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A B S T R A C T   

Owing to increasing populations and global threats, the integrity and safety of global food chains are at risk. In 
many countries, simply getting enough to eat can be an issue, with poor quality food often contaminated with 
hazardous agents, whereas in developed countries the pressure to deliver cheap, affordable food may affect 
quality and safety. The purpose of this Special issue on Safe food for infants is to emphasize the importance of 
pursuing integrated approaches to monitor and reduce the risks of biological, chemical, and physical hazards in 
infant food. A careful integrated approach is proposed to be instrumental in order to minimize the hazards to 
infant health during the key developmental years and protect children from penalizing nutritional disorders and 
gastrointestinal diseases.   

1. Introduction 

The World Food Summit in 1996 defined food security as the situa-
tion in which all people, at all times, have physical, social and economic 
access to sufficient, safe and nutritious food to meet their dietary needs 
and preferences for leading active and healthy lives.1. The concept of 
food security encompasses both physical and economic access to food 
that meets people’s dietary needs and food preferences. 

The European Union has made food security one of the top priorities 
of its policy agenda. Food security has now become a cross-cutting 
objective to be integrated into various areas of Community compe-
tence, including the Common Agricultural Policy and its rural devel-
opment pillar, the environment, public health, consumer protection and 
the completion of the internal market. In response to the food crises of 

the 1990s, in January 2000 the European Commission published a white 
paper on food safety which marks an important step in the trans-
formation of European legislation on the subject.2, in which a legal 
framework is described which covers the entire food chain - "from farm 
to table" - according to a global and integrated approach. According to 
this logic, food safety concerns animal nutrition and health, animal 
protection and welfare, veterinary controls, animal health measures, 
phytosanitary controls, food preparation and hygiene. Finally, the white 
paper of the European Commission indicates the important need to 
interact permanently with consumers in order to provide adequate in-
formation and education on consumption. 

Biological, chemical, and physical hazards in infant food owing to 
national and international control programs, have significantly 
decreased during recent years.3 However, despite such decrease the risks 

Abbreviations: World Health Organization, (WHO); European Union, (EU); European Food Safety Authority, (EFSA); Food and Agriculture Organization, (FAO); 
International Standards Organisation, (ISO); Good Manufacturing Practices, (GMP); Hazard Analysis Critical Control Points, (HACCP); International Standards 
Organisation, (ISO 9000); European Standard, (ES 29000). 

☆ The Authors of this Special Issue are all part of the Safe Food for Infant Sino-European project (SAFFI), funded from the European Union’s Horizon 2020 research 
and innovation programme under grant agreement N◦861917. 

* Corresponding author at: EPA-UNEPSA, Berlin, Germany, Allt. center, Zimmerstraße 69, D-10117 Berlin, Germany. 
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of hazards in infant food remain a global concern.4 Raising consumer 
awareness on the consequences of unhealthy food consumption, and a 
growing attention by the food industry oabout the importance of 
ensuring protection against contaminants in commercially available 
products, have limited the risk of food contaminants.5,6. However, in-
terventions adopted across the food supply chain to inspect the presence 
of food contaminants and help to ensure a sustainable supply of nutri-
tious safe food, are currently considered insufficient in providing an 
extensive and comprehensive protection6. In the economically 
advanced Western world infant food safety is currently monitored by 
increasingly strict legal regulations, however, some countries still use 
banned substances in industrial food production owing to their poor 
economy and insufficient regulation.7. Furthermore, the export and 
import exchange of commercial, often low-cost, infant food products, 
may raise serious risks for children’s health despite the presence of 
standard control procedures and techniques, which may be insufficient 
or inadequate to detect a large variety of contaminants in food 
products.7,8. 

Owing to increasing populations and global threats, the integrity and 
safety of global food chains are at risk. In many countries, simply getting 
enough to eat can be an issue, with poor quality food often contaminated 
with hazardous agents, whereas in developed countries the pressure to 
deliver cheap, affordable food may affect quality and safety.9. The 
purpose of this Special issue on Safe food for infants is to emphasize the 
importance of pursuing integrated approaches to monitor and reduce 
the risks of biological, chemical, and physical hazards in infant food . A 
careful integrated approach is in fact instrumental to minimize the 
hazards to infant health during the key developmental years and protect 
children from penalizing nutritional disorders and gastrointestinal 
diseases. 

1.1. The European food safety system: a shared responsibility for a safe 
food management 

Today’s lifestyles are vastly different than in the past. Lifestyle 
changes and the increase in single-parent families and working women 
have led to changes in food preparation and consumption habits. One 
positive consequence is undoubtedly the rapid advancement of food 
technology and processing and packaging techniques to help ensure the 
safety of the food chain, as well as greater convenience of food. How-
ever, despite these advances, contamination in the food chain is still 
possible, due to naturally occurring or accidentally introduced agents or 
due to improper procedures.Ultimately, the quality and safety of food 
depends on the efforts of everyone involved in the complex chain of 
agricultural production, processing, transportation, preparation and 
consumption. The European Union and the World Health Organization 
(WHO), consider food safety to be a shared responsibility from field to 
table. Therefore, maintaining food quality and safety throughout the 
food chain requires operating procedures to ensure food safety and 
monitoring systems to ensure that operations are carried out correctly. 

1.2. Legal and regulatory frames in the UE 

EU food safety procedures cover the entire production chain of food 
for animal and human consumption. The European Union has adopted 
comprehensive legislation and outlines the responsibilities of producers 
and suppliers to help ensure the quality and safety of the food chain. EU 
regulations are among the strictest in the world. However, in order to 
make the food regulatory sector more transparent and scientific, a re-
view of the EU regulatory framework was initiated in the late 1990s. In 
1997, a new system of scientific advice was developed. In addition to the 
Scientific Steering Committee, eight new scientific committees were 
established. In 2002 the European Food Safety Authority (EFSA) was 
created, an independent body that works in close collaboration with 
various scientific bodies and institutes of the member states, offering 
independent scientific advice on all matters that directly or indirectly 

affect food safety. The body supervises all stages of food production and 
supply, from the primary sector to distribution to consumers. EFSA also 
deals with risks linked to the food chain and carries out scientific 
assessment on any issue that has a direct or indirect effect on the safety 
of the food supply, including issues related to animal and plant health 
and welfare. 

1.3. Agriculture, transport and food industry 

The quality of raw materials is critical to the safety and quality of the 
final product. Therefore, a systematic approach from field to table is 
necessary to avoid contamination of food products and to identify po-
tential risks. From the farm or wholesaler, agricultural products are 
transported to the food industry. This link in the food chain is covered by 
European legislation on quality standards, hygiene and food safety, 
which also applies to transport and storage. In fact, the standards of the 
International Standards Organization (ISO) also include a chapter 
dedicated to the storage and delivery of food products. In this regard, the 
Codex Alimentarius was drawn up in 1962 by the World Health Orga-
nization (WHO) and the Food and Agriculture Organization (FAO) and 
includes global recommendations for the protection of foodstuffs as well 
as issues relating to transport and storage. It is therefore up to the food 
industry to meet consumer expectations in terms of safety and to comply 
with legal requirements. Food industries rely on modern quality control 
systems to ensure the quality and safety of the products they manufac-
ture. The three main systems currently in place include: a) Good 
Manufacturing Practices (GMP), which include the processing condi-
tions and procedures that, based on long experience, have been proven 
to deliver consistent quality and safety, b) Hazard Analysis Critical 
Control Points (HACCP), which has not only complemented but replaced 
them. While traditional quality assurance programs focused on detect-
ing problems in the finished product, HACCP is a proactive technique 
that focuses on identifying potential problems and controlling them 
during the design and production process; c) Quality Assurance Stan-
dards, which are developed in accordance with the standards estab-
lished by the International Standards Organisation (ISO 9000) and the 
European Standard (ES 29000). They are aimed at ensuring that food 
industries, catering companies and food industries, catering companies 
and other companies related to the sector respect and document the 
procedures established in order to comply with the norms that guarantee 
adequate food safety. The effectiveness of these programs, which is 
regularly analyzed by external experts, directly monitors that the 
adoption of quality assurance procedures at every level, quality man-
agement systems are used by the food industry also the collaboration 
with suppliers (individual farmers and wholesalers of raw materials), 
transporters and wholesale and retail traders thus ensuring a full sharing 
of responsibility concerning the entire cycle of food safety at all levels of 
the production cycle and up to distribution. 

1.4. SAFFI: the European commission safe food for infants project 

Within the frame of the Horizon 2020 program The EU launched the 
program safe food for infants (SAFFI). The SAFFI project is one of the 3 
projects selected within the framework of the European Horizon 2020 
call for projects SFS-37-2019 "Integrated approaches for food safety 
along the food chain" concerning research and innovation actions. This 
project, aims to develop an integrated approach to improve the identi-
fication, assessment, detection and mitigation of risks linked to micro-
biological and chemical hazards throughout the food chain in Europe 
and China SFS-37-2019 "Integrated approaches for food safety along the 
food chain" concerning research and innovation actions. This project, 
coordinated by the INRAE QuaPA Quality Research Unit for Animal 
Products, aims to develop an integrated approach to improve the iden-
tification, assessment, detection and mitigation of risks linked to 
microbiological and chemical hazards throughout the food chain in 
Europe and China. 

M. Pettoello-Mantovani et al.                                                                                                                                                                                                                
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1.5. The SAFFI partner centers 

Coordinated by the French National Research Institute for Agricul-
ture, Food and Environment (INRAE), SAFFI brings together 14 partners 
from seven countries across Europe and 6 partners from two Chinese 
provinces gathering the required expertise in food safety control, infant 
food production, analytical and data sciences to achieve the project goal. 
This multi-actor and Sino-European consortium led by INRAE, the 
Europe’s top agricultural research institute and the world’s number two 
centre for the agricultural sciences, involves as full partners five inter-
national infant food companies (Friesland Campina, HiPP, YIOTIS, 
Beingmate, YFFC), two food safety authority institutions (ZAIQ and 
ANSES who published in 2016 the first total diet study worldwide 
dedicated to infant), three dynamic European technological SMEs 
(CremeGlobal, Computomics and BDS) who are specialists in data sci-
ence for industry decision making, omics data analysis and bio-based 
technologies, respectively), specialists in infant health and nutrition, 
EPA-UNEPSA, the Union of National European Pediatric Societies and 
Association, INRAE Transfert (a company specialized in project man-
agement and technology transfer) and several leading European and 
Chinese academic institutions (Wageningen University, Holland; Uni-
versity of Turin, Italy; Institut de Recerca I Tecnologia Agroalimentaries, 
Spain; Fraunhofer-Gesellschaft zue Foerderung der Angewandten For-
schung E.V., Germany; Zhejiang Academy of Science & Technology for 
Inspection & Quarantine, China; Jiangsu Academy of Agricultural Sci-
ences, China; Zhejiang Academy of Agricultural Science, China). 

2. Conclusions 

This EU-China multi-actor consortium of 20 partners involving 
academia, food safety authorities, infant food companies, pediatric or-
ganizations and technological and data-science SMEs contributed to this 
special issue dedicated to the important topic of ensuring safe food for 
infants. The fate of nations is determined by what they eat, and all the 
stakeholders involved are on the front line to contain the risks of food 
hazards 3,9,10. They can play a key role if they will actively cooperate and 

integrate their efforts with governments and local, state, federal, and 
global public health institutions and agencies, to ensure that infants and 
children have access to good and safe food 3. 
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A B S T R A C T   

The EU-project SAFFI targets food for EU’s 15 million and China’s 45 million children under the age of three. It 
aims at developing an integrated approach to enhance the identification, assessment, detection and mitigation of 
health risks raised by microbial and chemical hazards along EU and China infant food chains. 

SAFFI will benchmark the main risks through an extensive hazard identification system based on multiple data 
sources and a risk ranking procedure. It will also develop procedures to enhance top-down and bottom-up hazard 
control by combining management options with a panel of technologies for the detection and mitigation of 
priority hazards. Furthermore, it will explore unexpected contaminants by predictive toxicology and improve 
risk-based food safety management of biohazards by omics and predictive microbiology. SAFFI will co-develop 
with and deliver to stakeholders a decision-support system (DSS) to enhance safety control all along the food 
chain. This DSS will integrate the databases, procedures and methods described above and will be a framework 
for a generic DSS dedicated to other food. 
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and innovation programme under grant agreement N◦861917. 
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This overall methodology will also be implemented in a complementary Chinese side of the project, and 
exemplified for each side, with four case studies that were selected to cover priority hazards, main ingredients, 
processes and control steps of the infant food chain. Resulting databases, tools and procedures will be shared, 
cross-validated, concatenated, benchmarked and finally harmonized for further use in the EU and China. 

This EU-China multi-actor consortium of 20 partners involves academia, food safety authorities, infant food 
companies, a paediatrics association and technological and data-science SMEs.   

1. Introduction 

Due to the continuously increasing consumer demand for quality and 
transparency, larger-scale food production, more intensive food trade 
and increasing urbanisation that shape the food industry, the control of 
food safety is obviously a priority shared by both the EU and China. Food 
safety and quality assurance also address the need for trust, transparency 
and harmonization of practices, which is a prerequisite for the devel-
opment of efficient domestic and international (EU-China) trade. How-
ever, implementing efficient food safety control is complex because of: 
(i) the variety of products due to the diversity of raw materials, pro-
cessing, packaging and storage; (ii) the diversity and changes in con-
sumer practices, which may put them at risk in some cases; (iii) the 
continuous product evolution driven by agri-food innovations, advances 
in human health knowledge and subsequent regulatory changes; (iv) the 
different regulatory contexts and health surveillance systems between 
countries with respect to intensive and/or global trade, resulting in a 
large set of potential hazards that need to be controlled. 

The SAFFI project focuses on foods for infants and young children 
(which is the correct term according to EU legislation for what is 
designated as “infant food” in the rest of the text) because from the 
consumers’ perspective this food sector is expected to adhere to the 
highest safety standards and must be strongly regulated given the 
vulnerability of its target population. Secondly, the wide international 
echoes of recent health scandals in this sector1,2 are illustrations that 
food safety control is a focus point worldwide, with significant impact 
when not handled properly. The project is dedicated to the infant (below 
3 years old) population. The focus on infant food of the most recent 
French Total Diet Study3 was the world’s first and demonstrated both 
the relevance of this issue for European public health authorities and the 
generic nature of this model; as such, this will allow a large trans-
ferability of its results to other food sectors and populations. Moreover, 
the growth of the infant food sector is particularly strong in China 
(+78% of the market value between 2010 and 2016). Infant food is also 
the second biggest food commodity in terms of import, specifically in-
fant formulae from Europe due to its reputation of high quality in Chi-
nese consumers’ eyes and their trust in the product. Infant food is the 
third EU food and drink export product, with €6.6 million exports 
(+12% in 2017) and China is part of the top 3 export destinations of EU 
infant food. It is therefore valuable and timely to strengthen EU-China 
food safety cooperation as highlighted by Vytenis Andriukaitis, the EU 
Commissioner for Health and Food Safety, and to build an effective and 
harmonised food safety control system based on the infant food chain as 
a model. 

Through four infant food chains - powdered infant formula, sterilized 
vegetable mixed with fish/meat, infant cereals and fruit puree- chosen as 
case studies to cover infant nutrition while encompassing very different 
hazards, ingredients, processing and control steps, SAFFI targets the 
control of the main priority hazards (see Table 1) pointed out by the 
French iTDS3 and the recent infant food health crises. 

The results of the French iTDS3 and the recent health crises have 
shown the need to improve the levels of safety control and to identify 
bottlenecks impairing the effectiveness of the current systems. The aim 
of the present paper is to exemplify through a presentation of the main 
axes of the EU-China SAFFI project what research can do to help pae-
diatricians and other actors in the area of infant food safety in order: (i) 
to have a better insight on microbiological and chemical hazards along 

the infant food chain; (ii) to identify the main known risks and provide 
new tools for their identification, detection, assessment and mitigation 
by both public health authorities and food industry; (iii) to anticipate 
unknown risks related to chemical contaminants not detected by current 
monitoring systems; (iv) to prevent public health crises related to 
foodborne microorganisms by proposing tools for predictive microbi-
ology and risk management based no longer on hazards but on risks; (v) 
to further share data, practices and critical information in real time to 
ensure an overall food safety control. 

2. Enhancement of food risk assessment 

In order to provide paediatricians and other stakeholders with 
updated and comprehensive knowledge about both possible and priority 
hazards in infant food, one of the key issues is to refine risk assessment 
with advances in hazard identification and risk ranking (Fig. 1). 

2.1. Hazard identification 

Within Quantitative Risk Assessment for both microbiological and 
chemical hazards, the processes of hazard characterisation, exposure 
assessment, and risk characterisation are generally carried out following 
a structured procedure and are well documented. However, the initial 
part of risk assessment, namely hazard identification, is often not 
following a structured procedure and is mainly based on expert judge-
ment, and considerations and decisions are not always well documented. 
Therefore, software prototypes can be developed to structurally identify 
hazards and rank the risks.4–6 

In order to be able to evaluate and rank all risks (both chemical and 
microbiological), it is crucial to start broadly to not miss potential 
hazards but also being able to select the most relevant ones for further 

Table 1 
List of priority infant food hazards targeted in SAFFI.  

Origin in the Food 
Chain 

Chemical or Microbial Hazard 

Production 
environment 

Persistant Organic Pollutants (including 
PolyChloroDibenzo-Dioxins/Furans (PCDD/Fs), 
PolyChloroBiphenyls (PCBs))  
Trace elements (As, Pb, Ni)  
Tropane alkaloids  
Mycotoxins  
Microbial pathogens* 
Per- and poly-fluoroalkyl substances (including 
PerFluoroOctanoic Acid (PFOA), PerFluoroOctane 
Sulfonate (PFOS)) 

Agricultural practices Pesticides  
Pathogens from plants, animals or soils* 

Industrial or domestic 
processes 

Process Induced Toxicants (Acrylamide, Furans, 
HydroxyMethylFurfural (HMF))  
Pathogens from processing plant environment*  
Mineral Oil (Mineral Oil Saturated Hydrocarbons (MOSH), 
Mineral Oil Aromatic Hydrocarbons (MOAH)), 

Packaging Bisphenols 
Phthalates 
Photoinitiators 

Storage Food contact material migrants (see packaging)  
Pathogens* 

*Pathogens include Salmonella, Cronobacter, Listeria monocytogenes, spore-
formers like Bacillus cereus and Clostridium botulinum. 
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risk characterisation. Hazard identification requires the creation of un-
derlying databases by collecting, aggregating, validating and analysing a 
wide range of available data. In the classical approaches of hazard 
identification these databases rely mainly on very specific, validated, 
defined but often limited data.4 Thanks to the development of data 
sciences, these databases can now be extended to very broad, generic 
and not always directly related big data in order not to miss potential 
hazard. In the project initially the most relevant hazards (both micro-
biological and chemical) generally in infant foods will be identified. As a 
next step, a procedure for the selection of the specific hazards from this 
list will be developed, based on the ingredients, process, and charac-
teristics of the specific food product. 

2.2. Risk ranking 

The hazard identification will generally result in a long list of haz-
ards, therefore a next step is risk ranking, to then reduce the list of 
hazards to the most relevant ones in order to carry out for these, further 
more detailed exposure assessment and hazard characterization.5 To 
rank both chemical and microbiological risk, the first possibility is to 
convert the probability of illness and /or number of cases into Disability 
Adjust Life Year (DALY); this has been done for instance with arsenic in 
water7 and Listeria monocytogenes in salmon.8 However, for some haz-
ards, particularly in the chemical field, it is difficult to go up to the 
probability of illness and number of cases while performing the risk 
assessment. 

Moreover, consumer perception and political judgements are often 
also driven by other aspects, and for example will weigh the severity 
even more than in the DALY and additionally having a fear/fright factor 
for aspects where the real risk is very low but fear high.9 Also, in certain 
cases, the public perception is more pronounced for one situation with 
100 related cases than a situation with 1000 disperse cases. DALY’s, but 
also other criteria as suggested by the FAO9 can be assessed and com-
bined in a multi-criteria decision approach (MCDA). These MCDA have 
been already used in food safety, for example to select effective health 
interventions.10 

3. Enhancement of infant diet quality with innovative food 
processing technologies 

Research can also help paediatricians a.o. by improving the overall 
quality of infant diet. One way is to propose new tools to enhance the 
effectiveness of food safety management options to better control the 
production process of infant food. Another way to improve the quality of 
infant diet may rely on the assessment of innovative food processing 
technologies which might advantageously replace classical preservation 
processes based on thermal treatments. 

3.1. Effectiveness of the food management options 

Validated hazard control options and risk mitigation strategies must 
be applied today all along the infant food supply chain, for the currently 
known hazards as well as for any emerging or new hazard derived from 
future events and developments. For this purpose, integrated ap-
proaches have to be developed enabling to prioritize and to design the 
most effective solutions combining control measures at critical points of 
the production process with up-to-date sampling and monitoring stra-
tegies along the food chain. This approach shall allow an efficient 
assurance of the food safety systems at both operational (including 
HACCP plans) and governmental level. 

3.2. Innovative preservation technologies 

As in the entire food industry, the infant food sector invests in the 
development of safer, fresher, healthier and more sustainable products 
with the implementation of new and emerging technologies like inno-
vative processing and preservation technologies. These new technolo-
gies could represent a very attractive alternative to classical thermal 
treatments, which are known to have negative impacts on several di-
mensions of the food quality, such as nutritional or sensory properties, 
but also chemical safety. Pulse combustion drying (PCD) has been 
proven to efficiently dry chemical and pharmaceutical products, its 
potential has been also pointed out for some food (e.g. eggs11) and it 
could be promising for the production of dried infant food (powdered 
infant formula and cereals). The emerging thermal radiofrequency (RD) 
technology and non-thermal high-pressure processing (HPP) can be 
targeted for the production of infant food (sterilised and pasteurised). 
Compared to classical processing and preservation processes based on 
heat-treatment, RD and HPP should better preserve freshness, nutri-
tional and sensory quality of infant food, while minimising the genera-
tion of process induced contaminants, assuring the microbiological 
safety standards and limiting environmental impact.12 

The assessment of these innovative processing technologies that can 
be suspected to be more beneficial for the organoleptic and nutritional 
properties, more energy-efficient and environmentally-friendly needs to 
be carried out through the quantification of their impact on the micro-
biological and chemical relevant hazards for infant food listed in Table 1 
(based on ANSES3; Bhunia et al.13; Mulder et al.14; Zwietering et al.15). It 
is necessary to check their preservation capacity towards pathogens in 
terms of growth, inhibition and inactivation but also to assess their 
impact on chemical food safety, given their potential influence on the 
fate of raw material contaminants,16 on the generation of 
process-induced toxicants17 and on the transfer of packaging migrants13 

(Fig. 2). 

Fig. 1. Stages in hazard identification: initial list of relevant hazards in infant food, identification of hazards in a specific food product and ranking of the risks. 
Results are relevant to guide further actions in the management of the risks. 
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4. Enhancement of the surveillance of chemical hazards 

Research can also help paediatricians through the development of 
analytical approaches in order to strengthen the surveillance of chemical 
hazard by both food safety authorities and infant food companies. To 
this end, two approaches based on both chemo- and bioanalytics can be 
undertaken. The first approach aims to improve the surveillance of 
known food chemical hazard while the second one deals with the dis-
covery of unknown and / or unsuspected toxicants. 

4.1. Strengthening the surveillance of known chemical hazard 

Due to the very low Maximum Limits (ML) of most priority con-
taminants (e.g. pg/g range for PolyChloroBiphenyls-PCBs), their current 
detection and monitoring revolves around high-performance validated 
methods capable of detecting and quantifying key toxic contaminants at 
targeted ML. However, these methods are often expensive and low- 
throughput, thus limiting frequency and scope of surveillance by food 
safety authorities and dissuading routine preventive monitoring by the 
industry. Two complementary high-throughput, sensitive and cost- 
effective targeted tools can be developed in order to improve the 
coverage and the efficiency of non-conformity detection by food safety 
authorities (top-down approach) and boost self-monitoring by the agri- 

food industry (bottom-up approach). 
The first solution aims to reinforce the top-down surveillance by 

Food Safety Authorities. Based on chemoanalytics techniques, it consists 
in cutting the cost and low throughput of up-to-date mass spectrometry 
based-methods suitable for the detection of known priority contami-
nants with sample pooling strategy.18 As shown in Fig. 3, pooling – also 
known as pool testing, group testing or pooled testing- means combining 
samples from several individuals or products and conducting one labo-
ratory test on the combined pool of samples to detect the targeted 
contaminant. The rising interest for this strategy over the past years19 

enabled to clarify its prerequisites in terms of contamination prevalence, 
analytical cost and sensitivity and it suggests that these application 
conditions match with the implementation of pooling for the detection 
of priority chemical hazards in food. The second solution aims to 
develop the self-monitoring by private companies. Based on bio-
analytics, it consists in implementing combinations of bioassays by 
coupling them to suitable extraction methods to modulate and refine 
bioassay selectivity.20–22 

4.2. Discovery of unsuspected/unknown chemical hazard in food 

Our knowledge of the chemical universe is very limited and most of 
the approximately 100,000 industrial chemicals that are in common use 

Fig. 2. Infant foods, classical and new/emerging processing technologies affecting the fate of chemical hazards and the behaviour of microbial pathogens.  

