosa leaf 
aqueous extract 

AgNPs, size, 31 nm by 
SEM, 35 nm by TEM, 
and 155.3 d. nm by 
Dynamic Light 
Scattering 

Reduce silver nitrate leaf 
aqueous extract to 
fabricate AgNPs 

AgNPs showed antimicrobial 
and antioxidant radical 
scavenging activities  

Ravichandran et al., 2020 

AgNPs Capparis zeylanica leaf 
broth 

– Synthesize AgNPs using 
leaf broth and mix with 
PVA/PEG biopolymer 
and investigate 
antimicrobial activity 

AgNPs showed excellent 
antibacterial activity  

Ravindran et al., 2020 

Ag NPs Gomphrena globose, 

globe amaranth 
Aqueous fresh 
leaves 

– Reduce Ag+ to metallic 
Ag0 by phytochemicals 
present in the leaves 
and test for 
antibacterial effects 

AgNPs showed excellent 
antibacterial activity  

Tamilarasi and Meena, 
2020 

Ag NPs Forsythia suspensa fruit 
extract 

AgNPs size, 47.3 ± 2.6 nm 
by Dynamic Light 
Scattering 

Evaluate AgNPs 
antibacterial activities 
against foodborne 
pathogens 

AgNPs showed 
morphological alterations 
and antibacterial activities 
against foodborne 
pathogens resulting in 
damage to cell membrane 
integrity, induce release of 
nucleic acids and 
disruption of cell 
reproduction  

Du et al., 2020 

(Continued) 
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TABLE 12.1 (continued)       

Nanoparticles 
(NPs) 

Green Synthesis 
Substrate 

Particle Size Applications/ 
Methodology 

Findings References  

CuNPs Walnut, Juglans 

regiagreen husk 
aqueous extract 

CuNPs core diameter size, 
53–28 nm 

Investigate CuNPs for 
antibacterial, antifungal 
and antibiofilm 
properties 

CuNPs exhibited free radical 
DPPH scavenging capacity, 
antibacterial, antifungal, 
antibiofilm properties, 
exhibited photocatalytic 
activity against methyl 
orange  

Hassan et al., 2022 

AuNPs Peacock flower or 
Barbados Pride, 
Caesalpinia 

pulcherrima extract 

AuNPs particle diameter 
size, 15.2 ±1.1 nm 

Conjugate AuNPs with 
gallic acid (GA-AuNPs) 
and investigate 
antimicrobial and 
antioxidant properties 

GA-AuNPs suitable for food 
packaging lining  

Mehmood et al., 2022   
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extract (Mehmood et al., 2022), Damask rose petals, Rosa damascene aqueous extract (Du et al., 2020) 
and SeNPs from blue-green microalgae cyanobacterium, Spirulina platensis (Alipour et al., 2021) 
showed antimicrobial effects and antioxidant activities (Table 12.1). 

12.3.2 ‘Green’ Synthesis of Nanoparticles from Fungi 
The biosynthesis of NPs from the fungi is an eco-friendly technology. Fungi produce enzymes and 
proteins as reducing and capping agents to create metallic NPs from metal salts (Abdel-Aziz et al., 
2018). Various fungal genera have served for the synthesis of NPs, among them are Aspergillus and 
Fusarium with Ag being explored extensively for their antimicrobial activity (Roy et al., 2018;  
Chippa, 2019). The biogenic synthesis of NPs through the enzymatic reduction of metal ions into 
their zerovalent nanoforms using macrofungi was investigated for mushroom antimicrobials and 
alternative nutraceuticals (Pandey et al., 2020). Table 12.1 indicates that AgNPs were synthesized 
using Reishi mushroom (Ganoderma lucidum) extract and demonstrated antibacterial effects and 
antifungal effects against Candida albicans (Aygün et al., 2020). 

12.4 USE OF NANOPARTICLES IN NANOBIOSENSORS 
Nanobionsensors have gained attention for food safety and quality analysis being driven by the 
requirement to comply with various standards and regulations (Ragavan and Neethirajan, 2019,  
Hari et al., 2020). The advances in nanotechnology and NPs have improved the specificity, 
reproducibility, limit of detection and detection range of biosensors (Li et al., 2020). Nanobiosensors 
have at least one sensing element less than 100 nm (Fraceto et al., 2016) can detect specific analytes, 
molecules, biological agents or surrounding conditions (Yang and Duncan, 2021). For food analysis, 
nanobiosensors measure the physicochemical and biological quality of foods such as to detect 
foodborne pathogens, toxins, contaminants, monitor quality changes of food packaging to 
minimize food waste (Yu et al., 2018; Cerqueira, et al., 2019; Das et al., 2019; Joshi et al., 2019). The 
recent diagnostic point of care (POC) devices could be paper-based or chip-based for quick food 
safety and quality study (Neethirajan et al., 2018; Choi et al., 2019). These biosensors could detect 
and record every change occurring in cells and identify test substances at very low concentrations 
(Khan et al., 2022). The NPs have enabled higher sensitivity by signal amplification and introduce 
several enhanced transduction principles to the aptasensors as detection tools for contaminants 
(Sharma et al., 2015). Surface-Enhanced Raman Spectroscopy (SERS) has offered improvements over 
traditional analytical techniques being rapid, sensitive ‘structural fingerprinting’ of low concen-
tration of analytes and being utilizable as an analytical field tool (Han et al., 2022). In food analysis, 
NMs have advanced the potential of smart electrochemical biosensors with device miniaturization, 
automatization, high sensitivity and specificity, and connectivity-enabled through the internet 
(Garrido-Maestu et al., 2018; Antje and Baeumner, 2020; Curulli, 2020) to facilitate faster real-time 
qualitative and quantitative food analysis. In some complex designs of nanobiosensors, the quality 
changes of commercial food products over time could be monitored by smartphones (Yang and 
Duncan, 2021) and the analyte can be quantified by a smartphone app, with enabling signal analysis 
(Choi et al., 2019). The coupling of nanotechnology-enhanced fluorescent immunochromatographic 
test strips has improved sensitivity and quantitative analysis in food safety (Wu et al., 2021). The 
AuNPs have been widely used in different sensors due to their optical, electronic, catalytic and 
chemical properties (Li et al., 2020). The NMs, such as AuNPs and gold nanorods (AuNRs), have 
improved the sensitivity and multiplexing capabilities in DNA detection due to their optical 
properties (Cerqueira and Pastrana, 2019). Dextrin‐capped AuNPs(d‐AuNPs) in concentrated ionic 
conditions were used in the development of an unamplified genomic DNA nanobiosensor for 
sequence‐specific detection (Baetsen‐Young et al., 2018). The d‐AuNPs detected the unamplified 
sequence from Pseudoperonospora cubensis, the causal agent of cucurbit downy mildew (Baetsen- 
Young et al., 2018). Table 12.2 shows that CuO NPs-based smartphone-combined digital colorant 
biosensor from Camellia sinensis polyphenols was selective for ammonia to monitor for food 
spoilage (Karakuş et al., 2022). 

12.4.1 Nanobiosensor Applications to Food Safety and Quality 
Nano/biosensors have gained attention among other food-analysis techniques due their promising 
properties such as quick response, sensitive, less labor-intensive procedures, enhanced accuracy 
and being able to conduct remotely (Castillo et al., 2017). Table 12.2 shows some recent applications 
of nanomaterials/nanoparticles as nanosensors for food safety and quality analysis. 
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Table 12.2: Applications of Metallic Nanoparticles as Nanobiosensors in Food Safety and Quality Analysis       

NPs-Based 
Biosensors 

Mode of Action/Technology/Objectives Food/Samples Main Findings/Applications References  

AgNPs A label-free SERS using rough flower AgNPs to 
sense three mycotoxins in rice 

Rice Limit of detection (LOD): aflatoxin B1 
(AFB1), 1.145, ochratoxin A (OTA), 
1.133, and ochratoxin B (OTB) 1.180 
µg. Kg  

He et al., 2023 

AgNPs A SERS-based 3-aminobenzeneboronic acid labeled 
AgNPs to detect total arsenic (TA)in black tea 
leaves 

Black tea leaves LOD of 0.028 µg/g TA Good recoveries 
of 83.84–109.53% in tea  

Barimah et al., 2022 

CuONPs Camellia sinensis polyphenols, CuONPs biosensors 
as a smartphone-integrated digital colorimetric 
ammonia indicator for food spoilage 

Food samples Ammonia concentration range of 
12.5–100 µM, and a LOD of 40.6 nM  

Karakuş et al., 2022 

Ag and Ag- 
Ni NPs 

NPs synthesized from plant extract of Bunya, 
Araucaria bidwilli and use of spectrophotometric 
probe to determine Cu+2 

Real water samples AgNP size, 42 nm and Ag-Ni NP, 25 nm 
with optimum response to cupric ions 
of contact time of 12.5 and 7.5 min, 
respectively  

Shahzadi et al., 2022 

AuNPs SERS based on plasmonic metal AuNPs decorated 
ZnO/ZnFe2O4 SERS-active with electronic and 
optical features for nanocomposite for melamine 
detection 

Milk samples Decorated AuNPs selected quick sensing 
of melamine between 0.39 –7.92 μM  

Tiwari et al., 2022 

NiHCF-NPs 
and AuNPs 

Zn/Fe bimetallic ZIF derived nanoporous carbon 
facilitated electron transfer nickel 
hexacyanoferrate NiHCF-NPs as signal probe in 
electrochemical aptasensor for detection of 
paraquat 

Lettuce and 
cabbage 

LOD of 0.34 μg.L. Recoveries ranged 
from 96.20% to 104.02%  

Wu et al., 2022 

AgNPs Orange (Citrus sinensis) peel AgNPs extract to detect 
Hg²⁺ ions drinking water by visual colorimetry. 

Drinking water AgNPs size of 55 nm, selective for 
colorimetric detection of Hg²⁺ ions, 
LOD (mol. L) of Hg²⁺ 1.24 × 10−6 

(0.25 ppm)  

Aminu and 
Oladepo, 2021  

CuSNPs Copper monosulfide (CuSNPs) and a Cu2+ 

fluorescent probe for OTA and conjugated with 
anti-OTA antibodies with OTA antigens 

Soybean, coffee, 
corn samples 

LOD of 0.01 ng. mL−  

Recoveries from 94–110%  
Chen et al., 2021 

AuNPs Hibiscus rosa sinensis extract and AuNPs 
coelectrospun with polycaprolactone and 
polyethylene oxide into fiber mats which were 
sensitive to quality changes 

Shrimp Sensors showed color changes to pH and 
trimethylamine nitrogen, indole, and 
total microbial counts for the 
prediction of shrimp quality  

Jovanska et al., 2022 

AuNPs Color changes of AuNPs-based colorimetric sensor 
induced by pesticides were captured by camera 
of smartphone and processed by software 

Tea LOD of phosalone, 90 nMLOD of thiram, 
13.8 nM  

Ma et al., 2021  
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AuNPs Curcumin mediated poly (ethylene glycol thiol acid 
conjugated AuNPs for optical determination of 
melamine 

Turmeric Flourescence intensity in the range of 
0–10 mM with 33 nM detection limit  

Shehab et al., 2020 

CoPcNPs Use cobalt phthalocyanine NPs to synthesize iron- 
based metal-organic framework nanocomposites 

CoPc 
nanocomposites 
for food 
packaging 

LOD of OTA is 0.063 fg/mL−1  Song et al., 2021 

AgNPs AgNPs fabricated from onion extract with 
localized.plasmon resonance to detect Hg2+ ions 

Water samples Increase in Hg2+ ions confirmed by 
reduction of Ag with over 92% 
recovery  

Alzahrani, 2020 

Ag2ONPs Ag2ONPs synthesized by reducing AgNO3 
precursor with Brassica rapa L. subsp. Pekinensis 
Nappa cabbage extract and used as sensing 
electrode to detect p-nitrophenol 

Water treatment & 
cabbage samples 

Ag2ONP–carbon black/nickel foam 
electrode responded to p-nitrophenol 
concentrations from 1.0 to 0.1 pM  

Banua and Han, 2020  

AuNPs AuNPs for fabrication surface plasmon resonance 
(SPR) biosensor for AFB1 detection 

Wheat samples LOD of AFB1, 0.19 nM Average 
recoveries, 93 –90.1%  

Bhardwaj et al., 2020 

AgNPs Localized SPR enhanced sensing of Hg2+ by a 
probe with chitosan functionalized AgNPs for 
selective detection of Hg2+ in aqueous medium 

Aqueous medium LOD of Hg2+ 1.5 ppb lower than WHO 
permissible limit of 2 ppb  

Boruah et al., 2020 

AuNPs AuNPs-multiplex PCR multiplex test for 
colorimetric real-time detection of specific 
foodborne pathogens 

Food samples LOD (pg/μL−1) for both Listeria 
monocytogenes, and Salmonella 
typhimurium, 10 and for Escherichia coli 
O157: H7:50  

Du et al., 2020 

AuNPs Synthesize salt tolerant AuNP using Rosa damascene 
Aqueous extract and detect L. monocytogenes by 
AuNPs-based lateral flow immunoassay 

Pork tenderloin LOD(CFU/mL) of pure L. monocytogenes, 
2.5 x 105 and in pork tenderloin 2.85 
× 105  

Du et al., 2020 

AgNPs AgNPs-based SERS sensor linked to chemometric 
algorithms for detect OTA and AFB1 in cocoa 
beans 

Cocoa beans LOD (pg/mL) of OTA, 2.63 and for 
AFB1, 4.15, and LOD for spiked-cocoa- 
beans, 0.002 µg/ mL  

Kutsanedzie et al., 
2020 

AuNPs Carbon nanotube stabilized AuNPs decorated 
polymeric nanocomposite to estimate xanthine 
(XN), and hypoxanthine (HX) in the detection of 
food spoilage 

Fish samples LOD for XN, 24.1 nM, HX 90.5 nM  Sen and Sarkar, 2020 

AuNPs AuNPs-based time-temperature indicators (TTIs) to 
relate to the peroxide value of muffins 

Muffins Changes in colors of TTIs from yellow to 
pink to deep purple to indicate 
spoilage and inedibility of muffins  

Zhang et al., 2020    
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12.4.1.1 Allergens 
The advances of combination of nanomaterials and electrochemical biosensors for food allergen 
detection have been reviewed (Sheng et al., 2022). A mast RBL-2H3 cell-based biosensor analysed 
shrimp allergen tropomyosin and fish allergen parvalbumin in which the cationic magnetic 
fluorescent NPs were activated by the allergen antigen in the electrochemical analysis (Jiang et al., 
2015). 

12.4.1.2 Antibiotic Residues 
In a review, various design and fabrication of various NMs-based aptasensors to detect antibiotic 
residues in animal-derived foods were summarized (Liu et al., 2022). Sensitive signal labels were 
developed to detect chloramphenicol in contaminated milk samples using aptamer-conjugated 
magnetic NPs that serve as recognition and concentration elements and up-conversion NPs as 
signal labels (Wu et al., 2022). In another research, the limit of detection (LOD) for chloramphenicol 
in raw milk was low at 18.3 pM using an apta-sensing colorimetric platform developed by changing 
AuNPs by short-sequence aptamers (Javidi et al., 2018). 

12.4.1.3 Melamine 
Table 12.2 shows that an AuNPs decorated ZnO/ZnFe2O4 composite SERS substrate identified 
melamine between 0.39 μM–7.92 μM in milk samples (Tiwari et al., 2022). Methoxy polyethylene 
glycol thiol-coated AuNPs were employed for optical determination with LOD of 33 nM for 
melamine (Shehab et al., 2020). A colorimetric detection method for melamine in vegetables, fruit, 
milk and water samples utilized differently sized citrate-capped AuNPs and showed an LOD of 
2.37 × 10−8 M from the aggregated and disaggregated behavior of metal NPs (Paul et al., 2017). 

12.4.1.4 Heavy Metals 
Different phytochemical extracts of Araucaria bidwilli acted as reducing, capping and stabilizing 
agents in the ‘green’ synthesis of Ag and Ag-Ni bimetallic NPs for sensing of cupric ions (Shahzadi 
et al., 2022). Table 12.2 indicates that a colorimetric detector applying ‘green’ synthesized AgNPs 
from onion extract with localized surface plasmon resonances (SPR) detected Hg2+ ions in water 
samples (Alzahrani, 2020). 

12.4.1.5 Mycotoxins 
The development of innovative aptasensors for simultaneous analysis of multi-mycotoxins is 
crucial for food safety (Guo et al., 2020). Mycotoxins are often present in low concentrations in 
complex food matrices and may be produced by one or several fungal species, making detection 
difficult (Mishra et al., 2018). A review was presented on the various SERS methodologies for 
both qualitative and quantitative analysis of mycotoxins using different SERS substrates 
(Martinez and He, 2021). Table 12.2 has indicated a label-free SERS sensor using rough AgNPs 
for rapid sensing of three mycotoxins in rice (He et al., 2023). The LODs (µg/Kg) were aflatoxin 
B1 1.145, ochratoxin A, 1.133 (OTA) and ochratoxin B 1.180µg/Kg (OTB) for rice and were lower 
than the value given by the European Commission. In another research, a SERS sensor quantified 
the OTA and AFB1 levels for cocoa beans using synthesized AgNP@pH-11 to fabricate a sensor 
applied to two chemometric algorithms to predict the two mycotoxins (Kutsanedzie et al., 2020). 
A solvent-mediated extraction method improved on the extraction of ochratoxin A (OTA) from 
wheat and wine and facilitated the distribution of the NPs for improved detection signal using 
SERS (Rojas et al., 2020). 

Table 12.2 shows that functionalised AuNPs were used to fabricate SPR Au chip for AFB1 
detection in wheat samples with the LOD of 0.003 nM (Bhardwaj et al., 2020). In another research, 
a SERS colorimetric aptasensor was fabricated for OTA detection using Au@Fe3O4 NPs (Shao 
et al., 2018). NPs function as signal indicator and magnetic separator with LOD of the aptasensor 
being 0.004 ng/ mL−1. Copper monosulfide NPs coupled to an anti-OTA antibody with signal 
from Cu2 fluorescent probe detected OTA in foodstuff such as corn, soybean and coffee (Chen 
et al., 2021). An impedimetric aptasensor based on an Fe-based organic platform is embedded 
with cobalt phthalocyanine NPs detected OTA (Song et al., 2021). In another research, the 
fabrication of 1-hexyl-3-methylimidazolium hexafluorophosphate ZnO nanoflowers had a high 
infinity for aflatoxins (AFs) in wheat and peanut samples (Zhu et al., 2022). 
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12.4.1.6 Pesticides 
A review summarized the modifications of metal NPs with specific ligands for the low detection of 
pesticides using limited samples (Mehta et al., 2022). Table 12.2 shows that an AuNPs-based 
colorimetric sensor for the quantitative analysis of pesticides was captured by color-induced 
changes of the aggregated AuNPs and the images were captured by the camera of a smartphone 
(Ma et al., 2021). An electrochemical aptasensor with the deposition of AuNPs on nanoporous 
carbon and nickel hexacyanoferrate NPs was developed to detect paraquat assay in lettuce, cabbage 
and agriculture irrigation water samples (Wu et al., 2022). 

12.4.1.7 Xanthine/Hypoxanthine 
Dervisevic et al. (2019) reviewed the nanotechnology-based electrochemical and optical sensors for 
hypoxanthine and xanthine as markers of food spoilage in meat. The incorporated NMs served as 
fluorescence emitters and quenchers in optical sensing instruments such as H2O2 mimicking 
materials. There is an issue in respect to the selectivity of xanthine oxidase towards hypoxanthine 
and xanthine as xanthine oxidase is not the only source of H2O2 in foods. 

A multi-walled carbon nanotube decorated with AuNP film was synthesized by electropoly-
merization with enhanced conductivity for the detection of xanthine and hypoxanthine in fish (Sen 
and Sarkar, 2020). This sensor demonstrated high recovery rate between 95.03%–104.8% 
(Table 12.2). A bionanocomposite film fabricated by embedding graphene oxide sheets and 
decorated with Fe3O4 NPs into poly(glycidyl methacrylate-co-vinylferrocene) and by covalent 
immobilization of xanthine oxidase. This developed platform served as a xanthinebiosensor for fish 
(Dervisevic et al., 2015). The LOD was 0.17 μM. 

12.5 NANOPARTICLES APPLICATIONS TO SMART FOOD PACKAGING 
This section relates to the uses of engineered NPs as antimicrobial additives, the incorporation of 
NPs in materials for smart and active food packaging, and nanobiosensors in the analysis and 
monitor of changes in food packaging. The functioning of nanocomposite films and packaging is 
related to the size of the nanofillers and the uniformity of NPs distribution and dispersion in the 
matrix (Jafarzadeh and Jafari, 2020). Many nanotechnological applications to food packaging have 
led to advancements (Tabari, 2018) such as inclusion of functionalities to food packaging that are 
beyond those of the conventional packaging (Dudefoi et al., 2018). The inclusion of NPs into food 
packaging materials has promoted the effective attachment to biological molecules related to their 
higher ratio of surface to volume (Basavegowda et al., 2020). Considering the safety issues of 
inorganic/metallic NPs, the phytosynthesized NPs have tremendous advantages such as lower 
toxicity and increased antimicrobial effects in comparison to other types of synthesized NPs 
(Ungureanu et al., 2022). ’Smart packaging’ is the term most often used but active or intelligent 
packaging is sometimes used (Green, 2020). Active and smart packaging sense changes in food 
packages, which signal those changes to consumers and release active functional ingredients for 
preservation (Naseer et al., 2018). Smart packaging tracks product quality and environmental 
conditions (Green, 2020, Chelliah et al., 2021) using oxygen scavengers, moisture absorbers and 
barrier packing product (Chellaram et al., 2014). Active packaging is based on active NMs that react 
by releasing antimicrobial and antioxidant agents, reduce/absorb residual oxygen concentration 
and removal of undesirables (Hutapea et al., 2022). A review paper highlighted the applications of 
SeNPs synthesized from plant extracts for active packaging of foods (Ndwandwe et al., 2021). The 
safety and health risks of smart and active packaging, and nanoprocessed foods and the regulatory 
policies require further investigation (Hutapea et al., 2022). 