Fig. 3. Principle of the sample pooling strategy for the high-throughput detection of samples contaminated with a targeted chemical contaminant.  
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have undergone no or only limited safety testing only. This situation will 
improve significantly due to the REACH legislation, but still the majority 
of chemicals that surround us will remain untested. Recently, it has been 
recognized that contamination with unexpected food contaminants, 
both with known and unknown toxicity and often related to intended or 
unintended use of contaminated starting products (e.g. dioxin- or PCB- 
contaminated feed, melamine crisis, process-induced toxicants, pack-
aging migrants) is an issue of concern.23 Several of these contaminants 
will be picked up during routine screening in advanced quality control 
systems, but others (e.g. brominated dioxins, endocrine disruptors) may 
escape notice. Another complication is the fact that chemicals are pre-
sent typically in complex mixtures, and that mixture effects need 
consideration as well. For these reasons, SAFFI will particularly focus on 
non-targeted methods to explore unsuspected and unknown contami-
nants. A first option is the non-targeted acquisition mode applied 
through full scan mass spectrometry analysis which has to be completed 
with specific filters to highlight chemical contaminants of interest based 
on 1/ the chemistry of the compounds (particular signatures, e.g. hal-
ogens24) or 2/ the research of specific patterns with chemometric 
tools.25 Non-targeted approaches based only on chemo analytics would 
lead to limitation due to the complexity of the chemical universe, the 
lack of data on toxicity of most chemicals and the possibility of cocktail 
effects. A second option may consist in using bioassays to measure 
biological activity regardless of chemical structure, or prior knowledge. 
Bioassays, on the other hand cannot identify the chemical nature of 
individual compounds and a third option has to be considered. It will 
combine chemical and biological analytics using their complementary 
strengths and weaknesses in an effect-directed analysis (EDA)26 to 
identify unknown or unexpected chemical hazards. In such a system, 
effect-based bioassays can best be used for comprehensive screening 
purposes, while chemical analytics can best be used for identification of 
chemicals in positive samples. 

Despite EDA success in other fields like ecotoxicology, it has been 
hardly applied for contaminant discovery in food products until 
recently.27,28 Recent advances in bioanalytics, chemoanalytics and 
chemo/bioinformatics could definitely boost this approach and enable 
the discovery of relevant “emerging” chemical hazards in the coming 
years. 

5. Enhancement of microbial hazard characterization, detection 
and risk assessment 

Research may also help paediatricians by enhancing the microbial 
safety of infant food through the development of holistic approaches 
namely omic approaches (Fig. 4). These new omics approaches may 
enable to refine the prediction of the pathogen behaviour in the food 

environment by highlighting the characteristics of the microbiota which 
may restrain or enhance the development or the persistence of 
pathogens. 

Technological advances in DNA sequencing have resulted in a shift in 
the detection and monitoring of pathogens along food chains. Instead of 
only isolating pathogens from foods, microbiologists are also interested 
in capturing the bigger picture in which the pathogen is influenced by 
both the food environment and the other organisms present.29 While 
metataxonomics or amplicon sequencing provides a taxonomic 
description of the food microbial community, metagenomics or shot-gun 
sequencing provides an overview of its collective function and meta-
transcriptomics indicate the genes that are actively transcribed by the 
community at sampling time.30 In addition, recent works suggest that 
volatolomics may provide a promising alternative to more classical 
metabolomics platform to reveal significant changes in the metabolism 
of single culture31 or microbiota.32 Once integrated, this information 
provides an overview of microorganism associations and their metabolic 
and sense/response pathways within the food.33 

These approaches offer an additional advantage as they are non- 
targeted and they by-pass the culturing step that may not always 
recover the targeted microorganism from the food. In infant food, these 
meta-omics approaches can be used to 1/ detect target foodborne 
pathogens in foods and their distribution in time and space, 2/ highlight 
the characteristics of the microbiota which may restrain or enhance 
persistence of pathogens and 3/ explore the behaviour of the target 
pathogens in samples or processing conditions that are relevant for food 
safety and propose predictive models. In parallel, a culture-dependent 
approach can be applied, coupled to WGS to enhance tracing of micro-
bial hazards throughout the food chain and inferring associations with 
the microbiota or the environment.34 

6. Enhancement of infant food safety standards 

For raising food safety standards in the EU and China, the SAFFI 
project aims to develop decision support systems (DSS), recommenda-
tions and guidelines which are dedicated to be shared in Europe and 
China by food safety authorities and infant food companies for the 
management of safety risks all along the infant food chains. 

These integrated approaches consist in collecting, connecting and 
combining pertinent knowledge and data from 1/ the entire food chain, 
2/ the diversity of chemical and microbiological hazards, 3/ the 
different criteria contributing to risk ranking (including public health 
impact and perception impact), 4/ different sources of information 
(knowledge rules, structured databases and holistic data), 5/ different 
disciplines (risk assessment, food technology, toxicology, residue 
chemistry, predictive microbiology, paediatrics, data science, 

Fig. 4. Microbial communities’ studies through omics approaches for infant food microbial safety. Microbial communities can be investigated in a culture inde-
pendent manner, providing insights on microbial interactions and behaviour under “real” conditions. In parallel, a culture dependent approach may complement and 
integrate the findings of the omics applied directly in the samples. 
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knowledge engineering), 6/ different criteria (safety, economic, regu-
latory, perception), 7/ different actors including stakeholders and 
academia, and 8/ different cultures. 

Fig. 5 represents the integrative approach implemented in SAFFI 
which results in a project organisation that may be illustrated by an 
hourglass representing the broadness of the scope at the different steps. 
In the SAFFI strategy, hazard identification and risk ranking have to be 
as comprehensive as possible and this is the reason why corresponding 
DSS prototypes have to be developed with a broad scope that of being 
the whole infant food chain. The hazard identification and risk ranking 
procedures and related DSS prototypes have to be further applied and 
tested on a restricted scope to the four infant food chain defined as case 
studies, for demonstration purposes. The four case studies are first infant 
formula, sterilized vegetables with fish (or meat puree in China), infant 
cereals (infant dry noodles in China) and infant fruit puree. These same 
four case studies can then be used to develop innovative approaches and 
DSS prototypes for hazard control and mitigation together with a DSS 
module for detection of both chemical and microbial hazards. The 
different DSS prototypes or modules that are developed in SAFFI at the 
different steps of the risk management process are dedicated to be finally 
integrated to produce a single DSS which will further serve as a con-
ceptual framework for further application to other infant food chains 
and beyond, to other food chains. Findings, including data, procedures 
and models will also enable to develop recommendations and guidelines 
for all stakeholders involved in the food chain. 

7. Conclusion 

Besides enhancing the current systems by improving targeted 
detection and assessing innovative preservation technologies, the SAFFI 
project is implementing several approaches enabling a real paradigm 
shift compared to practices currently implemented by food safety au-
thorities and infant food companies: These cutting-edge approaches will 
more particularly focus on (i) enlarging the scope of food safety control 
to the wide range of unexpected or unknown chemical hazard that may 
occur in food and may pose a risk on consumers (ii) better predicting the 
behaviour and final assessment of the risk related to food-borne path-
ogens, (iii) refining hazard identification and risk-ranking to define the 
priority hazard to focus on. 

The different knowledge, tools, databases, procedures and models 
collected and developed by the project will be integrated in a user- 
friendly and upgradable decision support system (DSS) for 

identification, detection, ranking and control of hazards and risk 
assessment. This will enable the rapid adoption by the DSS target end- 
users, that are food safety authorities and infant food companies, and 
will allow to overcome the complexity and the diversity of food chains. 
Besides the integration tools provided by data science and knowledge 
engineering, SAFFI’s approach is multi-actor and interdisciplinary. 

To reach its scientific, technological, socioeconomic and regulatory 
objectives, SAFFI’s proof of concept will be exemplified on infant food 
chosen as model food chain. While hazard identification will deal with 
the infant food chain in its diversity, the case studies will focus on 
specific infant food products chosen to cover infant nutrition while 
encompassing very different hazards, ingredients, processing and con-
trol steps. 

In order to make sure that the outcomes of the project will be 
adequately demand-driven, food safety authority experts, paediatrics, 
infant food companies and technological SMEs are involved, besides 
academia, in the construction, planning, implementation and dissemi-
nation of the project. 

Finally, in order to create a frame to favour exchanges between the 
EU and China, SAFFI will set the basis to adapt food safety regulation, 
knowledge and practices through: 1/ EU-China co-construction of the 
project, structuration in two SAFFI mirror projects; 2/ training activities; 
3/ standard setting, including good control practices; 4/regulation 
convergence; 5/ joint dissemination events. SAFFI refers to existing 
European risk assessment authorities (EFSA) and considers tools (e.g. 
alert system for food and feed (RASFF), animal tracing system 
(TRACES), European pesticides database) and their Chinese 
counterparts. 
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15 Zwietering MH, Jacxsens L, Membré JM, Nauta M, Peterz M. Relevance of microbial 
finished product testing in food safety management. Food Control. 2016;60:31–43. 
https://doi.org/10.1016/j.foodcont.2015.07.002. 

16 Planche C, Ratel J, Blinet P, et al. Effects of pan cooking on micropollutants in meat. 
Food Chem. 2017;232:395–404. https://doi.org/10.1016/j.foodchem.2017.03.049. 

17 Meurillon M, Engel E. Mitigation strategies to reduce the impact of heterocyclic 
aromatic amines in proteinaceous foods. Trends Food Sci Technol. 2016;50:70–84. 
https://doi.org/10.1016/j.tifs.2016.01.007. 

18 Heffernan AL, Aylward LL, Toms LML, Sly PD, Macleod M, Mueller JF. Pooled 
biological specimens for human biomonitoring of environmental chemicals: 

opportunities and limitations. J Expo Sci Environ Epidemiol. 2014;24:225. https://doi. 
org/10.1038/jes.2013.76. 

19 Mallapaty S. The mathematical strategy that could transform coronavirus testing. 
Nature. 2020;583:504–505. https://doi.org/10.1038/d41586-020-02053-6. 

20 Van Vugt-Lussenburg B, Van der Burg B, Besselink H, Brouwer A, Steinberg P. DR 
CALUX®, a high-throughput screening assay for the detection of dioxin and dioxin-like 
compounds in food and feed. High Throughput Screening Methods in Toxicity Testing. 
New York: John Wiley and Sons, Inc.; 2013:546–553. edISBN 9781118065631. 

21 Pieterse B, Felzel E, Winter R, Van der Burg B, Brouwer A. PAH-CALUX, an optimized 
bioassay for carcinogenic hazard identification of polycyclic aromatic hydrocarbons 
(PAHs) as individual compounds and in complex mixtures. Environ Sci Technol. 2013; 
47:11651–11659. https://doi.org/10.1021/es403810w. 

22 Van Vugt-Lussenburg BMA, Van der Lee RB, Man HY, et al. Incorporation of 
metabolic enzymes to improve predictivity of reporter gene assay results for 
estrogenic and anti-androgenic activity. Reprod Toxicol. 2018;75:40–48. https://doi. 
org/10.1016/j.reprotox.2017.11.005. 

23 Van Asselt ED, Marvin HJP, Boon PE, et al. Chemical and Physical Hazards in the Dairy 
Chain. Wageningen, RIKILT Wageningen UR (University & Research Centre); 2016. 
RIKILT report 2016.003 https://library.wur.nl/WebQuery/wurpubs/fullte 
xt/447318. 
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A B S T R A C T   

To ensure foods are safe, food companies, food safety authorities, and governmental agencies work together to 
improve the control and prevent unwanted food contamination by either biological, chemical or physical agents, 
namely the hazards. Foodborne illnesses leading to diseases in humans are still frequently reported. To better 
protect infants and children from foodborne diseases, the SAFFI (Safe Food for Infant) project promoted by the 
European Union in collaboration with China, will develop an integrative approach to identify, assess, detect and 
mitigate risks associated with microbial hazards (MHs) and chemical hazards (CHs) in infant foods. 

The first stage to tackle this issue was to identify relevant hazards in infant foods. By collecting data from the 
literature, scientific reports, existing databases, and clinical studies and using these data to compile a list of 
relevant foodborne hazards. These hazards caused major foodborne outbreaks, frequently contaminated foods, 
have large public health impacts, and/or are dangerous to young children. 

After the initial identification of MHs and CHs in infant foods, we will prioritize the most relevant MHs or CHs 
present in specific food products and rank the risks associated with these hazards based on the probability of 
occurrence and severity of each hazard. Standardized and systematic hazard identification (HI) and risk ranking 
(RR) procedures will be developed and incorporated into HI and RR computational decision support tools that 
will serve to help food safety agencies, food companies, and risk assessors to identify and rank MHs and CHs in 
the entire infant food chain in Europe and China.   

1. Introduction 

Food is the basic nutrient source of life. Globally, a billion tonnes of 
primary crops are being produced,1 and in the last two decades, the 
production of different food commodities has increased about 40–100% 
(primary crops: 53%, meat: 44%, fruits: 43%, and vegetables: 56%)2 and 
may continue to increase in the years coming.3 This is attributed to the 
sharp increase in food demand due to the growing population worldwide 
and the increment in per capita income also facilitates a higher spending 
power in developed countries. Taking the Netherlands as an example, on 
average, one kilogram of food is consumed per person per day,4 and 
depending on the countries and personal habits, this number may even 
be higher. 

As large amounts of foods are being produced and consumed daily 

worldwide,2 and consumer’s increasing awareness of the health aspects 
and product qualities of foods (i.e. nutritional values, presence of 
chemicals, or biological agents),5 food safety from farm to fork is of 
crucial importance. Stimulated by the implementation of food law 
regulation (Regulation (EC) No 178/2002), there has been a continuing 
concerted effort from food companies and governmental agencies to 
monitor the quality and safety of foodstuffs. 

1.1. Food contamination and foodborne illnesses 

Despite the joined effort, cases of food contamination leading to 
human illnesses are still being reported frequently.6,7 These contami-
nants can either be biological agents like bacteria, viruses, or parasites, 
or be chemicals like environmental contaminants, processing-induced 
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compounds, agricultural products, veterinary drug residues, or physical 
objects like hairs, metals, plastics, glass, insects, or allergens that can 
trigger abnormal immune responses for a sensitive population.8 Foods 
contaminated with biological or chemical agents can lead to more than 
200 human diseases, either mild diseases like diarrhea or 
life-threatening diseases like cancer.9,10 

Foodborne outbreaks caused by biological or chemical contaminants 
lead to foodborne illnesses and result in a significant disease burden.11 

Examples of large foodborne outbreaks include: (1) fenugreek sprouts 
contaminated with Enterohemorrhagic Escherichia coli which killed 55 
people and made more than 3000 people fell ill in 201112; (2) polony 
processed meat contaminated with Listeria monocytogenes caused 216 
deaths and more than 1000 illness cases in 2018 and many other 
L. monocytogenes outbreaks13; and (3) a fraud of adulteration of infant 
milk powder with melamine resulting in at least 294,000 children fell ill, 
6 deaths and the hospitalization of 52,000 infants in 2008. After many 
years, these infants and children still suffer from renal damage (caused 
by urinary stone formation) and other long-term chronic effects.14,15 

1.2. Foodborne diseases and estimated burden in children 

In 2015, the World Health Organization (WHO) estimated that 
yearly, every 1 in 10 people fall ill due to consuming contaminated 
foods, and 420,000 lose their life due to foodborne illnesses.11 Children 
under the age of five have relatively a larger burden. Young children 
have a high risk of foodborne illness and also of more severe effects and 
account for 1 out of 3 deaths from foodborne diseases.11 This ratio is 
high when taking into consideration that children only make up about 
10% of the total world population.16 Therefore, it is important to 
strengthen food safety and ensure that foods that are fed to people 
particular infants or children are safe. This can be done by implementing 
systematic food safety management systems, like good hygiene practice 
(GHP) and good manufacturing practice (GMP), which are built further 
to the well-known Hazard Analysis Critical Control Point (HACCP) 
system.17,18 

1.3. Food safety management system to ensure safe food 

HACCP is a seven-principle science-based safety plan outlined to 
ensure the control of significant hazards in food businesses.19 In the 
context of food safety, a hazard is defined as a biological, chemical, or 
physical agent in food that has the potential to cause adverse health 
effects in humans. Risk is the probability and severity of the health ef-
fects that consumers face after being exposed to a hazard.20 

The first principle in HACCP is (1) hazard analysis, which is to collect 
and evaluate hazards identified in either raw materials, ingredients, 
environment, process, or foods to decide whether the identified hazards 
are significant. This is followed by (2) determining the critical control 
points (CCPs) to have essential measures to control significant hazards. 
The next step is (3) to establish validated critical limits for control 
measures set at CCPs and (4) to establish a system to monitor the control 
of CCPs. Following, when a deviation from the critical limit is observed 
at a CCP, (5) corrective actions are implemented, and (6) the HACCP 
plan is validated to confirm a working HACCP system. Lastly, (7) all 
procedures and records to the HACCP principles and their application 
are documented.19 

The HACCP system is widely accepted by governmental agencies, 
trade organizations, and food companies.19 It is implemented by food 
companies to establish the food safety goal, but there are also other 
systems to monitor food safety from farm to fork, starting from raw 
material production, procurement and handling, manufacturing, distri-
bution, to consumption at the end. For example at the farm level, good 
agricultural practices (GAP) are implemented. 

In addition, scientific evaluations of adverse effects caused by known 
biological or chemical hazards in various food commodities are also 
done to characterize the risk associated with the hazards and to give 

recommendations to control food safety. This process is called risk 
assessment and consists of 4 steps;  

1 Hazard identification; In this step, hazards that may be present in a 
specific food commodity in given situations, have the potential to 
survive food processing techniques, and may cause disease in 
humans are identified.19,21 This information is either collected based 
on scientific literature, surveillance/epidemiological data, existing 
expert knowledge, food analysis databases, or predefined knowledge 
of known pathogen/food associations,22 for example, Salmonella in 
eggs.  

2 Hazard characterization; In this step, the effects caused by hazards 
present in foods are evaluated, either based on qualitative data or 
quantitative data.19,21 The relationship between hazard exposure 
(route, level, prevalence) and consequences of exposures are derived 
from foodborne outbreak data associated with illness, physico-
chemical properties of hazards, hazard infectivity/virulence/ capa-
bility to produce toxins, toxicological studies, or human exposure 
studies22. Additionally, the immunological and physical statuses in 
humans of different age groups are considered, as the same hazard 
may have different effects for the young/-
old/pregnant/immunocompromised populations.  

3 Exposure assessment; is the stage in which the probability and 
quantity of hazard intake via foods are evaluated qualitatively or 
quantitatively, or exposures from other sources if relevant.19,21 The 
number of microorganisms or the amount of chemicals/toxins 
consumed by a population in selected foods is quantified and the 
exposure to humans is assessed.  

4 Lastly in risk characterization, based on the outcome of hazard 
characterization and exposure assessment, the probability of hazard 
occurrence and the severity of associated/potential adverse health 
effects caused by the hazard in a given population, including atten-
dant uncertainties are estimated.19 The risk of a specific hazard in 
foods is either expressed quantitatively with numerical outputs (e.g., 
annual illness incidence/100,000 population) or qualitatively with 
provided evidence and statements to show e.g. presence or absence 
of hazards.22 

Notably, steps 2 and 3 can be done in the reverse order or parallel in 
risk assessment. When biological agents are examined, it is referred to as 
microbial risk assessment, and when chemicals are evaluated, it is 
referred to as chemical risk assessment. 

2. Monitoring microbial and chemical hazards in foods 

In Europe, different parties and local food safety authorities of each 
member state govern food safety. The European Food Safety Authority 
(EFSA) conducts scientific evaluations and risk assessments, the Euro-
pean Commission (EC) acts as the risk manager, and the Rapid Alert 
System for Food and Feed (RASFF) allows rapid sharing of information 
related to food safety between all member states whenever necessary.23 

RASFF provides notification concerning human health deriving from 
foods between the member states, EFSA, and the EC. EFSA analyzes the 
notification contents, conducts risk analysis and assessment, and com-
municates the scientific evaluation and technical information to the EC 
and other member states.23 Each member state takes appropriate man-
agement control, reports food safety issues directly to EC, notifies RASFF 
when a foodborne hazard is encountered and is of international rele-
vance, and provides foodborne outbreak data to the European Centre for 
Disease Prevention and Control (ECDC). 

Annually, these authorities publish monitoring reports on detected 
foodborne hazards in different food categories, the total number of 
foodborne outbreaks caused by these hazards, their association with 
reported human diseases, and public health impacts (e.g. illness, hos-
pitalization, and deaths).6,24,25 These data are passed on to the Inter-
national Food Safety Authorities Network (INFOSAN), managed jointly 
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by WHO and the Food and Agriculture Organization (FAO). INFOSAN 
integrates the collected information gathered worldwide, conducts their 
evaluations, and also publishes estimations on the global burden of 
foodborne diseases and reports on corresponding foodborne hazards. 
Among all foodborne hazards, microbial hazards (MHs) and chemical 
hazards (CHs) are the main focuses in food safety.11,26 

2.1. Microbial hazards 

MHs can easily contaminate raw material, food products during 
processing (via contact surfaces or food handlers), or the end products 
because they are ubiquitous in the air, water, soil, animal, and 
humans.8,27 Pathogenic MHs include bacteria, viruses, toxin-producing 
molds, and parasites. The difference in their physiologies accounts for 
aberrations in terms of epidemiology, virulence, and host associa-
tion.28,29 Therefore, surveillance and control of these MHs are chal-
lenging. While viruses and parasites cannot increase in foods, they are 
infectious. For some viruses (e.g., norovirus), ingesting just 1–10 virus 
particles is enough to cause illness in humans,30,31 especially for young 
children as their immune systems are not fully developed.32 For certain 
pathogenic organisms, a high number of cells need to be ingested to have 
a relevant probability of disease. However, given the right conditions, 
the outgrowth of pathogenic bacteria in foods is feasible and certain 
species can then also produce harmful toxins in the food or upon 
ingestion that hamper human health.9 In the current legislation, pre-
sence/absence testing is laid down for some MHs, while other MHs are 
accepted to a certain level. 

2.2. Chemical hazards 

CHs are small or high molecular weight compounds that can be 
naturally present in the environment or manmade for specific pur-
poses.33,34 Their possible impact on human health is based on their 
physicochemical characteristics, exposure pathways (dermal, oral, or 
inhalation), and toxicological properties. Depending on their properties, 
they can contaminate food products at different levels. There are 
different families of CHs such as substances migrating from food contact 
materials, persistent organic pollutants (POPs), and naturally occurring 
substances such as marine biotoxins, mycotoxins, or trace elements and 
metals. Some chemical hazards (e.g., perfluoroalkyl substances or pol-
ychlorinated dibenzodioxins and dibenzofurans (PCDD/F)) can 
contaminate the soil, biomagnify in the trophic chain and bioaccumulate 
in the organism after consumption of food.35,36 In 2001, The Stockholm 
convention determined some persistent organic pollutants that are 
closely monitored in Europe.37 Another category of CHs, heat-induced 
contaminants such as furan, is produced at significant concentrations 
during thermal food processing and is associated with DNA damage and 
cancer.38 

3. Safe food for infants (SAFFI) in the EU and China 

To achieve the goal of reducing foodborne incidents in infants and 
children in the EU and China, an EU research project funded by Horizon 
Europe 2020, SAFFI (Safe Food or Infants in the EU and China) has been 
initiated, and the project group consists of 20 partners from different 
sectors i.e. academia, food safety authorities, infant food companies, 
paediatrics, technological and data-science companies. 

3.1. SAFFI objective and approaches 

The main objective of SAFFI is to develop an integrative approach to 
identify, assess, detect and mitigate risks associated with MHs and CHs 
for infants and children (< age of 3) in the EU and China. The first sub- 
objective is the identification of hazards (similar to the first stage 
“hazard analysis” of HACCP and the first stage “hazard identification” of 
risk assessment). The specific ambition behind this project is to establish 

generic and standard procedures for hazard identification (HI) and risk 
ranking (RR) within the infant food chain, which will be achieved by the 
three-steps data-driven approach. 

Firstly, data concerning MHs and CHs are collected based on litera-
ture, official reports published by governmental agencies, existing da-
tabases, clinical studies, and expert knowledge. These data are used to 
compile a list of relevant MHs and CHs that have the potential to be 
present in the food chain and cause adverse health effects to young 
children. 

Secondly, the collected data are assembled and stored in structural 
databases that contain information like survival of MHs at different pH, 
temperatures, production of harmful toxins, or types of CHs generated 
during food processing procedures, etc. These specific pieces of infor-
mation, namely the knowledge rules of the hazards, are prerequisites to 
understanding their relevant threat in a food product. Concomitantly, 
procedures for hazard identification are devised, which includes a sec-
ond step to prioritize the hazards that are relevant for a specific food 
commodity. For MHs, this HI is based on the knowledge rules of selected 
organisms, i.e. the prevalence of an organism in a food commodity, 
survival during/after processing, and its growth opportunity in the 
specific food product. For CHs, HI is based on the knowledge rules of the 
hazards, i.e. the relevance in relation to the ingredients, processing 
conditions, and packaging materials. These devised generic procedures 
will serve to create a computational hazard identification decision 
support system (HI-DSS) (Fig. 1). 

Lastly, the risk of the prioritized hazards associated with a food 
commodity will be evaluated, and similarly, procedures for risk ranking 
will be devised and a computational Risk Ranking Decision Support 
System (RR-DSS) will be constructed (Fig. 1). The HI-DSS and RR-DSS 
will be made flexible to easily incorporate newly acquired data in the 
future. The two DSS systems will be tested and validated with four case 
studies that represent four types of infant food products (powder infant 
formula, vegetable puree, infant cereals, and fresh fruit puree). These 
validated tools with integrated databases, procedures, and methods can 
be used by food safety agencies, food companies, and risk assessors to 
facilitate the assessment of either microbial or chemical risks in the in-
fant food chain (see Fig. 1). Moreover, the data-driven approaches 
developed for infant food chains are also a conceptual, generic frame-
work that can be modified and extrapolated for HI and RR in other food 
products in the future. 

4. Hazard identification for microbial and chemical risks within 
infant food chains 

4.1. Four important sources used for microbial hazards (MHs) 
identification 

MHs in food products, with a special focus on infants and toddlers up 
to the age of 3 can be derived from public health databases, outbreak 
data, scientific literature, and expert knowledge. To obtain a list of 
relevant foodborne MHs in SAFFI, four different sources: (1) Outbreak 
data; (2) Recalled Foods; (3) public health impact; and (4) Expert 
knowledge of each MH were considered (see Fig. 2). 

4.1.1. Foodborne outbreaks 
Firstly, the occurrence and prevalence of MHs causing foodborne 

outbreaks in Europe were examined based on the data published in the 
most recent EFSA Zoonoses reports.6 A total of 24 MHs associated with 
major foodborne outbreaks in Europe was found. 

4.1.2. Recalled foods due to pathogen contamination 
Secondly, ~3500 serious alerts on foodborne pathogens, microor-

ganisms, and parasites reported in the period from 1998-2021 in foods 
were analyzed and causative agents for each alert were manually 
defined.25,39 Non-pathogenic organisms were excluded, giving rise to 35 
MHs that caused either destruction, retraction, or withdrawal of foods 
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from the market. 

4.1.3. Public health impact in EU and globally 
Thirdly, foodborne MHs that possessed large health impacts for 

humans in Europe were listed based on epidemiological reports. ECDC 
reported 22 foodborne MHs associated with human diseases,24 the 
Dutch Institute for Public Health and the Environment (RIVM) showed 
14 major MHs with large disease burden,40 and WHO reported 15 MHs 
leading to major foodborne illnesses in Europe.41 Moreover, the global 
public health impacts of MHs were also determined based on the MH 
health impact reports in the United States and worldwide. 31 pathogens 
were causing major foodborne diseases in the United States,29 among 
these, 14 were estimated to have the largest overall disease burden.42 

Globally, 28 MHs are the main culprits of foodborne illnesses/death, and 
WHO also published 20 MHs that caused illnesses in children < 5 
years.32 

4.1.4. Expert knowledge 
Other than that, some MHs usually do not cause major foodborne 

outbreaks, and neither are detected frequently in foods and do not have 
a large public health impact, but can still be a serious threat for infants 
and children. One such example would be the Cronobacter species. 
Therefore, expert knowledge was also taken as one of the important 
sources to identify relevant MHs for the young susceptible group. 

All MHs identified in the above-mentioned reports were combined, 
and duplicates were removed. The occurrence of each MH in the reports 

Fig. 1. General approaches of SAFFI and conceptual framework for hazard identification and risk ranking in the entire infant food chain.  

Fig. 2. Four important sources used for microbial and chemical hazards identification.  
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was counted. Based on this, a list of 64 MHs that either cause major 
foodborne outbreaks, have relevant public health impacts, are 
frequently detected in foodstuffs, and are threatening to infants/chil-
dren are identified. MHs that were reported in > 1 report were short-
listed, resulting in a total of 32 prioritized MHs, which include 18 
bacteria, 6 parasites, 6 viruses, and 2 protozoa (Fig. 3). The identified 32 
MHs are the most relevant hazards, after which a further prioritization 
has to be made by evaluating the food/process association for each of 
these MHs. 

4.2. Four important aspects for chemical hazards (CHs) identification 

Dietary exposure assessment reports are a major source for chemical 
hazard identification. When assessments of a risk associated with 
chemical hazards in food for a population are required, it is important to 
have representative contamination data. One of the most efficient 
methods to obtain this data is conducting a Total Diet Study (TDS). 
Indeed, contamination data and exposure calculations present in TDS 
reports give insight into the occurrence and contamination level of CHs 
in food products as consumed and representative of the whole diet. 
These reports can be found on food safety agencies’ websites or scientific 
databases such as PubMed or Scopus. 

Occurrence, exposure, adverse effects, and expert knowledge were 
the four important aspects considered to identify chemical hazards 
(Fig. 2). 

4.2.1. Occurrence of chemicals in infant foods 
When considering CHs, different types of data are needed. First, 

occurrence data provide information about the presence and the con-
centration of CHs in specific food matrices. From birth to the age of 
three, the diets of infants and toddlers become more and more diverse, 
going from a milk-based diet to a broader diet by introducing common 
foods. Infant food can be contaminated at every stage of food production 
from the raw materials to the consumed products. TDS are interna-
tionally recognized as efficient tools to have an overview of the 
contamination of food prepared as consumed and on which analyses are 
conducted to measure concentrations of CHs.43 In 2011, the French 
Agency for Food, Environmental, and Occupational Health & Safety 
conducted an infant Total Diet Study (iTDS) with a list of 700 substances 
or groups of substances.44 The global detection rate for each hazard 
listed in the iTDS was used to select the most relevant hazards present in 
infant foods. To complete the list of chemical hazards, searches in da-
tabases such as PubMed and Scopus were conducted to find occurrence 

data about the presence of some contaminants in infant food. Data from 
previous or recent assessments from EFSA were retrieved as well. 

4.2.2. Exposure to chemicals in infant foods 
In the iTDS, dietary exposure was assessed for 500 out of the 700 

chemicals or groups of chemical hazards. Dietary exposure values for 
each age class from 1–4 to 13–36 months are obtained by combining 
food contamination data, food consumption data, and body weight. 
Based on these parameters, foods that contributed the most to the 
exposure were identified for each selected hazard when available. For 
most of the substances, the risk for infants and toddlers was negligible 
however for some chemicals such as acrylamide, furan, inorganic 
arsenic, and lead, the risk could not be excluded.45,46 

4.2.3. Adverse health effects in the EU and globally 
CHs in food can be associated with several adverse health effects. 

Knowledge of these effects is available from long-term toxicity studies 
conducted in animals or from epidemiological data. For this project, 
health-based guidance values (Tolerable Daily or Weekly intake) and 
toxicological references points (No Observed Adverse Effect Level or 
Benchmark dose limit) were identified in reports from different safety 
agencies or expert committees such as EFSA, Joint FAO/WHO Expert 
Committee on Food Additives (JECFA), Joint FAO/WHO Meeting on 
Pesticide Residues (JMPR), or WHO. 

4.2.4. Expert knowledge 
Some CHs were selected for the project even when they were not 

detected in infant food products in the iTDS, because of the severity of 
their adverse effects on humans, or when there were concerns in the 
available literature about the safety of their use. Some chemical hazards 
for which no health-based guidance value nor toxicological reference 
point have been established were also included. For example, emerging 
mycotoxins can be relevant because of the growing impact on climate 
change and identified effects in vitro.47,48 

Based on the iTDS results and available literature, a list of 101 
chemical hazards or groups of chemical hazards from 9 families has been 
established. One phytoestrogen, 11 substances migrating from food 
contact materials, 18 trace elements and metals, 28 persistent organic 
pollutants, 17 pesticide residues, 15 mycotoxins, 6 heat-induced com-
pounds, 2 ionic compounds, and 3 food additives have been selected 
(Fig. 3). 

The 32 MHs and 9 families of CHs were identified to be the most 
relevant hazards in infant food products, and in the following step, 

Fig. 3. Relevant microbial and chemical hazards identified in the infant food chain.  
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hazards will be prioritized for a specific food commodity as described in 
Section 3.1. 

5. Criteria used in risk ranking 

Following the initial identification of the most relevant MHs and CHs 
in infant food products, and subsequently, in specific food commodities, 
the risk of these hazards will be ranked systematically. For that, the 
probability of hazard occurrence/exposure and the severity of hazards 
associated with potential adverse health effects in infants and children 
will be estimated using selected criteria. 

For the risk ranking of MHs, the severity of each MH will be esti-
mated based on the disability adjusted life years (DALY) per case, and 
the probability of occurrence of each MH will be estimated based on 
hazard-food characteristics and hazard-food association strength. 
Hazard-food characteristics are determined using different elements, 
namely, growth opportunity of a hazard in a given food, processing ef-
fect on hazards, recontamination possibility of hazards, post-processing 
control of hazards, and the effect of meal preparation. Hazard-food as-
sociation strengths are determined using the evidence of hazard-food 
alerts, hazard-food outbreaks, hazard-food prevalence, and food con-
sumption data. For the risk ranking of CHs, the severity of each CH will 
be estimated based on the different toxic effects that a CH possesses, as 
described in ANSES.49 The probability/likelihood of occurrence of each 
CH will be estimated based on the percentage of contribution to the total 
exposure as well as the corresponding percentage of the health-based 
guidance value. 

6. Conclusion and future perspectives 

In conclusion, 32 MHs consisting of bacteria, viruses, parasites, and 
protozoa and 9 families of CHs consisting of persistent organic pollut-
ants, trace elements and metals, pesticides residues, mycotoxins, sub-
stances migrating from food contact materials, heat-induced 
compounds, phytoestrogen, ionic compounds, and food additives are 
identified to be the most relevant hazards in the food chain that can be 
dangerous for young children. In the next step, the identified MHs and 
CHs are prioritized for specific infant foods. These step-wise procedures 
will be implemented in the HI-DSS computational tool to identify MHs 
or CHs present in a specific infant food product. In a following up step, 
the risks of these prioritized MHs and CHs in infant foods will be eval-
uated using a structured risk-ranking approach, which takes into ac-
count the severity and probability of occurrence of each MH and CH 
mentioned above. Similarly, procedures for risk ranking will be devised 
and implemented in an RR-DSS computational tool. 

The HI-DSS and RR-DSS tools will be validated using four case 
studies in following-up works and will be integrated and harmonized 
with the data obtained from the SAFFI mirror project in China. Together, 
these tools will be useful for food safety agencies, food companies, and 
risk assessors to identify and rank MHs and CHs in the entire infant food 
chain in Europe and China, and improve the control of these MHs and 
CHs. 
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A B S T R A C T   

Microbial safety of infant food is a priority for food producers, regulatory authorities and consumers. Infant food 
is destined to a particularly sensitive section of the population that is more susceptible to foodborne diseases if 
compared to the general population. Preventive approaches are applied during production and commercializa-
tion that rely on the principles of Hazard Analysis Critical Control Points and on Good Hygiene Practices to 
guarantee food safety. Nevertheless, microbial safety hazards in infant foods still pose a public health risk. With 
the purpose of better understanding why and how pathogenic microorganisms contaminate infant food, an 
approach that integrates omics methods is here proposed and reviewed. Omics approaches are employed to study 
the microbial ecology of foods, to investigate the interactions of microorganisms within an ecosystem and to 
delineate the behavior of microorganisms during food processing.   

1. Introduction 

Food industry and regulatory authorities strive to provide safe foods 
to the consumer. When infant food is concerned, there is an inherent 
increased concern and care in all the steps involved in the production, 
given the nature and sensitivity of the final consumer. With the term 
infant food, a diverse group of food commodities is intended, and such 
diversity has increased in recent years to respond to the desire of con-
sumers in terms of nutritional characteristics, convenience of use, 
environmental sustainability, ethical aspects of the products. However, 
the core of infant food is composed of Infant formulae and follow on 
formulae and is intended for children below the age of 12 months. The 
distinction between the two is that infant formulae serve as sole source 
of nutrition or integrate breast feeding in infants, while follow on 
formulae are designed and intended to be used during the weaning 
period, in combination with other foods. A common characteristic of 
these two types of foods is that they are dehydrated. This characteristic 
implicates that the products cannot be sterilized and therefore low levels 
of microorganisms are potentially present. When pathogenic microor-
ganisms are present, a foodborne disease may develop following inges-
tion of the contaminated product. In fact, infant formulae and to a lesser 
extend follow-on formulae have been implicated in outbreaks of 

foodborne disease in infants. Therefore, the microbiological safety of 
infant food and specifically powdered formulae is of outmost impor-
tance to reduce the risk to public health. This review aims at discussing 
the current status regarding microbial safety of infant food, with 
particular emphasis, on powdered infant food, and at presenting the 
approach employed within the SAFFI EU-China project that has as a 
purpose to further enhance the already high level of safety of infant 
foods providing knowledge and tools to both industry and regulatory 
authorities. 

2. Characteristics of powdered formulae 

The microbiological stability at room temperature, of infant food 
powders (most commonly milk-based and cereal-based), relies on the 
low water activity (aw).1,2 In fact, in such products aw is usually in the 
range of 0.3-0.6 and in any case, it is below 0.8-0.82 that is considered 
the lowest limit permissive for growth of foodborne pathogens. How-
ever, the products are not sterile and may contain low concentrations of 
microorganisms.3 The characteristics of the powdered formulae do not 
allow a processing step that could eliminate/reduce the microbial load 
of the final product or remove potentially pathogenic microorganisms. 
Indeed, powdered infant formulae have been involved in sporadic cases 
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or outbreaks of foodborne disease, following ingestion of a contami-
nated product. Epidemiological investigations have highlighted the 
importance of the procedures of reconstitution of the powdered formula 
(by water addition and concomitant increase of the aw) and subse-
quently, the conditions (temperature, time) of storage of the ready to 
use, reconstituted product. Water addition leads to aw conditions 
favorable for growth of microorganisms. If the product is not immedi-
ately consumed or is not stored at refrigeration temperature, then cell 
proliferation occurs leading to increase in the microbial load. Ingestion 
of such product represents a high risk for disease development in the 
consumer. 

The infant food formula production process involves some common 
steps that are: mixing of ingredients (that may have been subjected 
previously to a microbiocidal treatment), homogenization, drying, 
packaging. Two types of procedure may be employed for the production: 
the wet and the dry method. In the wet procedure, the mixing and ho-
mogenization take place first, followed by drying and packaging. In the 
dry procedure, the ingredients are first dried and then mixing and 
packaging take place. Microorganisms that can be detected in the final 
product may originate either in the ingredients employed or in the plant 
production environment. Contamination from the environment needs to 
be reduced to the minimum since there will be no microbiocidal treat-
ment prior to the packaging and consumption of the product. Thus, 
Good Hygiene Practices (GHP) during manufacturing become indis-
pensable to guarantee the microbiological safety of the final product. 
Furthermore, GHP during preparation and use of powdered formulae are 
equally important, particularly in health care facilities where large 
quantities of infant food may need to be prepared and possibly stored to 
satisfy the various needs of neonates (Fig. 1).4 

3. Pathogens of concern in powdered infant formulae 

The large scale of production of infant formula and follow-on 
formulae, both distributed worldwide, and the relatively low number 
of infections in infants indicates that the products are normally safe.5 

Nonetheless, issues relating to enteric and foodborne diseases are of 

particular relevance to paediatricians because the age-specific incidence 
rates for many of the most commonly reported enteric and foodborne 
pathogens are highest among infants and young children.6 Sporadic 
cases or foodborne outbreaks due to consumption of contaminated in-
fant formula are occasionally reported worldwide.3 Clear evidence of 
causality links two pathogens, namely Cronobacter sakazakii (formerly 
Enterobacter sakazakii) and Salmonella enterica with illness in infants. 
Infant formula, contaminated with these two microorganisms has been 
proven epidemiologically and microbiologically to be responsible for 
infection in infants. 

Infections by C. sakazakii mainly concern neonates, pre-term, un-
derweight or immunocompromised infants and symptoms range from 
severe diarrhea to systemic infections, necrotizing enterocolitis, sepsis, 
meningitis. The mortality rate may be as high as 50% or may lead to 
serious, long term neurological complications (sequelae) (cdc.gov./ 
cronobacter/technical.html). The habitat of C. sakazakii has not yet been 
identified. It has been consistently reported that contamination takes 
place from the environment, within the food production plant. For this 
reason, particular emphasis is placed in the prevention of such 
contamination through good manufacturing practices and good hygiene 
practices. 

S. enterica is a well- recognized foodborne pathogen, affecting con-
sumers of all ages and traditionally associated with food products of 
animal origin. In recent years, it is increasingly being connected to 
foodborne outbreaks due to consumption of foods of plant origin. 
Several outbreaks of salmonellosis have been traced to dried milk 
products and research has shown that failures in the production or 
presence of Salmonella in zones that are difficult to maintain clean were 
responsible for the contamination.5 In infants, salmonellosis is man-
ifested as gastroenteritis, but when it is invasive (extra-intestinal) it may 
lead to serious complications including bacteremia, arthritis, osteomy-
elitis, fatal meningitis.7,8 

Other pathogenic microorganisms that may contaminate powder 
infant formula and are known to cause disease to humans mainly belong 
to the family Enterobacteriaceae. However, in contrast to the two path-
ogens described above, the epidemiological and microbiological evi-
dences do not support a clear connection between consumption of infant 
food and infection caused by members of the genera Klebsiella, Cit-
robacter, Hafnia.3 Similarly, for sporeformers Bacillus cereus, Clostridium 
perfringens and Clostridium botulinum no causal relation has been iden-
tified. B. cereus is a known enteropathogen that causes intoxication, with 
emesis as the most common symptom or infection, with diarrhea as most 
common symptom. Intoxication and/or infection disease due to B. cereus 
usually develop sporadically and do not cause outbreaks. Low level 
contamination of infant formulae is to be expected, mainly due to the 
heat resistant endospores that persist in the final product.9,10 Staphylo-
coccus aureus and Listeria monocytogenes are two additional foodborne 
pathogens of concern that may cause intoxication and infection 
respectively in infants but are not considered common contaminants of 
powdered infant formulae. Nevertheless, L. monocytogenes is an ubiq-
uitous microorganism that may potentially contaminate a diverse array 
of raw materials. In addition, both L. monocytogenes and S. aureus may be 
involved in secondary contamination of food products.11 

4. Food safety management systems and microbiological criteria 

In order to satisfy the high food safety standards requested by 
modern consumers and importantly to protect consumer health from 
hazards that may be transmitted with food, the food industry employs 
science-based, preventive approaches to produce and commercialize 
foodstuffs. The food industry today cannot rely on end-product testing to 
guarantee food safety. End-product testing is impracticable, considering 
the amounts of foods produced and the extend of globalization of the 
food market. More importantly, it is inefficient in identifying food safety 
breaches that could occur during food production. Therefore, the food 
industry and competent authorities/regulatory bodies have adopted a 

Fig. 1. Basic good hygiene practices for the preparation of infant food from 
powdered formula (for more information see4). 
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risk-based approach to food safety that essentially follows the principles 
of Hazard Analysis Critical Control Points (HACCP). Hazards (chemical, 
biological and physical) that may potentially occur during food pro-
duction (at any stage of the food chain) are identified and appropriate 
control measures are put into place to limit or prevent occurrence of the 
hazard. In parallel, procedures are foreseen that are intended to verify 
that the HACCP system is working effectively and that the potential 
hazards are controlled, resulting in a safe product.12 Intrinsically 
intertwined with the HACCP system are the Good Hygiene Practices 
(GHP). These are all the fundamental measures and conditions applied 
at any step within the food chain to provide safe and suitable food.13 

Microbiological analysis of foodstuffs to verify the efficacy of all the 
procedures aiming at producing safe foods is advisable. In this context, 
microbiological criteria that are either used to distinguish safe/unsafe 
foods or are used to highlight the correct/problematic functioning of the 
production process have been defined. For foods prepared and 
commercialized in Europe, EU legislation 1441/2007 defines such 
criteria (Table 1). 

5. Bias of traditional microbiological analysis – bias of 
cultivation step 

Traditional microbiological analyses that rely on the use of culture 
media have been fundamental in detecting and studying microorgan-
isms in foods. Nevertheless, they present inherent limitations (Fig. 2). 
Such analytical approach is culture-dependent and by default, may only 
reveal the presence of microorganisms that at the moment of analysis 
have the ability to proliferate in synthetic microbiological media. 
However, under certain conditions, usually conditions of stress, micro-
bial cells may be alive but not able to proliferate. This condition is 
termed Viable Not Culturable State (VBNC) and it is possible that during 
food production, microorganisms encounter stressful conditions that 
prompt the entrance in the VBNC state.16,17 Also, the composition of the 
medium, and overall the growth conditions, need to be permissive to 
growth for a given microorganism. If the conditions are not permissive 
to growth (for example when an essential nutrient is missing) for a 
specific microbial group, then the result of the analysis will be a false 
negative (the microorganism is present in the sample, but is not detected 
by the method employed). Further, it should be mentioned that when 
various microbial groups are present in the sample at concentrations 
that diverge, only the most abundant populations will be detected unless 

appropriate selective conditions are imposed during the culturing pro-
cedure. Evidently, the culture-dependent detection of microorganisms is 
biased and may result in a distorted view of the microbial ecology of a 
given sample being analyzed.18,19 

When performing a microbiological analysis, the aim is to detect 
(and/or enumerate) one or more of the microbial groups that are present 
in a sample. Oftentimes, microbiologists are also interested in expanding 
their objectives and they pursue a more detailed description of the mi-
crobial ecology of the sample by isolating microorganisms and studying 
them in greater detail to understand their role in a specific ecosystem. 
This is traditionally performed using pure cultures of microorganisms. 
More specifically, a microorganism, isolated from the rest of the mi-
crobial community, is subjected to various tests with the purpose of 
obtaining detailed information regarding its behavior. The ability to 
utilize different substrates (carbon and nitrogen sources), the velocity of 
growth at different pH, aw or temperature conditions, the resistance to 
antimicrobial compounds, tolerance to growth limiting substances are 

Table 1 
Microbiological criteria in powdered formulae (based on EU regulation 2073/2005, 1441/200714,15)  

Food Safety Criteria; they define the acceptability of a food product or a batch and they apply for products on the market. Food business operators (FBO) have to comply with them and 
the testing for these criteria can be used for the verification of the HACCP and GHP procedures. Competent authorities may also sample and test for these criteria in the context of 
verification of compliance of food business operators. 
Food category Microorganism n (number of 

sampling units to 
be analyzed) 

c (number of units 
that may overcome 
the limit) 

m (limit) Actions 

Dried follow-on formulae Salmonella 30 0 Absence in 
25 g 

In case of unsatisfactory results, the food product is 
removed/recalled from the market and the FBO should 
investigate the reasons that led to the unsatisfactory 
result, eventually modifying the food safety procedures 

Dried infant formulae and dried 
dietary foods for special medical 
purposes intended for infants below 
six months of age 

Cronobacter 
sakazakii 

30 0 Absence in 
10 g  

Process Hygiene Criteria; they indicate the acceptable functioning of the production process and they do not apply to products on the market. Food business operators use such 
criteria to monitor the production process and employ corrective actions if unsatisfactory results are obtained. 
Food category Microorganism n (number of 

sampling units to 
be analyzed) 

c (number of units 
that may overcome 
the limit) 

m (limit) Actions 

Dried infant formulae and dried dietary 
foods for special medical purposes 
intended for infants below six months 
of age 

Enterobacteriaceae 10 0 Absence in 
10 g 

In case of unsatisfactory results, corrective actions 
need to be taken, including improvement in 
production hygiene to minimize contamination 

Dried follow-on formulae Enterobacteriaceae 5 0 Absence in 
10 g  

Fig. 2. Possible outcomes of a microbiological analysis, based on cultivation, of 
a contaminated sample. a. No microorganism detected; (i) the target microor-
ganism was present in the sample in a VBNC state, (ii) prior knowledge 
regarding the contamination was not informative and the media used not 
appropriate for the detection of the contaminating microorganisms. b. Detec-
tion of part of the microbiota contaminating the sample; a dominant microbial 
population conceals minor populations. In both cases, the potential safety risk 
for the consumer is underestimated. c. The result of the analysis reflects the 
actual contamination of the sample. 
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some examples of physiological tests that are helpful in understanding 
the behavior of a microorganism. This information is then extrapolated 
to predict how the same microorganism would behave in a real food. 
There is however a fundamental difference between the experiments 
performed in vitro and the actual food. The food (at any stage of the food 
chain) is a complex ecosystem in which biotic and abiotic factors in-
fluence each member of the microbial community. Importantly, in the 
food, the different microbial groups interact in various ways and such 
interactions eventually affect the population dynamics and the survival 
or disappearance during food processing. Interactions among microbial 
groups and with the surrounding environment (i.e. the food or the 
processing plant) cannot be captured when performing experiments in 
vitro and in pure culture.20 

Foodborne pathogens, if present in a food usually consist in a minor 
population of the entire microbiota. For this reason, enrichment ap-
proaches are necessarily employed. Through enrichment, an effort is 
made to increase the concentration of the target microorganism. Usu-
ally, this is achieved by using selective agents that should inhibit the 
competing microbiota. Such approaches are known to differentially in-
fluence microorganisms and therefore the outcome of the analysis may 
be altered when compared to the actual situation in the food at the 
moment of sampling.20 

6. Contribution of omics in food microbiology 

Already in the late 90’s the limitations described above had been 
recognized through the application of analytical approaches that bypass 
the cultivation step and rely on detection of genetic material that can be 
robustly associated with the presence of a given microorganism in a 
sample. These approaches are collectively termed culture-independent 
approaches and have been instrumental in the detailed study of the 
microbial ecology of foods, with particular emphasis on fermented 
foods.21 Fingerprinting techniques, particularly the Denaturing Gradient 

Gel Electrophoresis (DGGE), allowed for the first time the direct analysis 
of nucleic acids extracted from food samples capturing the complexity of 
the microbial ecology without the bias of the cultivation step.22 

The application of DGGE in food analysis paved the way for the use of 
other culture-independent techniques. The evolution in the DNA 
sequencing technology and the introduction of Next Generation 
Sequencing (NGS) in microbiological analysis further improved the 
detection and description of microbial communities in foods. NGS is a 
massively parallel sequencing technology that generates millions of 
sequencing reads. The sequencing reads are then processed and offer 
taxonomic or functional information (Fig. 3). 