Smart NMs like nanobiosensors and nanobarcodes have been incorporated sensing devices for 
tracking the integrity of food products and food packages, checking temperature changes, leaks, 
reporting deviations and remote control of quality of food products (Castillo et al., 2017, Pandhi 
et al., 2021). Smart and active packaging incorporate NPs as nanobiosensors and nanodevices in the 
detection of harmful contamination and toxic materials very rapidly, to detect gases, odors, 
pathogens, freshness in foods and to monitor changes in packaging conditions or integrity 
(Kuswandi, 2016; Colica et al. 2018 Colica 2018; Yu et al., 2018; Cerqueira and Pastrana, 2019; He et al., 
2019; Shawon et al., 2020; Mohammadpour and Naghib, 2021; Hutapea et al., 2022). A nanobarcode 
detection system for food and biological samples employed fluorescence under ultraviolet light 
with the color being read by a computer scanner (Aigbogun et al., 2017). Time and temperature 
indicators are simple, cost-effective and simple to use in real-time monitoring such as the effect of 
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temperature on quality and safety of foods (Chelliah et al., 2021). The quality of the food along the food 
chain could be tracked by radio frequency identification (RFID) labels, indicators and tags. A wireless 
biosensor design was developed using dextrin-capped gold AuNP as markers that could be adapted 
to existing RFID to monitor the quality of milk in a real-time limit (Karuppuswami et al., 2018). A DNA 
and antibody-based sensor can detect growth of food pathogens bacteria, determine the food 
authenticity during transportation and storage and give warnings to consumers as to the freshness of 
foods (Ötles and Sahyar, 2017; Cerqueira and Pastrana, 2019). Table 12.2 shows that an ethanol extract 
of Hibiscus rosa sinensis was coelectrospun into fiber mats with polycaprolactone, polyethylene oxide 
and AgNPs to detect which were sensitive to the quality changes of shrimp for pH, trimethylamine 
nitrogen, indole and total microbial counts changes for shrimp (Jovanska et al., 2022). In another 
research, a sensor detection limit for bisphenol A(BPA) was 6.63 ± 0.77 nM using dendritic platinum 
NPs coated on AuNPs and deposited on a carbon electrode (Shim et al., 2018). 

12.5.1 Biodegradable Nanocomposite Films 
The incorporation of NPs in biodegradable polymer packaging has increased the mechanical 
strength and barrier properties to extend the storage of various food products (Basavegowda et al., 
2020; Ningthoujam et al., 2022). The incorporation of TiO2NPs in chitosan film has improved the 
mechanical properties of the film and sensory quality for packaging of minced beef (Hosseinzadeh 
et al., 2020). A biodegradable nanocomposite active film was synthesized from jackfruit poly-
saccharide, incorporating TiO2NPs by photocatalysis, which showed reduced moisture content and 
transparency and exhibited antimicrobial activity applied for active food packaging (Jinn et al., 
2017). The incorporation of AgNPs into edible films promoted their antimicrobial properties 
(Krásniewska et al., 2020). The ZnONPs-based (bio)polymer composites increased the mechanical, 
gas barrier and antimicrobial properties (Abbas et al., 2019) 

12.6 NANOSAFETY AND TOXICITY 
Natural NPs have always existed in foods that are consumed without noticeable safety risks. 
Despite the advantages of NPs in nanotechnology, there are safety and health concerns while 
processing for intelligent and active packaging and the consumption of nanoprocessed food 
regarding NPs accumulation in human bodies and environment risks and pollution (Bajpai et al., 
2018). The thrust has been to identify novel NP applications and to study the potential effects of 
NPs on human health by researchers. The physicochemical and structural properties of NPs 
when dispersed in food matrices change resulting in the cellular activities such as ROS 
generation related to NP-related toxicity, which cause on toxicity and health problems in the 
body (McClements and Xiao, 2017; Adeyeye et al., 2021). Different mechanisms such as excess 
ROS generation have been key in metallic NP-induced toxicity in cellular signaling pathways to 
cell death (Daye et al., 2017), oxidative stress, genotoxic and the potential of being carcinogenic 
(Jain et al., 2018). The entry routes of NPs are mainly respiratory, dermal and gastrointestinal 
(Jain, 2018; Karimi et al., 2018). There are concerns as to the environmental and occupational 
exposure properties of NPs for workers at nanotechnology labs who are prone to unknown risks 
and hazards (Ahn et al., 2016). The toxicity levels of NPs are still indefinable, due to limited 
information on risk assessments and effects on human health. The NPs’ toxicity challenges have 
demanded changes to regulatory policies (Bajpai et al., 2018; Ashraf et al., 2021). There are 
guidance documents on risk assessment of NPs in food, animal and human health and on the 
technical requirements for regulated food applications to establish the presence of NPs (EFSA, 
2021). The U.S. FDA has several guidance documents as to whether FDA-regulated products 
would involve the application of nanotechnology and as to the regulation approach by the FDA 
of nanotechnology products (FDA, 2014, 2018). 

12.7 CONCLUSION AND FUTURE OUTLOOK 
The inorganic NPs have several roles in food safety and quality control. By their properties, NPs 
have contributed to the antimicrobial and antioxidants effects on foods, as nanobiosensors aided in 
the analysis of foods for safety and quality, served for detection and monitoring for food spoilage, 
foodborne pathogens, mycotoxins, allergens, antibiotics and heavy metals melamine and pesticides, 
have enhanced the mechanical strength of biopolymers, and have functional roles in active and 
smart packaging. The main metallic NPs applied as antimicrobials were the AgNPs in food 
preservation. In the safeguard of consumer food safety, the NMs/NPs during the food product life 
cycle should be measured (Gondal and Tayyiba, 2022) and the interactions of NPs with the food 
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systems need to be evaluated as to the effects on the digestibility of the food constituent, consumer 
health and on environmental risks (Hossain et al., 2021). It is critical to develop new tests to examine 
the toxic effects of NPs on the health of human beings and effects of risk exposures. The migration 
of metal and metal oxide NPs into food is related to the physicochemical and structural properties, 
dosage, route of administration and duration of exposure. Hence, it is critical to develop new 
engineering techniques for NPs, based on the toxicity profiles of known metal/metal oxides NPs to 
address possible food safety consequences and health hazards associated with the consumption of 
nanofoods. 

Plants have been the major sources for ‘green’ synthesis of NPs in the mitigation of health and 
environmental risks towards a sustainable future. The phytochemicals of the several plant extracts 
have served as bioreductants, biostabilizer and biocapping agents for NPs synthesis. Considering 
the safety issues, phytosynthesized NPs have advantages such as their lower toxicity and 
antimicrobial effects in comparison with other synthesized NPs (Fierascu et al., 2020). However, 
these ‘green’ technologies present several constraints such as in the effective stabilization of NPs, 
easy-to-use analyses, viability for lengthy time, up-scale of technology and the shift in NMs 
development toward eco-friendlier options such as the use of vegetable wastes. 

The incorporation of NPs has been beneficial in the fabrication of packaging materials to add 
tensile strength, resistance, and thermal performance to biopolymers. For smart and active 
packaging structures, NPs are applied to detect changes in food packages, alert consumers of any 
changes and release of functional components to preserve foods. However, the incorporation of 
NPs and antigen-specific biomarkers for preparing nanocomposite polymeric films could be a 
future development (Vijayakumar et al., 2022). The metallic/metal oxides NPs have significant roles 
in the identification and quantification of food pathogens and contaminants. However, the 
assessment of NPs presents several analytical challenges, such as to the definition of identity, 
quantification and size of NPs, which may exist in different morphologies and vary in dispersed 
states of a particle (Linsinger et al., 2013). The key advantages that have been identified for 
nanobiosensors are sensitivity, speed, specificity, small size and diagnostic point of care. The 
AgNPs, AuNPs, CuONPs, CuSNPs and cobalt phthalocyanine NPs are some NPs that have served 
as detecting sensors in various applications such as for foodborne pathogens, various mycotoxins 
such as AFB1, ochratoxin A and B (OTA), arsenic, ammonia for spoilage, cupric and mercury (II) 
ions, melamine, pesticides such as paraquat, xanthine/hypoxanthine mainly by SERS sensors and 
optical and colorimetric detectors. 

The commercialization of nanobiosensor has been slowly driven which could be linked to the low 
transformation of university-driven nanosensor research into commercial laboratory-ready detec-
tion tools (Yang and Duncan, 2021; Thakur et al., 2022). Also, it was reported that most modern food 
manufacturers may be reluctant to reveal their use due to the negative perception of nanobio-
sensors (He et al., 2019). Other challenges in the development of nanobiosensors are in the 
regulatory compliance, ethical concerns of use, consumer acceptance and whether the food should 
be nano-labeled as nonlabeled (Yang and Duncan, 2021). 
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Current Applications and Future Challenges 
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13.1 INTRODUCTION 
Enzymes are natural biocatalysts catalyzing biochemical reactions without altering their character-
istics, like high catalytic efficiency and substrate specificity. Recently, several enzymes have been 
employed in the agri-food industry for various applications, such as processing, functionalization, and 
storage of agri-food products (Huang et al., 2019a). In addition to these applications, the role of these 
natural biocatalysts has been established in the safety of food products with their high selectivity and 
sensitivity. Enzymatic methods can be employed to detect the contamination of ions, small molecules, 
and chemical and biological contaminants (Huang et al., 2019a). However, there are numerous 
shortcomings to using these enzymes in industrial processes because of the high purification cost and 
low success rate of recycling. In addition, enzymes are prone to denature under harsh temperatures 
and pH conditions during processing, making them ineffective for industrial applications (Whitaker 
et al., 2002). Therefore, studies have focused on finding enzyme substitutes with similar activity and 
catalytic properties. Artificial enzyme mimics have emerged as better alternatives to overcome the 
drawbacks of natural enzymes (Gong et al., 2015). Amongst artificial enzymes, nanomaterials 
(catalytically active), known as nanozymes, are studied widely for their applications and considered 
next-generation artificial enzymes (Lin et al., 2014). Firstly, Yan et al. reported that ferromagnetic 
nanoparticles (Fe3O4 NPs) have an enzyme-like activity similar to peroxidase enzyme; thus, NPs could 
oxidize the peroxidase substrate in the presence of H2O2 (Gao et al., 2007). 

Similarly, many nanomaterials with catalytic activity were recognized alone or in combination 
with biomolecular ligands (Zhou et al., 2017). The term “nanozyme” refers to metallic and non- 
metallic nanomaterials with catalytic activity similar to natural enzymes (Wei and Wang, 2013). The 
mass production of nanozymes is easy and low cost compared to their natural counterparts. Also, 
these are resistant to severe processing conditions, have high efficiency, and are highly stable in 
nature (Wu et al., 2019). Nanozymes consist of enzyme-mimicking materials such as cyclodextrins, 
polymers, metalloproteins, supramolecules, micelles, coordination complexes porphyrins, and 
dendrimers (Kuah et al., 2016). Progression in nanotechnology improved the properties of 
nanomaterials and enzyme-mimicking properties, which led to several applications of nanozymes 
in several fields, including sensor development, food quality and safety assessment, environmental 
pollutant monitoring, biological metabolite measurement, and medical therapeutics (Jiang et al., 
2019; Song et al., 2019; Wang et al., 2019; Wu et al., 2017). In the present chapter, the principles of 
nanozyme functioning and their applications in food safety (Figure 13.1), followed by future 
challenges of these applications, have been comprehended. 

13.2 CATALYTIC MECHANISMS OF NANOZYMES 
Since the discovery of nanozymes, several nanomaterials with biocatalytic activities have been 
uncovered. Research has shown several nanomaterials such as graphene, nanodots, nanotubes, and 
nanospheres made up of metals, metal oxides (Fe3O4, CeO2, TiO2, etc.), and metal chalcogenides can 
mimic enzymes, including peroxidase (POX) (Guo et al., 2019), superoxide dismutase (SOD) (Liu and 
Qu, 2019), catalase (CAT) (Asati et al., 2009) (Figure 13.2a), and hydrolases such as nuclease and 
proteases (Huang et al., 2019a). The diverse nature of these enzymes provides applications in several 
fields. In recent years, the applicability of nanozymes witnessed a boom in the agri-food industry. 
Generally, catalysis of nanozymes with peroxidase (POD), oxidases (OXD), and catalase (CAT)-like 
properties and activities are measured in the form of different signals, including colorimetric, 
fluorescent, and also chemiluminescent signals (Huang et al., 2019). In addition, these enzyme- 
mimetic nanomaterials can be designed in several ways to utilize the same in the agri-food industry. 

13.2.1 Nanozymes as Recognition Receptor 
As nanozymes mimic natural enzymes, the reactions catalyzed by these nanomaterials depend on the 
type and concentration of substrates similar to natural enzymes. The catalytic efficiency of nanozymes 
can be adjusted through parameters such as substrate concentration and products of the oxidation 
process, and the most critical are catalytic sites. Most of the nanozymes have peroxidase-like activities 
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that catalyze the oxidation of peroxide substrates such as o-phenylenediamine (OPD), 3,3’,5,5’- 
tetramethylbenzidine (TMB), and 2,2-azinobis (3-ethyl benzothiazoline-6-sulfonic acid) (ABTS) into 
their corresponding oxidative products, OPDox (orange), TMBox (blue), and oxidized ABTS (green) 
respectively in the presence of H2O2 (Wang et al., 2016) (Figure 13.2b). POD-like enzyme mimics 
perform similar reactions, and kinetics vary with concentrations of substrates and H2O2 as co- 
substrate and result in varying amounts of product. Oxidative reactions result in a color change that 
could be used to quantify the concentration of substrates and co-substrates via simple colorimetric 
methods. Different food analytical methods have been developed for POD-mimic activity based on 
the amount of H2O2 (Zhang et al., 2018). The reactions resulting from the cooperative action of 
enzymes can also result in analytical detection (Nirala and Prakash, 2018). In addition, nanozyme- 
based detection systems can be developed using oxidation products that avoid unstable co-substrate 
like H2O2 (Asati et al., 2009). Carbon nanotubes possess peroxidase-like activity on TMB in the 
presence of H2O2, and the reaction can be regulated by multiple factors, including pH, temperature, 
the concentration of nanotubes, and H2O2 (Shamsipur et al., 2014). Metal-organic frameworks (MOFs) 
consist of organic ligands mutually connected with a cluster of metal ions that have enzyme- 
mimicking properties (Du et al., 2021). MOFs can mimic several enzymes such as peroxidase (POD), 
oxidases (OXD), lactase, and hydrolyzes due to the presence of the ion&#39;s active site and have 
attracted attention in applications of food safety (Huang and Sun, 2021). 

13.2.2 Nanozymes with Regulatory Mechanisms 
Natural enzymes have self-regulatory mechanisms for their catalytic reactions in biological 
conditions. These regulatory mechanisms involve covalent modifications, spatial organization, and 

Figure 13.1 Applications of nanozymes in food safety.    
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Figure 13.2 (a) Nanozymes have peroxidase-like activities which catalyze the oxidation of 
peroxide substrates such as o-phenylenediamine (OPD), 3,3’,5,5’-tetramethylbenzidine (TMB), and 
2,2-azinobis(3-ethyl benzothiazoline-6-sulfonic acid) (ABTS) into their corresponding oxidative 
products, orange OPDox, blue TMBox, and green ABTS respectively in the presence of H2O2. (b) 
Mechanisms of peroxidase-like (POD), superoxide dismutase-like (SOD) and catalase-like (CAT) 
nanozymes. Nz represents nanozyme; Nz in yellow color represents nanozyme in the high 
oxidative state, and Nz in gray color represents nanozyme in the high oxidative state. All structures 
are drawn in ChemDraw Pro 8.0 software, PerkinElmer.    
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external modifications by stimulators or inhibitors. This property of natural enzymes can be utilized 
in the case of nanozymes. Structural properties of nanozymes, such as particle size and 
morphology, are important characteristics of their catalytic activities and can be modulated through 
engineering means (Wu et al., 2019). Multiple modulators such as ions, nucleic acids, peptides, and 
amino acids are recognized as either stimulators or inhibitors of these artificial enzymes, which can 
affect the activity of nanozymes. Additionally, the modulation of enzyme surface via adding 
elements such as antibodies (Ab) for the recognition by molecules modulates covalent modifica-
tions or electrostatic absorption, which can alter the interaction of nanozymes with substrates 
(Huang et al., 2019). 

13.2.3 Nanozymes as Signal Tags 
In addition to recognition receptors, nanozymes can be used as signal tags to detect analytes. For 
developing nanozymes as signal tags, antibodies, aptamers, inactive phage antibiotics, and 
antimicrobial peptides are used as recognition elements and could be used in immunoassays, 
calorimetric detections with enhanced signal (Loynachan et al., 2018). 

13.2.4 Nanozymes as Multifunctional Sensing Elements 
Nanozymes can be modulated to perform multi-enzyme functions due to their number of 
nanostructured modifiable sites (Wu et al., 2019). Researchers have developed several such 
nanostructures, for example, POD-like iron oxide nanoparticles, which can be separated using 
magnets, replacing the need for centrifuge due to the ferromagnetism properties of iron (Gao et al., 
2007). Nanozyme mimics have another essential characteristic of interfacial adsorption through 
which analytes can be recognized directly, avoiding using costly specific antibodies. Based on the 
above, Wang and his associates (2018) developed POD-like hemin-concanavalin, a hybrid nano-
flower that directly adsorbed food pathogens on its surface and can be separated using magnets 
and detected by a simple colorimetric assay. 

13.2.5 Nanozymes as a Signal Amplifier 
Several nanozymes have been designed to amplify signals in agri-food detection assays. Xie et al. 
(2019) developed a calorimetric assay based on combining immunoreaction with POD-like Au NPs 
on a chitosan composite membrane to detect Staphylococcal enterotoxin B (SE-B). In this system, 
immunoreaction involved in H2O2-based AuNPs formation enables the nanozyme to amplify the 
signals of AuNPs. Based on AuNPs, other detection systems such as SERS (surface-enhanced 
Raman scattering) detection of Salmonella enteritidis (S. enteritidis) via self-growing (Bu et al., 2018); 
L. monocytogenes through colorimetric assay (Liu et al., 2018) were developed. 

13.3 APPLICATIONS OF NANOZYMES IN FOOD SAFETY 
Nanotechnology is growing at a fast pace, and its applications have become more practical and 
promising. These applications are not restricted to detecting endogenous ingredients, including 
glucose, acetylcholine, cholesterol, and allergens. However, contaminants of food, such as H2O2, 
ions, toxins, antibiotics, pesticide residues, and biological contaminants such as food pathogens and 
mycotoxins, can be detected by nanozyme applications. Nanozymes possess a wide range of 
applications in safety in the food industry. 

13.3.1 Analysis of Food Composition 
Food is comprised of both organic (carbohydrates, proteins, lipids, vitamins, etc.) and inorganic 
components (ions such as Ca, K, Fe, Mg, etc.) (He et al., 2019; Yaseen et al., 2017). A food matrix is a 
complex assembly of physical and chemical interactions between food components; therefore, the 
analysis of the composition of food needs high reliability and repeatability. Antioxidants present in 
fruits and vegetables have a role in protecting against several chronic diseases. Therefore, the 
assessment of food items for antioxidants is of significance. Nanozymes detect antioxidants based 
on their capacity to reduce the oxidation products of TMB or ABTS, which are commonly used in 
oxidation reactions. POD-like Co3O4 NPs inhibited the generation of oxABTS through antioxidants, 
such as ascorbic acid (AA), gallic acid (GA), and tannic acid (TA), with different efficiencies. TA 
showed the highest antioxidant capability, followed by GA and AA (Jia et al., 2016). In another case, 
the antioxidant capacity of AA was assessed based on its potential to degrade the nanozyme by 
converting CoOOH nanoflakes to Co2+ with a detection limit of 142 nM within an assay time of 5 
min (Ji et al., 2018). 
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Glucose is an essential component of human energy needs and is an important biomarker of 
diabetes. Detection of glucose levels in food ingredients is of prime importance to diabetic patients. 
Several methods of combining natural glucose oxidase (GOX) and POD-mimicking nanozymes to 
detect glucose have been developed over the years (Wei and Wang, 2008). Huang and team (2018) 
have developed a glucose detection colorimetric assay based on the same principle with a detection 
of up to 250 μM with a limit of detection (LOD) of 1.5 μM. But this principle has limited applications 
because catalysis depends upon pH due to GOX, and sometimes the pH of POD-mimic is 
incompatible with the pH of GOX. To overcome the above problem, a more advanced system has 
been developed for glucose detection. Researchers have developed one-pot detection systems 
which consist of nanomaterials such as Au and MnO2, which possess dual POD- and GOX-like 
activities (Han et al., 2018; Huang et al., 2017). 