The NGS technology may be applied to DNA originating from a food 
sample to study the microbial communities. In amplicon sequencing or 
metabarcoding (also metataxonomics), a PCR step precedes the 
sequencing. A genomic region that is present in all members of the 
community is amplified in multiple copies and then sequenced. Usually, 
the target to aplify is chosen based on the taxonomic information it may 
provide. Commonly, genes that encode for ribosomal RNA molecules are 
targeted. In this way, potentially all members of the community are 
represented (amplified) and after sequencing they can be identified (by 
comparison with available databases). After data analysis, the output is 
taxonomic information; the composition of the microbial community 
can be obtained. Amplicon sequencing has been extensively used to 
study the microbial ecology of foods, particularly the evolution of mi-
crobial populations during production of fermented foods but also to 
explore the microbial spoilage phenomena.23 

By metagenomics or shot gun sequencing it is possible to obtain in-
formation regarding the genomic content of the different members of the 
microbial community. Therefore, potential functions are predicted.24 In 
this case, the DNA extracted from a sample is directly subjected to 
sequencing. Metagenomics are being explored as a tool to detect and 
characterize pathogenic microorganisms in foods and food producing 
environments. Importantly, when using a metagenomic approach, it is 

Fig. 3. Next Generation Sequencing applications. a. Amplicon sequencing (also referred to as metabarcoding or metataxonomics); total DNA extracted from infant food 
sample is first subjected to Polymerase Chain Reaction to amplify a target gene, common to all members of the microbial community. The amplification product is 
then sequenced. The sequence information is used to deduce the composition of the microbial community. b. Shot gun sequencing or metagenomics; total DNA extracted 
from infant food sample is directly sequenced. The sequencing provides information regarding the functioning of the microbial community (for example metabolic 
potential, virulence potential, antimicrobial resistance). Created with BioRender.com 

K. Rantsiou et al.                                                                                                                                                                                                                               



Global Pediatrics 2 (2022) 100011

5

possible to retrieve information regarding serotype, virulence genes, 
antimicrobial resistance genes.24 This type of information is particularly 
relevant in understanding the potential risk associated with a food 
sample. From metagenomic sequencing data it is possible to reconstruct 
the whole genome of microorganisms. This permits to trace a specific 
biotype across samples that may be related in time or space.25 For 
pathogenic microorganisms this could be useful in tracing routes of 
contamination. Due to the low abundance of pathogenic microorgan-
isms in foods, it may be necessary to perform a short enrichment coupled 
to deep sequencing. Importantly, metagenomics can be used to observe 
the dynamics of mixed populations that are present in the food together 
with the target pathogenic microorganisms during enrichment and 
optimize the process to maximize its efficiency.26 

Going beyond the genetic material, it is possible to also analyze total 
RNA, total proteins or metabolites of a sample. Omics is a term used to 
encompass the analysis of macromolecules (DNA, RNA, proteins) and 
metabolites originating from a sample. If the sample being analyzed is a 
food containing mixed microbial communities, then the macromole-
cules and metabolites derive from all the microorganisms present in the 
sample. In this case the term meta-omics is employed. Analysis of mol-
ecules such as RNA, proteins and metabolites is of relevance because 
they provide an overview of the activity of the microorganisms in the 
sample. Also, they may be present at a concentration above the detection 
limit even when a microorganism is not prevalent in the sample. 
Therefore, it may be possible to detect low abundant populations tar-
geting RNA, proteins or metabolites. By combining different omics ap-
proaches it is possible not only to detect a target pathogen but also to 
explore how it interacts with the rest of the microbiota and how it is 
influenced and behaves based on the environmental conditions that 
prevail. This information is fundamental since it is known that during 
food processing microorganisms are subjected to a changing environ-
ment and they activate mechanisms to adapt accordingly. Therefore, 
omics offer the opportunity to move from the determination of the 
presence of pathogenic microorganisms in foods towards the definition 
of their behavior.27 Understanding the microbial behavior under food 
processing conditions will lead to a refined risk assessment for patho-
genic microorganisms in foods23,28 

In particular, the metabolomics approaches are emerging because 
they are able to reveal the phenotypic profile of the microbiota. At 
principle, metabolomics mainly targeted the most abundant metabo-
lites. Nowadays, less abundant compounds with very high informative 
potential are the focus of increasing interest. Among the large diversity 
of microbial secondary metabolites, low molecular-weight volatile 
organic compounds (VOCs) have received growing attention in the past 
decade. Microbial VOCs (mVOCs) are typically released in a multifarious 
and dynamic bouquet, essentially originating from the catabolic back-
ground, and comprise a majority of low-complexity, rather lipophilic 
compounds.29 The volatolome – the VOC profiling of a biological tissue 
or fluid – has, for instance, already shown its relevance for revealing the 
exposure of environment,30 food31,32 or human consumer33–35 to 
chemical hazards. 

In order to phenotype complex ecosystems, volatolomics requires the 
most comprehensive possible profiling of the VOCs released by the 
different micro-organisms at very variable levels ranging from pg/g food 
(ppb) to µg/g food (ppm). Today, solid phase micro-extraction (SPME) 
coupled with gas chromatography and mass spectrometry (GC-MS) is 
certainly the most frequently used technique in volatolomics. By 
concentrating the analytes by means of an adsorbent polymer, SPME 
allows rapid and automated extraction of VOCs. However, because of its 
limited surface of adsorption, this method suffers from competition 
phenomena between VOCs related to their adsorption on the polymer.36 

These competition phenomena often limit SPME use to 
semi-quantitative issues and raise challenges for measurement un-
certainties. The latest generations of automated dynamic headspace 
extraction systems (DHS) might represent a first alternative option that 
would deserve to be benchmarked with SPME. This technique is also 

based on VOC trapping on a polymer. Due to its greater adsorption ca-
pacity, the implementation of DHS might limit competition phenomena 
compared with SPME and might then significantly improve the quanti-
fication.37 The static headspace extraction (static HS) might also be a 
second alternative to SPME since it guarantees a robust VOC quantifi-
cation. However, the very poor extraction yield requires coupling with 
the latest generation of mass spectrometers with a very high sensitivity 
such as the hybrid quadrupole-Orbitrap® high resolution mass spec-
trometers.38 Fig. 4 presents an example of a typical workflow commonly 
implemented in volatolomics studies. 

In view to capture the bigger picture in which the pathogens are 
influenced by both the food environment and the other organisms pre-
sent,18 volatolomics may provide a promising alternative to more clas-
sical metabolomics platform to reveal significant changes in the 
metabolism of single culture30 or microbiota.34 Depending on the pa-
rameters of the food processes, the food microbiome structure could be 
impacted, thereby creating conditions that could favor activation or 
inhibition of pathogen growth. A volatolomics-based strategy could be 
implemented to highlight the characteristics of the microbiota that may 
restrain or enhance persistence of pathogens. In addition to HACCP 
approach tracing food pathogens along the entire food chain, the 
detailed characterization of the food volatolome upstream or at these 
critical points could thus provide relevant information in order to 
explore pathogen behavior in samples or processing conditions that are 
relevant for food safety and propose predictive models to refine micro-
bial risk assessment. 

7. The SAFFI approach 

The SAFFI project aims to improve infant food microbial safety 
providing new knowledge to the food industry and competent author-
ities regarding the prevalence and behavior of pathogens. Omics ap-
proaches is the fil rouge in the effort to reach this aim. Two distinct but 
complementary objectives are being sought. 

The first objective is to perform a detailed survey of the microbiota of 
raw materials, intermediates, final products and importantly of the 
environment under real production conditions. For this purpose, an 
intensive sampling campaign has been implemented, covering different 
seasons throughout the year and focusing on collecting samples that can 
be correlated (in time and space). Also, relevant metadata are being 
collected (particularly focusing on physicochemical parameters of the 
samples). These samples are analyzed with optimized protocols 
following a traditional, culture dependent approach and a culture in-
dependent, omics-based approach. In this way, a comprehensive 
description of the microbiota will be obtained. The presence/absence of 
pathogenic microorganisms may be then correlated with particular 
characteristics of the microbiota in the samples, the distribution in time 
or space. Further, routes of contamination within the processing plant 
may be identified. Such type of information is critical in adopting a 
preventive approach that is based on knowledge and data within a 
particular production but may also be integrated into a refined risk 
assessment for infant formulae. 

The second objective is to investigate the behavior of 
L. monocytogenes, chosen as a model foodborne pathogen, under in vitro 
conditions that mimic the food production process. In particular, the 
goal is to delineate the response of the microorganism to various types of 
stress conditions that are relevant to food production. Omics will be 
implemented for this purpose as well. Ultimately, biomarkers of adap-
tation or robustness may be identified that could also have a predictive 
character. This information will be useful in the exposure assessment 
step of risk assessment.28 

8. Conclusions 

Infant microbial food safety is of extreme importance. Significant 
interventions that aim at improving microbial food safety have been 
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consolidated in the last 20 years. The HACCP approach, GHP, specific 
guidelines for producers of infant formulae have helped in making this 
type of products reach a high standard of safety. Nevertheless, 
contamination by dangerous foodborne pathogens remains a potential 
threat to public health and outbreaks of disease due to contaminated 
infant formulae are still occasionally reported. To tackle this safety 
issue, omics tools are important in identifying contamination routes, 
highlighting microbial interactions influencing pathogenic microor-
ganisms, understanding their behavior under food production condi-
tions. Generating omics data that could be integrated into risk 
assessment is the purpose of the SAFFI project with the overarching aim 
of further improving infant food microbial safety. 
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A B S T R A C T   

Humans, including infants are exposed to complex mixtures of anthropogenic chemicals, and food is a major 
exposure route. Current risk assessment, however, typically does not evaluate mixture toxicity but rather focuses 
on single chemical exposure scenarios. Nevertheless, there is ample evidence that combined exposures to 
chemicals is involved in the etiology of major human diseases, and that infants are often more vulnerable than 
adults. Surprisingly hardly any efficient practical tools and guidelines have been defined to adequately assess 
mixture effects of food. Evaluation of levels of mixtures of dioxins and related compounds are a notable 
exception, although also in that area novel insights warrant reevaluation of the relevant compounds to be 
included in evaluation. Novel approaches are needed, since our knowledge on the toxicity of chemicals is lagging 
behind and even most of the industrial chemicals that are in common use have undergone no or limited safety 
testing, while the situation with natural compounds in food is even more challenging. Novel untargeted chemical 
analytical techniques and quantitative bioanalytical techniques that respond to toxic chemicals independent of 
prior knowledge on their structure or toxicity can be used to increase the knowledge on chemical mixtures. We 
discuss the complementarities between these bio- and chemical analytical methods that can be used in an in-
tegrated system to improve infant food safety by avoiding hazards of chemical mixture effects.   

Introduction 

Humans, including infants are exposed to complex mixtures of 
anthropogenic chemicals, never one at a time. Current risk assessment, 
however, typically focuses on single chemical exposure scenarios. 
Exposure to chemical mixtures and their combined effects require better 

risk assessment and management procedures to protect public health 
and the environment 1. 

In the past, human adverse health issues have been reduced suc-
cessfully through reduction of exposure to single highly toxic chemicals 
that posed significant health risk such as ubiquitously used persistent 
pesticides like DDT, and other persistent organic pollutants (POPs). 
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Today, the focus is shifting to the less obvious effects of pollutants either 
alone or in mixtures and their influence on more chronic types of tox-
icities leading to e.g. cancer, disruption of the endocrine system, 
developmental toxicity, immune- and neurodevelopmental disorders. 
These relationships are much more difficult to establish since there is no 
directly visible causal relationship between effect and exposure. Also, 
exposure in food typically is to mixtures of chemicals, making this 
analysis even more complicated. Nevertheless, there is ample evidence 
that combined exposures to chemicals is involved in the etiology of 
major human diseases.1–4 Therefore, nowadays, consideration of 
mixture effects is mentioned in several relevant regulations but sur-
prisingly hardly any efficient practical tools and guidelines have been 
defined in those regulations to adequately assess mixture effects.1,5,6 

Food is a major exposure route to chemicals in humans. Food is a 
complex mixture of chemicals of both natural and synthetic origin.7 The 
natural ingredients include nutrients, vitamins, but also natural con-
taminants and potential toxic natural compounds. For all these com-
pounds toxicity becomes relevant when dosed at a sufficiently high 
level. Even if individual compounds do not pass a threshold of toxicity, 
combined doses of compounds that have similar toxicity can lead to 
adversities.3,8 Therefore, these combined dose effects need to be 
assessed. Exposure of infants through food, starting at the earliest age 
through milk or infant formula is highly relevant because the children’s 
metabolic defenses still need maturation and disturbance of develop-
mental processes can lead to serious health effects.9 However, our un-
derstanding of the effects of early life exposure is limited.8, 10,11 Efficient 
methods to measure hazards of chemical mixtures in infant food are still 
in its infancy and not regularly used. Here we describe novel de-
velopments in this important area, and we give examples of advanced 
methods that have been developed for mixtures of specific compound 
groups, in particular dioxins and dioxin-like compounds, and the pos-
sibilities for their integrated use to comprehensively secure infant food 
safety. 

Presence of chemical mixtures in infant food 

Safety assessment of chemicals, such as industrial chemicals and 
pesticides traditionally focuses on single chemicals only and not to 
safety issues of chemical mixtures that may occur in relevant exposure 
scenario’s.6 Food, also infant food, typically is an exposure scenario to 
highly complex mixtures of chemicals, at concentrations that generally 
will cause no harm. The basis to make this assumption, however, con-
tains weaknesses. In fact, our knowledge of the extremely complex 
chemical universe is very limited. Hundreds of thousands of anthropo-
genic chemicals exist, including their by-products, metabolites and 
abiotically formed transformation products1. Only a very small fraction 
of these chemicals has undergone safety testing.6 Even most of the 
approximately 100,000 industrial chemicals that are in common use 
have undergone no or limited safety testing only. This situation is 
improving due to the REACH legislation, but still the vast majority of 
chemicals that we are exposed to will remain untested or even unknown. 
This will include industrial chemicals and food processing-derived 
contaminants, their metabolites and natural chemicals. These natural 
chemicals include some of the most toxic classes of chemicals that are 
known, like toxins produced by plants, fungi, and bacteria,12, 13 but also 
ones identical to synthetic chemicals like a range of organohalogens.14 

Recently, it has been recognized that unexpected food contaminants, 
both with known and unknown toxicity and often related to use of 
contaminated starting products is an issue of concern.15 Several of these 
contaminants may be picked up during routine screening in advanced 
quality control systems, but others may escape notice. Therefore, 
methods are being developed for non-targeted analysis to assess the 
presence of unsuspected and unknown contaminants and possible 
mixture effects. 

The impact of early life exposure to toxic chemical mixtures 

It has been estimated that approximately 3% of all developmental 
defects are attributable to exposure to toxic chemicals and physical 
agents, including environmental factors, and that 25% of all develop-
mental defects may be due to a combination of genetic and environ-
mental factors.9 This percentage includes all structural or functional 
abnormalities at birth. This estimate lacks consideration of effects on 
disease outcomes that are manifest later in life, and also does not cover 
mixture effects of chemicals. In fact, knowledge in this area is mainly 
based on animal experiments and human exposure to relatively high 
dosages of single chemicals, including certain drugs. Little is known 
about mixture effects leading to either functional anomalies or impact 
on incidence of disease later in life. However, particularly endocrine 
systems may be deregulated through developmental exposure to 
chemical mixtures with consequences on the incidence of disease.3 

These so-called endocrine disrupting compounds (EDCs) almost exclu-
sively are low molecular weight molecules that readily can enter the 
body and bind to nuclear receptors in cells, thereby disturbing their 
normal functioning. Main hormonal systems involved are those for the 
sex steroids and thyroid hormone, but a similar interaction also occurs 
with the receptor to which dioxins bind, the aryl hydrocarbon receptor 
(AhR). There still are many gaps in our understanding of this emerging 
area of research. Since food is a main route of exposure,8 either via the 
mother or after birth directly to the developing child, this is an impor-
tant area to explore using novel approaches to assure optimal infant food 
safety. 

Mechanistic basis of adverse effects related to early life exposure to 
chemical mixtures 

Normal cellular physiology is governed by a range of signaling 
pathways that secure proper cell growth and differentiation. Disruption 
of those pathways can lead to diseases, such as cancer and develop-
mental disorders.9,15 Certain chemicals can interfere with these path-
ways, often through binding to molecules that are the starting points of 
the pathway, the so-called molecular initiating events (MIEs). When this 
occurs sufficiently strong, the pathway can be activated. This not 
necessarily leads to a toxic, adverse effect, but when stimulation be-
comes too strong adversity can be a result. Therefore, these physiolog-
ical pathways are also referred to as adverse outcome pathways 
(AOPs).16 Similarly, when different chemicals affect the same pathway, 
the effect may add up to pass this threshold, leading to adversity. This 
has for instance been shown to occur with chemicals interacting with sex 
steroid receptors, leading to combined endocrine system disrupting ef-
fects,3,5 and dioxins.17,18 Typically, disruption of basic cellular and 
hormonal pathways can lead to a range of structural and functional 
defects at birth and disorders later in life. This is because the magnitude 
and nature of these disorders is dependent on the dosing, but also the 
timing of exposure, thereby affecting different processes in which the 
pathway is involved. For example, dioxin’s toxic effects are mediated 
through a single receptor-mediated pathway. Nevertheless, a wide 
spectrum of structural and functional defects is related to developmental 
dioxin exposure including cleft palate, hydronephrosis, altered thyroid 
and immune status, altered neurobehavior at the level of hearing, psy-
chomotor function, and gender-related behaviors, altered cognition, 
dentition, and development of reproductive organs, and delays in breast 
development, in addition to altered sex ratios among the exposed 
offspring.17,18 The knowledge on these common mechanisms of toxicity 
has greatly expanded in recent decades, which forms the basis of novel 
methods to analyze toxicity of mixtures using mechanism-based 
bioassays. 
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Mechanism-based bioassays to assess mixture effects of food-derived 
chemicals 

Based on the knowledge on the mode of action of toxicants, modern 
mechanism (or effect)-based bioassays have been generated. One early 
well-known example of a mechanism-based bioassay that is used and 
accepted very frequently is the Ames mutagenesis assay that assesses 
chemically-induced mutations in bacterial DNA.19 Using the knowledge 
of the mechanisms of toxicity of chemicals modern mechanism-based 
bioassays have been developed covering a wide range of key mecha-
nisms using human cells.20 This includes assays with a higher predictive 
value for human genotoxicity than the Ames test.21 These and other 
mechanism-based bioassays can be used as alternative methods to assess 
safety of chemicals and chemical mixtures. More recently, the 
throughput of analysis has been greatly enhanced using robotics.22,23 

The assays are highly specific and measure interference with distinct 
toxicity pathways through the CALUX reporter gene technology 
(Fig. 1).20 In CALUX assays this interaction with key cellular pathways is 
made easily measurable through incorporation in a recipient cell line of 
a so-called reporter gene construct which measures activation of the 
relevant transcriptional pathway. Activation of that pathway is coupled 
to expression of the firefly luciferase gene, which leads to an easily 
measurable product in the mammalian cells (Fig. 1). Many of the assays 
measure interference with a specific type of nuclear hormone receptors 
that are frequently targets of pollutants,20,24 while others focus on 
assessing influences of chemicals on pathways involved in basic cellular 
signaling which are for instance relevant for acute toxicity and 
carcinogenesis.21 

This panel of mechanism-based assays can be linked to adversities 
that are important for risk assessment, as established in experimental 
animals and humans via adverse outcome pathways.16 The assays have 
been extensively validated and shown to be predictive of effects in an-
imal studies, as used in current chemical safety legislation. The speci-
ficity and sensitivity of the assays is particularly meant to facilitate 
measurements and interpretation of the results in complex mixtures 

present in food, feed, water, and a wide range of different environ-
mental- and clinical samples.20,25,26 Results are quantitative and 
expressed in toxic equivalents (TEQ) relative to a reference standard of a 
relevant pathway-activating chemical. Various of the CALUX assays 
have been used intensively and successfully, initially often for 
non-regulatory purposes, followed by incorporation in relevant na-
tional- and international guidelines.27-32 This includes the DR CALUX 
assay that measures activation of the relevant target molecule, the 
dioxin receptor (AhR). By coupling to a specific workup method, a se-
lection for the most relevant stable ligands is made. 

Chemical analytical-based mixture effect assessment as used for dioxin 
mixtures 

The advantage of targeted approaches is that through establishment 
of the chemical identities, source identification and risk reduction 
measures are facilitated. In bioanalysis, the contribution of the different 
chemicals to the TEQ value of chemical mixtures is integrated, while the 
relative contribution of different chemicals cannot readily be assessed. 
In chemical analytics the reverse is true since chemical analytics targets 
exact quantification of single chemicals. However, there are possibilities 
to estimate mixture effects using chemical analysis, of which the system 
to analyze dioxins is among the most advanced. Because of their toxicity 
at extremely low dosages, dioxins are of great concern. Since dioxins are 
present at significant levels in food, including breast milk and infant 
formula, measures have been put in place in Europe to reduce intake 
through this major route of exposure. The approach taken is unique in 
that the chemical analysis of a range of major congeners is used to es-
timate their combined biological effect. To do this, the concentration of 
individual congeners is multiplied by a corresponding toxic equivalency 
factor (TEF) which expresses its toxicity relative to the most toxic form 
of dioxins, 2,3,7,8-TCDD. In this way a TEQ value is derived for the 
respective congener, and by adding the values of the congeners used in 
this system, the expected sumTEQ value of the mixture is estimated, 
which, if all relevant congeners are included, would be equivalent to the 

Fig. 1. General principle of a CALUX assay. Exposure of cells to chemicals will lead to a change in gene expression and a consequential change in cellular behavior 
that is instrumental in the toxic effect of the chemical(s). This response is mediated through a transcriptional response that drives expression of endogenous genes, 
and as a result the toxic effect. In a CALUX® reporter gene assay this response is modulated in such a way that activation of a signaling pathway is linked to 
transcription of a stably introduced luciferase gene. Upon addition of a substrate a light signal is generated which is proportional to the amount of bioactive chemical 
in a sample. 
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TEQ measured with a relevant bioassay, like DR CALUX (Fig. 2). 
Nowadays a range of stable chlorinated dioxins, furans and PCBs are 
included in this chemical analytical estimating of total dioxin toxicity of 
a mixture. For mixtures, this approach can be taken if all relevant toxic 
compounds are known affecting one biological pathway, in this case 
activation of the dioxin receptor. Since dioxins are among the most 
studied toxic chemicals with many data on toxicity of individual con-
geners, this gives confidence that this estimation was correct. However, 
new data suggest that the current coverage of relevant compounds may 
not be sufficient (see next section). 

Uncertainties in current dioxin-related chemical mixture effect assessment 

To reduce uncertainty in the food chain monitoring using chemical 
analytics one of the major challenges is the choice of chemicals to be 
monitored while toxicity data on most chemicals are not available.6 This 
even applies to one of the most advanced systems of estimating 
dioxin-related chemical toxicity as present in food. The current system 
focuses on chemically very stable chlorinated dioxins, furans and PCBs 
that all can activate the dioxin receptor and are known to cause adverse 
effects in experimental animals and humans, when dosed at sufficiently 
high levels. In the light of the missing knowledge on the toxicity of most 
chemicals it would be surprising that all relevant dioxin 
receptor-interacting molecules would be known already. Indeed, recent 
research suggests that there are important omissions in the routinely 
measured panel of dioxin receptor interacting compounds. As such, 
various halogenated compounds groups have been identified that pose 
possible risks that are mediated through dioxin receptor activation, 
including chlorinated paraffins, polychlorinated naphthalenes, and 
brominated dioxins and furans. 

Chlorinated paraffins (CPs), are complex mixtures of hundreds of 
isomeric groups with varying linear carbon chain length and chlorine 
number, themselves comprising hundreds of isomers[28,33]. A fraction 
of the synthesized volumes of CPs is unintentionally released into the 
environment during the production, use or destruction of products 
containing them. Due to their lipophilic properties and stability, CPs 
enter the human food chain through processes like those described for 
similar halogenated substances like dioxins, furans and PCBs. They can 
also be accumulated and redistributed from reservoirs related to in-
dustrial processing and food preparation, such as in kitchen ovens. In 
this context, assessing the risk associated with these contaminants in 
relation to human exposure is a pressing need. Recently, the relevant 
European Food Safety Agency (EFSA) panel of experts established lowest 
adverse effect levels for several of these CPs,33 while some have been 
classified as persistent organic pollutants (POPs), under the Stockholm 
Convention (Persistent Organic Pollutants Review Committee 2017) and 
have been placed on the Candidate List of Substances of Very High 
Concern (SVHC) under the REACH Regulation. However, the clear lack 

of toxicological and exposure data previously highlighted limits in the 
risk assessment associated with dietary exposure to CPs. A key factor 
explaining the lack of data relates to the challenge of analyzing relevant 
CP classes that remain despite the recent advances.34 

Polychlorinated naphthalenes (PCNs) are legacy contaminants 
gathering 75 congeners. They have been listed by the Stockholm 
convention, initially for reduction of inadvertent production and ulti-
mately, for elimination. They originate through releases from older 
electrical equipment, inadvertent contamination in industrial chemicals 
and from combustion processes such as incineration. Recent advances in 
measurement techniques have allowed a greater characterization of PCN 
occurrence, yielding more specific data including individual PCN 
congener concentrations. Emerging data on food shows widespread 
occurrence in most commonly consumed foods from different parts of 
the world. Concurrently, toxicological studies have also allowed a 
greater insight into the potencies of some congeners, a number of which 
are known to elicit potent, aryl hydrocarbon receptor (AhR) mediated 
responses, referred to as dioxin-like toxicity. The dietary pathway is 
widely recognized as the most likely route to non-occupational human 
exposure. Overall, the data that are currently available on PCN occur-
rence in foods suggest a widespread current distribution of these con-
taminants in foods and food webs. This is remarkable given the time that 
has elapsed since the unrestricted use of these compounds, and those 
other commercial chemicals such as PCBs which are known sources of 
PCNs, ceased (particularly in Western Europe and North America), and 
underlines the persistence and ubiquity of PCNs. Although the reported 
contribution is smaller than PCDD/Fs and PCBs, PCN toxicity is likely to 
add to the cumulative toxicity of other dioxin-like compounds.35 

Polybrominated dioxins and furans (PBDD/F) are brominated 
counterparts of the traditionally measured chlorinated compounds. It, 
however, has been found that polybrominated dioxins and furans have 
comparable affinity to the human dioxin receptor.36,37 When using the 
DR-CALUX bioassay both chlorinated and brominated congeners will 
contribute to biological activity in a way relevant for human toxicity. 
Chlorinated dioxins are going down in the diet, but brominated ones are 
increasing, often as breakdown products of flame retardants. They are 
found at high levels in children’s toys that are made of recycled plas-
tics,38 and are also entering the food chain.37 Reported PBDD/F dietary 
intakes suggest that some population groups, particularly young chil-
dren, may exceed the revised tolerable weekly intake for dioxin-like 
contaminants, even for mean consumption estimated with lower 
bound data. It is evident that the omission of PBDD/Fs from the TEQ 
scheme results is a significant underestimation of the cumulative 
toxicity and associated risk arising from this mode of action.37,38 

Although for several of these novel relevant AhR ligands mass 
spectrometer (MS)-based analytical methods have been developed 
already, they have not been incorporated in the international TEF/TEQ- 
based methodology to assess total dioxin receptor-mediated toxicolog-
ical burden.39 Also, very likely novel relevant AhR interacting com-
pounds will be identified in the future, and therefore this methodology 
will need to be updated regularly. Because of the advances in biological 
and chemical analytical methods novel, more comprehensive, inte-
grated methods become feasible. 

Novel approaches in infant food safety assessment 

Food safety assessment is challenging not only due to the lack of 
knowledge on toxicity of many chemicals, but also because of changes in 
raw materials, processing, packaging and storage methods and con-
sumer practices, and thus the need to efficiently monitor at critical 
control points. To do this, methods need to be reviewed and updated 
using the latest scientific insights and technological developments. The 
complexity of food and feed samples, together with the low concentra-
tions at which contaminants occur (ppb (ng.g-1) to ppt (pg.g-1)), re-
quires highly sensitive, selective and robust analytical techniques. These 
requirements need to be reviewed and upgraded, when needed. At the 

Fig. 2. Determination of the toxicity of mixtures of dioxin-like chemicals. 
Analytical chemical methods determine compounds of known concern and add 
up the product of individual concentrations and a relevant toxicity factor, the 
TEF value. In this way an estimate of the expected biological activity, expressed 
as sumTEQ, is made. Biological methods, like CALUX measure the SumTEQ 
through an interaction with the dioxin receptor, and do not rely on prior 
knowledge on toxicity of individual chemicals. 
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end of 2018, the EFSA CONTAM expert group carried out a re-evaluation 
of the Toxicological Reference Value (TRV) for dioxins and dioxin-like 
PCBs (DL-PCBs) in food. A new Tolerable Weekly Intake (TWI) was 
proposed, amounting to 2 picograms per kilogram of body weight (pg. 
kg-1 bw). This TWI is seven times lower than the previous TWI set by the 
former European Commission’s Scientific Committee on Food in 2001. 
The main reasons for this decrease in level are the availability of new 
epidemiological and experimental data on the toxicity of these sub-
stances in animals, as well as the emergence of more sophisticated 
modelling techniques to predict the levels of these substances in the 
human body over time. This provides novel analytical challenges. 

For decades, the analysis of dioxins and furans has been performed 
by GC coupled to high resolution magnetic sector mass spectrometers 
(HRMS).40 Recently, tandem mass spectrometry coupled to gas chro-
matography (GC-MS/MS) has been added in the European Union (EU) 
legislation as an alternative to HRMS for the confirmatory analysis of 
dioxins and DL-PCB in food and feed.41 In this context, innovative 
ionization techniques have demonstrated increased sensitivity to 
perform analyses with the required sensitivity and selectivity for this 
field.42 

To review the results of current monitoring programs contaminant 
occurrence data need to be collected and evaluated. Collecting occur-
rence data for risk assessment purposes relies on the implementation of 
two distinct strategies. The first one allows gathering occurrence data 
from routine monitoring programs conducted at the level of a specific 
country to check compliance of contaminants.43 This approach has 
recently been further encouraged through a novel European regulation 
(Reg 2017/625/EC). An alternative to relying on data from food control 
systems is the use of the Total Diet Study (TDS) approach. These studies 
are based on a standardized method as recommended by WHO, FAO and 
EFSA: steps characterizing a TDS include the selection of foods based on 
food consumption data to represent as best as possible a typical diet, 
their preparation to food as consumed and the subsequent pooling of 
related foods before analysis.44 Regarding dioxins and furans, the main 
contributors to the average dietary exposure for most age groups in 
European countries are fish (in particular oily fish), cheese and cattle 
meat[13]. In its latest Total Diet Study (TDS) dedicated to children’s 
food, the French risk assessment agency Anses concluded that dietary 
exposure to dioxins and furans was a cause for concern, recommending 
to reduce exposures, in particular via everyday food products that 
contribute strongly to exposure to these molecules in the most exposed 
children (milk, ultra-fresh dairy products and fish).45 At the European 
level, EFSA has recently confirmed the conclusion of previous assess-
ments that dietary exposure to dioxins and dioxin-like PCBs is a health 
concern. The data collected in Europe indicate that the tolerable intake 
recently updated by EFSA is exceeded for all age groups. Average and 
high exposures are respectively 5 to 15 times higher than the new 
Tolerable Upper Intake Level for adolescents, adults and the elderly. 
Young children and children under 10 years of age also show a similar 
exceedance of the TW.46 

As mentioned above, the analysis of known chemical hazards in 
complex biological matrices such as food requires sensitive, selective, 
and robust methods. To achieve the performance levels, the methods are 
usually targeted, in the sense that they only observe what is being looked 
for. Targeted methods are by definition selective, they thus do not detect 
substances that are not considered to be priorities, not suspected to be 
present in the matrix under consideration or not yet described, e.g. 
degradation products of known or unknown substances. New strategies 
which are known as global or non-targeted, have been reported over the 
last years to seek unknown/emerging exposure substances or unknown 
degradation products that may be considered as many potential 
emerging hazards. The recent period has indeed witnessed spectacular 
advances in chromatography and high-resolution mass spectrometry 
(HRMS), opening the way to non-targeted full scan fingerprints as a new 
methodological approach. It combines classical analytical chemistry 
tools, with sophisticated data analysis.47 When certain molecular 

characteristics are targeted, such as the presence of halogens, specific 
signal processing algorithms can then be implemented to identify 
emerging POPs-type contaminants.48 In the future, the development of 
such global approaches can be increased with the introduction of new 
analytical techniques which offer a new dimension in addition to 
chromatography and mass spectrometry for improved analysis of com-
plex mixtures such as food.49 These advanced novel non-targeted 
analytical approaches nevertheless remain targeted towards chemical 
groups with distinct characteristics. By combining with novel bio-
analytical tools, additional opportunities for comprehensive, 
non-targeted chemical safety monitoring possibilities can be obtained. 

Integrated analytical approaches to assure infant food safety 

Targeted chemical analytics measures the presence of known toxic 
chemicals specifically, and therefore will not detect relevant unknown 
ones and their mixture effects. Non-targeted methods can greatly 
improve the number of chemicals addressed, but still cannot be directly 
linked to a measure of toxicity. Thus, a link to toxicity assessment is 
always needed, which can be based on prior knowledge, that is available 
for a subset of chemicals only. This knowledge is largely based on animal 
experimentation, but increasingly also on the use of in vitro assays. 
Mixture safety assessment can also make use of these in vitro assays, 
requiring no prior knowledge on safety of chemicals assessed. The net 
toxic effect of all contaminants in a sample can be measured regardless 
of their chemical structure and prior knowledge on their toxicity. 
Although the latter could be regarded as an alternative to current 
chemical analysis, there are several reasons why a combined system 
with targeted- and non-targeted chemical analytics will likely be more 
effective to assure safety of complex mixtures such as infant food. The 
targeted approaches will allow exact quantification of individual toxi-
cants. which is important in source identification and risk management 
once a sample is identified with unexpected high bioactivity (Fig. 3). 
Generation on knowledge on the toxicity of yet uncharacterized 
“emerging” toxicants can be generated through untargeted chemical 
analytics or bioanalysis. For the latter, to identify the chemical or 
chemicals responsible for unexpected bioactivities in sample so-called 
effect-directed analysis (EDA)50,51 can be used. In this procedure 
which involves step-wise fractionation of the chemical mixture, coupled 
to identification of the fraction with bioactivity leads to purification of 
the chemical responsible for the bioactivity of interest. When sufficiently 
pure, the unknown chemical can then be identified using advanced 
analytics. Another emerging possibility to estimate contribution of un-
expected chemicals to mixture effects is to use nontargeted chemical 
analysis to get a view on additional compounds present in the mixture 
and link these to existing knowledge on their toxicological properties. 
Although this approach will be limited due to the limited knowledge on 
the toxicological properties of chemicals, the introduction of rapid 
bioanalytical methods and storage of analytical results in databases will 
increase the possibilities of this approach in the future. If a novel toxi-
cologically relevant compound is identified, it can be added to the range 
of targeted compounds to be measured (Fig. 3; feedback loop no 2). 

It should also be noted that, although the knowledge on toxicity 
pathways has greatly expanded, some chemical toxicities still are diffi-
cult to measure with modern bioanalytics, since no relevant in vitro assay 
has been developed, and thus targeted chemical analytics of those 
compound groups of special concern is required. If a positive result in a 
targeted analysis is not matched by a response in a bioassay, this will 
give a starting point to further improve the bioassay panel (Fig. 3; 
feedback loop no 1). In this way, an integrated system with chemical and 
biological analytics can be generated which is much stronger than the 
individual components. 

The property of bioassays not to select chemicals to which they 
respond can give background issues. Non-specific toxicity to the cells 
when samples contain compounds that disturb their normal physiolog-
ical environment, e.g. through strong effects on pH or osmolarity. For 
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this, preventive measures can be installed. Generally, a method is 
needed that extracts toxicologically relevant molecules, leaving behind 
large molecules like proteins and other irrelevant ones like salts. 

In the evaluation of the test results, it should be kept in mind that for 
all chemicals, also very toxic ones, being alone or in mixtures, a 
threshold can be defined below which there is no concern. The absence 
of establishing a threshold for chemical carcinogen has resulted in far 
too many chemicals being assigned as carcinogens.52 Also, food contains 
considerable background levels of natural compounds having toxico-
logical properties, but only when consumed at high levels. This is 
something to which the human body is adapted, and to which elaborate 
defense mechanisms are in place that often are much more elaborated 
than that of short living organisms (Ames and Gold, 2000). Therefore, 
for any bioassay that is used to assess toxicity it is important to establish 
a threshold of activity below which there is no concern for adversity in 
humans. For several CALUX assays this has been defined already for 
various applications.25,26,53,54 

The CALUX reporter gene assays have been designed for robustness, 
sensitivity and specificity and therefore are particularly suitable for 
analysis of complex mixtures. With the proper conditions in place a wide 
range of studies have been executed successfully in a wide range of 
complex and polluted mixtures. In the area of infant safety CALUX 
bioanalysis for instance has been applied to assess chemical exposure in 
utero (in cord blood samples) or after birth, e.g. through mother’s milk, 
indoor house dust samples and plastic toys.38,55–59 

In the area of infant food safety, the importance of exposure to di-
oxins has been studied. Some of the earlier studies have focused on the 
relationship between dioxin exposure and health outcomes in children. 
Based on animal studies and human exposure to known chlorinated 
dioxins developmental dioxin exposure has been linked to a range of 
disorders, including cancer in all tissues, and endocrine and reproduc-
tive effects among the most sensitive ones.60 The impact of more 
comprehensive biologically active dioxin mixtures has been studied 
using the DR CALUX assay. It has been used successfully to assess cor-
relations between developmental exposure to total biologically active 

stable AhR ligands and some health outcomes and relevant clinical 
markers. As a result of the limited studies performed to date it was 
shown that there indeed is a relationship between total dioxin load, 
hormone action and the ano-genital distance, particularly in boys.55,61 

Further studies are needed to explore the relationship with the suspected 
wide array of health effects linked to developmental exposure to bio-
logical active dioxin-like compounds. This is of particular importance in 
the light of the newly discovered relevant AhR ligands, including 
brominated dioxins and furans.36-38 Since several effects are linked to 
modulating the effects of the sex steroids, more comprehensive studies 
should also consider direct interactions of chemical mixtures as present 
in food with sex steroid receptors. Tools for such studies, including 
suitable extraction methods have become available recently, and 
particularly the androgen receptor was found to be suppressed in its 
activity by chemical mixtures present in mother’s milk.59,62 A rela-
tionship of this suppression with possible health outcomes remains to be 
established. 

Conclusions  

• Chemical food safety assessment is hampered by the limited 
knowledge on toxicity of chemicals.  

• Both bioanalytical and chemical analytical methods have witnessed 
huge progress in past decades.  

• There are great opportunities to reduce uncertainties in monitoring 
programs through integrated assessment using recent developments 
in biological- and chemical analytics.  

• Chemist and biologist should increasingly work together to improve 
the coverage of relevant toxic chemicals stepwise further to be 
monitored in infant food in an efficient integrated manner, taking 
advantage of the complementary opportunities of novel de-
velopments in chemical- and biological analytics. 

Fig. 3. Integrated analysis of food safety using chemical and biological methods. By using complementary possibilities of bio analytics and chemical analytics 
an integrated system can be built that can better assure protection against unknown and unexpected contaminants. Through feedback loops 1 and 2, a learing system 
is generated that will improve bio analytics and chemical analytics, respectively (see text for details). 
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A B S T R A C T   

The largest application area of food contact materials is the packaging of foodstuff, being an essential element in 
the preservation of the microbiological and sensory quality of the packaged goods. However, chemical com-
pounds present in the packaging material, either intentionally added or non-intentionally present, may migrate 
into the food during packaging and storage. With a large variety of materials used in the production, food 
packaging requires safety assessments with respect to the migration of packaging compounds into the packaged 
goods. The present article deals with the safety assessment of potential migrants from food contact materials, 
approaches to migration testing and summarizes European food regulatory requirements with special focus on 
infants’ dietary exposure.   

Introduction 

Food may contact a broad range of different materials or articles 
during its production, storage, preparation and serving, before the food 
is finally consumed. 

By legal definition of the European Framework Regulation (EC) No 
1935/2004,1 these food contact materials (FCMs) are “a) materials 
intended to be brought into contact with food, b) materials that are 
already in contact with food or c) materials that can reasonably be ex-
pected to be brought into contact with food or transfer their constituents 
to the food under normal or foreseeable use”. 

FCMs comprise of a large variety of materials from glass, paper/ 
cardboard and metals to polymers like polyethylene terephthalate, 
polypropylene, styrene and silicone or combinations thereof. Although 
food contact materials and articles have an important function in daily 
life (e.g. to prolong the shelf life of food, facilitate storage, consumer 
information), most materials are chemically not fully inert. In contact 
with food, substances present in these materials, either intentionally 
added or non-intentionally present, may be released from the food 
contact material into the food by a process called migration. 

Scientifically, migration can be described as the mass transfer from a 
packaging material into food caused by a concentration gradient be-
tween the packaging and the filling good. The extent of the migration 

process is dependent on several parameters including the intrinsic 
properties of the food contact material, the physicochemical properties 
of the migrating substance, the characteristics of the food and the con-
ditions of food contact. Migration takes place until an equilibrium 
throughout the whole system is reached. The process, following well- 
known laws of diffusion, can be calculated precisely. 

Consequently, consumers of all ages are indirectly exposed to 
chemicals present in food contact materials via the migration process. 

Hence, dietary exposure to potentially hazardous chemicals of 
various origins has been in the public focus in the past years.2–5 

Although this matter should be monitored closely for all age groups, 
infants are particularly vulnerable to impairments induced by contam-
inated foodstuff as they have a higher intake of food per kg body weight 
compared to adults. Hence, several studies have been performed6–8 

focussing on the exposure of children to food-related contaminants. 
In the more recent and comprehensive “Infant Total Diet Study” 

(iTDS)8,9 carried out and published by Anses in 2016, the health risks 
associated with the potential presence of a wide variety of chemical 
contaminants in food (metal and mineral trace elements, poly-
chlorinated dibenzo-p-dioxins and polychlorinated dibenzofurans 
(PCDD/Fs), polychlorinated biphenyls (PCBs), perfluoroalkyl acids 
(PFAAs), brominated flame retardants, mycotoxins, phyto-oestrogens, 
heat-induced compounds, pesticide residues and food additives) were 
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assessed. Out of the nine chemicals or chemical groups of high concern, 
none of these were likely to originate from materials used for food 
packaging. Bisphenol A only, a component of widespread use in the 
fabrication of food contact materials, was considered a substance for 
which a risk cannot be ruled out. Other chemicals under investigation 
that originated in food contact materials were deemed as components 
with “tolerable or acceptable risks” or substances with no feasible risk 
assessment. 

To protect the consumeŕs health and the quality of the food from 
FCM-related hazards, binding legal rules and requirements have been 
established in Europe for over 40 years dating back to the definition of 
safety requirements of FCMs as early as in the 1976 Council Directive 
76/893/EEC. 

Any material or article to come into contact (regardless of the ma-
terial’s identity) is subject to the provisions of the European Framework 
Regulation (EC) No 1935/2004, which establishes the basic principles of 
safety and risk management concerning food contact materials, 
providing a harmonised legal EU framework. 

The general safety requirements are laid down in Article 3 of the 
Framework Regulation. According to this, “materials and articles, 
including active and intelligent materials and articles, shall be manu-
factured in compliance with good manufacturing practice so that, under 
normal or foreseeable conditions of use, they do not transfer their con-
stituents to food in quantities which could:  

(a) endanger human health; or  
(b) bring about an unacceptable change in the composition of the 

food; or  
(c) bring about a deterioration in the organoleptic characteristics 

thereof.”1 

The Framework Regulation also authorizes the adoption of specific 
requirements for individual materials listed in Annex 10 of the Regu-
lation in order to further harmonize individual materials at EU level. 

The most comprehensive specific EU measure, Commission Regula-
tion (EU) No 10/2011,10 is in place for materials and articles made of 
plastics. 

Food contact materials composed of plastics or including a plastic 
layer play a major role in the infant and baby food area with products 
ranging from plastic bottles or spoons to multilayer laminates for the 
packaging of cereal-based food and milk powder. 

Regulation (EU) No 10/2011, commonly known as the Plastics 
Regulation, sets forth rules on the composition of plastic FCMs and es-
tablishes a Union List of substances that are permitted to be used in the 
manufacture of plastic FCMs. This Regulation also sets out restrictions 
on the use of these substances and defines rules to determine the 
compliance of plastic materials and articles made thereof. The Regula-
tion is amended on a regular basis. 

As for substances used to manufacture articles intended for young 
children, tightened rules and conditions may apply: By means of 
example, 2,2-bis(4-hydroxyphenyl)propane (Bisphenol A) is an autho-
rized monomer used to produce polycarbonate plastics and is also used 
for coatings for food and beverage cans. However, according to the 
Plastics Regulation, Bisphenol A is “not to be used for the manufacture of 
polycarbonate infant feeding bottles” and is “not to be used for the 
manufacture of polycarbonate drinking cups or bottles which, due to 
their spill proof characteristics, are intended for infants and young 
children”. Bisphenol A has been in the focus of scientists, toxicologists 
and legislators for many years due to potential adverse health effects.11 

Back in 2013, France adopted a law banning the use of Bisphenol A for 
food contact materials for children below the age of three years. 
Amending the law in 2015, the ban of Bisphenol A was extended to all 
food contact materials on the French market.12 

In 2015, the European Food Safety Authority (EFSA) has derived a 
temporary tolerable daily intake (TDI) of 4 µg per kg body weight per 
day following an evaluation on potential health risks of Bisphenol A in 

foods.13 The TDI is defined as the estimated amount of a substance that 
can be consumed daily over the entire life without a significant risk to 
human health.14 Based on a recent comprehensive re-evaluation, EFSA 
discusses a tolerable daily intake of 0.04 ng per kg body weight per day, 
which is 100 000 times lower compared to the previous assessment 
performed in 2015.15 

An essential instrument to ensure the safety of plastic materials is the 
use of migration limits. These limits specify the maximum amount of 
substances allowed to migrate into foodstuff. Commission Regulation 
(EU) No 10/2011 establishes these maximum amounts in the form of 
“Specific Migration Limits” (SMLs). These SMLs are derived by EFSA 
based on the toxicity data of each specific substance. To ensure the 
overall quality of the plastic, two criteria have to be met: in the first 
place, the overall migration into food of all substances together must not 
exceed the “Overall Migration Limit” (OML) of 10 mg/dm2 contact 
surface of the material (or 60 mg/kg food in specific cases). Secondly, 
the specific migration limit of each constituent present in the material 
and listed in Annex I of the Plastics Regulation may not be exceeded 
either. 