Cholesterol is another important component whose higher levels indicate many diseases; 
therefore, it can be used as an indicator in the diagnosis of these diseases. Xu and team (2016) have 
developed a chemiluminescence sensor using POD-like copper nanoclusters and cholesterol 
oxidase to detect cholesterol within a range of 0.05–10 mM with an LOD of 1.5 μM. This sensor was 
used to analyze the cholesterol levels in the milk and gave 98% efficiency. Acetylcholine (Ach) has 
vital importance in brain development, memory improvement, and muscle function, so it is 
necessary to develop reliable assays to detect the levels of Ach in food. Qian et al. (2014) developed 
a colorimetric method that measured Ach levels by using POD-mimicking Fe3O4/rGO nanocom-
posites along with AchE and choline oxidase in a range of 100 to 10 mM and LOD of 39 nM. 
Detection of choline in milk samples was carried out using MoS2 nanostructures having POD 
activity and choline oxidase but had limited sensitivity (Nirala and Prakash, 2018). Compared to 
these assays, biosensors based on POD-like Fe3O4 MNPs and a choline oxidase have a higher 
sensitivity (0.1 nM) (Zhang et al., 2011). Fe3O4 NPs are mainly responsible for higher sensitivity, 
have higher stability and magnetic properties, and are easy to prepare. 

In addition to the above components, ethanol is an important constituent of beer, wine, and other 
fermented products, which need to be monitored to avoid adulteration and keep the levels 
according to dietary recommendations. To detect ethanol levels in wine and kefir, an amperometric 
biosensor was developed by coupling PtRu NPs with alcohol oxidase (Stasyuk et al., 2019). Food 
allergies are of significant health concern; thus, it is necessary to decipher the presence of allergens 
to avoid the health issues caused by them. β-lactoglobulin, a milk protein, was used to develop a 
nanozyme-based ELISA (ELISA) assay to detect cow milk allergy with a lower limit of 1.96 ng/mL 
(He et al., 2018). Further, the authors developed an improved method utilizing POD-like Pt NPs 
carrying several antibodies and horseradish peroxidase (HRP) molecules as the signal tag to detect 
β-lactoglobulin as low as 0.12 ng/mL. 

13.3.2 Detection of Food Contaminants 
Food contaminants are chemical substances such as pesticides, toxins, drug residues, organic 
pollutants, etc., or biological agents such as microorganisms, insects, rodents, etc., added to the food 
either by accident or on purpose, which makes the food unfit for consumption (Kamala and Kumar, 
2018). Most methods developed for detecting contaminants in food consider their maximum 
allowed limit and ignore contaminants’ toxicity and negative impact on consumer health. 
Therefore, developing more advanced methods to detect as much as a low signal from these 
contaminants is necessary. Nanozymes could be of high advantage to developing ultra-sensitively 
contaminant detection assays as they have the characteristic to amplify the low signals, one of the 
principles of their functioning. H2O2 is used as a food preservative to keep raw milk fresh by 
farmers as it is bactericidal in nature. The maximum acceptable amount of H2O2 the Food and 
Agriculture Organization (FAO) set in milk is 0.05% (w/v). The addition of more than the 
permissive limit reduces the nutritional value of milk and can severely affect the gastrointestinal 
and neuro system. Several nanozyme-based methods have been developed to check the H2O2 
content in milk and other dairy products. A colorimetric method developed by Liu et al. (2018) used 
POD-mimicking iron-doped CuSn(OH)6 microsphere and TMB as a substrate which detected H2O2 
in a range of 30–1,000 μM with LOD of 9.49 μM. Qi et al. (2017) developed a POD-like nanozyme 
with a metal-organic framework (PA-Tb-Cu MOF) that produces H2O2 concentration-dependent 
real-time fluorescence signals. These nanostructures can detect the H2O2 as low as 0.2 μM with high 
reproducibility. 

The contamination of food and drinking water with ions such as heavy metal, sulfate, and nitrate 
ions has recently increased to an alarming situation. These ions accumulate in the organs and could 
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pose health dangers. Thus, it is essential to measure the concentration of these ions accurately. 
Many nanozyme-based techniques have been developed to detect these ions with high sensitivity 
and accuracy. Deng et al. (2014) developed POD-like Au NPs to detect sulfide ions with a quick 
assay time of 10 min, and these nanozymes work on the shielding effect of sulfide against Au NPs. 
Chitosan-functionalized molybdenum (IV) selenide nanospheres (CS-MoSe2 NSs) were developed 
to detect mercuric ions (Hg2+) through colorimetric sensing (Huang et al., 2019b). In this system, the 
reduction of chitosan-captured Hg2+ ions resulted in the activation of POD- and OXD-like activities 
of these NSs on the surface with TMB as a substrate producing quantitative signals, which can be 
measured by spectrophotometer. The authors used this eco-compatible sensor to detect Hg2+ ions in 
drinking water within an assay time of 15 min to the lowest limit of 8.4 nM. In addition to 
colorimetric methods, electrochemical and chemiluminescent methods were also proposed to 
analyze these ions’ amounts. Zhang et al. (2013) enumerated sulfate ions in white wines using OXD- 
mimicking CoFe2O4 NPs generating chemiluminescence of aqueous luminol up to a concentration 
of 2.0 × 10−8 M. An electrochemical method was proposed by Liu et al. (2019) for detection of nitrite 
ions in sausage samples using a hybrid of histidine-capped gold nanoclusters and rGO (His@Au 
NCs/rGO) having activities of oxidase. Nitrite can inhibit electrocatalysis of His@Au NCs/rGO 
during TMB oxidation, which is used as a substrate in most nanozyme reactions. Nanozymes also 
have been used to detect several other ions, such as Ag2+ (Abdolmohammad-Zadeh and 
Rahimpour, 2015) and Cu2+ and Ca2+ ions in drinking water milk, respectively (Mu et al., 2014). 

The extensive use of antibiotics in food animals, including livestock and poultry, poses a serious 
risk to human health (Jiang et al., 2019). Zeng et al. (2018) developed a gas pressure-based 
aptasensing platform using a polyaniline nanowire (NW) functionalized rGO framework and CAT- 
like Pt nanozyme to detect kanamycin in milk samples. Sharma et al. (2014) proposed an aptamer- 
based method for detecting kanamycin based on the POD-like Au NPs which has a range of 1–100 
nM and high sensitivity. The quantity of antibiotic sulfaquinoxaline was assessed through the 
electrochemiluminescent method by using POD-like nanozyme activity-based Cu (II)-anchored 
unzipped COF material (UnZCCTF) (Ma et al., 2018). This system has a high sensitivity for 
sulfaquinoxaline in the range of 1–20 μM with a LOD of 0.76 pM. However, the complicated process 
of fabrication of material is a hurdle for this assay for practical applications. 

Contamination of food commodities with pesticides used to control pest infestation and crop 
diseases has become a rising cause of concern (Yaseen et al., 2018). Nanozymes offered highly 
sensitive and precious approaches to detecting these compounds. Zhang et al. (2016) used OXD- 
mimicking polyacrylic acid-coated CeO2 NPs (PAA-CeO2) and AChE for the detection of pesticides, 
especially organophosphates (OP) like dichlorvos and methyl paraoxon. The catalysis of AChE 
produces tricholine (TCh), which could reduce TMB oxidation. Still, the presence of OPs resulted in 
the production of more oxidized TMB and can be measured colorimetrically. This reaction proved 
useful for the quick and accurate measurement of OPs, which are neurotoxic in nature. The 
paraoxon in cabbage samples was detected using phosphotriesterase-like Co3O4/rGO nanocom-
posites (Wang et al., 2017). Further, Huang et al. (2019c) designed a portable paper colorimetric 
sensor to detect an amplified signal produced during the domino reaction of AChE and degradable 
manganite nanowires (γ-MnOOH NWs). Other toxins in food include highly toxic mycotoxins, 
which pose health-threatening effects to humans; thus, their accurate detection in food items is 
necessary. CAT-like rGO/Pt nanocomposites were employed to analyze beer and wine samples to 
detect the presence of Ochratoxin A and Fumonisin B1 mycotoxins via an “on-the-fly” fluorescent 
approach (Molinero-Fernandez et al., 2017). Huang and his team (2018) developed a spinel-type 
manganese cation substituted cobalt oxide (MnCo2O4) nanozyme-based biomolecular sensor. 
Whose inhibition depends upon the attachment/detachment of aptamer strands on its surface 
through aptamer-target binding. This method has been proven useful in detecting ochratoxin A in 
maize with a LOD of 6.5 pg/mL. Recently, Peng et al. (2022) developed a peroxide activities-based 
porous Iron-Porphyrin-Zr-MOF NanoPCN-223(Fe) nanozyme to develop a MOF-linked immuno-
sorbent assay (Ed-MOFLISA) for the detection of aflatoxin B in food samples in the range from 0.05 
to 10 ng/mL and LOD of 0.003 ng/mL. 

Foodborne pathogens are another contaminant on the list that can create havoc in public health. 
The development in nanozyme technology also offered the detection of food pathogens, and most 
assays are based on the immunoassays such as NLISA (nanozyme-based enzyme-linked immu-
nosorbent assay) and N-LIFA (nanozyme with lateral flow immunoassay), a paper-based assay to 
detect bacteria. Wang et al. (2018) detected Escherichia coli O157:H7 (E. coli O157:H7), a potent food 
pathogen using hemin-concanavalin A hybrid nanoflowers-based sandwich structure. This 
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nanostructure functions similarly to ELISA and can detect E. coli as low as 4.1 CFU/mL at pH 6.5 
and 25°C in milk samples. E. coli O157:H7 was also measured using Pt-Au bimetallic nanozyme- 
based immunochromatographic assay upto 102 CFU/mL (Jiang et al., 2016). An NLISA assay was 
proposed to detect the presence of E. coli O157:H7 with Pd-Pt nanozyme up to a range of 102–106 

CFU/mL and LOD of 0.87 × 102 CFU/mL by colorimetric assay (Han et al., 2018). Another common 
foodborne pathogen, Listeria monocytogenes (L. monocytogenes), damages neurons and T-cells of the 
immune system in humans (Faber and Peterkin, 1991) detected using a hybrid of Fe3O4 NCs 
anchored aptamer where Fe3O4 NCs acts as a signal amplification ligand (Zhang et al., 2016). V. 
parahaemolyticus, marine bacteria, were detected using highly sensitive nonapeptide pVIII fusion 
coupled with protein-templated MnO2 nanospheres. pVIII fusion-V. parahaemolyticus-MnO2 nano-
spheres form a sandwich structure to catalyze the TMB in the presence of H2O2 to give colorimetric 
change, thus, displaying its potential use in marine food safety (Liu et al., 2018). Based on N-LIFA,  
Cheng et al. (2017) built a smartphone-integrated dual N-LIFA device to simultaneously detect the 
presence of S. enteritidis and E. coli O157:H7 by using POD-mimicking mesoporous core-shell Pa@Pt 
NPs as a signal amplifier. This device detected S. enteritidis and E. coli O157:H7 up to 20 CFU/mL 
and 34 CFU/mL, respectively, in milk samples. 

13.3.3 Nanozymes in Food Packaging and Preservation 
The contamination of food with contaminants from different sources, including environmental and 
microbial sources, has increased the concern for food safety. The proper inspection and packaging 
of food items could help avoid these situations. Nanozymes could contribute to the active 
packaging of agri-food products and monitor contamination during storage. Naturally ripened 
fruits differ from artificially ripened and have particular total sugar content, total soluble solids 
(TSS), and sensory attributes. The glucose content of fruits varies with the ripening stage; thus, it 
could be the potential marker to determine the ripening stage and can be implemented in 
lengthening the shelf life. A needle-type electrode biosensor consisting of working, reference, and 
counter electrodes was developed by Haginoya et al. (1994) to determine the sugar content of fruits. 
In this tri-electrode system, glucose oxidase was immobilized on the working electrode using BSA 
and glutaraldehyde as a reference to determine glucose. Yousefi et al. (2018) developed a biosensor 
having E. coli–specific RNA-cleaving fluorogenic DNAzyme covalently attached to cyclo-olefin 
polymer packaging film to detect E. coli in meat and apple juice as low as 103 CFU/mL under a 
wide range of pH 3–9 for at least 14 days. Recently, Huang et al. (2023) used a hybrid of 
carboxymethyl cellulose nanofibers grafted with enzyme-like metal-organic frameworks (CNF@Ce- 
MOF) to prepare spray coating for fruits, bananas, and mangoes. This coating is claimed to enhance 
the quality preservation during the 12-day storage period. Additionally, these nanofibers provide 
antibacterial protection against common food pathogens: Escherichia coli O157: H7, Staphylococcus 
aureus, and methicillin-resistant Staphylococcus aureus by generating •O2 and reducing the levels of 
ATP via mimicking the oxidase and apyrase activities. 

Apart from signal detection, magnetic nanoparticles can amplify the signals and be useful for 
detecting microbial contamination of food during food storage. Nanoprobes with colorimetric and 
fluorescence dual-mode were developed to detect S. aureus in meat samples. These nanoprobes 
consist of magnetic nanoparticles (apt-MNPs) labeled with aptamer, which act as capture signal 
probes and HRP and complementary DNA-functionalized upconversion nanoparticles (HRP- 
UCNPs-cDNA) as a chromogenic signal probe that forms an immune complex. S. aureus binds to 
apt-MNP, causing the release of HRP-UCNPs-cDNA from the complex, and probes can be detected 
through fluorescence and colorimetric assays (Ouyang et al., 2021). 

13.4 CONCLUSION 
The discovery of nanozymes has created a bridge between nanotechnology and biology. 
Nanozymes provided the platform for tailoring enzymes at the nanoscale and using nanomaterials 
in biological activities. Most nanozymes consist of nanomaterials with oxidoreductases (e.g., 
peroxidase, catalase, oxidase, and superoxide dismutase). These enzyme mimics deliver simple, 
portable, sensitive, selective, and highly producible strategies for food analysis. Moreover, the 
properties of nanozymes to customization of their properties for precise applications and 
integration of multifunctional platforms for simultaneous detection of multiple contaminants is a 
plus for food safety. Additionally, these methods are cheap due to high availability and inexpensive 
equipment, which enhance their use in the future for food analysis applications. 
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13.5 FUTURE PERSPECTIVES 
Although nanozymes have an exciting future in food safety, but nevertheless have several 
challenges. Nanozymes have fewer active sites, reducing their activity and still needing improve-
ment. Further, the structure, size, as well as activity of these enzyme mimics need to be optimized 
to achieve the applications. In applications like analysis of the composition of complex systems such 
as food, the combination of different signals should be investigated to establish the roles of 
nanozymes for fast and accurate analysis in food safety. Researchers should focus on developing 
nanozymes with reusability and biocompatibility while designing new detection approaches. 
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“Biosensing strategy for simultaneous and accurate quantitative analysis of mycotoxins in food 
samples using unmodified graphene micromotors.” Analytical Chemistry 89, no. 20 (2017): 
10850–10857.  10.1021/ACS.ANALCHEM.7B02440/SUPPL_FILE/AC7B02440_SI_002.AVI. 

Mu, Jianshuai, Li Zhang, Min Zhao, and Yan Wang. “Catalase mimic property of Co3O4 
nanomaterials with different morphology and its application as a calcium sensor.” ACS Applied 
Materials & Interfaces 6, no. 10 (2014): 7090–7098.  10.1021/AM406033Q/SUPPL_FILE/AM406033Q_ 
SI_001.PDF. 

Nirala, Narsingh R., and Rajiv Prakash. “Quick colorimetric determination of choline in milk and 
serum based on the use of MoS 2 nanosheets as a highly active enzyme mimetic.” Microchimica Acta 
185 (2018): 1–8.  10.1007/S00604-018-2753-2. 

Ouyang, Qin, Li Wang, Waqas Ahmad, Yongcun Yang, and Quansheng Chen. “Upconversion 
nanoprobes based on a horseradish peroxidase-regulated dual-mode strategy for the ultrasensitive 
detection of Staphylococcus aureus in meat.” Journal of Agricultural and Food Chemistry 69, no. 34 
(2021): 9947–9956.  10.1021/ACS.JAFC.1C03625/SUPPL_FILE/JF1C03625_SI_001.PDF. 

Peng, Shuang, Kai Li, Yi-xuan Wang, Lin Li, Yun-Hui Cheng, and Zhou Xu. “Porphyrin NanoMOFs 
as a catalytic label in nanozyme-linked immunosorbent assay for Aflatoxin B1 detection.” Analytical 
Biochemistry 655 (2022): 114829.  https://assets.researchsquare.com/files/rs-1641617/v1/0d83c7a9- 
8888-4374-ab3a-4fda01816764.pdf?c=1652890351. 

Qi, Zewan, Li Wang, Qi You, and Yang Chen. “PA-Tb-Cu MOF as luminescent nanoenzyme for 
catalytic assay of hydrogen peroxide.” Biosensors and Bioelectronics 96 (2017): 227–232.  10.1016/ 
J.BIOS.2017.05.013. 

Qian, Jing, Xingwang Yang, Ling Jiang, Chendan Zhu, Hanping Mao, and Kun Wang. “Facile 
preparation of Fe3O4 nanospheres/reduced graphene oxide nanocomposites with high peroxidase- 
like activity for sensitive and selective colorimetric detection of acetylcholine.” Sensors and Actuators 
B: Chemical 201 (2014): 160–166.  10.1016/J.SNB.2014.05.020. 

Shamsipur, M., A. Safavi, and Z. Mohammadpour. “Indirect colorimetric detection of glutathione 
based on its radical restoration ability using carbon nanodots as nanozymes.” Sensors and Actuators 
B: Chemical 199 (2014): 463–469.  10.1016/J.SNB.2014.04.006. 

Sharma, Tarun Kumar, Rajesh Ramanathan, Pabudi Weerathunge, Mahsa Mohammadtaheri, 
Hemant Kumar Daima, Ravi Shukla, and Vipul Bansal. “Aptamer-mediated ‘turn-off/turn-on’ 
nanozyme activity of gold nanoparticles for kanamycin detection.” Chemical Communications 50, no. 
100 (2014): 15856–15859.  10.1039/C4CC07275H. 

Song, Wei, Bing Zhao, Ce Wang, Yukihiro Ozaki, and Xiaofeng Lu. “Functional nanomaterials with 
unique enzyme-like characteristics for sensing applications.” Journal of Materials Chemistry B 7, no. 6 
(2019): 850–875.  10.1039/C8TB02878H. 

Stasyuk, Nataliya, Galina Gayda, Andriy Zakalskiy, Oksana Zakalska, Roman Serkiz, and Mykhailo 
Gonchar. “Amperometric biosensors based on oxidases and PtRu nanoparticles as artificial 
peroxidase.” Food Chemistry 285 (2019): 213–220.  10.1016/J.FOODCHEM.2019.01.117. 

Wang, Hui, Kaiwei Wan, and Xinghua Shi. “Recent advances in nanozyme research.” Advanced 
Materials 31, no. 45 (2019): 1805368.  10.1002/ADMA.201805368. 

Wang, Kui-Yu, Sheng-Jun Bu, Chuan-Jing Ju, Chang-Tian Li, Zhong-Yi Li, Ye Han, Cheng-You Ma 
et al. “Hemin-incorporated nanoflowers as enzyme mimics for colorimetric detection of foodborne 
pathogenic bacteria.” Bioorganic & Medicinal Chemistry Letters 28, no. 23-24 (2018): 3802–3807.  10.1016/ 
J.BMCL.2018.07.017. 

13 NANOZYMES IN FOOD SAFETY 

231 

https://t.me/PrMaB2

https://dx.doi.org/10.1021/ACS.ANALCHEM.7B02440/SUPPL_FILE/AC7B02440_SI_002.AVI
https://dx.doi.org/10.1021/AM406033Q/SUPPL_FILE/AM406033Q_SI_001.PDF
https://dx.doi.org/10.1021/AM406033Q/SUPPL_FILE/AM406033Q_SI_001.PDF
https://dx.doi.org/10.1007/S00604-018-2753-2
https://dx.doi.org/10.1021/ACS.JAFC.1C03625/SUPPL_FILE/JF1C03625_SI_001.PDF
https://assets.researchsquare.com
https://assets.researchsquare.com
https://dx.doi.org/10.1016/J.BIOS.2017.05.013
https://dx.doi.org/10.1016/J.BIOS.2017.05.013
https://dx.doi.org/10.1016/J.SNB.2014.05.020
https://dx.doi.org/10.1016/J.SNB.2014.04.006
https://dx.doi.org/10.1039/C4CC07275H
https://dx.doi.org/10.1039/C8TB02878H
https://dx.doi.org/10.1016/J.FOODCHEM.2019.01.117
https://dx.doi.org/10.1002/ADMA.201805368
https://dx.doi.org/10.1016/J.BMCL.2018.07.017
https://dx.doi.org/10.1016/J.BMCL.2018.07.017


Wang, Ting, Jiangning Wang, Ye Yang, Ping Su, and Yi Yang. “Co3O4/reduced graphene oxide 
nanocomposites as effective phosphotriesterase mimetics for degradation and detection of 
paraoxon.” Industrial & Engineering Chemistry Research 56, no. 34 (2017): 9762–9769.  10.1021/ 
ACS.IECR.7B02223/SUPPL_FILE/IE7B02223_SI_001.PDF. 

Wang, Xiaoyu, Yihui Hu, and Hui Wei. “Nanozymes in bionanotechnology: from sensing to 
therapeutics and beyond.” Inorganic Chemistry Frontiers 3, no. 1 (2016): 41–60.  10.1039/C5QI00240K. 

Wei, Hui, and Erkang Wang. “Fe3O4 magnetic nanoparticles as peroxidase mimetics and their 
applications in H2O2 and glucose detection.” Analytical Chemistry 80, no. 6 (2008): 2250–2254.  10. 
1021/AC702203F. 

Wei, Hui, & Erkang Wang. “Nanomaterials with enzyme-like characteristics (nanozymes): next- 
generation artificial enzymes”. Chemical Society Reviews, 42 (2013): 6060.  10.1039/c3cs35486e. 

Whitaker, John R., Alphons GJ Voragen, and Dominic WS Wong, eds. Handbook of Food Enzymology, 
Vol. 122. CRC Press, 2002. 

Wu, Jiangjiexing, Xiaoyu Wang, Quan Wang, Zhangping Lou, Sirong Li, Yunyao Zhu, Li Qin, and 
Hui Wei. “Nanomaterials with enzyme-like characteristics (nanozymes): next-generation artificial 
enzymes (II).” Chemical Society Reviews 48, no. 4 (2019): 1004–1076.  10.1039/C8CS00457A. 

Wu, Shijia, Nuo Duan, Yueting Qiu, Jinghong Li, and Zhouping Wang. “Colorimetric aptasensor 
for the detection of Salmonella enterica serovar typhimurium using ZnFe2O4-reduced graphene oxide 
nanostructures as an effective peroxidase mimetics.” International Journal of Food Microbiology 261 
(2017): 42–48.  10.1016/J.IJFOODMICRO.2017.09.002. 

Xiaodan, Zhang, He Shaohui, Chen Zhaohui, and Huang Yuming. “CoFe2O4 nanoparticles as 
oxidase mimic-mediated chemiluminescence of aqueous luminol for sulfite in white wines.” (2013).   
10.1021/JF3041269/SUPPL_FILE/JF3041269_SI_001.PDF. 

Xie, Xiaoxue, Fang Tan, Aiqing Xu, Keqin Deng, Yulong Zeng, and Haowen Huang. “UV-induced 
peroxidase-like activity of gold nanoclusters for differentiating pathogenic bacteria and detection of 
enterotoxin with colorimetric readout.” Sensors and Actuators B: Chemical 279 (2019): 289–297.  10.1016/ 
J.SNB.2018.10.019. 

Xu, Shuangjiao, Yanqin Wang, Dayun Zhou, Meng Kuang, Dan Fang, Weihua Yang, Shoujun Wei, and 
Lei Ma. “A novel chemiluminescence sensor for sensitive detection of cholesterol based on the 
peroxidase-like activity of copper nanoclusters.” Scientific Reports 6, no. 1 (2016): 39157.  10.1038/srep39157. 

Yaseen, Tehseen, Da-Wen  Sun, and Jun-Hu Cheng. “Raman imaging for food quality and safety 
evaluation: Fundamentals and applications.” Trends in Food Science & Technology 62 (2017): 177–189.   
10.1016/J.TIFS.2017.01.012. 

Yaseen, Tehseen, Da-Wen Sun, Hongbin Pu, and Ting-Tiao Pan. “Detection of omethoate residues 
in peach with surface-enhanced Raman spectroscopy.” Food Analytical Methods 11 (2018): 2518–2527.   
10.1007/S12161-018-1233-Y. 

Yousefi, Hanie, M. Monsur Ali, Hsuan-Ming Su, Carlos DM Filipe, and Tohid F. Didar. “Sentinel 
wraps: real-time monitoring of food contamination by printing DNAzyme probes on food 
packaging.” ACS Nano 12, no. 4 (2018): 3287–3294.  10.1021/ACSNANO.7B08010/SUPPL_FILE/ 
NN7B08010_SI_001.PDF. 

Zeng, Ruijin, Zhongbin Luo, Lijia Zhang, and Dianping Tang. “Platinum nanozyme-catalyzed gas 
generation for pressure-based bioassay using polyaniline nanowires-functionalized graphene oxide 
framework.” Analytical Chemistry 90, no. 20 (2018): 12299–12306.  10.1021/ACS.ANALCHEM.8B03 
889/SUPPL_FILE/AC8B03889_SI_001.PDF. 

FOOD SAFETY 

232 

https://t.me/PrMaB2

https://dx.doi.org/10.1021/ACS.IECR.7B02223/SUPPL_FILE/IE7B02223_SI_001.PDF
https://dx.doi.org/10.1021/ACS.IECR.7B02223/SUPPL_FILE/IE7B02223_SI_001.PDF
https://dx.doi.org/10.1039/C5QI00240K
https://dx.doi.org/10.1021/AC702203F
https://dx.doi.org/10.1021/AC702203F
http://dx.doi.org/10.1039/c3cs35486e
https://dx.doi.org/10.1039/C8CS00457A
https://dx.doi.org/10.1016/J.IJFOODMICRO.2017.09.002
https://dx.doi.org/10.1021/JF3041269/SUPPL_FILE/JF3041269_SI_001.PDF
https://dx.doi.org/10.1016/J.SNB.2018.10.019
https://dx.doi.org/10.1016/J.SNB.2018.10.019
https://dx.doi.org/10.1038/srep39157
https://dx.doi.org/10.1016/J.TIFS.2017.01.012
https://dx.doi.org/10.1007/S12161-018-1233-Y
https://dx.doi.org/10.1021/ACSNANO.7B08010/SUPPL_FILE/NN7B08010_SI_001.PDF
https://dx.doi.org/10.1021/ACSNANO.7B08010/SUPPL_FILE/NN7B08010_SI_001.PDF
https://dx.doi.org/10.1021/ACS.ANALCHEM.8B03889/SUPPL_FILE/AC8B03889_SI_001.PDF
https://dx.doi.org/10.1021/ACS.ANALCHEM.8B03889/SUPPL_FILE/AC8B03889_SI_001.PDF


Zhang, Lisha, Ru Huang, Weipeng Liu, Hongxing Liu, Xiaoming Zhou, and Da Xing. “Rapid and 
visual detection of Listeria monocytogenes based on nanoparticle cluster catalyzed signal 
amplification.” Biosensors and Bioelectronics 86 (2016): 1–7.  10.1016/J.BIOS.2016.05.100. 

Zhang, Shi-Xiang, Shi-Fan Xue, Jingjing Deng, Min Zhang, Guoyue Shi, and Tianshu Zhou. 
“Polyacrylic acid-coated cerium oxide nanoparticles: An oxidase mimic applied for colorimetric 
assay to organophosphorus pesticides.” Biosensors and Bioelectronics 85 (2016): 457–463.  10.1016/ 
J.BIOS.2016.05.040. 

Zhang, Wenchi, Xiangheng Niu, Xin Li, Yanfang He, Hongwei Song, Yinxian Peng, Jianming Pan, 
Fengxian Qiu, Hongli Zhao, and Minbo Lan. “A smartphone-integrated ready-to-use paper-based 
sensor with mesoporous carbon-dispersed Pd nanoparticles as a highly active peroxidase mimic for 
H2O2 detection.” Sensors and Actuators B: Chemical 265 (2018): 412–420.  10.1016/J.SNB.2018.03.082. 

Zhang, Zhanxia, Xiaolei Wang, and Xiurong Yang. “A sensitive choline biosensor using Fe3O4 
magnetic nanoparticles as peroxidase mimics.” Analyst 136, no. 23 (2011): 4960–4965.  10.1039/C1 
AN15602K. 

Zhang, Xiaodan, He, Shaohui, Chen, Zhaohui, and Huang, Yuming. CoFe2O4 nanoparticles as 
oxidase mimic-mediated chemiluminescence of aqueous luminol for sulfite in white wines. Journal 
of Agricultural and Food Chemistry, 61 (2013): 840–847.  10.1021/jf3041269. 

Zhou, Yibo, Biwu Liu, Ronghua Yang, and Juewen Liu. “Filling in the gaps between nanozymes 
and enzymes: challenges and opportunities.” Bioconjugate Chemistry 28, no. 12 (2017): 2903–2909.   
10.1021/ACS.BIOCONJCHEM.7B00673/ASSET/IMAGES/MEDIUM/BC-2017-00673V_0005.GIF.  

13 NANOZYMES IN FOOD SAFETY 

233 

https://t.me/PrMaB2

https://dx.doi.org/10.1016/J.BIOS.2016.05.100
https://dx.doi.org/10.1016/J.BIOS.2016.05.040
https://dx.doi.org/10.1016/J.BIOS.2016.05.040
https://dx.doi.org/10.1016/J.SNB.2018.03.082
https://dx.doi.org/10.1039/C1AN15602K
https://dx.doi.org/10.1039/C1AN15602K
http://dx.doi.org/10.1021/jf3041269
https://dx.doi.org/10.1021/ACS.BIOCONJCHEM.7B00673/ASSET/IMAGES/MEDIUM/BC-2017-00673V_0005.GIF


14 Innovations in Food Safety Technology 

A. E. Cedillo-Olivos, R. B. Colorado, S. A. González, and C. Jiménez-Martínez  

14.1 INTRODUCTION 
This review is divided into two parts; the first part presents the description of the blockchain, its 
importance for food processing and food safety, advantages and disadvantages of using this 
technology, and basic principles and characteristics for implementation. It continues with a 
description of the different blockchain systems and a summary of blockchain applications in the 
food industry. The second part mentions emerging techniques and technologies that have been 
used in recent years for the production and packaging of food; it also addresses the main and 
common problems in food safety, so they develop technologies that approach food safety risks such 
as shelf life and deterioration in the physicochemical properties; among these techniques, 
nanozymes, radiation, high hydrostatic pressure, encapsulation, cold plasma, and ultrasound are 
mentioned; likewise, their classification, advantages, disadvantages, uses of each of the emerging 
technologies, and their limitations are exposed. It also provides sources and descriptions of the 
latest food research using one or more of these technologies. 

14.2 BLOCKCHAIN TECHNOLOGY 
In recent decades, the importation of eating patterns has contributed to modifying the lifestyle as well 
as the eating habits of the population, which leads to a concern of the consumers to know really what 
they are ingesting, calling into question the quality characteristics and product safety, along with the 
reliability of food labeling (Ibarra-Sánchez et al., 2017). On the other hand, the food industry has 
searched for different technologies that help identify critical points in processes, from the raw material 
to the finished proceeds, to guarantee safe products arrive quickly and efficiently to the consumer. 
Recently, the food industry has been implementing blockchain technology for this purpose; this subject 
will be addressed in this chapter to understand what it is and how it works. Blockchain technology is 
the latest generation’s innovative, decentralized, and distributed technology (Figure 14.1). It is a 
database type containing a digital record of the history of movements, maintaining the confidentiality, 
integrity, and security of all transactions and data. The distribution of blockchain systems is mainly 

Figure 14.1 Graphical representation of a blockchain system operation ( Blasetti, 2017;  Zarrin 
et al., 2021).     
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through a network of computers, without centralizing, but sharing the management throughout the 
whole network. Furthermore, once the information is added, it cannot be edited without modifying the 
previous records (because it is cryptographically linked to previous transactions); this requires the 
consent of all/majority of the parties involved (Dutta et al., 2020). The main advantage of a blockchain is 
that transactions can be traced back to the beginning, so that information about an asset on the 
blockchain can be reported on how this asset originated and its changes over time. To implement 
blockchain, it is necessary to consider its five basic principles (Lansiti and Lakhani, 2017). In Figure 14.2, 
the basic principles of the blockchain are shown, with characteristics of the public blockchain; however, 
such examples can also occur in the hybrid and private blockchain. 

14.2.1 Advantages and Disadvantages of the Blockchain 
Before implementing a blockchain, an analysis of this technology’s weaknesses and strengths is 
required, which will help us know if it favors the sector to which it is intended to be applied. Some 
of the advantages and difficulties of this system are described below (Olsen et al., 2019). 

Advantages:  

a. Transactions without intermediaries and reliability between those involved are carried out. This 
increases the speed between the movements to be made and, in turn, the rate of these.  

b. Blockchain can be taken as an unalterable record of the history of any asset or industrial good.  

c. Easier tracking of products. This can be from the primary source, checking its distribution (place 
and date), thus helping to withdraw the merchandise if required (withdrawal of defective and 
dangerous products).  

d. Improvements in perishables management and inventory management.  

e. Increases efficiency and speed and reduces risks in the supply chain. It detects possible problems 
in the collection of raw materials, the production capacity, and the capacities of the distribution 
network with logistics operators since all of these are synchronized.  

f. Improvement in the financing, contracting, and international transactions. The blockchain 
enables the sharing of inventories, information, and financial flows, to improve supply chain 
finance, procurement, and international business in global value chains.  

g. Market creation. We facilitate entry into marketplaces, which allow buyers and farmers to 
connect directly with companies, increasing the benefits for both parties. 

Disadvantages:  

a. High energy costs are necessary due to the servers for the calculation capacity of the different 
consensus systems. 

Figure 14.2 Basic principles for the implementation of blockchain technology. Adapted from   
Lansiti and Lakhani, 2017.     
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b. Since the transactions in the blockchain are unalterable, some circumstances may produce an 
error, and no correction can be made in the shared database.  

c. The size of the blocks added to the chain is a limiting factor due to performance and efficient 
usage. 

14.2.2 Blockchain Features 
For blockchain implementation, the following characteristics are considered: decentralization, 
persistence, namelessness, and auditability (Zheng et al., 2017; Wang et al., 2018). 

14.2.2.1 Decentralization 
Transactions within the blockchain system can occur between two users without the need for 
authentication by an intermediary (for example, banks). In this way, blockchain can reduce server 
costs and increase the speed and performance of central servers (Xu Jie et al., 2021). 

14.2.2.2 Persistence 
Each transaction is transmitted through the blockchain network and must therefore be confirmed 
and recorded in blocks for distribution throughout the network. A node will be obtained on the 
web, and a copy will be generated in the blockchain system. This also means that any node will be 
able to validate the encryption of the information and will verify the transactions made on it, 
making it (almost) impossible to tamper with the data. With existing blockchains, fraud and data 
falsification can be easily detected. 

14.2.2.3 Anonymity 
The nodes are the users connected to the blockchain network. Their functions are to store and 
distribute fragments to update blockchain data. Users interact with the blockchain network using a 
generated address; this address completely differs from a physical address or an address linked to a 
specific user account. The nodes have been classified into three, which are as follows:  

a. Broadcast nodes carry out transactions and store information on the blockchain through third 
parties.  

b. Full nodes, these types of nodes issue transactions, distribute blockchain information, and 
compliance with consensus.  

c. Mining nodes these nodes solve cryptographic complexes. The mining node attempts to create a 
new block on the blockchain and demonstrates that this block performs work that helps meet a 
system need. Once the entire network has verified the proposed transaction, it is added to the 
existing blockchain as a new block (Meiklejohn et al., 2013; Kosba et al., 2016). 

14.2.3 Auditability 
Each transaction is validated and recorded with a timestamp. The function of auditing is to check 
the veracity of the previous records and verify existing ones (since the transaction history, up to the 
first block of a transaction, is saved and accessible). This feature of the blockchain enhances the 
traceability and transparency of the data stored on the blockchain by ensuring that information, 
once recorded, cannot be overwritten or deleted (Bermeo et al., 2018). 

14.2.4 Blockchain Systems 
There are different ways of building blockchain technology, which is divided into three types: (a) 
public, (b) private, and (3) consortium (also known as hybrid). 

14.2.4.1 Public Blockchain 
The public blockchain is based on “proof of work” algorithms; these are open-sourced and 
unauthorized. These codes allow you to download and start a public node from your device and 
participate in the verification and consensus process within the blockchain without permission 
from other users. Anyone can also submit transactions to the blockchain network; if they are valid, 
anyone can see them permanently stored on the blockchain network. Their nodes‘ read and write 
permissions in a public blockchain are free. Some examples are Bitcoin, Ethereum, Monero, Dash, 
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Litecoin, and Dogecoin. For a blockchain construct to be considered decentralized, three basic 
principles must be met (Johnston et al., 2014):  

a. It must be open-sourced and operate autonomously without intermediaries controlling most of 
its tokens; transaction data and records should be stored cryptographically on public, 
decentralized blockchain technology.  

b. The application must generate tokens according to the algorithm or standard criteria. These 
tokens must be necessary for the use of the application.  

c. All changes must be approved by most of the network members. The application can adapt its 
response protocol to proposed improvements and market suggestions, but a majority consensus 
of its users must decide on all changes. 

14.2.4.2 Private Blockchain Technology 
The private blockchain technology is considered a centralized network because an organization 
controls the write permissions and verification and consensus process where not all nodes can 
participate in both processes, even if the nodes are from the same organization or group. On the 
other hand, the main difference with hybrid blockchain technology is that it comprises different 
groups (Zarrin et al., 2021). Thus, Figure 14.3 shows three blockchains that can be differentiated by 
comparing their properties, distinguishing between public, hybrid, and private (Zarrin et al., 2021). 

14.2.4.3 Hybrid Blockchain Technology 
Hybrid blockchain technology chooses nodes of a public or private web branch to handle its 
verification and consensus process. They are usually managed by a group of trusted people, 
entities, or authorities, thus becoming a hybrid between public and private blockchains. It is private 
since its logic only allows a few selected nodes the ability to read and write (Zarrin et al., 2021). As a 
result, the consortium’s blockchains have greater scalability, increasing the speed of transactions 
and providing greater privacy. An example of this type is seen most frequently used in the banking 
sector. Other examples are EWF (energy), B3l (insurance), and Corda. 

14.2.5 Blockchain Technology Applications in the Food Industry 
Many tests have been done for food chain blockchain applications, focusing mainly on traceability. 
However, a standard technology that can connect different blockchains is lacking due to the 
immaturity of this technology (Ciaian, 2018). In 2015, most of the existing blockchain systems for 

Figure 14.3 The figure presents four columns: property, public blockchain, hybrid blockchain, 
and private blockchain.    
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traceability management started to be developed (Galvez et al., 2018). Table 14.1 is a summary of 
some blockchain technology projects in the agricultural food chain and the objectives they set out to 
achieve (Bermeo-Almeida et al., 2018). 

14.3 THE REVOLUTION OF TRADITIONAL TECHNOLOGY 
Food safety and quality are important parameters to maintain or improve within the industry. 
Natural disasters and climatic changes affect both parameters because they have caused a decrease 
in food quality and production and, therefore, an increase in the demand by the population for 
minimally processed foods containing better physicochemical, nutritional, and sensory character-
istics. To face the problems of food safety (short shelf life and low quality), new research has been 

Table 14.1: Applications of Blockchain Technology in the Agricultural and 
Livestock Food Supply Chain     

Goods/ 
Products 

Initiative/Project/Company Involved Objectives  

Agri-food AgriOpenData Allow quality and digital identity to be certified 
Agri-food Supply Chain Traceability System for 

China Based on RFID & Blockchain 
Technology 

Trusted information throughout the agri-food 
supply chain 

Beef “Paddock to plate” project, Beef Ledger; 
JD.com 

Food traceability 

Beer Downstream Food traceability 
Chicken Gogochicken; Grass Roots Farmers’ 

Cooperative; OriginTrail ZhongAn 
Food traceability, food safety concerns of urban 

consumers 
Coffee FairChain coffee: Bext360 in partnership 

with Moyee Coffee 
Traceability, transparency of the value added 

Fish Provenance Auditable system 
Fresh food Ripe Enabling data transparency and transfer from 

farm to fork 
Fruits FruitChains Public, immutable, ordered ledger of records 
Grains AgriDigital Financial 
Large 

enterprises 
IBM Food tracking project 

Mangoes Walmart, Kroger, IBM Food traceability 
Olive oil OlivaCoin Financial, small farmers support 
Orange juice Alber Heijn & Refresco Show customers how and by whom products 

are made 
Pork Walmart, Kroger, IBM Food traceability 
Pork Arc-net Brand protection and security through 

transparency 
Scotch Whisky CaskCoin Investing in maturing Scotch Whisky 
Soybean HSBC & Cargill; ING & Louis Dreyfus Co. Help authenticate products as well as eliminate 

the “paper trail” of verification at every stage 
of the supply chain 

Sugar cane Coca-Cola Humanistic 
Turkeys Cargill Inc., Hendrix Genetics Food traceability, animal welfare 
Wine Chainvine Winecoin Increase performance, revenue, accountability, 

and security   

( Olsen et al., 2019)  
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carried out to improve the quality and preservation of foodstuffs. To this end, emerging 
technologies such as nanozymes, radiation, high hydrostatic pressure, encapsulation, cold plasma, 
and ultrasound are proposed; as a result, this second part of the chapter shows emerging low- 
temperature technologies that have improved food characteristics and safety. 

14.3.1 Nanozymes 
One of the technologies in which more has been invested for the early development of food safety is 
biosensors using enzymes, which help quickly and easily detect risks, ensuring food safety. The 
high sensitivity and specificity of enzymes allow this technology to be one of the most effective, 
with its adaptability to technologies that are commonly used in society, such as smartphones and 
3D printing; in that war, we can talk about its advantages, such as short detection time, ease of use, 
and high sensitivity. It can also be used in labels that quickly visualize food insecurity (Huang et al., 
2019; Pan et al., 2021). Nanozymes can be classified into two families. 