SMLs of substances intended to be used in articles for young children 
or infants may be significantly lower than in articles intended to be used 
for adults: As for the plasticizer ESBO (epoxidized soybean oil) used in 
PVC materials, the specific migration limit is lowered from 60 mg/kg to 
30 mg/kg when applied in PVC gaskets used to seal glass jars containing 
infant formulae, follow-on formulae, processed cereal based foods or 
baby foods for infants and young children. 

In the context of specific migration (limits), the Plastics Regulation 
provides detailed migration testing rules. Although migration testing in 
the food prevails, migration is usually tested using ’simulants’ due to 
analytical challenges caused by the food matrices. These simulants, as 
outlined in Table 1, shall mimic the characteristics of real food (due to 
similar physicochemical properties of food and simulant) and are 
therefore representative for a certain food category. 

The migration testing is done under standardised time and temper-
ature conditions, representative for a certain food packaging application 
and shall cover the time and temperature of food contact under real-life 
application. 

As an example, for the specific migration testing of a plastic pouch 
that is intended for the packaging of vegetables in the form of purée for 
long term storage at room temperature, the migration experiment shall 
be performed with food simulants C and B (if the pH value of the product 
is below 4.5) for 10 days at a temperature of 60 ◦C according to the 
provisions of Regulation (EU) No 10/2011. 

Following the migration contact, specific analytical methods are 
applied in order to determine the concentration of the migrants in the 
obtained migration solution. 

Depending on their physicochemical properties (e.g. volatility and 
polarity), the concentrations of the respective analytes in the migration 
solutions can be quantified using a variety of analytical techniques, 
ranging from headspace and liquid injection flame ionization gas chro-
matography/ mass spectrometry (GC-FID/MS) to liquid 

Table 1 
Assignment of food simulants to food according to Regulation (EU) No 10/2011.  

Food simulant Abbreviation Food category (examples) 

10% Ethanol Food simulant 
A 

Aqueous food (pH above 4.5) 

3% Acetic acid Food simulant 
B 

Acidic food (pH below 4.5) 

20% Ethanol Food simulant 
C 

Clear drinks, Fruit or vegetable 
pureé 

50% Ethanol Food simulant 
D1 

Oil in water emulsions (milk 
products), cloudy drinks 

Vegetable oil Food simulant 
D2 

Fatty food 

poly(2,6-diphenyl-p- 
phenylene oxide) 

Food simulant 
E 

Dry food (cereal)  
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chromatography-mass spectrometry (LC-MS) for organic compounds 
and atomic absorption spectrometry (AAS) and inductively coupled 
plasma (ICP) analyses for inorganic compounds. 

However, in addition to intentionally added substances (IAS), FCMs 
made of plastics may contain substances that are not used intentionally 
and that are not listed as authorized monomers or additives in Com-
mission Regulation (EU) No 10/2011. These substances are commonly 
referred to as NIAS (non-intentionally added substances) and must also 
comply with the general safety requirements of Article 3 of the European 
Framework Regulation 1935/2004.1 Assessment of these components 
shall be performed in accordance with internationally recognised sci-
entific principles on risk assessment (Article 19 of Regulation (EU) No 
10/2011). 

Unlisted substances found in plastic FCMs may include impurities in 
the starting materials used to make the plastic, reaction intermediates 
formed during the polymerisation processes, decomposition or reaction 
products formed during polymerisation, substances formed during 
thermal processing of package fabrication and chemicals that are 
applied to the non food contact side (like printing inks) that might be 
transferred to the food contact side. In such cases, non target screening 
assays are commonly used that are suitable for detection, identification 
and quantification of a wide range of potentially migratable chemicals 
differing in structure, polarity and molecular weight. Such screening 
analyses16 include, among others, the analytical techniques outlined in 
Table 2. 

For the assessment of NIAS for which no other basis for evaluation is 
available, the threshold for the migration of unauthorised substances 
beyond a functional barrier may be used in accordance with Article 13 of 
Regulation (EU) No 10/2011. Accordingly, the migration must not 
exceed a limit of 10 µg/kg (ppb) of food. However, this limit does not 
apply to substances classified as "mutagenic", "carcinogenic" or "toxic to 
reproduction" (CMR) according to the criteria set in Regulation (EC) No 
1272/2008. 

In a conservative approach for risk assessment of genotoxic sub-
stances, EFSA has derived a threshold limit of 0.15 μg per kg in food for 
an adult person, based on a worst-case scenario of a person with a 
default body weight of 60 kg, a consumption of 1 kg foodstuff per day 
and taking into account the TTC (Threshold of Toxicological Concern) of 
0.0025 μg per kg body weight per day below which the exposure to an 
unknown contaminant would have negligible consequences for the 
human health.17 

For infants, a worst-case scenario based on 5 kg body weight and a 
consumption of 0.75 kg of food (baby bottle contents such as recon-
stituted milk formula and water) each day,18 a much lower threshold 
limit of 0.017 μg per kg in food can be calculated when taking into ac-
count the aforementioned TTC (Threshold of Toxicological Concern) of 
0.0025 μg per kg per day. 

However, this TTC approach is only intended for substances where 
no specific toxicological data are available. In the case of substances 
with an existing toxicological profile, evaluations from other fields of 
application can be referred to for the risk assessment.19 

Detection, quantification and regulatory assessment of both inten-
tionally and non-intentionally added substances of high concern and low 
threshold limits can present a challenging task for both analytical lab-
oratories and supervisory authorities. Analyses of individual compo-
nents or complex mixtures might require time-consuming and complex 
analytical techniques such as high resolution gas chromatography mass 
spectrometry (HR-GC–MS), liquid chromatography Fourier trans-
formation mass spectrometry (LC-FT MS) and two-dimensional gas 
chromatography mass spectrometry (GCxGC MS). 

Hence, integrated approaches to enable the identification, assess-
ment, detection and mitigation of safety risks raised by food contact 
materials have become increasingly important in recent years.20–22 At 
present, safety risks brought about by FCMs are studied extensively 
within the framework of the SAFFI project,23 a multinational coopera-
tion to benchmark the main safety risks throughout the food chain of 

infants’ food. With partners from industry and university research cen-
tres and funded by the European Union, joint studies such as SAFFI may, 
in turn, make a valuable contribution to food safety if their results are 
translated into the legal framework - to distinguish those substances of 
very high concern from the wide range of substances of minor impor-
tance, thus making food contact materials safe in every respect, but in 
particular for young children and infants. 
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A B S T R A C T   

Food safety of infant foods is of paramount importance due to the high vulnerability of this population. Food 
business operators guarantee safety of the products they put on the market by implementing control measures 
that prevent, eliminate, reduce, or keep relevant physical, microbiological and/or chemical hazards to an 
acceptable level. It is essential that the efficacy of control measures is validated during process design and on-line 
monitoring and periodic verification activities are implemented during the commercial production. Infant foods 
are usually processed through conservative thermal treatments that guarantee food safety but usually negatively 
affect the organoleptic properties, reduce vitamin and nutrient contents. Heat treatments can trigger the for-
mation of process induced contaminants.The EU-SAFFI project aims to set and validate new/emerging processing 
and preservation technologies (i.e. pulse combustion drying, radiofrequency and high pressure processing) to 
control key contaminants and pathogens as efficiently as classical technologies and to provide a decision support 
system to manage food safety in infant food. This article describes how the project is addressing the research to 
control (i) furan, a key process-induced toxicant in infant food whose formation is induced during thermal 
preservation processes of foods such as infant formulas and jarred baby foods, (ii) tropane alkaloids, natural 
contaminants found in agricultural crops due to accidental harvesting of weeds whose presence above the 
maximum regulated levels have been documented in cereal-based foods for infants and children and (iii) 
different vegetative and spore forming bacterial pathogens, a group of microbiological hazards with product and 
technology-specific relevance and resistance.   

1. Introduction 

Within the food sector, infant foods are particularly relevant for food 
safety issues because of the high vulnerability of the target population 
and the wide variety of commodities. Processing and preservation pro-
cesses are applied by manufacturers to treat different types of infant 
food.1 Instead of reacting to foodborne outbreaks, the current regulation 
requires the food business operators to have a preventive systematic 
control of the processes implemented, namely the pre-requisite pro-
grams and Hazard Analysis and Critical Control Points (HACCP). The 

HACCP approach provides flexibility with the selection of control 
measures, enabling the accommodation of changes in food formulation, 
technology developments and innovations to meet the market and 
consumer demands. The implementation of HACCP-based programmes 
is audited by inspection agencies and regulatory authorities and en-
hances the food safety of produced food and promotes international 
trade by increasing confidence in food safety system.2 The HACCP-based 
approaches focus on hazard control at specific critical control points 
(CCPs) applied to specific operations within the production process, 
storage and handling. Food business operators are responsible to obtain 
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scientific and technical evidence that specific control measures (alone or 
combined) are effectively controlling the relevant identified hazards, 
either of physical, microbiological and/or chemical nature. Within the 
food safety management systems, control measures aim to prevent, 
eliminate, reduce, or keep a relevant hazard to an acceptable level that it 
is not likely to pose a public health risk under normal conditions of 
distribution and storage.3,4 

In this context, validation of a control measure acquires a paramount 
importance and needs to be performed during the design of the process, 
prior to its rutinary implementation. A validation study aims to provide 
the evidence that the process and product parameters associated with 
the control measure, if properly implemented, can control the hazard 
under a worst-case scenario.5 Conducting validation studies may be 
resource intensive. Several complementary approaches can be useful, 
including (i) the scientific and technical literature, international stan-
dards and recognised guidelines, gathering data from previous valida-
tion studies and the historical knowledge of the proper performance of 
the control measure; (ii) scientifically sound experimental approaches 
based on microbial challenge testing (either with pathogenic microor-
ganisms or qualified surrogates), pilot plant or industrial trials designed 
and carried out to mimic process conditions and (iii) mathematical 
models that integrate scientific data on how product and processing 
factors affect the relevant hazards enabling the assessment on the ability 
of one or a combination of control measures to achieve the intended food 
safety outcome. Available data and mathematical models serve of part of 
the evidence that is being collected in a validation study, and often do 
not reflect the actual situation good enough, and one will precede with a 
challenge study to validate the control measure. 

Once the validated control measure is implemented, it requires a 
real-time monitoring during processing of each batch though a planned 
sequence of measurements of control parameters that confirms that the 
control measure is operating as intended. In addition to monitoring, 
periodic verification is needed a posteriori, after the processing, to 
determine whether the control measure has been operating as intended.3 

Verification activities include reviewing production, maintenance and 
calibration reports, environmental sampling and product testing, 
amongst others. Sampling plans and analytical methodologies are 
frequently described in guidelines and regulations about microbiolog-
ical criteria and maximum contaminant levels. The relevance of 
end-product testing as verification procedure depends on the type of 
product and process.6 

Within the EU research project funded by Horizon Europe 2020, 
SAFFI (Safe Food for Infants in the EU and China, https://www.saffi.eu/ 
), focused on foods for infants and children, a work package is currently 
in progress to develop a prototype of a decision support system for 
hazard control. The work package also aims to set and validate emerging 
processing and preservation technologies to control key contaminants 
and pathogens as efficiently as classical technologies and to set efficient 
sampling strategies at operational (infant food companies) and 
governmental (food safety authorities) level to enhance the effectiveness 
of food safety management options. 

2. Infant food and new/emerging processing technologies 

Infant food manufacturing involves one or more heating steps of raw 
materials or intermediate products. The end-products are generally 
microbiologically shelf stable. Shelf stability is achieved by the low 
water activity (aw) of the end-product in the case of powdered infant 
formula and infant cereals or thanks to the microbial lethality achieved 
with the heating steps in case of ready-to-eat meals and fruit-based 
purees. To ensure the inactivation of spoilage and pathogenic microor-
ganisms and enzymes, infant foods are usually processed using conser-
vative time/temperature combinations as thermal treatments. Besides 
microbial inactivation, heating contributes to soften the raw materials. 
However, due to the intensive heating, less desirable flavour and colour 
changes may appear and the vitamin and nutrient contents are reduced.7 

Moreover, intensive thermal treatments trigger the formation of process 
induced contaminants such as acrylamide, furans, hydroxymethyl 
furfural (HMF), etc.8 

The SAFFI project deals with four infant food chains chosen as case 
studies to cover infant nutrition while encompassing very different 
hazards (microbial, natural toxins, process contaminants and food 
packaging migrants), ingredients (of plant and animal origin), process-
ing (including new or emerging technologies) and control steps. The 
case-studies include: (i) powdered infant formula, (ii) infant cereals, (iii) 
sterilized vegetables mixed with fish or meat meal and (iv) fruit-based 
purees. Besides the classical thermal technologies spray and drum dry-
ing processes, the pulse combustion drying (PCD) will be explored for 
case-studies (i) and (ii). The radiofrequency (RF) heating will be 
investigated as an alternative to classical retort sterilisation, while high 
pressure processing (HPP) will be the non-thermal alternative for 
pasteurisation. 

2.1. Pulse combustion drying 

Spray drying is the most commonly used technology to dry liquid 
foods, such as infant formula. Spray drying is very intensive on energy 
use, having a large impact in cost and sustainability. The use of direct 
heating systems has been eliminated due to the presence of undesirable 
gases after the fuel combustion, and only low efficient indirect heating is 
now being used for food processing. Pulse Combustion Drying (PCD) is a 
new drying technology that uses an engine to produce hot waves of air 
(3000 waves/minute, at 350–400 ◦C) that cause a very fast drying of the 
liquid droplets, resulting in a high-quality dried product, without the gas 
problems of the traditional direct heating systems.9, 10 Another advan-
tage of PCD is that it is more efficient than indirect heating spray drying 
for three main reasons. First, PC dryer can handle higher solid loading 
and viscosity than a conventional spray dryer. High viscosity fluids (such 
as infant cereals) are not possible to dry by spray drying, and a drum 
dryer must be used, with potential detrimental effects on final product 
quality. Secondly, in PCD the heat transfer is very high and drying is 
completed in a shorter time and at higher temperatures (air temperature 
between 350 and 500 ◦C) than classical drying technologies. As a 
consequence, a higher drying efficiency is achieved with PCD (20% less 
energy) compared with indirect heating spray drying.10 Finally, due the 
smaller size of the equipment and lack of mobile parts inside the drying 
chamber, PCD requires lower investment and maintenance than clas-
sical spray drying equipment. Although the PCD technology is already 
working under industrial conditions it is not used for infant food pro-
duction yet. Moreover, there is a need for scientific studies about ther-
mal damage markers, accumulation of process contaminants and the 
microbial inactivation achieved to substantiate the beneficial potential 
within the food sector. 

2.2. Radiofrequency 

Radiofrequency (RF) heating is a technology based on the absorption 
of electromagnetic waves by a dielectric material, similarly to micro-
waves in the 10–300 MHz range. When compared to microwaves, RF has 
a greater penetration into the product and better heating uniformity, 
minimizing irregular heating or hot spots.11 Moreover, there is a mini-
mal dirt deposition (less water and cleaning agents are needed for 
cleaning) due to the removal of hot heat transfer surfaces.12 RF has a 
high heating efficiency (>80%) without losses to the surrounding 
environment.13 As the heating rate is faster than in conventional heating 
technologies (such as UHT or retort), nutrient, vitamin and flavour 
damage is minimized14 and the organoleptic characteristics of the 
product can be improved.15 Different applications of RF for pasteuri-
zation can be found in the literature. In liquid or semi-liquid products, 
applications include orange juice,16 tomato homogenate17 and fish 
soup.15 Some studies can also be found on the successful application of 
this technology to infant foods (milk powders) for the inactivation of 
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Cronobacter sakazakii.18 

2.3. High pressure processing 

HPP is a non-thermal process applied once the product is in its final 
package to inactivate vegetative forms of pathogenic and spoilage mi-
croorganisms.19 HPP is an alternative to heat processing that provides 
food safety and extended shelf-life while retaining nutrients and bioac-
tive compounds.20 Being non-thermal, HPP does not trigger the forma-
tion of thermal process contaminants that are formed at high 
temperature, such as 5-hydroxymethylfurfural (5-HMF).21 In this sense, 
a study conducted on commercial heat-treated infant food showed that 
all tested jams contained 5-HMF, from traces to 72 mg/kg, as well as 
fruit-based food, whose contents ranged from not detectable to 8 
mg/kg.22 On the contrary, results from SAFFI showed that HPP (600 
MPa for 6 min) can be used as non-thermal preservation technology, 
alternative to heat treatment, in apple and banana-based infant food 
without inducing the formation of 5-HMF (unpublished data). 

It is worth to highlight that consumers perceive HPP as a natural 
process and more environmental friendly than conventional processes.23 

HPP innovative foods aim to meet consumer demands for minimally 
processed healthy products with better flavour and fresher appearance 
compared with the heated ones.24 HPP of food is an emerging trend in 
the market of ready-to-eat food, including some infant food products 
(mainly acidic fruit purees). The current regulation sets microbiological 
criteria for ready-to-eat infant foods applying zero tolerance against 
Listeria monocytogenes, namely no detection for the pathogen in 10 
samples of 25 g (Commission Regulation25No 2073/2005 of 15 
November 2005 on microbiological criteria for foodstuffs 2005). Several 
guidance documents published by public health authorities recognise 
HPP as a technology contributing to the control of this pathogen in 
ready-to-eat food.26, 27, 28, 29 HPP is also recognised as a suitable 
technology to design a control measure to inactivate the pertinent 
pathogens (e.g. E. coli O157:H7, Salmonella spp.) in fruit juices.30 

To develop the case studies listed above, the SAFFI approach consists 
in the quantification of the fate of key chemicals (degradation, genera-
tion, migration) and the behaviour of the identified microbiological 
hazards (growth or inactivation) along the four infant food chains 
selected as case studies. Following, few examples on how the research is 
addressed are described. 

2.4. Control of furan, a key process-induced toxicant in infant food 

Furan is a highly volatile molecule, which is classified as a possible 
carcinogen for humans.31. The European Food Safety Authority32 re-
ported a high furan exposure in infants (0.09–0.22 µg/kg.b.w/d) and 
toddlers 0.05–0.31 µg/kg.b.w/d). For toddlers, most of the exposure is 
related to consumption of jarred baby foods, fruit juices, milk-based 
products and cereals-based products; whereas for infants, the major 
sources of exposure would be infant formula and jarred baby foods. In 
2016, ANSES published a report on the total diet for infants and tod-
dlers.33 In children under 3 years old, dietary exposure to furan was 
considered to be of concern, especially for breakfast cereals, jarred 
vegetable with or without meat or fish, placing furan at the top of the list 
of priority hazard.34,35 In the case of infant foods, furan can be formed 
from amino acids, carotenoids, ascorbic acid, lipids33,35 and carbohy-
drates36 during thermal preservation processes such as pasteurization or 
sterilization (Fig.1). management rely on the availability of robust and 
reliable methods for quantifying furan in infant food in laboratories and 
monitoring on production lines. It would also require mitigation strategy 
to control its formation during industrial processes and suitable rec-
ommendations to limit child domestic exposure. 

Today, furan is generally quantified by solid phase micro-extraction 
(HS-SPME) coupled with gas chromatography-mass spectrometry 
(GC–MS).37 In HS-SPME, a polymer attached to metal rod adsorbs the 
volatile molecules present in the headspace of the sample, and in 

particular the furan, which are then quantified by GC–MS. HS-SPME has 
the advantage of concentrating the analyte, which is very interesting 
when it is present at trace levels.33 In counterpart, the competition 
phenomena between volatile species36 resulting from the limited 
adsorption surface of the fibers37 together with their poor manufacture 
reproducibility leads to a relatively poor precision of quantification 
based on this extraction mode. Two alternative options can be consid-
ered to overcome this problem. The first one is to circumvent the 
competition phenomena by using an extraction technique with similar 
advantages but implementing a fibre with a larger adsorption surface. 
With this in mind, Dynamic Headspace (DHS,38) is now automated and 
may represent a first valuable alternative to HS-SPME. The second op-
tion relies on using static headspace (SHS) extraction. Sampling is done 
with a syringe inserted at thermodynamic equilibrium between the 
headspace and the sample. As it does not involve an adsorbent trap, this 
method is reproducible because there is no competition phenomenon or 
composition variability. On the other hand, it does not allow the con-
centration of the analyte in the headspace inducing a significant drop in 
extraction yield. Presently, this limitation could be compensated by 
using modern mass spectrometer like Q Exactive-HRMS-Orbitrap®, 
which are much more sensitive than MS quadrupole. 

The three previous analytical options are within the reach of refer-
ence laboratories but remain too costly and cumbersome to implement 
for routine self-monitoring by manufacturers. In this view, a non- 
targeted approach could be developed to determine compounds that 
are markers of furan formation, which would be much easier to analyse. 
By analogy with metabolomics, which consists in studying the variations 
in the metabolism of a biological organism in response to a stress factor, 
this new approach might consist in studying the variations in chemical 
reactions within a matrix in response to different process conditions and 
might be named procedomics. In the case of thermal preservation pro-
cesses involved in the generation of furan, it could consist in identifying 
robust volatile marker of the generation of furan in the volatile fraction 
of transformed infant products. 

Both furan quantification and procedomics would enable to study the 
effectiveness of furan mitigation by so-called non-thermal and alterna-
tive heating processes such as HPP and RF. This include determining the 
levels of furan generated during these processes, optimizing the influ-
encing parameters and finally, benchmarking mild processes against 
conventional ones in terms of furan mitigation. It will also rely on setting 
appropriate recommendations in order to limit domestic exposure to 
furan via infant food consumption, by identifying hazardous practices 
by means of surveys on consumption practices (e.g. reheating with water 
bath, microwave), then determining the levels of furan generated by 
these practices, assess the risk of exposure in order, in fine, to propose the 
best practices to recommend. 

2.5. Control of tropane alkaloids, natural contaminants from weeds 

Tropane alkaloids are a class of plant toxins with more than 200 
compounds that occur in a wide range of plants in the Solanaceae, 
Brassicaceae, Convolvulaceae and Moraceae families.39 Some of these 
plants, such as potato, aubergine and tomato, are directly consumed by 
humans, while others can be found in agricultural crops due to acci-
dental harvesting of weeds. For instance, it is well known that seeds of 
Datura stramonium with high levels of tropane alkaloids can be found in 
cereals such as millet, sorghum, buckwheat, sunflower and linseed.40 

Most relevant tropane alkaloids are atropine (racemic mix of R- and 
L-hyoscyamine) and scopolamine. Intoxication by these compounds 
leads to anticholinergic effects such as dry mouth, blurred vision, muscle 
spasms, tachycardia, malfunction of the central nervous system, and 
death in most severe cases.41 In the EU, the maximum levels of tropane 
alkaloids in food are set by the Commission Regulation (EC) No 
1881/200642, namely 1.0 µg/kg atropine or scopolamine in processed 
cereal-based foods and baby foods for infants and young children, con-
taining millet, sorghum, buckwheat or their derived products. 
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Nevertheless, the presence of tropane alkaloids above these limits 
has been documented in cereal-based foods for infants and children. 
According to a survey in the Netherlands in 2011, 2012 and 2014, an 
average of 4.6, 4.4 and 0.5 µg/kg (respectively) was found in cereal- 
based food for infants and young children, with maximum levels of 
80.8, 57.6 and 3.9 µg/kg, respectively.43 Another survey found that 20% 
of cereal-based foods for young children (6–36 months) contained one or 
more tropane alkaloid, and amongst food groups, the highest mean 
concentration (130.7 µg/kg) was detected in cereal-based meals for 
children.44 

Therefore, it is necessary to update or set up new strategies to control 
tropane alkaloids in infant food. In this sense, the SAFFI project is 
working in the assessment of the effect of food processing technologies, 
such as conventional spray drying or the emerging PCD technology, on 
the fate of tropane alkaloids in infant cereals. The effect of processing 
parameters such as pH, temperature and treatment time on the stability 
of these contaminants will be determined. Furthermore, the project aims 
to provide sampling, monitoring and analytical strategies to be imple-
mented by infant food companies to establish an accurate and efficient 
control of these contaminants. A new analytical approach will be pro-
posed, based on existing validated state-of-the-art methods for the 
determination of tropane alkaloids. These methods include extraction 
with acidified aqueous-organic solvents, purification steps and chro-
matographic analysis by LC-MS/MS.44,45 

2.6. Effect of infant food processing on bacterial pathogens 

Amongst the microbiological hazard identified in the infant food 
chains within the SAFFI project activities, both spore forming pathogens 
(Bacillus cereus, Clostridium botulinum) and vegetative bacterial patho-
gens (entero-haemorrhagic Escherichia coli, Salmonella spp. Cronobacter 
sakazaki, Listeria monocytogenes) are of relevance for different type of 
infant foods. The microbial resistance to heat and other processing 
technologies depends on several factors,46,47 including:  

• Microbial related factors such as type of microorganism (i.e. spores 
being much resistant than vegetative cells), though differences at 
species and strain level may also be considerable. The physiological 
state of the cells and the conditions to which a microorganism is 
exposed to prior to any treatment are also of paramount importance, 
as they may trigger resistance mechanisms and make bacteria more 
robust towards preservation and processing treatments.  