14.3.1.1 Oxidoreductases  

1. Oxidases: this reaction uses molecular oxygen as an electron acceptor to process the oxidation/ 
reduction, producing H2O or H2O2. In nanozymes, Au has been used as a catalyst for glucose 
oxidation; Au is a source of electrons and a bridge in the interaction between glucose and oxygen 
to produce H2O2 (Comotti et al., 2006).  

2. Peroxidases: like oxidases, these enzymes are redox, but use peroxide as an oxidant to oxidize 
the reducing substrate. In this field, horseradish peroxidase has been widely used and 
investigated in immunoassays because of its high stability, easy conjugation, and colorimetric 
detection (Montali et al., 2020).  

3. Catalases: act similarly to peroxidases since they oxidize peroxide, producing water and oxygen, 
but this enzyme does not require phenolic compounds like peroxidases (Castro et al., 2006).  

4. Superoxide dismutases: these enzymes can generate H2O and O2 from superoxide (O2-) 
naturally produced in bacterial and animal cells. It is an important natural antioxidant for 
reducing free radicals (Ali et al., 2004).  

14.3.1.2 Hydrolases 
This family of enzymes catalyzes hydrolysis reactions in the presence of water.  

1. Nucleases: degrades nucleotide acids by the hydrolysis of phosphodiester groups.  

2. Esterases: a hydrolase that acts on ester, amide, and thioester bonds; depending on the 
conditions, they can result in three reactions: hydrolysis, esterification, and transesterification 
(Huang et al., 2019).  

3. Phosphatases: catalyze the dephosphorylation reaction on a monophosphate ester to produce 
inorganic phosphate and alcohol (Huang et al., 2019).  

4. Proteases: cause hydrolysis of proteins at peptide bonds, producing free amino acids or peptides. 
These enzymes are highly important for degrading bacterial cells (Søltoft-Jensen and Hansen, 2005). 

Due to the physicochemical and structural properties of nanozymes, there are different factors (pH, 
temperature, the presence of metal ions, irradiation) that influence their enzymatic activity; this 
advantage allows the reactions to be controlled according to the conditions in which they are found 
or substrate disposition, which will enable immunoassays and in situ reactions to be performed. 
Therefore, the factors in which enzymes present their maximum catalytic capacity continue to be 
studied (Castro et al., 2006; Huang et al., 2019). One of the most recent enzyme biosensor 
developments is the research of Montali et al., (2020), with the presentation of a chemiluminescence 
folding paper for the detection of acetylcholinesterase inhibitors by enzymatic reactions sequenced 
by folding the paper, but without being mixed. The rationale for this work is based on three 
enzymatic reactions, each of the enzymes used in the reactions is on Whatman 1 paper; in the first 
reaction (Eq. 14.1), the sample (10 μL) is placed, and 5 μL of a 100 U/mL acetylcholinesterase 
solution at pH 7.0 is used for acetylcholine hydrolysis and choline production. In the second 
reaction (Eq. 14.2), 15 μL of 20 U/mL choline oxidase solution at pH 8 was used for choline 
oxidation and hydrogen peroxide production, which allows light emission. Finally, (Eq. 14.3), 15 μL 
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of 108 U/mL horseradish peroxidase solution was used along with luminol for its oxidation and 
production of hydrogen (H2), which allows the measurement of acetylcholinesterase inhibitory 
activity; the detection of light intensity can be performed with a smartphone.  

(14.2)

(14.3)

(14.1)

The advantage of this innovative development is the small sample utilized for quantification, no 
need for complex apparatus, in situ, reduced detection time, can be used for organofluorine 
pesticides, nerve gases, and some drugs (Montali et al., 2020; Zhang et al., 2022). The challenges still 
(Tang et al., 2022) facing nanozymes are as follows:  

◾ Low catalytic activity  

◾ Limitation of catalytic activity  

◾ Low understanding of the catalytic mechanism  

◾ Low understanding of toxicity and its mechanism  

◾ Limitation of food applications. 

Emerging enzyme technologies are not limited to applying detection and/or quantifying 
undesirable components. It has also been taken to the storage stage, waiting until it reaches the final 
consumer. Then, they put this technology on the labels to show the consumer and distributor the 
conditions of the product. The labels now feature nanozyme technology, maintaining standard 
enzymatic methods’ physical and chemical characteristics, effectively detecting and analyzing food 
hazards. The nanozymes can be described as enzymes that use nanomaterials as support to catalyze 
their reactions, such as specific peroxidases, oxidoreductases, superoxide dismutase, and catalases. 
Therefore, nanozymes labels can be grouped into metal nanozymes, metallic oxides, carbon-based 
nanozymes, and others (Pan et al., 2021; Shu et al., 2022). 

14.3.2 Radiation 
This technology refers to the exposure of the food to ionizing energy for the inactivation of 
microbial cells and obtaining safe and additive-free food with higher sensory quality. It can be 
presented by five sources approved by the FDA as safe radiation: 60Co, 137Cs and 5 MeV, X-rays, 
UVC, and IR. These sources generate X-rays, gamma rays, electron beams, ultraviolet, and infrared 
light. The rationale is based on DNA damage production of hydroxyl and hydrogen radicals (OH- 
and H+). It´s a non-thermal technique in the food industry, which allows for prolonging the shelf 
life of products, being a safe method when the conditions are well defined to deactivate microbial 
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cells (Caballero-Figueroa et al., 2022; Panseri et al., 2022). The main effects are described below 
(Caballero-Figueroa et al., 2022):  

◾ Lipids: these macromolecules can be the most sensitive, causing autooxidation, and due to the 
generation of free radicals (OH- and H+), it can induce oxidation, causing color changes, 
undesirable odor generation, deterioration, and rancid taste.  

◾ Proteins: it was mainly believed that it could generate the breakdown of amino acids, but this 
technology is safe at high doses (>10 kGy).  

◾ Bacterial cells: its effects are direct and indirect, but mainly on pathogens; direct damage refers 
to damage to carbohydrates, lipids, DNA, and RNA. Moreover, indirect damage occurs because 
of a reaction with free radicals. 

To maintain food safety, regulations must be followed; the WHO has declared that there are no 
irrelevant changes in radiation less than or equal to 10 kGy; in addition, the European Union is 
governed by directives 1999/2/CE and 1999/3/CE. Nevertheless, despite the current regulations, 
markers are used to detect irradiation treatments (Panseri et al., 2022):  

1. Screening method based on microgel electrophoresis of suspicious DNA fragments by applying 
ionizing radiation.  

2. Confirmation method based on microextraction, search, and quantification of butanones by mass 
spectrometry coupled to gas chromatography. Among its recent applications, we can describe 
the following in Table 14.2. 

Table 14.2: Applications of UVC, Microwave-Assisted and Gamma Radiation 
in Food Matrix      

Technology Conditions and Results Food Matrix Reference  

UVC Use 2.93 kJ/L, 3.9 log reduction in 
aerobic colony count, and 2 log in 
coliforms. Without a significant 
change in nutritional and quality 
parameters. 

Cold-pressed green juice blend 
(kale, romaine, celery, apple, 
and lemon).  

Biancaniello 
et al., 2018 

Microwave- 
assisted 

18 W/g for 48 s. In freeze-dried rice 
flour, no showed changes, and in 8, 
20, and 30% of moisture 
microwaves exert a plasticizing 
effect. Microwave allows 
modulation of the techno- 
functional properties and 
rheological characteristics of the 
gels, with 8% of moisture being the 
most effective in these changes. 
These rice flours can be used in the 
production of food products for the 
celiac population. 

Dry-heat and heat-moisture to 
modify techno-functional 
properties and gel 
viscoelasticity of rice flour.  

Solaesa et al., 
2021 

Gamma 
radiation 

Evaluation of radiation with 250 and 
500 Gy in Lulo, a better 
conservation of the fruit was 
observed at 500 Gy preserved at 
4°C, increasing 7 days in 
comparison with the control. 

Fresh Lulo fruit (Solanum 

quitoense).  

Andrade et al., 
2019   
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Radiation is a non-thermal alternative technique to inactivate food spoilage microorganisms; 
without producing residues and/or toxic chemical by-products (X-rays, gamma rays, electron 
beams, ultraviolet light, and infrared light), low cost in installation and maintenance, green 
technology, and food quality maintenance. However, its limitations are low penetration, 
inactivation influenced by the size, angle, exposure (or surface area), usage may cause damage to 
skin and eyes, and overheating of food may occur (microwave) (Singh et al., 2021). 

14.3.3 High Hydrostatic Pressure (HHP) 
It is one of the emerging non-thermal technologies that promote safe and minimally processed 
foods trying to maintain physicochemical properties without adding chemical preservatives. High 
hydrostatic pressure (HHP), also called high pressure (HP), ultra-high pressure (UHP), or high- 
pressure processing (HPP), is due to the application of temperatures ranging from –20 to 60°C and 
pressures in the range of 100 to 1,000 MPa for seconds or minutes. The U.S. Food and Drug 
Administration (FDA) and the U.S. Department of Agriculture (USDA) (Caballero-Figueroa et al., 
2022; Chiozzi et al., 2022) have approved HHP as an alternative to traditional pasteurization.  
Eq. 14.4 can explain its principle, where the Gibbs free energy changes as a function of volume 
compression and temperature application. Pressurized water is used to inactivate the micro-
organisms; this cold water envelops the food until the desired pressures are reached, usually 87,000 
psi, 6,000, or 600 MPa (Aganovic et al., 2021). Pressure applications can be made directly or 
indirectly. For example, a piston moves and causes a volume change inside the pressure vessel in 
direct application. In addition, in the indirect application, the pressure setting in the vessel varies 
depending on the fluid under pressure (Navarro-Baez et al., 2022). 

d G Vdp SdT( ) = 3 (14.4)  

Due to the properties and behavior of high hydrostatic pressures, other uses in food have been 
given to this technology, mainly to provide changes in melting point, solubility, density, viscosity, 
dissociation of weak acids, ionization, and recently in the improvement of the extraction of phenolic 
compounds from fruits and vegetables by allowing the disruption of the cell wall, which enables 
the release of these compounds (Navarro-Baez et al., 2022). Among the main positive effects of HHP 
are the following (Caballero-Figueroa et al., 2022; Chiozzi et al., 2022; Liu et al., 2022):  

◾ In physicochemical properties, the modifications are minimal since the conditions to which the 
food is subjected cannot break the covalent bonds of its chemical compounds, so it maintains the 
nutritional quality and commercial value (color, flavor, and aroma).  

◾ In lipids, applying HHP inhibits lipid hydrolysis, delays the initial formation of radicals, and 
reduces peroxide formation; it has been reported that the effect is directly proportional to the 
pressure level applied.  

◾ Proteins are not affected at pressures below 500 MPa; above this range, the quaternary structures 
dissociate, unfolding the proteins and allowing the sulfhydryl groups (thiol-SH) to be exposed. 

Among the disadvantages of HHP are the following (Aganovic et al., 2021; Chiozzi et al., 2022): 1) 
the feed must contain a minimum air or gas content; 2) food packaging material because it cannot 
be contained in a rigid material such as glass and metal; 3) due to the low energy consumption, it is 
less expensive than pasteurization, and the water can be reused; 4) spores are resistant to high 
pressures; to ensure food safety, they must be combined with other applications; 5) high cost of 
equipment, configuration, and processing capacity; and 6) it cannot be used on high-pH foods, as 
they require pressures >800 MPa to inactivate their bacterial spores. 

14.3.3.1 Applications 
Argyri et al. (2018) inoculated S. enteritidis in chicken fillets at 3, 5, and 7 logs CFU/g and treated 
them with HHP at 500 MPa for 10 min; the storage at 4 and 12°C was investigated. They found that 
the population of S. enteritidis was reduced below 0.48 log CFU/g. Brochothrix thermosphacta was 
found to be the main spoilage microorganism surviving after HHP. In the sensory analysis, the 
chicken fillets showed clear pink color, and a whiter shade was observed in the raw chicken fillet. 
They concluded that the shelf life of chicken fillets increased by 6 and 2 days, at 4 and 12°C, 
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respectively, compared to samples without HHP treatment. Taddei et al. (2020) evaluated the effect 
of high-pressure treatment on the viability of Salmonella spp. in traditional Italian dry-cured coppa. 
These bacteria were inoculated by immersion and then subjected to HHP treatment with a pressure 
of 593 MPa for 290 sec and a temperature of 14°C in water. The four samples found a 5-log CFU/g 
reduction of Salmonella spp. after HHP treatment. 

14.3.4 Encapsulation 
Encapsulation is a technique by which droplets are placed in a liquid state covering solid or gaseous 
particles with a porous polymeric film containing an active substance, allowing it to maintain its 
stability and viability. Microcapsules help food materials to be more resistant to processing and 
packaging conditions, improving flavor characteristics, aroma, compounds stability, nutritional 
value, and appearance (Parra-Huertas and Medina-Vargas, 2012). The microencapsulation method 
and coating material and how it can be used to enhance the performance of a particular ingredient 
condition the final characteristics of microencapsulated products. Coating materials are selected 
from a wide variety of natural or synthetic polymers, depending on the material to be coated and 
the characteristics of the microcapsules to be obtained (Poshadri and Aparna, 2010). 

An ideal coating material should show the following characteristics (Desai and Jin Park, 2005): 1. 
Good rheological properties at high concentrations and easy to handle during encapsulation. 2. The 
ability to stabilize the emulsion and disperse or emulsify the active material. 3. No present 
reactivity with the material to be encapsulated during processing and storage. 4. Sealing and 
maintaining the active material within its structure. 5. The ability to completely release the solvent 
or other materials used during encapsulation (Poshadri and Aparna, 2010). The size, distribution, 
and morphology of the microcapsule depend on the core and shell material, and can be:  

a. Mononuclear (nucleus/shell): the nucleus is wrapped with a continuous wall material.  

b. Polynuclear: many nuclei coated with a shell material are generated.  

c. Matrix encapsulation: the coating material is homogeneously distributed in the core.  

d. Multilayer: a continuous core coated with a continuous multilayer sheath material (Giro-Paloma 
et al., 2016). 

14.3.4.1 Encapsulation Techniques 
Spray drying is a method where a hot gas stream is applied to atomize the material to obtain the 
product powder. The gas used is air or nitrogen (being an inert gas rarely used). The encapsulation 
material should be selected for its high solubility, effective emulsification, efficient drying, and low 
viscosity, even in a high-concentration solution and film formation (Choudhury et al., 2021). 
Coacervation occurs when an active agent is distributed in a homogeneous polymer solution, and 
colloidal polymer aggregates (coacervates) are formed on the outer surface of a drop of the active 
agent when coacervation is triggered. Coacervation is initiated by varying some parameters in the 
system, such as temperature, pH, or the composition of the reaction mixture (addition of non-water 
miscible solvent or salt). There are two main coacervation techniques: simple coacervation and 
complex coacervation. They differ in the mechanism of phase separation. Simple coacervation 
occurs when the polymer is salted or dissolved, whereas complex coacervation is achieved by the 
complexation of two or more polyelectrolytes of opposite charge. The coacervation method is used 
in flavor preservation, thanks to the high payloads that can be achieved (up to 99%) and the 
possibilities of controlled release based on mechanical stress, temperature, or sustained release 
(Trojanowska et al., 2017). In fluidized bed technology, the liquid coating is sprayed onto the 
particles; rapid evaporation occurs, which helps to form an outer layer on the particles. Coating 
thickness and formulations can be obtained as required. Different fluidized bed coatings include 
top spray, bottom spray, and tangential spray (Figure 14.4). 

Pan coating is an effective physico-mechanical technique for the encapsulation of particles. The 
coating material solution is sprayed on; next, hot air is passed through to evaporate the solvent and 
obtain the microencapsulated sample (Jyothi et al., 2010). The extrusion method is based on a 
polysaccharide gel that immobilizes the nucleus when it comes into contact with a multivalent ion, 
one of the drawbacks of this technique is the formation of larger particles (usually 500–1,000 mm). 
The principle on which this technique is based consists of incorporating the nucleus in a solution of 
sodium alginate, and the mixture obtained is subjected to a drop-by-drop extrusion by means of a 
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small-caliber pipette or syringe in a solution that favors the formation of microcapsules, such as 
calcium chloride (Teixeira et al., 2014). Solvent evaporation is widely used to produce solid and 
liquid core materials for water-soluble and water-insoluble materials. In this method, the coating 
material (polymer) that is immiscible in the liquid phase of the vehicle is dissolved in a volatile 
solvent. The core material (drug) that is to be microencapsulated is dispersed or dissolved in the 
coating polymer solution (Krishna and Jyothika, 2015). 

Applications of microcapsules  

1. Pharmaceutical industry: it helps with the controlled release of drugs, representing an advantage 
over traditional drugs. 

2. Food industry: various substances can be encapsulated, including colorants, flavoring sub-
stances, vitamins, antioxidants, minerals, leavening agents, sweeteners, and enzymes (Calderón- 
Oliver and Ponce-Alquicira, 2022). 

14.3.5 Cold Plasma 
Cold plasma (CP) is of great importance in food technology. The novelty of this technology lies in 
its non-thermal, economical, versatile, and environmentally friendly nature (Pankaj et al., 2018). 
Cold plasma technology is a come-out treatment for food processing, most used for microbial 
decontamination effects, toxin removal, enzymatic inactivation, and food packaging modifications 
to ensure food safety and shelf life for consumers (Panka et al., 2017). This method is particularly 
effective against major foodborne pathogenic microorganisms such as Escherichia coli, Salmonella 
typhimurium, Staphylococcus aureus, and Listeria monocytogenes (Panka et al., 2017). 

14.3.5.1 Plasma Chemistry: Process 
In plasma, ionization of the process is considered the first important element, followed by other 
factors such as reaction rate, electron energy distribution, rate constants, and mean free path. The 
plasma chemical process is classified into two categories based on the reactions i) homogeneous gas 
phase reaction (e.g., generation of N3 from N2) and ii) heterogeneous reaction where the plasma 
meets the solid or liquid medium. The first reactions are further classified into three subcategories. 
In the first, the material is removed from the surface by etching or ablation; in the second, a process 
called chemical deposition takes place, where the material is added to the solid surface in the form 

Figure 14.4 The picture shows three schemes of fluidizer bed coater (Redrawn from  Ghosh, 2006).     
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of a thin film observed during plasma polymerization by a plasma-enhanced vapor phase. In the 
third, the substrate surface is physically and chemically modified during plasma exposure; in this 
case, no material is added or removed (Thirumdas et al., 2014). 

14.3.5.2 Types of Cold Plasma Systems 
Cold plasma systems can operate at atmospheric pressure or in some degree of partial vacuum. The 
motive power can be electrical, microwave, or laser. The ionized gas can be something as common as 
air, nitrogen, or a mixture containing some proportion of noble gases, such as helium, argon, or neon 
(Niemira, 2012). Cold plasma systems intended for food treatment generally fall into one of three 
categories defined by where the food is placed. A cold plasma system is the first category where 
remote treatment is given. The plasma travels over the surface to be treated; this can be fed by a feed 
gas flow or (less commonly) manipulated using magnetic fields. This simplifies the design and 
operation of the device and increases flexibility in terms of the shapes and sizes of the objects to be 
treated. In addition, this type of system has the advantage of locating the surface to be treated at a 
physically separate point of generation (Niemira, 2012). In the second category, the generation 
equipment delivers active plasma directly to the object to be treated; this system is known as a direct 
treatment cold plasma system; as in the first category, the plasma is moved through the feed gas 
stream or a comparable medium. These systems can operate in pulsed mode, with plasma generated 
at pulse rates of hundreds or thousands of times per second. These systems provide higher 
concentrations of active agents because the target is relatively close to the cold plasma generation site 
and is exposed to the plasma before the dynamic species recombine and are lost (Niemira, 2012). In the 
last category (three), electrode contact systems, the surface to be sterilized is located between two 
electrodes or the neutral ground connection. The surface to be sterilized is physically located within 
the cold plasma generation field; the shape and composition of the electrodes must be carefully 
controlled to match the material to be treated to avoid discharge points and consequent heat build-up. 
The product is exposed to the broadest combination of active antimicrobial agents in these systems 
with the highest possible intensity of free electrons, radicals, ions, and UV radiation (Niemira, 2012). 

14.3.5.3 Limitations and Toxicology of Plasma Treatment 
As with any process, plasma processing has certain limitations, such as increased lipid oxidation, 
reduced color, decreased fruit firmness, increased acidity, etc. Therefore, it is essential to 
understand the interaction of reactive plasma species with food components, and it is necessary to 
investigate the effects of cold plasma on the physicochemical and sensory properties of food 
products at the molecular level (Thirumdas et al., 2014). 

14.3.6 Ultrasound 
Ultrasound is a form of energy generated by sound waves (actually under pressure) of frequencies 
too high to be detected by the human ear, i.e., higher than 16 kHz. When these waves are 
propagated through a biological structure, they induce compressions and depressions of the 
particles in the medium, and a large amount of energy can be imparted. Depending on the 
frequency and amplitude of the applied sound wave, it allows various applications by observing 
chemical, physical, and biochemical effects (Teixeira et al., 2014). 

14.3.6.1 Methods of Ultrasound 
Ultrasound can be used for food preservation and, along with other treatments, it improves its 
inactivation efficacy. For example, ultrasound combined with either pressure or temperature has 
been utilized (Ercan and Soysal, 2013).  

1. Ultrasonication (US) can be used for heat-sensitive products because it applies ultrasound and 
low temperatures. However, it requires a long treatment time to inactivate enzymes and/or 
stable microorganisms, which can cause high energy consumption, and temperature increase 
can occur depending on the ultrasonic power and application time; in addition, it needs control 
to optimize the process (Ercan and Soysal, 2013).  

2. Thermosonication (TS) is a method where moderate heat and ultrasound are combined and 
obtain a more significant inactivation effect of microorganisms than heat alone, especially when 
required to use processes of short time and low temperatures, achieving the same lethality 
values as with conventional methods (Ercan and Soysal, 2013). 
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3. Mannosonication (MS) is a combined method in which ultrasound and pressure are applied; this 
method allows the inactivation of enzymes and/or microorganisms by combining these 
parameters at low temperatures. Its inactivation efficiency is superior to ultrasound alone using 
same temperature (Ercan and Soysal, 2013).  

4. Manothermosonication (MTS) is a combined method of heat, ultrasound, and pressure; these 
treatments inactivate various enzymes at lower temperatures and/or in a shorter time than 
thermal treatments at the same temperatures. The temperature and pressure applied to 
maximize the cavitation or implosion of bubbles in the medium increase the level of 
inactivation. One of the applications is in the inactivation of thermotolerant microorganisms, 
and too including some thermo-resistant enzymes, such as lipoxygenase, peroxidase, 
polyphenol oxidase, and thermostable lipases and proteases from Pseudomonas (Ercan and 
Soysal, 2013). 

14.3.6.2 Ultrasound as a Food Preservation Tool 
The use of ultrasound in food technology involves non-invasive analyses with particular reference 
to quality assessment; some examples of the use of these technologies are the analysis of droplet 
size in emulsions of edible fats and oils, in the localization of foreign bodies in food and the 
determination of the degree of crystallization in dispersed emulsion droplets (Mason 2005;  
Dolatowski 2007). 

14.3.6.3 Filtration 
In the food industry, the separation of solids and liquids is a process in which a solid-free liquid is 
produced, or a solid is isolated from its mother liquor. Unfortunately, the deposition of solid 
materials on the surface of the filtration membrane is one of the main problems. Applying 
ultrasonic energy improves the flux by breaking the polarization concentration and the support 
layer on the membrane surface while maintaining the intrinsic permeability of the membrane 
(Mason et al., 2005). This principle is used to extract the pulp from apple juice, because the 
vibrational energy keeps the particles suspended, preventing agglomeration, which allows more 
space to separate the solvent (Mason et al., 2005). 

14.3.6.4 Microbial Growth 
Alternative methods of food processing that have practically no effect on food quality have 
gained importance due to the growing consumer demand for minimally processed foods. With 
this ultrasound technology, high pressure, shear, and a temperature gradient are generated by 
high-power ultrasound (20 to 100 kHz), causing cell death by destroying cell membranes and 
DNA (Mason et al., 2005). 

14.3.6.5 Emulsification/Homogenization 
An important means of introducing hydrophobic bioactive compounds into a range of food 
products is acoustic emulsification, which offers the following improvements over conventional 
methods: when producing the emulsion, where the range of size particles is at submicron values 
with an extremely narrow distribution, coupled with the stability of the emulsions; the addition of a 
surfactant to produce and stabilize the emulsion is not necessary; the energy required to produce 
an emulsion by acoustic waves is less than that required in other methods; and the energy 
required to produce an emulsion by acoustic waves is less than that required in other methods 
(Mason et al., 2005). 

14.3.6.6 Enzyme Inactivation 
Another way to extend the shelf life of some foods is enzymatic inactivation, which can be easily 
achieved by heat treatment, which does not alter the properties and nutrients of the food. In some 
cases, it may not be easy to inactivate heat-resistant enzymes. The heat’s magnitude may alter some 
food properties, so options are sought where these alterations are minimal. Inactivation can be 
more effective if ultrasound is combined with another inactivation method. Combining these three 
parameters: heat, sonication, and pressure have a synergistic effect of increasing enzyme 
inactivation, compared to ultrasound alone (Ünver, 2016). 
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14.3.6.7 Advantages and Limitations of Ultrasonication 
Ultrasound applications offer numerous advantages in the food industry, some of which are 
enlisted as follows:  

a. Ultrasonic waves are safe, non-toxic, and environmentally friendly.  

b. It is considered an effective means of microbial inactivation combined with other non-thermal 
methods.  

c. This method does not require sophisticated machinery or a wide range of technologies.  

d. The use of ultrasound increases the extraction yield and speed compared to other conventional 
extraction methods.  

e. There is minimal loss of flavor, superior consistency (viscosity, homogenization), and energy 
savings.  

f. This method has acquired enormous applications in the food industry, such as processing, 
extraction, emulsification, conservation, homogenization, etc. (Majid and Nayik, 2015).  

g. Despite having many advantages, the use of ultrasonication also has many disadvantages, such as:  

h. Using ultrasonic methods requires a higher energy input, which makes it complicated to use this 
technique on a commercial scale.  

i. Ultrasound can develop due to shear stress and shock wave eddies (mechanical effects), which 
cause inactivation of the released products.  

j. These induce physicochemical effects, which can be responsible for the deterioration of the 
quality of food products by developing off-flavors, alterations of physical properties, and 
degradation of components.  

k. The use of ultrasonication leads to forming radicals due to the critical conditions of temperature 
and pressure, which are responsible for changes in food compounds.  

l. The radicals (-OH and H+) produced in the medium are deposited on the surface of a cavitation 
bubble, which stimulates radical chain reactions, leading to the formation of degradation 
products and thus leading to considerable quality defects in the products.  

m. The frequency of ultrasonic waves can impose resistance to mass transfer.  

n. The ultrasonic power modifies the characteristics of the medium. As a result, this power must be 
minimized in the food industry to achieve maximum results (Majid and Nayik, 2015). 

14.4 CONCLUSIONS 
The new technologies of food conserving have developed due to the need to reduce processing 
time, increase shelf life, maintain food safety, and improve nutritional and sensory qualities. 
Advantages of the technologies presented in this review include ease of handling, reduced 
equipment training, application time and energy consumption, and prevention of foodborne 
illness. These technologies have replaced heat treatments, which were affecting food, deterio-
rating its sensory characteristics, causing loss of nutrients, and excessive energy consumption to 
reach optimum temperatures that would guarantee the safety of the products. On the other hand, 
emerging technologies have high installation costs. However, research continues on technologies 
that allow lower equipment and installation costs, allowing scalability and adaptability in the 
food industry and generating more significant applications to improve the quality and safety of 
food products. 
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15 Food Allergens 

A Potential Health Hazard and Its Management 

Deepshikha Buragohain, Mrinal Samtiya, Tejpal Dhewa, and Sanjeev Kumar  

15.1 INTRODUCTION 
A food allergen reacts with IgE antibodies, results in allergic sensitization, or produces allergic 
reactions, and a food allergy is an immune system reaction that happens soon after consuming a 
specific food (Aalberse, 1997). Any amount of allergenic food can result in stomach problems, hives, or 
enlarged airways. Food allergies (FAs), a serious public health concern affecting children and adults, 
have been more common over the past two to three decades. As a result, patients and their families 
must maintain constant vigilance, which is frequently unpleasant (Seth et al., 2020). Food allergies are 
significantly influenced by the microbiota’s makeup as well as lifestyle factors, including diet and 
maternal-fetal interactions (Anagnostou, 2018). The clinical manifestation of food allergy or 
hypersensitivity is typically the result of a complex interaction involving ingested food antigens, the 
digestive system, tissue mast cells, circulating basophils, and food antigen-specific IgE (Sicherer, 
2011). Some persons with a food allergy may experience severe symptoms or even anaphylaxis, a 
potentially fatal reaction. An unwelcome immune reaction to dietary proteins causes a food allergy, 
which can cause a variety of symptoms (Tordesillas et al., 2017). In a meta-analysis focusing on 
allergies to milk, eggs, peanuts, and shellfish, we discovered that 3.5% of people have food allergies. A 
recent study analysed numerous national health databases and health surveys; 3.9% of American 
children had a food allergy, and the frequency rose between 1997 and 2007, and it went up by 18%. 
Studies in the United States and the United Kingdom, in particular, have revealed that the prevalence 
of peanut allergy has risen to more than 1%, with the number of affected children has doubled over 
the past ten years (Luo et al., 2022). It is simple to confuse a food allergy with an intolerance, a more 
typical reaction. Even though food intolerance doesn’t affect the immune system, it is nevertheless a 
significant disorder that irritates (Valenta et al., 2015). Various factors can cause adverse reactions to 
food, but a specific immunological reaction causes a food allergy. It is difficult to estimate the 
frequency of food allergies due to misclassification, skewed involvement, a lack of simple diagnostic 
testing, the rapid evolution of the disease, the large number of potential triggers, and the wide range 
of clinical presentations (Jones and Burks, 2017). IgE-associated food allergies affect about 3% of 
people and are prevalent not just in the gastrointestinal tract but also in other organ systems, 
impacting patients‘ day-to-day lives (Taylor et al., 2007). Typically, symptoms of a food allergy start to 
manifest two hours or more after ingesting the allergen. Rarely, symptoms can not appear for several 
hours. The development and management of food allergies depend heavily on diet and nutrition. 
Diets during pregnancy may affect the probability that children will develop allergies. A mother’s diet 
rich in fruits, vegetables, seafood, and foods strong in vitamin D has been related to a lower 
prevalence of allergic disease in their offspring, among other potentially aggravating factors. Even 
more surprisingly, the consumption of milk and butter has been shown to have a protective effect, 
especially in a farm environment (Neerven and Savelkoul, 2017). The infant’s diet can be very 
important, not only for nursing but also for the variety of the diet, the timing of supplemental food 
introduction, and the effects of particular foods. More concrete proof of the value of food in 
prevention comes from newborn feeding practices that may maintain gut health by consuming 
considerable amounts of home-processed fruits and vegetables (Piccorossi et al., 2020). Additionally, it 
has been proven that consuming fish within the first year of life is beneficial. The importance of 
dietary challenges in children and those with food allergies has been widely acknowledged in recent 
years. The most common foods that cause allergies in infants and children are milk, eggs, wheat, and 
soy. It may be challenging to avoid them nutritionally because milk, egg, wheat, and soy are the 
primary foods that trigger allergies in young children and newborns (Matthai et al., 2020). As a result, 
avoidance might slow a child’s growth who has a food allergy, especially before a diagnosis, when 
foods may be eliminated without seeing a nutritionist. Although avoiding the offending item remains 
the foundation of treatment for a food allergy, it is now understood that doing so can put children in 
particular, at nutritional risk if the rest of the diet is not closely regulated (Vandenplas, 2017). Many 
people will still avoid a variety of foods out of fear, even though it is generally considered that adults 
with food allergies do not need nutritional counseling. A nutrition assessment should be performed 
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on all individuals with food allergies, regardless of age, to ensure that they are consuming a healthy, 
balanced diet and are not purposely avoiding any food groups (Mennini et al., 2020). 

15.2 THE TYPICAL SIGNS AND SYMPTOMS OF A FOOD ALLERGY 
The body’s immune system defends against infections and other health risks. A food allergy reaction 
occurs when the immune system overreacts to a food or ingredient, interpreting it as a threat and 
mounting a defense mechanism (Hassan and Venkatesh, 2015). Even though food allergies typically 
run in families, it is difficult to predict if a child will inherit a parent’s allergy or whether siblings will 
share the same sickness (Tuck et al., 2019). It is possible for younger siblings of a child with a peanut 
allergy also to have the condition. Symptoms from food allergies can range from minor to serious. 
Anaphylaxis, a potentially fatal whole-body allergic reaction that can affect heart rate, blood pressure, 
and respiration, is the most severe allergic reaction. Anaphylaxis can manifest within minutes of 
exposure to the triggered food. It must be treated immediately with an epinephrine injection since it 
could be lethal (Gargano et al., 2021). Hives, itching, tingling in the mouth, or eczema; wheezing, 
breathing issues, or nasal congestion; in addition to a swelling of the lips, face, tongue, throat, and 
other areas of the body vomiting, nausea, or diarrhea in the abdomen; fainting, feeling lightheaded, or 
dizzy are all symptoms. Currently, medical management focuses on the following: having an 
epinephrine auto-injector on hand, using it as soon as anaphylactic symptoms or signs develop, and 
being assessed right away at an emergency center for monitoring (Gendel, 2012). 

15.3 FOOD ALLERGEN AND PUBLIC SAFETY 
Food allergies are a significant threat to public health and safety. Food allergies are considered to be a 
serious public health concern that significantly lowers the quality of life for people who are allergic to 
or sensitive to particular foods (Gier and Verhoeckx, 2018). One of the main areas of food safety 
management in terms of public health (FSMSs) is food allergen management (FAM), which is required 
by standardized food safety management systems (Li et al., 2018). In order to protect community 
members who have food allergies, food allergies must be handled properly. Food allergen labeling is 
critical for reducing exposure risk and preventing anaphylaxis for those with food allergies (Lee et al., 
2017). As the processed food industry expanded and the volume of international trade in food 
products increased, there was a greater demand for national and international regulatory organiza-
tions. It became evident that there is an urgent need to regulate food allergies (Bawa and Anilakumar, 
2013). The safety of allergic consumers was discovered to depend on diets that eliminate certain 
allergens. The World Health Organization (WHO) and the Food and Agriculture Organization (FAO) 
recognized the relevance of food allergy as a worldwide issue for food regulation and sought expert 
assistance to identify which foods should always be labeled on food labels due to their allergenic 
qualities (Cardona et al., 2020). A few countries and regulatory agencies have acknowledged the 
importance of providing this information, and regulatory risk management plans for consumers with 
allergies have focused on disclosing the existence of food allergens on labels and passing laws, 
regulations, or guidelines for the labeling of “priority allergens” in food products (Ortiz-Menéndez 
et al., 2021). Individual susceptibility, food allergen type, processing effects on foods containing 
allergens, food ingredients, and their interactions are just a few of the variables that affect how clinical 
reactions to allergenic proteins are affected. In vulnerable individuals, side effects could range from 
minor to severe (such as anaphylaxis). Reactions may occasionally be lethal. According to estimates, 
children’s food allergies cost the U.S. economy $24.8 billion annually. Food allergies’ effects on the 
global economy have not been properly studied dates back years, but it wasn’t until the 1990s that it 
was recognized as a food safety issue due to the rise in allergic disease cases. Consumer information 
laws that required the disclosure of allergen information were initially implemented in developed 
economies, but they now cover more than a third of the world’s population (De Martinis et al., 2020). 

15.4 COMMON FOOD ALLERGENS 
Food can cause an allergic reaction, accounting for more than 90% of all food allergic reactions. Out 
of the more than 170 foods known to cause allergic reactions, the top eight allergens are milk, eggs, 
soya beans, peanuts, tree nuts such as almonds, walnuts, pecans, cashews, Brazil nuts, hazelnuts, 
pistachios, and hickory nuts; seafood such as saltwater and freshwater finfish); crustaceans such as 
shrimp, prawns, crab, lobster, and crayfish; and molluscs such as snails, octopus, and clams 
(Matsuo et al., 2015). Immunoglobulin E (IgE) antibodies that are specific to allergens are crucial in 
the emergence of food allergies. The effective analysis of food allergies has been made possible by 
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recent developments in biological techniques. As a result, numerous food allergens have been 
discovered, along with their molecular makeup and IgE-binding epitopes (Bonneau, 1997). 

In decreasing order of frequency, the most frequent causative foods are milk, wheat, eggs, fish, 
soybeans, tree nuts, shellfish, and peanuts. Despite these variations, there is a global tendency for 
the prevalence of food allergies to rise. Cow’s milk has physicochemical characteristics. Milk is 
fractionated into two parts: casein and whey (Giannetti et al., 2021). The allergens glutenins and 
gliadins can still cause baker’s bronchial allergies and, in a few instances, an allergic reaction to 
wheat (Ricci et al., 2019). An estimated 0.2%–0.3% and 0.6% of people are allergic to seafood. 
Allergies to shellfish, including shrimp, prawns, lobster, crab, cephalopods (squid, octopus), and 
various types of crustaceans, are most common in school-age children and adults. Shrimp allergen 
research is the most developed for shellfish allergy. The four edible shrimp most frequently 
consumed in Japan are crayfish, black tiger shrimp (Panulirus japonicas), Kuruma shrimp 
(Marsupenaeus japonicus), and white Pacific shrimp (Litopenaeus vannamei). Research on the allergens 
that cause allergies to shellfish is equally considerable. As allergens, myosin light chain, troponin C, 
tropomyosin, arginine kinase, and triose phosphate isomerase have all been found (Wai et al., 2021). 
Allergic symptoms are primarily brought on by eating foods that cause plant food allergies, such as 
pollen food allergy syndrome and latex fruit syndrome. Pathogenic proteins such as profilins, seed 
storage proteins, and non-specific lipid transfer proteins are the allergen components of plant foods 
that have been most thoroughly studied (LTPs). These substances, which are collectively referred to 
as pan allergens, are found in large quantities in a wide range of plants and exhibit cross-reactivity 
with related plant species. Additionally, IgE-binding motifs for carbohydrates have been described 
as having a cross-reactivity with a number of plant allergens (Esser et al., 2019). 

15.5 ALLERGENS AND ANAPHYLACTIC SHOCK 
Anaphylaxis happens when allergic swelling gets bad and obstructs the throat’s ability to breathe. 
Blood pressure lowers and the pulse may become weak or weaker during anaphylaxis. If the 
enlargement prevents airflow long enough, the person may lose consciousness and die (Simons, 2010). 
The Gell-Combs classification classifies anaphylaxis as type 1 hypersensitivity or IgE-mediated 
hypersensitivity (Figure 15.1). A new, expanded definition of anaphylaxis refers to it as a serious, 
systemic hypersensitivity reaction that is life-threatening (Justiz Vaillant et al., 2022). The reactions 
that were previously categorized as “anaphylactic reactions” are included in the current definition of 
anaphylaxis (Anagnostou, 2018). Only when something is eaten do food sensitivity symptoms 
manifest or are “triggered,” or if the symptoms go away after coming into touch with sensitized food 

Adverse reactions to food

Immune mediated food 
allergy IgE & non IgE

Reproducible

Food hypersensitivity

unpredictable reactionsPredictable reaction

Autoimmune mediated Food intolerance

Non reproducible

Figure 15.1 Specific dietary proteins trigger the development of the immune response. Since 
sensitization (production of allergen-specific IgE, sIgE) is conceivable even when there are no 
outward signs of an allergic reaction, sensitization and the induction of an unpleasant reaction after 
exposure to an allergen constitute the definition of food allergy.    
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(Cardona et al., 2020). When a person stops eating, they may experience the initial subjective 
symptoms of itching and numbness, as well as a combination and series of aggravating objective 
symptoms like urticarial and eczema, swelling (of the lips, face, tongue, and throat), wheezing, chest 
tightness, stuffy nose, or difficulty breathing, as well as abdominal pain, diarrhea, nausea, or 
vomiting; chest pain; and dizziness/fainting. Anaphylaxis is a rare side effect of breathing difficulties 
and significant blood loss that could be fatal due to airway narrowing (Mills and Mackie, 2008). 

15.6 MECHANISM OF FOOD ALLERGY 
Type I hypersensitivity is the major mechanism of IgE-mediated food allergy. By comprehending 
the fundamental immune mechanisms, medications and other interventions can be targeted more 
effectively to prevent and decrease the effects of food allergies (Florsheim et al., 2021). The primary 
coordinator of antibody production is cellular fingerprinting, which has been connected to peanut 
allergies, tolerance in children with IgE sensitivities, and immunological profiles of babies using 
mass cytometry. In contrast to sensitized and unsensitized individuals, who, respectively, 
experienced Th2 and Th1 altered peanut responses, patients with allergies and those without 
allergies have steady T regulatory responses. In contrast to unaffected controls, peanut-allergic 
individuals with disparity among effector and regulatory T-cells had less functional Tr1 cells. More 
responsive individuals had varied and diverged Th2 reactions (Justiz Vaillant et al., 2022). Further 
research needs to focus on the function of antibodies in the allergy and understand the relationship 
between allergen-specific IgE and clinical response to food. For instance, the germinal center has 
been found to include a new subtype of T follicular helper cells (Tfh13). The Tfh13 cells stand out 
for their BCL6 and GATA3 transcription factor profiles and their capacity to produce IL4 and IL13. 
Tfh13 causes specific IgE to be produced, which can cause anaphylaxis. IgG and IgE rely on 
germinal centers and Tfh cells for expansion. However, IgA follows a different track by involving  
T-cells and CD40 ligands. It’s interesting to note that research has indicated that somatic hyper- 
mutation and class switch recombination from IgG to IgE can occur in the guts of people who have 
peanut allergies. This emphasises how important gut-associated lymphoid tissue is for food allergy 
(Yu et al., 2016). For overall health, it is essential that the immune system be able to distinguish 
between dangerous environmental antigens and beneficial pathogenic antigens. As a result, those 
who are not allergic to foods (i.e., those who are healthy or immune-tolerant) have an insensitivity 
to common food antigens. People with allergies to common foods experience inappropriate 
inflammatory immune reactions when they become sensitized to the allergens (Yu et al., 2016). The 
allergens that cause food allergies are typically certain dietary proteins. IgE antibodies bind to the 
effector cells, mast cells in tissues, and basophils in blood. The cell membrane will be impaired 
because the food allergen will bind to mast cells or basophil-bound IgE and crosslink with other IgE 
antibodies upon repeated exposure (Kanagaratham et al., 2020). This results in the release of 
histamine, neutral protease, and proteoglycan into the environment and the induction of typical 
allergy symptoms. Figure 15.2 depicts the primary pathway of allergy symptoms. A food allergy 
develops when the immune system overreacts to an allergen in food. Both the first phase of 
sensitization to a specific antigen (A) and the production of an allergic reaction after a later 
exposure to the same antigen are necessary for this occurrence (B). 