• Product related (i.e. intrinsic) factors such as pH, water activity and 
specific compounds (natural or intentionally added as part of the 
product formulation) that may sensitize or protect microbial cells 
against other stresses.  

• Extrinsic factors such as technological parameters associated with 
the processing and preservation technologies (temperature, pressure, 
etc.). 

All these factors need to be considered when evaluating the efficacy 
of the control measures when both classical and new/emerging 

Fig. 1. Different origins of the parent furan formation. *PUFA = polyunsatured fatty acids.  
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technologies are applied. With the aim of developing a prototype of a 
decision support system (DSS) for hazard control, the SAFFI project aims 
to collect information available in the scientific literature regarding the 
behaviour of relevant pathogen associated with specific processing and 
preservation technologies considered in each case-study. A wide vari-
ability of the microbial response is usually recorded when different 
studies are gathered, which can be related to the differences in the used 
methods and design of experiments, covering different factors and 
ranges of conditions. For instance, Fig. 2 shows the inactivation of E. coli 
reported in different scientific articles during HPP of apple and carrot 
juice, and inactivation kinetics depend on the product, the strain and the 

temperature.48–51 Statistical meta-analysis and mathematical modelling 
strategies can be useful to integrate the results of individual studies and 
find global estimate of kinetic parameters with their corresponding 
variability.52 A meta-analysis can also point to factors that have a sig-
nificant and main impact on the kinetic parameter.53 The outputs of 
meta-analysis are also useful to guide the design of new inactivation 
experiments and can give a first impression on the efficacy of a pro-
cessing or preservation treatment. SAFFI will further build on the 
meta-analyses, and also perform validation studies on pilot plant scale. 
In these cases, appropriate non-pathogenic microbial surrogates are 
often used to mimic the behaviour of the target relevant pathogen in the 

Fig. 2. Inactivation (Log10 reduction) of different strains of E. coli in apple (a) and carrot (b) juice during high pressure processing at 400 MPa at different tem-
peratures. Data extracted form References48–51. 
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evaluated process.5 Also here the meta-analyses can give guidance and 
can be used as benchmark to evaluate whether the surrogate of choice is 
a good alternative for the target pathogen. In the SAFFI project, exper-
imental work will also address the occurrence of sublethal injury of 
pathogens upon product treatment, because sublethally injured cells 
might recover and growth out in the food product during shelf lifeFig. 1. 

This complementary approach, collecting targeted experimental 
data using a well-designed experimental approach and combine these 
data with available literature will result in project outcomes with more 
confidence then when only based on experimental efforts. 
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S U M M A R Y   

In a time where the awareness of food safety and quality increases among the general population, it is vital that 
consumers are enabled to make informed decisions on risks involving the safety of their food. The SAFFI (Safe 
Food for Infants in EU and China) project aims to build an integrated decision support system (DSS) for the infant 
food chain that will enable stakeholders at all levels to make informed decisions regarding infant food. The infant 
food chain was selected due to its strict regulatory requirements, its vulnerabilities as highlighted by different 
food safety crises, the economic importance of the infant food sector in the EU and China and the focus on this 
particular food chain by food safety authorities. 

The SAFFI project will incorporate data and models from work packages dealing with hazard identification 
(HI), hazard detection (HD), hazard control (HC) and risk ranking (RR). The models will be integrated into a 
user-friendly and upgradeable cloud-based decision support system application. A multi-actor cost-benefit 
analysis of the project will be carried out, enabling the stakeholders in the project to assess the relevance of 
implementing the project technologies by integrating food safety, regulatory and economic criteria. 

The decision support system will be validated on four specific case studies, and tested on end-users, with the 
aim of extending this approach to other food chains.   

1. Introduction 

As the awareness of food safety and quality increases among the 
general population, it is of paramount importance that consumers are 
enabled to make better informed decisions regarding the risks they take 
in their everyday life. In the era of big data, in which the number of 
research papers on food data has grown nearly 300% every five years 
since 2010,18 there has never been a better time to harness this data in 
such a way to manage the issue of food safety. The SAFFI (Safe Food for 
Infants in EU and China) project aims to build an integrated decision 
support system (DSS) for the infant food chain that will enable stake-
holders at all levels to make informed decisions regarding infant food. 
The infant food chain was chosen as the focus of the SAFFI project for 
several reasons: (1) if the DSS tool can successfully integrate the various 
elements monitoring the high standards of safety that infant food pro-
ducers must adhere to given the vulnerability of the population, it can 
then be expanded to other food chains; (2) the number of high-profile 
incidents in this supply chain indicate the focus that infant food is 

given and the susceptibility of this chain to food safety incidents; (3) The 
most recent French total diet study focused specifically on the infant 
population, demonstrating the importance of this population to au-
thorities. Finally, the infant food industry is of great importance both in 
the EU (the sixth most valuable product category exported in 20219) and 
China, where the growth of the sector has been strong. 

The main priorities of SAFFI project are: (i) to have a better insight 
on microbiological and chemical hazards along the infant food chain; 
(ii) to identify the main known risks and provide (when needed) new 
tools for their identification, detection, assessment and mitigation by 
both public health authorities and food industry; (iii) to anticipate un-
known risks related to chemical contaminants not detected by current 
monitoring systems; (iv) to prevent public health crises related to 
foodborne microorganisms by proposing tools for predictive microbi-
ology and risk management based no longer on hazards but on risks; (v) 
to further share data, practices, and critical information in real time to 
ensure overall food safety control. 

The activities based on these priorities will culminate in an 
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integrated decision support system. A decision support system can be 
described as the “hardware/software that allows a specific decision maker 
or group of decision makers to deal with a specific set of related problems”.17 

The anticipated decision makers (i.e., the users of the DSS) will range 
from the preparer of infant food (who, via the DSS, will be enabled to 
make safer decisions around food use) to infant food companies and food 
safety authorities, who will be enabled to make appropriate responses 
when a new product is developed, or a new hazard is identified or sus-
pected in the infant food chain. As part of work package 5, a multi-actor 
cost-benefit analysis of the decision support system will be carried out. 
This cost-benefit analysis will enable the different stakeholders in the 
project to assess the relevance of implementing the project technologies 
by integrating food safety, regulatory and economic criteria. By assess-
ing this, SAFFI’s cost-benefit analysis will enable the project partners to 
directly assess how the project outcomes will impact the performance 
and reliability of food safety control all along the infant food chain. 

The decision support system will be developed in the form of a beta 
software programme, and in adherence to the Technology Readiness 
Levels detailed by the Horizon 2020 programme,8 will reach a TRL of 4, 
signifying the technology developed has been validated in a lab. This 
beta software will be further developed, upon the completion of the 
SAFFI project, with the goal of producing a commercially ready DSS tool 
that can be adapted to other food chains and upgraded with new data in 
the future. 

2. Methods 

2.1. Decision support system 

2.1.1. Data collection 
There are seven work packages within the SAFFI project, the first 

four of which will produce data that forms the basis of the integrated 
decision support system (DSS) to be developed. These work packages are 
individually concerned with unique aspects of food safety, including 
hazard identification (HI), hazard detection (HD), hazard control (HC) 
and risk ranking (RR). The types of data being generated and collected 
for use in the integrated DSS are equally unique, ranging from food 
processing data from pilot experiments to metagenomics data to cost- 
benefit analysis data. This data, and the subsequent models which it 
will be incorporated into for the integrated DSS, will be hosted on the 
SAFFI Data Foundry platform.5 SAFFI Data Foundry is a cloud based 
platform developed by Creme Global, Dublin, Ireland, that facilitates the 
secure collection of datasets, hosts data collection portals and will ulti-
mately host the integrated DSS developed during the SAFFI project. As 
there is a vast quantity and variety of data being collected it is crucial to 
the model development process that the data collected is of a high 
quality and is suitable for integration into a computational model. The 
data collection within this project needs to be considered on two levels: 
(1), the data collection process must be managed by Creme Global to 
ensure that the templates used for data collection and the databases built 
must be of a suitable standard to be integrated into a computational 
model, and an integrated DSS; (2) under the Open Research Data Pilot 
and EU Horizon 2020 project guidelines,7 project partners are obliged to 
follow the FAIR principles in making data Findable, Accessible, Inter-
operable and Reusable. The steps taken to ensure the data produced in 
this project will meet the FAIR requirements include the use of accepted 
protocols in recording metadata and labeling datasets, the storage of raw 
data in a data repository and the agreement of a data sharing agreement 
(to be established as the project continues), the publication of results in 
an OpenAccess journal where possible, and the following of OpenAIRE 
guidelines for online interoperability of results. As part of the SAFFI 
project, a Data Management Plan has been developed and will be 
updated and referred to as the project progresses. 

2.1.2. Requirements gathering 
In order to build models that satisfy the technical requirements of the 

respective work packages and the overarching technical objectives of 
the project, the requirements of the model to be developed must be 
identified. The purpose of the requirements gathering step is to scope 
out the requirements of the model- including the use cases of the model, 
the functional requirements / features, the inputs and outputs, possible 
constraints and interface specifications- and to allow the identification 
of key data inputs. The key data inputs, as well as the actual data to be 
incorporated into the model, include the qualitative and quantitative 
procedures that will be used to evaluate the content of databases, and 
the mathematical models, algorithms and decision-based models that 
will be applied to data. To commence the requirements gathering pro-
cess, surveys will be circulated among the partners in the respective 
work packages. These surveys will collect, from the partners, de-
scriptions of the proposed models, essential inputs, desired outputs and 
algorithms underlying the running of the model. To steer the re-
quirements gathering process, close collaboration is required between 
the model developer and the partners involved in that particular model. 

2.1.3. Model development (I) 
Data collection templates and databases developed by the SAFFI 

partners are profiled to ensure that they are suitable for integration into 
a computational model. Data profiling involves the analysis of the data 
collected or generated in order to assess the quality of the data, to clean 
data or to identify gaps, to create metadata, identify dependencies be-
tween datasets or to develop schema.14 

Following this collection and profiling of data, and the collection of 
model requirements, initial data modeling is performed. This involves 
the development of conceptual and logical data models24 using entity 
relationship diagrams (ERDs) and data-flow diagrams. Entity relation-
ship diagrams are a type of flowchart used to visualize how “entities”, in 
this case datasets and databases, relate to one another in a system, while 
data-flow diagrams represent the flow of data through a process. Both 
diagrams will be used in the model development process to position the 
collected datasets and databases into a database schema that mathe-
matical and decision based models, and software, can interpret and rely 
on. 

The diagrams designed for each model can be used to optimize the 
model schema for the most efficient performance in terms of speed to 
run the model and computational load, essentially optimizing the model 
to allow the least number of calculations to be required for the desired 
output. 

Following the development of conceptual models for each model, 
and the subsequent optimisation, each proposed model can be evaluated 
to identify the concept(s) most suitable to progress further in the model 
development process. Within the SAFFI project, this suitability to 
progress criteria will involve collaboration between the respective ex-
perts in work packages 1 to 4 and the software development experts in 
work package 5. Aspects to be considered will be the functional re-
quirements of the model, the realistic capabilities within the timeframe 
of the project, and the limitations of the data that is available to the 
project. 

2.1.4. Model development (II) 
When the models to be developed have been selected, more in-depth 

data profiling and mapping must take place, including a greater inter- 
dataset analysis and organization of key variables within the datasets. 
Again, interdependencies will be identified between datasets and even 
between models, and a logical data model must be designed to visualize 
the flow of data through the envisaged model. Based on the finalized 
design of the logical data model, a physical data model will be built. The 
datasets that had been generated and profiled previously will be adapted 
and organized to fit the model, this will involve having separate tables 
that serve as inputs and variables to the underlying algorithms of the 
model. Data used by the model will be accessible to the user, and edit-
able or updateable as the user requires. 
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2.1.5. Testing and deployment 
The beta software tool will be tested via scenarios with known results 

and outputs, in collaboration with the other partners. This testing will 
involve running the model using inputs from an experiment that has 
physically been carried out and run, and the outputs that the model 
generates will be compared to the physical results so as to validate its 
effectiveness. 

The model will be hosted on Data Foundry, a cloud-based software 
tool that enables the use of complex data science products behind user- 
friendly interfaces through a web browser. Creme Global’s proprietary 
technology accommodates the processing loads required by the complex 
data models that will be developed through the SAFFI project. Func-
tionalities of Data Foundry includes account management, data editors, 
file management systems, data up-loaders and modeling engines. The 

Fig. 1. SAFFI project structure and work package interdependencies.  

Fig. 2. Steps of cost-benefit analysis.  
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platform uses Amazon Web Services allowing for a single point of entry 
that is highly secure. Reproducibility is achieved by keeping copies of 
the essential data for re-creating scenarios. Collaboration between 
parties is enabled by the cloud-based nature of the platform, and the 
provision of shared folders where several users can share assets. 

As part of Task 5.5 of the SAFFI project, the beta software will be 
presented and tested to end-users, who will then be tasked with using 
the software tool for a period of time. After this time, interviews and 
surveys will be conducted with the end-user sample who will provide 
feedback and recommendations from their variety of perspectives. This 
testing period allows for potential bugs in the software to be identified 
and for improvements to the software to be suggested. Following feed-
back from the end-users, an assessment will take place on the potential 
next steps to make the decision support system software more 
commercially ready and viable (Fig. 1). 

2.2. Cost-benefit analysis 

2.2.1. Objectives 
Throughout the project and within its different research components, 

different parameters of food safety in the infant food chain are 
explored15,16). These include the hazards examined, the food products 
considered, the processing technologies used, the detection tools used 
for hazard control. Obviously, these parameters are not independent. A 
given hazard may be prevalent in some foods more than others, and 
hazards may be unequally impacted by a processing technology, to cite a 
few examples. Consequently, some scenarios,10 that is to say, combi-
nations defined by a given hazard in a given food product, undergoing a 
given processing technology and examined with a given detection tool, 
will be of salient interest for further discussion in the project. The first 
objective of cost-benefit analysis is to identify and select such scenarios. 
The second objective is to draw up a broad-view assessment involving 
various considerations21 –from food safety, technical feasibility to 
nutritional interest, economic impacts, etc. – and various stakeholders20 

for these salient scenarios. The stakeholders involved in infant food 
safety control include consumers, who should benefit from health issue 
prevention; professionals of early childhood and healthcare, who play 
an advisory role with families; the food industry as well as public au-
thorities, concerned about the prevention of health crises, the preser-
vation of public confidence, the availability of efficient and affordable 
hazard detection tools, the creation of economic opportunities; re-
searchers and industrials of food safety related technologies, etc. 
Stakeholders may bring different visions and different expectations from 
the research carried out.3 The third and final objective is to conclude on 
the potential of the different scenarios, collectively and for each of the 
stakeholders and concerns examined.4 

2.2.2. Methods 
The steps of the methodology followed are depicted in Fig. 2. 
In the first step, based on the knowledge available through a variety 

of sources for each parameter separately (hazard, food product, pro-
cessing technology, detection tool), the pros and cons of focusing on 
each parameter value (a given contaminant, a given baby food, etc.) are 
determined and the information is structured and stored in the form of 
arguments. Argumentation, a reasoning model based on the construc-
tion and evaluation of interacting arguments, has been formalized in 
different disciplines including computer science and artificial intelli-
gence6,11 and adapted to various uses such as decision making.2 Its in-
terest in the food sector, together with other system-modeling 
approaches, has been underlined in several recent reviews.12,19,1 De-
velopments and argument structuration in the food sector can be con-
sulted e.g. in Thomopoulos et al.22, 23 

In the second step, all the possible combinations of parameter values 
are computed. The results are the “scenarios” considered. 

Within the scenarios obtained, not all of them make sense. For 
instance, a processing technology may be irrelevant a given food 

product. In this case, all the scenarios where the incompatible processing 
technology and food product were combined can be removed. This is the 
object of the third step. If too many scenarios still remain, which may 
impair a thorough study of each of them, a careful selection of scenarios 
based on the project priorities may be relevant. 

Finally, in the fourth step, the same approach as in the first step is 
applied at the scale of the scenario. To this end, the sets of arguments 
attached to the parameter values composing the scenario are merged 
and further completed by additional arguments proper to the combi-
nation defining the scenario. These arguments are elicited through 
multi-stakeholder discussions. 

2.2.3. Outcomes 
At the end of the fourth step, a so-called “collective attitude” measure 

can be computed for each of the scenarios considered, allowing the 
project consortium to compare them. Details on its exact computation 
can be found in Kurtz & Thomopoulos.13 This measure can be computed 
in several modes: (i) either globally, for all stakeholders and concerns 
brought together, (ii) or modularly, for each stakeholder group or each 
concern separately. Mode (i) allows the project consortium to highlight 
the most consensual scenarios to implement and the underlying reasons, 
provided by the arguments associated with the scenarios. Mode (ii) al-
lows the project consortium to highlight stakeholders or concerns that 
might most benefit from, or on the contrary be unsatisfied by some 
scenarios, and the underlying arguments. This is an essential point to 
anticipate the potential and possible risks of scenarios prior to their 
implementation. 

3. Conclusion 

Issues faced in the infant food chain in the EU and China are complex 
and require equally complex solutions to adequately enhance the reli-
ability and transparency of food safety control. The SAFFI project pro-
poses an integrative approach, essentially bridging the knowledge and 
data gaps that currently exist by integrating data and knowledge from a 
diverse range of sources, disciplines, stakeholders and actors. The de-
cision support system, central to this integrative approach, will connect 
the expertise from disciplines including risk assessment, food technol-
ogy, predictive toxicology, residue chemistry, predictive microbiology, 
pediatrics and knowledge engineering, the inputs of stakeholders and 
end-users and the wealth of food safety knowledge and data developed 
during the project to modern data science principles, and deliver an 
upgradeable and user-friendly tool. The proof of concept of this project 
will be exhibited in the application of the decision support system tool to 
four case studies in the infant food supply chain, and its success will be 
measured by the achievement of the scientific, technological, socio-
economic, and regulatory objectives. 
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A B S T R A C T   

After introducing a historical view of research ethics and the main schools of thought, the paper is structured 
around two main topics: On the one hand, the protection of the environment surrounding the research experi-
ments conducted, which is a major aspect in food safety related research and includes the staff carrying out the 
research. On the other hand, collective decision aspects, which are involved in the construction of decision 
support systems for food safety enhancement. Based on a few examples in food safety related research, the paper 
reviews the ethical issues considered, the ethical principles applied, and the main measures taken in these cases.   

1. Introduction 

Birth of research ethics — Historically, the ethical principles of 
research emerged as a new formalized field, in the tradition of Hippo-
cratic ethics, with the increasing concerns stemming from biomedical 
research. Their emergence was driven by the need for a balance between 
the benefits expected from the research conducted, and the risks to be 
taken, which in some cases led to major scandals [1]. 

The Nuremberg Code of 1947 first provided formalized safeguards to 
ensure accordance with ethical principles in research practices [2]. The 
various versions of the Declaration of Helsinki [3], promulgated by the 
World Medical Association since 1964, further developed the Nurem-
berg Code. They introduced in 1975 the need for review and validation 
of research protocols by an independent committee of ethics. Since these 
foundation stones of research ethics, numerous guidelines have been 
defined and specified for various cases and professions. These can be 
either advisory or have the status of legislations at the international, 
national or local level. However, codes and laws regulate practices but 
do not give comprehensive ethical advice. This is where ethical frame-
works come into play. 

Schools of thought in ethics — Different ethical frameworks have 
been developed. Among them, consequentialism, deontology-based 

ethics, and virtue ethics are major approaches [4]. As its name in-
dicates, consequentialism refers to a family of ethical approaches 
focusing on the consequences or effects of an action, i.e. an action is 
evaluated with regards to its overall consequences. A classic example of 
consequentialism is utilitarianism [5] for which an action is deemed 
morally good if it maximizes the utility of the society. In contrast to that, 
deontology-based ethics regroups different approaches to ethics that 
base morality of an action on its compliance with a set of normative rules 
or duties, regardless of their consequences. An iconic example of that 
kind of approaches is the categorical imperative introduced by Kant [6], 
where an action is morally allowed only if it can be elevated as a uni-
versal law. Finally, virtue ethics disregard consequences or duties in 
favor of virtues, i.e. traits of character that are deemed excellent and that 
need to be nurtured. In that sense, virtue ethics is more interested in how 
a life should be lived rather than what is the right action in a particular 
situation —see Vallor [7] for a recent account of virtue ethics. 

The answers provided by the different frameworks do not necessarily 
converge. This raises the issue of how to solve this pluralism in practice, 
which also opened the way for different conciliation strategies. One of 
them, known as “principlism”, is widely referred to in biomedical ethics. 
It is based on both deontology and consequentialism, and lies on four 
principles [8]: respect for autonomy, non-maleficence, beneficence, and 
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justice. As far as we are concerned in this paper, the principle of 
beneficence is the very basis of the research conducted to improve food 
safety. Indeed, food safety research aims to benefit consumers by pre-
venting health issues of concern, but also the food industry and public 
authorities, by improving efficiency and reducing costs through the 
development of efficient high throughput technologies, thus avoiding 
adverse public health crises and increasing public confidence. As regards 
non-maleficence, justice and autonomy, these principles will be 
considered in Sections 2 and 3. 

This paper proposes an overview of two ethical aspects which are 
prevalent in food safety related research, namely: 1) The protection of 
the environment surrounding the experiments conducted, which in-
cludes the research staff carrying out the experiments. 2) The ethics of 
collective decision, which is implied in the cost-benefit balance of the 
choices made to enhance food safety, with the involvement of different 
stakeholders and possibly personal data considerations. These aspects 
are developed in Sections 2.1 and 3.1, respectively. 

2. Protection of the environment surrounding the research 
experiments conducted 

Ethics related to environmental protection and safety concerns 
research activities that involve the use of elements that may cause harm 
to the environment, to animals or plants, or to humans, including 
research staff. 

In food safety related research in particular, research labs must be 
aware of the possible harm to the environment caused by the research 
and the measures to be taken to mitigate the risks. Practically, they must 
ensure that appropriate health and safety procedures conforming to the 
legislation are applied for staff involved in the research. 

The principle of non-maleficence is followed here, that is to say, 
avoiding causing harm is commented in the first example. 

2.1. Example 1 

Description: a research laboratory carries out microbiological or 
chemical hazard detection and control, involving the use of potentially 
infectious or toxic material that might accidentally impact the envi-
ronment or cause harm to the research staff conducting the experiments. 

Ethical issue considered: The kind of ethical issue that arise in relation 
to microbiological or chemical safety research lies in the risk of envi-
ronmental health and safety impacts. The eventuality of accidental 
release of chemicals or pathogenic bacteria in the environment, of 
accidental contact with humans, has to be anticipated. 

In this example, the risk considered primarily goes for the research 
staff itself —in contrast to research subjects or the general public in 
other cases. Although researchers may be assumed to have a good un-
derstanding of the risks involved, this is not necessarily straightforward 
when staff with different levels of responsibility, or students, are 
involved. 

Ethical principles applied: This issue is in relation to the precautionary 
principle. Initially introduced in policies for environmental protection, 
the precautionary principle has now been much extended. Indeed, ac-
cording to the European Commission, the principle additionally refers to 
potentially harmful effects on human, animal or plant health [9]. The 
principle states that in case an activity introduces a risk of harm, adapted 
measures should be taken to prevent or limit that harm, even in the 
absence of a precise assessment of the risk level. 