15.7 LAWS AND REGULATIONS OF FOOD ALLERGENS 
Different countries have different laws and rules regarding food allergies. There are stringent 
restrictions in some nations, the United States, requiring food makers to prominently label food 
containing known allergies (Roses, 2011). Other nations, Canada, allow for the voluntary labeling of 
food allergens. It is crucial for people with food allergies to be aware of any potential allergens 
present in the foods they eat, regardless of the rules in place. Millions of customers with food 
allergies now have better access to food label information thanks to the Food Allergen Labeling and 
Consumer Protection Act (FALCPA). Children who need to learn to identify allergens that they 
should avoid will benefit the most from this law (Shaker, 2017). An exhaustive study of regulatory 
databases, agency and governmental websites, literature citations, and references to other 
regulatory documents led to the discovery of the laws, directives, rules, regulations, and agency 
statements pertaining to food allergen labeling. Because the precise legal status of each relies on the 
type of government structure, these are referred to as regulatory frameworks. Standards set by the 
Codex are compared to country regulatory systems (Buhl et al., 2008). Original sources (or direct 
translations of primary materials) have been incorporated into this analysis whenever possible. 
However, there have been instances where secondary sources were used instead of primary sources 
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because they were unavailable (Olgin et al., 2020). Table 15.1 provides a list of these supplementary 
sources. It was frequently impossible to review past data or illuminating documentation because it 
was only ever available in the most recent version. In total, 6 of the 19 recognized regulatory 
frameworks directly relate to or utilize Codex standards, while three directly refer to or use EU 
standards (Table 15.2). There is no need to explain these frameworks further. Worldwide regulatory 
frameworks for food allergy labeling differ significantly. Each jurisdiction identifies different 
priority allergens, and it is frequently unclear what standards were utilized to develop these 
priority allergen lists (Murdoch et al., 2018). 

15.8 PREVENTION AND PRECAUTION 
The list of the most significant allergens and derived compounds mentioned in European Union rules 
is a crucial step. However, concealed allergens can manifest as conventional allergy symptoms. These 
ingredients either naturally occur in food or are added to it in the form of compound products, whose 
names rather than particular compositions are listed on labels (Turnbull et al., 2015). Numerous foods 
can have allergies, and a single item may contain several allergens. Both naturally occurring and 
artificially introduced food components have allergenic characteristics. Similar to natural monoso-
dium glutamate found in many foods like tomatoes, mushrooms, corn, peas, parmesan cheese, 
hydrolyzed vegetable proteins, yeast extracts, and caseinates, monosodium glutamate (Additive E 
621) exhibits allergic qualities (Comberiati et al., 2019). The majority of these research, including those 
on formulas with hydrolyzed proteins, indicated little to no benefit in avoiding allergy. Recent years 
have seen an unparalleled increase in interest in the challenging topic of allergies due to the rising 
prevalence of the disorders that underlie the phenomenon of allergic food sensitivity and improve-
ments in knowledge in new fields, including immunology, molecular biology, and genetics. Avoiding 
food items that trigger allergic reactions is the cornerstone of treating food allergies. Thus, it is 
anticipated that this understanding will grow in the years to come (Ogulur et al., 2021). This 
necessitates dedication to carefully selecting nutritional items and carefully reading the labeled 
information on product composition. The demands of allergy sufferers are taken into account on 
modern food labels. It is a crucial step to name the most significant allergens and derived components 
stated in the European Union Directives. However, hidden allergens can also be the source of 
common allergy symptoms (Herman et al., 2020). These components are either found naturally in food 
or are added as compound products. Both naturally occurring and artificially introduced food 
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Figure 15.2 Mechanism of food allergy. (A) Food allergens are inducing dendritic cells and in 
turn activating B cells for antibody secretion and (B) the induction of an allergic response following 
subsequent exposure to the same antigen.    
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Table 15.1: Estimated Rates of Food Allergies with Different Foods Widely Used          

Prevalence Active Allergens Infant/Child Adult Symptoms Detection Treatment Reference  

Milk αs1-, αs2-, β-, and κ- 
casein from casein 
proteins and α- 
lactalbumin and β- 
lactoglobulin 

2−3% 0.6% Itchiness, rash, eczema, 
nausea, vomiting. 

Medical history and 
standard allergy tests. 

Epinephrine, 
Antihistamine 
(mild)  

Muraro et al., 
2014 

Egg Ovomucoid (Gal d 1), 
ovalbumin (Gal d 2), 
ovotransferrin (Gal d 
3), lysozyme (Gal d 4) 

1.8−2% 1.2−1.5% Itchiness, rash, swelling 
of lips, tongue, or the 
whole face, wheezing, 
shortness of breath. 

Medical history and 
standard allergy tests 

Epinephrine, 
Antihistamine  

Fineman et al., 
2014  

Wheat Gliadin and glutenin 2−3% 1% Swelling, itching, or 
irritation of the 
mouth, congestion. 

Skin test, blood test, 
elimination diet. 

Epinephrine, 
Antihistamine  

Ogino et al., 2021  

Seafood Gelatin hydolysates, 
tropoyosin 

3.5−5% 2−3% Itchiness, rash, nausea, 
vomiting. 

Skin prick test, blood 
test. 

Epinephrine, avoid 
food.  

Bonlokke et al., 
2019  

Peanut Ara h 1,Ara h 2, Ara h 3 0.6% 1.5−3% Itchiness, rash, eczema, 
nausea. 

Allergy test, blood test. Epinephrine, 
Anthistamines, 
avoid food 

( Chen, Welch, and 
Laubach 2018)   
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components have allergenic qualities. The characteristics of naturally occurring monosodium 
glutamate, which is found in many foods including tomatoes, mushrooms, corn, peas, parmesan 
cheese, hydrolyzed vegetable proteins, yeast extracts, and caseinates, are shared by monosodium 
glutamate (Additive E 621) (Hefle, 2001). Monosodium glutamate allergy symptoms are dose- 
dependent. Monosodium glutamate occurs naturally in several foods; thus, there should be no 
restrictions on consuming those foods. However, foods containing the additive E 621 should be 
avoided altogether. Interest in the challenging topic of allergies has never been higher due to the rising 
patient population and advancements in new domains, including immunology, molecular biology, 
and genetics (Skypala and McKenzie, 2019). 

15.9 TREATMENT 
The primary goal of treating food allergies is to completely remove the allergen that is the cause. 
When newborns are exclusively breastfed, they are more sensitive to allergens through breast milk, 
making maternal elimination diets successful. Supplements should not contain any food allergies 
(Heine, 2018). For infants who are formula-fed and have a cow’s milk allergy (CMA), specialized 
hypoallergenic formulas are the best option. Although most babies (and those who need it) will be 
able to utilize a hypoallergenic formula without experiencing an allergic reaction, it is often derived 
from cow’s milk. Parents should be aware that the American Academy of Pediatrics recommends 
breastfeeding as a child’s first feeding option. It is also advised that the mother’s diet be changed 
prior to introducing these formulas to infants who are at risk for allergies or who display 
intolerance symptoms (Aitoro et al., 2017). A hypoallergenic elimination diet should be closely 
watched for proper nutrition. Despite efforts to systematically remove troublesome food allergies 
from the diet, unintended responses are rather prevalent. The labeling of preventative allergens is 
frequently still unclear or lacking. Thankfully, numerous nations have passed laws required for 
accurate allergen labeling (Anvari et al., 2019). To treat food allergies, allergens must be eliminated 
from the diet. It has been proven that maternal elimination diets are beneficial for babies who are 
exclusively breastfed and react to allergies through breast milk. The offending item must not be 
included in the supplementary diet (Heine, 2018). The ideal method of care for formula-fed infants 
who are allergic to cow’s milk is specialized hypoallergenic formulas. These therapeutic formulas 
fall into two main categories: EHF and formulae based on amino acids. It’s important to regularly 
check nutritional sufficiency with hypoallergenic elimination diets. Despite efforts to completely 
eliminate aggravated food allergens from the diet, unintentional reactions are nonetheless rather 

Table 15.2: FALCPA Applies to Products Regulated by Food and Drug 
Administration in a Different Country    

Jurisdiction Source  

United States Food Allergen Labeling and Consumer Protection Act of 2004 
Japan Standards and Evaluation Division, Department of Food Sanitation, Pharmaceutical and 

Medical Safety Bureau, Ministry of Health, Labour and Welfare; FAQs on Labelling System 
for Foods Containing Allergens 

Switzerland Standard for Labelling of Pre-Packaged Foods, SVGNS 1 Part 3: 2000 (Rev. 2009) 
Ordinance of the Federal Department of Home Affairs on Food Labelling and Advertising 
of Foods (Information from WTO Notification G/TBT/N/CHE/106) 

Korea Korean Food and Drug Administration (Information from USDA ARS GAIN Report KS1102) 
Philippines Rules and Regulations Governing the Labelling of Pre-packaged Foods Products Distributed 

in the Philippines (Amending Administrative Order No. 88-B s. 1984) (Information from 
WTO Notification G/TBT/N/PHL/128) 

China General Rules for the Labelling of Pre-packaged Foods GB7718–2011 (Information from 
USDA GAIN Report CH110030) 

Australia Australia New Zealand Standard 1.2.3 – Mandatory Warning and Advisory Statements and 
Declarations 

Canada Regulations Amending the Food and Drug Regulations (1220 – Enhanced Labelling for Food 
Allergen and Gluten Sources and Added Sulfites) – Canada Gazette 145 (4) February 16, 2011   
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common. The potential for unintended allergic reactions and anaphylaxis significantly influences 
patients and associated family members and society (Costa et al., 2020). 

15.10 CONCLUSION 
Food hypersensitivity is becoming increasingly important to public health. It may be compulsory for 
the food industry to ensure risk management plans and allergy labeling. Consumers receive regular 
and clear risk advice from the food industry and regulatory enforcement bodies. This would 
necessitate hazard control procedures for all of the many stakeholders in the food chain. It is strongly 
advised to consistently classify foods according to their allergy danger status and quantitative 
reference doses. For effective food allergy prevention and treatment strategies, immediate attention is 
needed. Developing specific allergens T reg cells could be promising therapy in the coming time. The 
management of food allergies is still an active topic of research due to the significant progress that has 
been made and the availability of cutting-edge diagnostic and therapeutic approaches. 
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16 Assessment of Food Contaminants in Meat and Meat Products 

Md. Shofiul Azam, Shafi Ahmed, Md. Wahiduzzaman, and Md. Abir Hossain  

16.1 INTRODUCTION 
In developing countries, meat and meat products are the main sources of food, which are 
susceptible to microbial growth. As a source of proteins, essential amino acids, fats, carbohydrates, 
vitamins, and minerals, meat contributes to cell maintenance and repair and provides energy for 
daily activities (Dharma et al., 2022). Foodborne infections and disease are a major international 
health problem with consequent economic loss and deaths. Humans consume a great deal of 
protein from meat, and it is also one of the most perishable sources of protein. Since fresh red meat 
contains all the nutrients needed for bacterial growth, it poses a high risk of food poisoning 
(Mustefa, 2021). Meat refers to flesh, skeletal muscle, and any associated connective tissue or fat, 
excluding bones and bone marrow. Protein and essential fatty acids are found in meat, as well as 
minerals and vitamins, but meat is easily perishable because it provides a suitable environment for 
microorganisms to grow. In healthy animals, muscles contain few or no microorganisms, although 
meat can become contaminated during slaughtering and transportation. Contamination of raw 
meat can occur via knives, tools, clothes, hands, and air during bleeding, handling, and processing. 
Food hazards can occur from contaminated meat and meat products due to the presence of 
biological, chemical, physical, and in particular microbial contamination (Bantawa et al., 2018). 
Increasingly, the public is becoming aware of the public health impact of zoonotic pathogens 
transmitted through animal products. Salmonella spp., Listeria monocytogenes, Staphylococcus aureus, 
Escherichia coli, Clostridium perfringens, Campylobacter jejuni, Yersinia enterocolitica, and Aeromonas 
hydrophila are the most common foodborne pathogens associated with meat. It is well known that 
Salmonella species, Listeria monocytogenes, Campylobacter jejuni, and verocytotoxin producing E. coli 
O157 are among the most serious public health threats (Bantawa et al., 2018). 

Foodborne diseases pose a significant public health threat. They are caused by bacteria, parasites, 
or viruses present in food or beverages. Symptoms include gastrointestinal discomfort and life- 
threatening situations. In 2011, sprouted seeds tainted with E. coli caused an outbreak of the disease. 
Chicken, pigs, cattle, and poultry are all common sources of food poisoning bacteria that live in 
their intestines. Salmonella and Campylobacter are particularly prevalent in poultry. On the farm, 
animals usually become infected through contact with other infected animals or their feces. Farm 
workers‘ shoes and clothes carry germs that can be transmitted to healthy animals. In addition, 
contamination may occur during transportation to the abattoir or in unhygienic slaughter 
environments (Aymerich et al., 2008). 

Meat products such as sausage, beef burgers, and luncheon are becoming increasingly popular 
since they are highly valued for their high biological value, reasonable price, agreeable flavor, and 
ease of preparation (Shaltout et al., 2022). 

16.2 SOURCE OF CONTAMINATION OF MEAT AND MEAT PRODUCTS 
16.2.1 Veterinary Drug Residues in Meat-Related Edible Tissues 

The use of veterinary drugs in poultry and livestock products is widespread. Human health is 
seriously threatened by the abuse of veterinary drugs. There are several aspects of risk assessment 
for veterinary drug residues in meat products explained in this chapter, including the principles 
and functions of risk assessment, a summary of the veterinary drug residue risk assessment 
process, and an outline of qualitative and quantitative risk assessment methods (Figure 16.1). A 
variety of veterinary drugs are used in farm animals as therapeutic and prophylactic measures. 
They include a variety of compounds that can be administered through feed or water. There is also 
a possibility that the residues come from contaminated animal feeds. Controlling veterinary drug 
residues is an important measure in ensuring consumer protection due to the presence of residues 
and their associated harm to humans. A variety of anabolic compounds and hormones may be 
present in animal products as residues (Kadim, 2016). 

16.2.2 Toxic Elements 
Contamination of meat products and fresh meat with potentially toxic elements (PTEs) is a serious 
health concern around the world. In general, PTEs fall into two categories: essential and non- 
essential elements (toxic). Several properties make them toxic, including their bioaccumulative, 
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biomagnifiability, non-degradability, and persistence in the environment and food chains. 
Exposure to PTE may cause DNA damage, apoptosis, and various types of cancer. Cadmium (Cd), 
lead (Pb), arsenic (As), and mercury (Hg) are the most critical heavy metals that cause health 
problems to several organs of humans, especially the kidney, lungs, heart, and brain, even in trace 
amounts when long-time exposure occurs. Moreover, Cd and Pb are linked to cardiovascular 
diseases, high blood pressure, and anemia (Han et al., 2022). The central nervous system can also be 

Figure 16.1 Contamination process of meat products.     
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affected by Pb, Cd, and Hg (Han et al., 2022). Copper (Cu), chromium (Cr), iron (Fe), and zinc (Zn) 
are some of the essential elements that are necessary for human health in low concentration (Balali- 
Mood et al., 2021). Even though they are micronutrients, these elements can become toxic at high 
concentrations. Cu and Zn are cofactors in several enzyme reactions and macronutrient metabo-
lism; however, they can contribute to aging and heart diseases when consumed in high 
concentrations. 

There have been reports of liver copper levels, muscle zinc levels, and kidney cadmium levels (in 
adult cattle) exceeding acceptable maximum levels adopted in some countries (Alonso et al., 2002). 
The releasing of industrial wastes such as effluents, sludge, particles, etc., into the environment is a 
major contributor to heavy metal pollution. The metals, such as Cr, Ni, Pb, and As, are derived from 
tanneries and other industries. Metals in the environment pose a serious threat to the food chain, 
humans, animals, and ecosystems due to their toxicity. Consumer health, feed, and food safety are 
the main emerging issues in Bangladesh (Hossain et al., 2022). It is therefore necessary to monitor 
the quality of beef available on the market in order to ensure food security, consumer safety, and 
public health. In order to produce beef cattle commercially, many animal husbandry practices are 
required, such as special care, management, feeding, grazing, breeding, housing, vaccination, 
medication, etc. (Jankeaw et al., 2015). There are many human activities that take place within this 
industry, including farm operators, cattle integrators, feed millers, household owners, and others. 
In the preparation of cattle diets, various antibiotics, hormonal drugs, enzymes, feed additives, and 
medicines are often used, which can cause heavy metals to accumulate in animal tissues. As a result 
of the development of urban industries and human activities, one of the challenges to public health 
is the accumulation of heavy metals in food (Jankeaw et al., 2015). 

16.2.3 Microbial Contamination 
The nutritional profile of meat provides the ideal conditions for spoilage microbes and foodborne 
pathogens to grow (Mohammed, 2004). Meat contamination often occurs as a result of micro-
organisms attaching to surfaces in which meat is stored and sold (Dharma et al., 2022). Listeria 
monocytogenes is the major contamination in the RTE meat products (Figure 16.2). A study was 
conducted to investigate the prevalence of food infections and microbial contamination in meat 
products. A total of 42 samples of meat products, such as sausages, burgers, kebabs, and cutlets, 
were collected from 12 factories between 2011 and 2013. Microbial contamination of samples was 
examined according to Iranian national standards No. 5272, 9263, 2197, 10899–1 and 3, 1810, 6806–1 
and 3 and 2946 for total count of microorganisms, coliform, Clostridium, mold and yeast, Salmonella, 
Staphylococcus aureus, and Escherichia coli, respectively (Kheyri et al., 2014). 

Figure 16.2 Steps involved in Listeria monocytogenes contamination in human RTE meat 
products.     
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In food processing plants, biofilms form primarily on damp surfaces where microorganisms can 
easily aggregate. Microorganisms such as Staphylococcus, Pseudomonas, and Klebsiella produce 
exopolymers that can fix additional microorganisms. The mixed biofilms formed by these 
organisms can be firmly attached to the surface. These bacterial communities contain both 
pathogenic and food spoilage microorganisms (Madoroba et al., 2021). Furthermore, Listeria 
monocytogenes and Enterobacter aerogenes or bacteria from Bacillus, Staphylococcus, Streptococcus, 
Escherichia, Shigella, and Klebsiella survived cleaning and disinfection (Schlegelova et al., 2010). 
Undercooked meat or chickens harboring bradyzoites may transmit Toxoplasma gondii, a zoonotic 
protozoan that forms meat cysts (Abd El-Razik et al., 2014). 

16.3 DETECTION METHOD MEAT CONTAMINATES 
Evaluation of raw meat products for microbiological contamination by counting total aerobic 
spores, counting total bacteria by most probable number (MPN), testing for fecal coliforms and E. 
coli, and testing for Salmonella by polymerase chain reaction (Zafar et al., 2016, Riffiandi et al., 2022). 
In order to detect contaminants in meats products, it is crucial to develop rapid, sophisticated, 
reliable, and versatile screening methodologies. However, current detection methods may take 
several days to produce results. Establishing a national monitoring program and sampling will be 
recommended based on reliable and accurate procedures. It will reduce meat products’ contami-
nation levels in a sensible way. Effective control depends on the availability of simple and useful 
screening techniques (Figure 16.3). Various techniques can be used. 

16.3.1 PCR-Based Method 
Polymerase chain reaction (PCR) was used to detect pork and its derivatives based on pork-specific 
primers for the mitochondrial (mt) 12 S ribosomal RNA (rRNA) gene (Effendi et al., 2020, Mohd- 
Hafidz et al., 2020). Foodborne illness is often caused by Staphylococcus aureus. In light of the 
previous results, it can be concluded that meat products can serve as a suitable medium for the 
growth of Staphylococcus and the production of toxic substances (Hassan et al., 2018). It has been 
strongly recommended that the highly sensitive, specific, and rapid M-PCR method be used for 
detecting adulteration in meat products and abuse of labeling requirements. This PCR method is 
useful for detecting adulteration in denaturized products (Abuelnaga et al., 2021). 

16.3.2 Spectroscopy 
In order to detect and quantify spoilage as early as possible, several emerging techniques have been 
developed. Spectroscopy is an emerging detection technique based on the interaction between 
matter and electromagnetic radiation of varying wavelengths. The technique can be used to study, 
identify, and quantify materials and substances of varying biological complexity by measuring the 
light emitted, absorbed, or scattered by them. However, a number of notable applications are aided 

Figure 16.3 Summarized depiction of technologies for meat 
spoilage detection. Note: LIBS represents laser-induced breakdown 
spectroscopy.     
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by robust statistical and chemometric analysis, including laser-induced breakdown spectroscopy 
and Raman spectroscopy for food analysis, adulteration detection, authenticity testing, or even the 
pungency of spicy foods. There are many applications for mid-infrared (MIR) technology, such as 
food and beverage classification, shelf-life monitoring, and value-adding of foods. Attenuated total 
reflectance (ATR)-IR spectroscopy can also be used for detecting and identifying food adulterants, 
screening for food toxins, and quantifying food constituents, among other applications. These 
techniques are non-destructive, which makes them particularly useful for food applications 
(Fletcher et al., 2018). 

16.3.3 Odor Sensors and Electronic Nose Technology 
Sensors of this type are based on human olfaction, the electronic nose (or e-nose) mimicking the 
chemical interactions between odor compounds and primary neurons found in the human nasal 
cavity. Electrochemical sensors and pattern classification algorithms are used in the e-nose to detect 
odors, similar to how primary neurons in the nasal cavity correspond with the chemical sensors of 
the e-nose. Sensor technology has advanced significantly, and chemosensors are readily available in 
many types. This section will briefly discuss metal oxide semiconductors (MOSs) and conducting 
organic polymers (CPs) (Fletcher et al., 2018). 

16.3.4 Metal Oxide Semiconductor 
The most common semiconductor in e-noses is the metal oxide semiconductor MOS. Meat spoilage 
can be detected early using this type of gas sensor. An e-nose with MOS sensors was proposed by 
(Timsorn et al., 2016) for evaluating the freshness of chicken meat and bacterial populations on 
chicken meat stored at 4.0°C and 30.0°C for up to 5 days. Principal component analysis (PCA) has 
been used by the authors to demonstrate the classification of chicken meat freshness as a function of 
storage days and temperatures in the study. In addition, the developed e-nose correlated well (0.94) 
with chicken bacterial populations, suggesting that it can serve as an alternative way of evaluating 
the bacterial population on meats in a rapid and alternative manner. The measurement is fast, 
portable, affordable, and non-destructive, with high relative accuracy, among other advantages. 
Kachele and colleagues used e-noses to assess microbial load, chemical changes, and sensory 
characteristics of silver carp fillets stored at 4°C for 14 days at two vacuum pressure levels (30 and 
50 kPa). This system uses many metal oxide semiconductor sensors together with pattern 
recognition algorithms to construct an intelligent bionic olfactory e-nose. It provided valuable 
information on improving vacuum-packaging aspects, such as headspace and refrigeration 
conditions. Similarly, Zhang and collaborators designed an e-nose based on MOS sensors to detect 
microbial colonies that develop during vacuum-packaging of Yao meat. These findings offered new 
insights into packaging methods and improvements that can be made (Fletcher et al., 2018). 

16.3.5 Quantitative Microbial Risk Assessment Models 
Beef is responsible for a high percentage of foodborne illness in Europe, with 2.3 million cases 
reported each year. These illnesses are caused by pathogenic bacteria that are contaminated and 
grown and/or not inactivated effectively along the whole farm-to-fork chain. A quantitative 
microbiological risk assessment (QMRA) plays an important role in ensuring consumer health in the 
area of food safety. QMRA has been applied in many areas over the past decades (Tesson et al., 2020). 

16.3.6 Quantitative Detection by ELISA 
Many recent cases of pork adulteration of meats have reinforced the need for a method of detecting 
and quantifying pork contamination in other meats. A sandwich ELISA assay developed by 
Microbiologique, Inc. is able to detect pork quickly in cooked horse, beef, chicken, goat, and lamb 
meats. It is a global concern that pork is adulterated into other meats, and even small amounts of 
accidental contamination pose a serious religious issue for Muslim and Jewish consumers. Meat 
contamination levels have not been officially established in the United States by the U.S. 
Department of Agriculture. It is recommended by the United Kingdom Food Standards Agency 
(FSA) that contamination between 0.1 and 1% (w/w) should be investigated (Thienes et al., 2018). 

16.3.7 Smartphone-Based Biosensor 
Technologies for rapid, non-destructive, and inexpensive detection of microbial contamination on 
meat are still in high demand. Smartphone-based biosensors have been developed to detect 
microbial spoilage on ground beef, without the use of antibodies or microbeads. This measurement 
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can be used to screen meat products for microbial contamination, as well as to screen wounds for 
infection. Microbial spoilage was simulated by adding Escherichia coli K12 solutions to ground beef 
products. Ground beef was irradiated perpendicularly with an 880 nm near-infrared LED, and 
scatter signals at various angles were studied using the smartphone’s gyro sensor and digital 
camera (Liang et al., 2014). The development of biosensors has become an alternative approach to 
screening residues in animals in recent years (Khaniki, Ebrahim, and Parisa 2018). 

16.3.8 Immunological Techniques 
Based on the interaction between antigen and antibody, these methods are very specific for a 
specific residue. Most commonly, this type of test is done using enzyme-linked immunosorbent 
assays (ELISA). It is possible to find ELISA kits to test for a specific residue such as sulpametazine 
or a group of compounds including sulfonamides. It has been shown that ELISA kits are effective 
for analyzing antibiotic residues in meat (Khaniki, Ebrahim, and Parisa 2018). 

16.3.9 High Performance Liquid Chromatography (HPLC) 
The HPLC method is capable of detecting multiple residues in meat in both qualitative and 
quantitative ways (Khaniki, Ebrahim, and Parisa 2018). The accidental or fraudulent mixing of meat 
from different species is a highly relevant issue for quality control of food products, especially for 
consumers who are sensitive to species such as horse and pork. A sensitive mass spectrometric 
method was developed and demonstrated here for the detection of trace contamination in horse 
meat and pork, as well as for the specificity of the biomarker peptides against beef, lamb, and 
chicken (Gupta et al., 2014). It was established that liquid chromatography-tandem mass 
spectrometry (HPLC-MS/MS) is an effective tool for identifying meat marker peptides and 
detecting exogenous meats in mutton (Gu et al., 2018). The analysis and confirmation of 
chloramphenicol residues in edible animal tissues are performed using two high-performance 
liquid chromatography (HPLC) methods (Peris-Vicente et al., 2022). 

16.3.10 Charm II Technology 
The Charm II technology is a new method of detection for residual compounds that is rapid, 
comprehensive, and semi-quantitative. Selectivity and sensitivity can be achieved with this 
technology. A combination of Charm II and HPLC separation provides an excellent method to 
detect and identify individual chemical and biological residues in animal tissue (Khaniki, Ebrahim, 
and Parisa 2018). 

16.4 CONTROL OF THE CONTAMINANTS AT MEAT AND MEAT PRODUCTS 
16.4.1 Physical Method for Decontamination 

High pressure, UV-C, pulsed light, and cold plasma are the most effective in reducing bacteria, 
followed by gamma-ray and electron beam irradiation. 

16.4.1.1 Steam Pasteurization 
Steam pasteurization (SPS) uses potable water to produce superheated steam as a non-toxic and natural 
way of decontaminating the exposed surface of animal carcasses. The surface temperature of carcasses 
is instantly raised to 190°F (88°C) for 10 seconds by applying saturated steam. When the carcasses or 
trimmings enter the cooler, they are immediately chilled with cold water. There are two types of steam 
pasteurization systems on the market: the SPS 400 and the SPS 60. In the former, up to 400 carcasses can 
be treated per hour, while in the latter, up to 60 carcasses can be treated per hour (Cliver, 2007). 

16.4.1.2 Irradiation Pasteurization 
The FDA has approved irradiation pasteurization (IP) of red meat, but the USDA is currently developing 
appropriate regulations (AMI, 2000). The IP method emits pulses of intense energy that penetrate meat 
and destroy microorganisms using gamma radiation (e.g., Cobalt 60) or an electrical source (e.g., electron 
beam accelerators like SureBeam®). Microorganisms can be reduced on muscle foods using pulsed light 
(PureBright® TM), infrared irradiation, and ultraviolet light (SelectUV ®) (Cliver, 2007). 

16.4.1.3 Ultrasound 
The use of ultrasound treatment or ultrasonication (US) in food and non-food applications is an 
emerging technology. Sound waves that exceed the upper limit of human hearing (20 kHz) are 
considered ultrasounds, and they differ from audible and infrasonic sounds. 
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There are three types of ultrasound: power ultrasound (16–100 kHz), high-frequency ultrasound 
(100 kHz–1 MHz), and diagnostic ultrasound (1–10 MHz). The US has already been applied to a 
variety of applications, including distance measurement, cleaning, sonography, and waste-water 
treatment. In food processing, it is used for extraction, cleaning, emulsification, and homogeniza-
tion. Since the US is an acoustic energy, its ionizing and invasive effects can be ignored. Moreover, 
this technology uses a non-polluting form of mechanical energy, making it a highly accepted 
method of food processing that does not affect food quality (Albert et al., 2021). 

16.4.1.4 Cold Atmospheric Plasma 
Cold plasma, also called non-thermal atmospheric plasma, is another emerging food preservation 
technology that reduces foodborne pathogens without compromising product quality. A number of 
plasma-generating devices have been used to study the antibacterial properties of various food 
products in recent years. Cold plasma consists of electrons, excited atoms and molecules, ions, UV 
photons, free radicals, and reactive species (ozone, nitrogen oxides, hydroxyl radicals, atomic 
oxygen, superoxide, and singlet oxygen), which can kill bacteria, viruses, and fungi. Cells can be 
damaged by these compounds through lesions in the membrane, intracellular disorder, chemical 
bond breaks in the cell wall, loss of enzyme activity, damage to RNA and DNA, and denaturation 
of proteins (Albert et al., 2021). 

16.4.1.5 Packing Innovations 
It is only possible to use these technologies for packaged meat, not for whole carcasses. These 
technologies include oxygen (O2) adsorption, modified atmosphere packaging (MAP), and 
vacuum technology. A small pouch containing an oxygen scavenger (e.g., potassium per-
manganate) is enclosed with meat, so that the oxygen is captured by it instead of the meat. As a 
result, the meat color does not turn brown, and aerobic microorganisms have a difficult time 
multiplying under these conditions. The MAP technology flushes the red meat in a barrier 
package with a mixture of oxygen (80%) and carbon dioxide (20%). The oxygen in the package 
prevents microbial growth while the CO2 delays it. The shelf life of red meat cuts can be 
extended by 7–12 days by modifying the atmosphere in the package. Last but not least, vacuum 
technology removes the atmosphere from a package by using a high barrier packaging material. 
Despite this, the meat does not bloom or turn red inside the vacuum package, which extends its 
shelf life to 21 days or longer. Packaging innovations under development include biosensors that 
detect chemicals, indicators of decomposition, and packaging that detects temperature changes 
(Cliver, 2007). 

16.4.2 Chemical Method for Decontamination 
16.4.2.1 Organic Acids 

In the meat industry, organic acids are the most commonly used chemical decontaminants. By 
applying organic acids solutions to carcasses, microbial load and pathogen prevalence were 
reduced. The antimicrobial action of organic acids is due to their un-dissociated molecules, 
which accumulate in the cytoplasm and dissociate into protons at higher pH levels, thereby 
acidifying the cytoplasm. In addition to lactic acid and acetic acid, other organic acids such as 
citric acid, succinic acid, sodium hypochlorite, peroxy-acetic acid, etc. have also been used to 
decontaminate carcasses. On hot carcasses, organic acids are more effective (Bolder, 1997). As a 
means of reducing the microbial flora on animal carcasses and subprimals, several organic acids 
have been used. Acetic, lactic, citric, ascorbic, propionic, peracetic, and formic acids are some of 
them. USDA-FSIS approves citric, lactic, and acetic acid solutions at 1.5–2.5% for reducing 
carcass contamination. In general, both lactic and acetic acids are considered safe sanitizers. 
About 15% of beef processing plants mist carcasses with organic acids, according to Cliver 
(2007). 

16.4.2.2 Ozonation 
Ozone (O3) is a soluble and unstable blue gas that is formed when ionizing radiation or electric 
charges pass through air or oxygen. The oxidizing properties of this substance make it highly 
effective at inactivating bacteria, and it was the first oxidizing agent used to disinfect water. Several 
muscle foods and fish were found to be effectively inactivated by ozonation (e.g., E. coli O157:H7, 
Pseudomonas fluorescens, S. typhimurium). 
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16.4.2.3 Hydrogen Peroxide 
Hydrogen peroxide (H2O2) can rapidly kill microorganisms if used at adequate concentrations. In 
spite of its ability to inactivate microorganisms, H2O2 is not permitted as a food additive in many 
countries due to its bleaching and oxidizing effects. H2O2 (5%) and ozone (0.5%) are antimicrobial 
agents that decrease bacterial counts approximately 2.5 log10 CFU/cm2 when used in meat as a 
decontaminants (Cliver, 2007). 

16.4.2.4 Sodium Chloride 
Sodium chloride (NaCl) is a generally recognized as safe (GRAS) antimicrobial and non-intentional 
food additive. Numerous studies have demonstrated NaCl’s effectiveness as an antimicrobial agent. 
Inhibition of the majority of foodborne pathogenic bacteria can be achieved by using 13% (w/v) 
NaCl (equivalent to water activity of 0.92 or less), except for S. aureus. NaCl inhibits the growth of 
spoilage microorganisms in fermented meat products and promotes the growth of lactic acid 
bacteria. Foodborne pathogens such as Staphylococci in fermented meats can be inhibited by the 
growth of lactic acid bacteria (Figure 16.4). Salt tolerance varies among bacteria based on their 
intrinsic properties and extrinsic and intrinsic growth factors such as water activity, nutrients, pH, 
temperature, and oxygen availability. Generally, Salmonella spp. can survive in salty environments 
with NaCl concentrations as high as 3.25.3%, L. monocytogenes 8.0%–12%, C. perfringens 8.0%, S. 
aureus 18%–20%, and C. botulinum 11%–12%, respectively (Stein, 2000). There are several factors that 
contribute to the mode of preservation of NaCl as an antimicrobial agent, including (i) dehydration, 
(ii) effect of chloride ion, (iii) oxygen removal, and (iv) the interference with proteolytic enzyme 
(Cliver, 2007). 

16.4.2.5 Acidified Sodium Chlorite 
It has been revealed that chlorite stabilized in acid (e.g., acidified sodium chlorite, NaClO2, or 
ASC) has effective effects of decontaminating carcasses, since it has a combination of 
antimicrobial effects caused by low pH due to the acid content of the spray, along with chlorine’s 
antimicrobial properties. ASC is a powerful oxidant formed by reacting sodium chlorite with 

Figure 16.4 Microbiological safety and quality of meat products.     
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citric acid. The Food and Drug Administration approved ASC solutions as a direct food 
additive for decontaminating poultry and red meat carcasses. Throughout the dairy industry, 
it has been used to prevent and reduce intramammary infections by applying sodium chlorite 
to the udder and teats. Other applications include decontaminating chicken skin, altering 
Salmonella colonization in broiler chickens, and bleaching fruits and vegetables. S. 
typhimurium and E. coli O157:H7 were found to be susceptible to ASC when applied to beef 
surfaces (Cliver, 2007). 

16.4.2.6 Chlorine Washes 
During the chilling process of carcasses, rinsing with chlorine-containing water has been used to 
reduce or prevent the proliferation of bacteria. Water treated with chlorine at 200 parts per 
million (ppm) was found to reduce aerobic bacteria (APC) and the reduction was higher after 24 
hours of treatment. Both chlorine dioxide (ClO2) and calcium hypochlorite (CaCl2O2) reduced 
contamination on beef forequarters. Sprouting seeds have also been disinfected with chlorine 
water. The rapid inactivation of chlorine in organic systems like meat is one of the drawbacks of 
this treatment. Chlorine is the most commonly used sanitizer in the food industry. Chlorinated 
chemicals sanitize microbes by disrupting chemical bonds. In meat processing plants, chlorinated 
water is used to disinfect beef and poultry carcasses and prevent cross-contamination because of 
its ease of application, stability, quick effect, and low cost. During slaughtering, washing poultry 
carcasses with chlorinated water reduces total aerobic counts, total coliforms, Salmonella, and E. 
coli (Bolder, 1997). 

16.4.2.7 Trisodium Phosphate 
The USDA-FSIS (USDA, 1996a) has approved the application of trisodium phosphate (TSP) as an 
antimicrobial treatment before chilling (24 to 48 hours before fabrication) of beef carcasses. There 
has been extensive research on the capacity of TSP to deactivate pathogenic and nonpathogenic 
bacteria, as well as minimize the adhesion of microorganisms to carcasses and meat trimmings. 
Salmonella was reduced by 1.6–1.8 log10 when post-chilled chicken was dipped for 15 seconds in 
10% TSP at 50℃. Intentionally inoculated pathogens on lean and adipose tissue were reduced by 
TSP, where greater reductions were observed for Gram-negative pathogens (e.g., Salmonella species 
and E. coli) than Gram-positive pathogens (e.g., L. monocytogenes). 

16.4.2.8 Lactates 
It has been reported that sodium and potassium lactates are effective in limiting the growth and 
development of aerobes and anaerobes in meat, as well as in antibotulinal and antilisterial actions. 
In cook-in-bag turkey products, sodium lactate delayed Clostridium botulinum toxin production; 
sodium, potassium, and calcium lactates exhibited antilisterial activity; calcium salt showed greater 
effect than sodium or potassium salt (Cliver, 2007). 

16.5 RISK ASSESSMENT 
Muscle, which is the main component of meat-producing animals, contains very low levels of 
microbial load. Microorganisms are present in their gastrointestinal tracts and excrement, in their 
mouths, and on the exterior of their bodies. HACCP has long established that missteps in handling, 
slaughter, dressing, and dissection (hide removal, evisceration, etc.) of these ruminants can have a 
major impact on food safety. It is not intended to minimize the importance of maintaining strong 
sanitation practices in the receiving and holding areas prior to abattoirs. The importance of 
assessing the prevalence of mud and feces on incoming animals, defining procedures for older or 
non-ambulatory animals, restricting employee movement from dirty to clean areas, and more 
cannot be overstated. Nevertheless, after animals are humanely stunned and exsanguinated, much 
attention must be paid to the safe science of removing the hide and splitting edible parts from those 
that shouldn’t be eaten. According to previous study, more than 6% of cattle hides contain the 
dangerous E. coli O157 bacterium, so it is imperative that processors follow hygienic hide and pelt 
removal practices at this stage, and also strategically sample carcasses according to regulatory 
performance standards in order to determine and improve process control based on the results. As 
carcasses are eviscerated, viscera can release a number of unwanted microorganisms (gram-positive 
bacteria such as Listeria, gram-negative bacteria such as E. coli, Salmonella, and Campylobacter, as well 
as numerous yeasts and molds), which can spread, attach, and adhere to other parts (Raspor and 
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Jevšnik, 2009). Together, with the following information, a chemical risk profile of meat and meat 
products was conducted:  

1. It is important to identify the chemicals that may potentially affect public health and safety in the 
Australian meat supply chain.  

2. Assess the potential risks of these chemicals to public health and safety, within the current 
regulatory framework.  

3. Identify any areas of the current regulatory system that need further attention in order to 
address potential public health and safety risks associated with chemicals in meat. 

From meat production to retail of meat products, the chemical risk profile was identified and 
examined where chemicals might enter the meat supply chain. Furthermore, it considered the 
inputs into the primary production and processing chain of meat. According to the chemical risk 
profile, the following factors were considered:  

◾ Chemicals used in primary production of agriculture and veterinary medicine;  

◾ Heavy metals, organic contaminants, and other environmental contaminants;  

◾ Natural chemicals found in plants, bacteria, or fungi associated with plants; and  

◾ By-products of food processing. 

Chemicals migrate from packaging, such as food additives and processing aids. Among the key 
findings from the risk profile regarding chemical hazards are:  

◾ Regulations and non-regulatory measures are in place along the meat industry’s primary 
production chain, resulting in minimal public health and safety concerns.  

◾ Chemical residues in meat have been monitored extensively over many years, demonstrating 
high compliance.  

◾ The meat industry will maintain a high standard of public health and safety by maintaining 
current management practices, especially chemical monitoring programs along the primary 
production chain.  

◾ Further research or monitoring of potential chemical hazards would help provide further 
assurance that the public health and safety risk is low (Pointon et al., 2006). 

16.6 CONCLUSION 
Several non-thermal technologies have been examined in this chapter, including irradiation, UV-C 
light, pulsed light, high pressure, cold plasma, and ultrasound, which can be used to reduce 
microorganisms on raw meat surfaces while maintaining the quality of food. These treatments are free 
of chemicals and leave no residues, environmentally friendly, and in most cases, one of these 
treatments is sufficient to significantly decrease the pathogenic load on meat. In the case of pulsed light, 
or UV-C microorganisms on the product surface are inactivated within seconds, while ultrasound 
requires a longer exposure time. However, Gram-negative pathogens and spores tend to react more 
strongly than Gram-positive pathogens and spores. Different compatible methods can be applied 
combined to achieve sterility effects. In addition, food safety laws vary from country to country, so 
some techniques may not yet be permitted. Therefore, it is very difficult to determine which method 
will prove most effective. The application of the decontamination methods described in this chapter 
should be considered as a supporting measure in the fight against food-relevant infectious agents. The 
primary focus should remain on good hygiene practices: they should never replace hygiene measures. 

16.7 FUTURE TRENDS 
In order to ensure that chemicals used or present in meat and meat products present a very low risk 
to public health and safety, extensive regulatory and non-regulatory measures have been put in 
place. Regulations and control measures in place along the meat primary production chain have 
resulted in minimal public health and safety concerns regarding chemicals in meat and meat 
products. Over many years, extensive monitoring of chemical residues in meat has demonstrated 
high compliance with regulations. Additionally, the chemical risk profile identified a number of 
areas in which further research or monitoring would provide further assurance that the public 
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health and safety risk is low. As long as the current management practices are continued, 
particularly monitoring programs for chemicals along the primary production chain, the meat 
industry will maintain a high level of public health and safety. 
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