To a lesser extent, and in addition to the precautionary principle, the 
issue considered is also in relation to the notion of informed consent. 
This is the most basic requirement originating from the Nuremberg Code 
[2]. Characterized as the most authoritative set of rules for the protec-
tion of human subjects in medical research, the Nuremberg Code has not 
been entirely adopted as law by any nation, nor as official ethics 
guidelines by any major medical association [10]. However, its basic 
requirement of informed consent has been integrated as international 

law in the International Covenant on Civil and Political Rights [11]. It is 
also the basis of the International Ethical Guidelines for Biomedical 
Research Involving Human Subjects, promulgated by the World Health 
Organization [12]. 

In reference to this requirement, in case a research activity in-
troduces a risk of harm, the research staff are supposed to have con-
sented to their involvement. Thus, measures to be taken include 
ensuring that the staff participating has a good understanding of the risk 
and ability to carry out the research adequately with regard to the risk. 

Measures to be taken: legislations and guidelines, defined from the 
international and national levels until the local level at the scale of the 
lab, regulate the intake, storage, registration, handling and management 
of hazardous material. See to this regard. United Nations and WHO’s 
position [13,14]. The protocols required include in particular the 
training of the staff to good laboratory practices, decontamination and 
waste management procedures, appropriate human protection equip-
ment (gloves, masks, safety glasses, lab coats), use of biological and 
chemical hoods. Thus, to summarize, the security measures rely, on the 
one hand, on informational means, including training and procedure 
display, and on the other side on physical and chemical barriers to limit 
the risk of spread. 

3. Ethics of collective decision 

Addressing societal issues such as public health management 
through food safety control, involves several stakeholders with different 
visions of the system, different expectations from the research carried 
out, and possibly conflicts of interest [15]. Supporting decision-making 
in such a multi-actor context implies some ethics of decision and relies 
on the principle of justice in decision-making, since different points of 
view have to be reconciled [16]. In the case of food safety related 
research, experts from different disciplines are involved (e.g. food 
safety, nutrition, food processing), various stakeholders are consulted (e. 
g. consumers, food companies, public authorities, researchers). In 
bottom-up hazard control performed by food companies and top-down 
hazard control performed by food safety authorities, there is a com-
mon responsibility and interest in preventing public health problems 
related to the food chain and a common investment in the food chain 
safety. Nevertheless, expectations regarding the research carried out 
may differ. On the move towards modernized hazard control methods, 
food companies would possibly prioritize, as essential criteria, 
high-throughput tools and cost-efficiency for self-monitoring in routine 
use, ease of implementation, and affordable initial investment costs; 
while on the other hand, for safety authorities, the method capacity to 
discover unsuspected hazards could be salient. 

When choices have to be made, whatever the method used to 
reconcile viewpoints (e.g. using risk-benefit analysis and multi-criteria 
decision [17,18], it is based on underlying decision principles. Unfor-
tunately, it is a well-known issue with voting rules (ways of making a 
decision based on the aggregation of stakeholders’ preferences) that 
none is perfect and each one of them has some defects [19]. Importantly, 
the choice of the voting rule might impact the decision that is made, a 
decision that consequently might misrepresent the preferences of the 
actors. It is thus a matter of justice to acknowledge the bias associated 
with the decision-making mechanism that is chosen and try to address it. 
Example 2 addresses these considerations. 

3.1. Example 2 

Description. A decision support system is designed to analye the costs 
and benefits of different food safety management strategies (which risks 
should be high-priority, which technologies should be chosen, etc.) by 
bringing in the views of the stakeholders concerned. 

Ethical issue considered: The issue considered is the risk of providing 
an unequal representation of the different viewpoints in the decision 
process. 
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Ethical principles applied: This issue refers to the principle of justice in 
research. It is an issue known to the research community, especially in 
participatory approaches [20,21], that the research process itself in-
duces concerns about: (i) The fair representation of the different groups 
and stakeholders, offering the opportunity for all viewpoints to be 
expressed, and avoiding under- or over-representation of certain groups. 
(ii) The possible influence of the researchers themselves on the decision 
process, which should be avoided by keeping a neutral posture. These 
concerns are also shared with other research communities, in particular 
operational research, which produced a rich literature on the subject 
[22]. 

Measures to be taken — Although this issue is inherent to any decision 
process, adopting a formally well-defined decision methodology, 
explainable and interpretable, is a way of best addressing the issue. 
Moreover, providing the possibility to actors to understand and discuss 
the different aspects of the collective decision, will promote under-
standing and cohesion between the actors. 

In addition to the ethical issues raised by the decision process, 
another related well-known issue in ethical guidelines is the respect of 
privacy. With the participation of different stakeholders representative 
of a range of situations and interest in the society, comes the question of 
the possible collection of personal data. Example 3 illustrates this issue. 

3.2. Example 3 

Description. A web survey is launched in order to collect the per-
ceptions of end-users –parents, early childhood professionals, healthcare 
professionals– concerning the safety of infant food products. 

Ethical issue considered: The issue considered is the risk of uncon-
sented collection of personal information, in particular data allowing for 
the identification of a person, such as names, emails, IP addresses, etc. 

Ethical principles applied: The ethical principle involved is the respect 
of privacy [23]. A recent approach to define privacy is to associate it 
with the protection of personal information. As it is the case in this 
example, this definition of privacy relates it to digital concerns such as 
data protection, at a time where data are valuable goods. This concept of 
privacy covers, on the one hand, the right to prevent others from 
obtaining information about oneself; on the other hand, the right to have 
control on information about oneself that may be registered e.g. on 
computers. Thus, privacy can be seen as part of the autonomy principle, 
in the sense that it refers to the right to decide whether and how data 
originating from oneself are used. With this broad meaning, privacy may 
not be exclusively restricted to identifiable data, but more generally to 
information about individuals. Views are however divergent about the 
scope of privacy [24]. 

Measures to be taken: The protection of personal data is regulated at 
the European level by the General Data Protection Regulation and by the 
Directive (EU) 2016/680 [25]. In the present example, the collection of 
identifiable data, if unnecessary for the study, can be completely avoi-
ded. Technically, this implies in particular the choice of a survey tool 
that allows the survey designer to block the collection of IP addresses. 
However, in case the study necessitates the collection of data that can, in 
some manner, allow one to identify the respondent, then participants 
should be informed beforehand and provide their consent. But even 
without the possibility of identifying the respondent, or in the case of 
anonymized data, good practices suggest to provide adequate informa-
tion to the participants. Researchers would thus state any significant 
risks, the purpose of the research, any financial interests and external 
research funding, the opportunity to ask questions or to change one’s 
mind, all items that directly arise from the Declaration of Helsinki 
statements. 

4. Conclusions 

This paper illustrates the challenge of adopting best practices for an 
ethical research, in the domain of food safety. Even in a restricted 

domain of research, it can be noted how diverse the issues raised are. 
Indeed, Section 2 addressed some issues related to the protection of the 
environment surrounding experimental research on food safety, 
including the research staff. This is probably the most straightforward 
aspect of ethics in food safety related research. On the other hand, 
Section 3 illustrates how food safety related research becomes a societal 
issue when it comes to decision about food safety management. In this 
case, very different concerns are raised, in the field of ethics of decision- 
making and personal data protection. 

By highlighting miscellaneous concerns regarding good practices 
and ethical issues in food safety related research, this paper aims at 
increasing awareness within academia, industry and other stakeholders, 
about the variety and complexity of research ethics and its tight imbri-
cation with legislation. 
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A B S T R A C T   

Breast milk is the reference food for the infant both for its content in nutrients, necessary for normal growth and 
development, and for the presence of biologically active substances that provide protection from infections and a 
lower susceptibility to several non-communicable diseases typical of adulthood. However, substances that the 
mother assimilates from the environment, and which can be potentially harmful, can be concentrated in breast 
milk. In fact, for a long time, breast milk has been considered a reliable biomarker of the environment. The huge 
increase in the production and use of chemicals that has occurred in recent decades with consequent wide 
dispersion in the soil, water and air makes it necessary to carefully evaluate the levels of contamination. Based on 
a synthetic review of current knowledge, it can be confirmed that breast milk is always the first choice. However, 
various aspects remain to be clarified based on more robust scientific data. This review aims to stimulate further 
research, managed by multi-disciplinary teams which, with the use of the most modern chemical analysis tools, 
determine the presence of exogenous chemicals in longitudinal studies during pregnancy and lactation, clarifying 
their metabolic fate and evaluating them in the ’scope of global exposure (exposome). To this end, the gaps 
present in the studies conducted so far are also highlighted to make future scientific approaches increasingly 
robust.   

1. Introduction 

A recent review has highlighted some significant data on chemical 
contaminants that have effects of on human health1.  

- in the last decades the industrial production of chemicals has 
increased significantly and the number estimated varies from 
140,000 to over 350,000;  

- about 220 billion tons are dispersed into the environment every year;  

- these substances are ubiquitous, they spread in the atmosphere, in 
the soil, in the water and have been found in uninhabited regions, on 
mountain peaks, at the poles and in the oceans;  

- population studies have revealed their presence in various tissues of 
the human body. 

Many of these substances can be hazardous to health even in small 
doses and the toxicity of many is yet unknown2. 

In USA the presence of 36 environmental chemicals has been tested 
in children aged 6–18 years through five National Health and Nutrition 
Examination Survey (NHANES) cycles (2003–2012). Chemicals have 
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been detected in 93% of sujects and the 5 most represented categories 
were metals, phenols, pesticides, phthalates, and polycyclic aromatic 
hydrocarbons (PAHs)3. 

In other words, the development of chemistry has brought consid-
erable benefits to humanity and has favored its development from many 
points of view, however, one cannot ignore "the other side of the moon" 
and possible negative effects on human health must be considered also 
and understood. 

The main aim of this overview, since exogenous chemicals are found 
in breast milk, is to stimulate greater interest in both clinical and basic 
research to better understand how contaminants may interfere with the 
positive biological actions of breast milk and the mechanisms that could 
affect the triad mother-breast milk-child,4 especially in the long term to 
avoid any risks to the baby’s and mother’s health. 

2. Advantages of breastfeeding 

According to the World Health Organization5, the American Acad-
emy of Pediatrics6 and the European Society for Pediatric Gastroenter-
ology, Hepatology and Nutrition (ESPGHAN)7 breastmilk (BM) is the 
first choice for feeding infants in the first six months of life and in 
addition to complementary food up to two years of age. This statement 
was based on several evidence supporting that BM contains macro and 
micro-nutrients able to guarantee both normal statural-ponderal growth 
and normal psycho-motor and intellectual development. 

Moreover, the bio-active factors contained in BM (oligosaccharides, 
stem cells, microRNAs, growth factors, hormones, antioxidants, cyto-
kines) are able to perform a wide range of biological actions (still not 
fully explainable). Actions are both direct and indirect through, for 
example, changes in the microbiome. These actions are aimed at safe-
guarding the state of health both in the short and long term.8. 

It is well known in fact that the anti-inflammatory9, antioxidants10 

and probiotic11 properties can give to the breast milk an immunological 
protective effect which, in the poorest Countries, has contributed to the 
reduction of mortality from infectious diseases in the first years of life12. 
Regarding the long-term effects, there is evidence that BM could help to 
prevent chronic diseases such as overweight and obesity, hypertension, 
type 2 diabetes and atopic diseases during adolescence and adulthood12. 

In conclusion, “Breastmilk can be considered a “live tissue” which 
composition varies among women and changes over the course of 
lactation13. 

It should be remembered also that breastfeeding has benefits for the 
mother and is associated with less postpartum blood loss and lower risk 
of breast cancer and cardiovascular disease. 

3. Reasons for infant’s susceptibility to chemicals 

The mammary gland acts as an excretory organ of substances taken 
by the mother which are transferred into the milk. Since the 1950s BM 
has been used as a biomonitoring matrix to assess exposure to contam-
inants in humans, in particular to establish the levels of exposure in the 
mothers, and pre-natal exposure, and understand transfer of contami-
nants to the infant through breast feeding14. 

Subsequently, medical research has sought to identify substances in 
BM that can be harmful for mothers and their infants, however, data at 
present are scarce. 

In the first years of life, infants are particularly sensitive to the 
possible toxic action of chemicals because of some fundamental differ-
ences compared with adults. Infancy is characterized by elevated lon-
gitudinl growth, rapid changes in body composition, in numerous 
metabolic mechanisms and in the various organs. For example, in the 
first 3 months after birth the brain volume incfeases by over 60% and the 
brain, lungs, and immune system continue to develop through to the age 
of 6 years and beyond15. Infants eat more food and drink more water per 
unit of body weight and their respiratory minute ventilation adjusting 
for weight is greater than in adults16. Children’s behavior and activity 

patterns are also much different than that of adults and exposure to 
contaminents may play an important role17. The metabolic processes 
required for detoxification are immature18. 

Finally, in accordance with the developmental origins of adult health 
and disease’ (DOHaD) hypothesis it has been proven that a contact with 
different chemicals during pregnancy and the first years of postnatal life 
can contribute, through epigenetic mechanisms, to favor the onset of 
metabolic and cardiovascular diseases in later ages19, 20. 

4. Chemical contaminants 

4.1. Drugs, therapeutic agents, alcohol, cigarette smoking 

In the past years a series of studies have focused on the mother’s bad 
habits (smoking cigarettes, alcohol), on the use of therapeutic drugs and 
on the problems related with drug addiction. 

Briefly, the following pointa summarise current knowledge and 
indications:  

- for the use of therapeutic drugs one can refer to the indications 
provided by the scientific societies21.  

- the use of illicit.drugs is generally considered a contraindication to 
breastfeeding22, 23.  

- as far as alcohol is concerned it is is well established that during 
pregnancy it can harm the unborn baby and be responsible for 
physical and neurobehavioral damage. These conditions are referred 
to as fetal alcohol spectrum disorders (FASD). 

The possible effects of acohol on breastfed infant is less studied and 
more controversial. According to some researches, the use of alcohol 
during lactation can damage neuropsychic development regardless of 
whether or not there was an exposure in the prenatal period also, and 
thus should be discouraged24. This is also the recommendation of the 
World Health Organization(WHO)25. Other Authors has come to 
different conclusions after a review of the literature and they argue that 
there seem to be no risks26. Most likely these discrepancies are related 
with the amount of alcohol consumed the mothers. In the absence of 
more robust evidence, the Australian guideline recommendation "The 
evidence does not indicate a safe amount of alcohol that pregnant 
women and breastfeeding mothers can drink, therefore not drinking is 
recommended as the safest option”27 can be supported.  

- as far as cigarette smoking is concerned an extensive review of the 
data collected confirms that smoke is associated with a reduced 
content of macronutrients, decreased antioxidant properties and 
altered immune status in human milk. However, there is a need both 
to deepen the results obtained and above all to place them in a 
broader context of risk factors28. 

4.2. Metals 

Another group of substances worthy of attention is that of metals 
(some of them also might act as endocrine disrupting chemicals (EDCs) 
(See next chapter). 

Some metals present in trace in BM [(like manganese (Mg), zinc (Zn), 
molybdenum (Mo), copper (Cu), and selenium (Se)], are necessary for a 
normal development of the infants. 

Others such as lead (Pb), cadmium (Cd), mercury (Hg), and arsenic 
(As) do not play any biological role, and may cause adverse health ef-
fects. Generally, Cd, As and Pb are considered as potential carcinogens 
and are associated with many diseases affecting cardiovascular and 
nervous systems and the function of various organs such as liver, kidney, 
bladder, and bone29. Therefore, international organizations such as the 
WHO have given indications of the maximum tolerable limits (MTL)30. 

In general, the belief has always prevailed that, a part for events 
(natural and/or industrial disasters), there are no indications for the 
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suspension of breastfeeding. The widespread diffusion of chemical 
substances in the environment, the displacement of populations with 
profound changes in lifestyles and eating habits including eating more 
prepared food, the industrialization of large areas has stimulated in the 
last few years, also thanks to more modern chemical analysis skills, the 
dosage of metals in breast milk in different geographical areas. 

The results obtained are heterogeneous31. 
Several studies have focused on one single metal. The determination 

of lead in breast milk in Moroccan women has, for example, highlighted 
a mean values of 23.08 μg / L with a very wide range (1.38 - 515.39). 
Moreover, about 80% of the samples had a Pb content higher than 5 μg / 
L which is considered the MTL32. 

This wide variability is also found in other Countries of the Medi-
terranean and other geographical areas with a range between values 
higher than those in Morocco (31.67 in Saudi Arabia) to values lower 
than the MTL as in Portugal, Slovakia, and Austria. 

Different results have also been reported in the same Country (Italy 
and Greece in Mediterranean area32 and in 15 chinese cities33. demon-
strating the need to carry out, if necessary, a specific biomonitoring in 
the geographical areas considered to be at greatest environmental risk. 

The importance of the place where the mother lives also also turns 
out to be important in studies that have evaluated the presence in BM of 
several minerals. In a specific area in Spain, rich in industries and mines, 
all the mineral elements were present in BM exceeding the MTL with 
fluctuations from 6% for Cadmium to 60% for Selenium up to a 
maximum of 92% for Chromium34. 

Higher levels of lead in human milk have been reported in women 
that live close to industrial or urban areas35. The highest levels of arsenic 
in breast milk were found in a district in West Bengal in India where 
arsenic in water was above 50 mg/L36. 

However, it should be remembered that various other environmental 
factors can affect the presence of metals in BM, among these different 
eating habit. For example, a Norwegian study showed that Hg concen-
trations were correlated with a high seafood intake as in other Countries 
(Greece, Italy, Croatia, Slovenia34,37. The European Food Safety Au-
thority recommended that each country should consider its own pattern 
of fish consumption since 201438. 

Another example is the correlation between lead levels and the use of 
lipstick in mothers39. 

4.3. Endocrine Disruptors (EDCs) 

Almost 800 chemicals are considered to be Endocrine Disruptors 
(EDCs) defined as “exogenous substances or mixtures that alters function 
(s) of the endocrine system and consequently causes adverse health ef-
fects in an intact organism, or its progeny, or (sub) populations “40. 
Furthermore, EDCs can cause metabolic disorders and may play an 
important role in the global epidemic of metabolic diseases. For this 
reason, for some of these it has also been proposed to use the definition 
of ‘metabolism disrupting chemicals (MDCs)41. 

However, only a small fraction of these chemicals have been tested 
for their safety or toxicity concern42. 

EDCs are widespread in the environment. They are found in everyday 
products (toys, personal care products, food and beverages containers, 
detergents, flame retardants, pesticides, metals). It is therefore not sur-
prising that epidemiological studies have found the presence of EDCs in 
large populations of adults, children and pregnant women43, 44 and in 
the fetus45. A wide range of research has shown that EDCs can affect 
multiple vital mechanisms in the animal world as well as in humans46, 47 

and particularly in the child48, 49. 
The presence of EDCs has also been documented in breast milk. 
Among the longest-evaluated substances are Persistent Organic 

Pollutants (POPs) that include polychlorinated biphenyls (PCBs), 
brominated flame retardants (BFRs) and organochlorine pesticides 
(OCPs). These may all persist for many years in the environment and 
may bio-accumulate in animals and humans (food chain). In addition, to 

the endocrine effects, especially at the level of the reproductive system, 
they can cause damage to the central nervous system and be carcino-
genic. In 2004, the Stockholm Convention banned their production50. In 
the following years a series of international surveys monitored the 
presence of POPs in breast milk51. Over the years there has been a 
downward trend in exposure to POPs but, according a recent survey, 
levels of PCBs have exceeded the toxicologically safe levels in breast-fed 
infants in all of the reported 51 countries52. 

In addition to POPs, other EDCs may be present in BM. The most 
studied are reported in Table 1. 

In a systematic review that examined 50 scientific publications (over 
3000 samples of breast milk) bisphenols (BPA), parabens (PBs), and 
benzophenones (BPs) were detected in about half of the samples of BM, 
and this is in agreement with epidemiological data of a wide diffusion in 
the population. The concentrations of these substances are variable 
ranging from 0,1 to 3,9 ng/mL of BPA and from 0.5 to>73.5ng/mL of 
BP-3. This variability can be explained both by methodological differ-
ences for the detection, and by the different geographical areas in which 
the research took place (Asia, America and Europe) and, at least 
partially, by other several unspecified variables. For instance, higher 
breast milk concentrations of BPA were observed in multiparous 
women, in those living in a rural area, and in those with a higher annual 
household income. Higher concentrations of some PBs were associated 
with a greater use of plastic food containers or consumption of canned 
beverages53. 

Although phthalates are one of the categories of chemical substances 
most produced worldwide and their monoesters were dosed in BM many 
years ago54, very few studies have evaluated the presence of both their 
parent and degradation compounds in breast milk. In a high percentage 
of samples (up to 100%), however, measurabla amounts of phthalate 
diesters and / or monoesters have been confirmed and the ingested daily 
amount recorded was much lower than the Maximum Acceptable Daily 
Intake (MADI) proposed by European organizations55. 

Per- and polyfluoroalkyl substances (PFASs) represent a group of 
several thousand substances widely diffused in the environment. Some 
of these, in particular perfluorooctane sulfonic acid (PFOS), per-
fluorooctanoic acid (PFOA), and perfluorohexane sulfonic acid (PFHxS) 
are included in the Stockholm Convention on Persistent Organic Pol-
lutants (POPs). The presence of these substances has been documented 
in studies carried out in different continents and it is interesting to note 
that over time their detection rate has decresed but has been replaced by 
other contaminants which toxicological risk is largely unknown. Finally, 
the concentrations in milk are lower than those found in maternal blood 
and in the umbilical cord due to a (protein) mechanism that would 
hinder the passage into the maternal breast56. 

Table 1 
Specific endocrine disruptors and their known main sources.  

Endocrine disrupting 
chemicals 

Main sources 

Benzophenones cosmetics sunscreen, food packaging 
Bisphenol A (BPA) polycarbonate for plastic products (drinking bottles, 

food packaging, toys, medical devices) and epoxy 
resins (food/beverage containers, electronic 
devices) 

Parabens food and cosmetic preservatives 
Paraffins flame retardants, metal-cutting fluids, plasticizers 

and additives in lubricants. 
Phthalates humectants, emollients, or skin penetration 

enhancers in personal care products. Plasticizers in 
toys, bags, shoes, cosmetics, food packaging, 
medical equipment, and building materials. 

Per- or polyfluoroalkyl 
substances (PFAS) 

food packaging, cookware, clothing, carpets, fire 
extinguishers.  
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4.4. Infant health risks 

On the basis of the data reported above, it can therefore be concluded 
that in a significant percentage of BM samples it is possible to dose 
chemical substances attributable to general chemical pollution. The 
point to be addressed is what damage can this cause to human health? 

On the basis of current knowledge, there are no definite scientific 
proven elements that discourage the use of breast milk by weighing 
advantages and theoretical risks57. 

Therefore, the recommendation that has prevailed is that, beyond 
events (natural and / or industrial disasters), there is no indication to 
suspend breastfeeding58, 59. The views of the Centers for Disease Control 
and Prevention (CDC) go in this direction stating that although human 
milk contamination is a known issue, breastfeeding is recommended and 
fully endorsed10. The same conclusion is reached after an extensive 
revision of the literature stating that the evaluation of the relationship 
between the undoubted advantages of breast milk and the possible 
toxicological disadvantages leads to the conclusion that the former is 
clearly superior59. 

On the other hand, we cannot forget that some studies report a 
correlation between EDCs in BM and some clinically evaluable negative 
consequence in infants like a reduced weight and/or length gain related 
with BPA60 or PFAS61 exposure. 

Moreover, many authors agree on the need to deepen the topic with 
methodologies that take into account the limits of the studies carried out 
so far31, 53. 

5. Gaps to consider for future research 

Some gaps are often found not only in studies that evaluate BM 
contamination but also in those that more generally take into consid-
eration the possible impact of the environment on human health.  

- Many researches are in fact based on the determination of a specific 
chemical product and they do not evaluate the possible interaction 
among several categories of chemicals that can act in a synergistic or 
antagonistic way and the possible presence of substances not fore-
seen a priori. In real life, one is more likely to come into contact with 
a mixture of substances. For example, the application of the so-called 
nontargeted analysis detected the presence 172 halogenated and 
nonhalogenated cyclic and aromatic compounds in BM and proved 
that 85% of 40 prioritized contaminants are not typically monitored 
in breast milk surveys14.  

- To obtain a robust risk assessment it is necessary to assess not only 
the exposure to the chemicals mixtures but more generally to identify 
the so-called exposome which on the one hand includes the set of 
stimuli (environmental and personal) that can come into play and on 
the other (especially with metabolomics) the ways in which in-
dividuals react to such stimuli. It is a difficult task that requires the 
joint action of specialized teams (epidemiologists, analytical chem-
ists, biologists, biochemists, geneticists and statisticians) but which 
will allow to pass from simple epidemiological results to the identi-
fication of specific biomarkers, to establish a link between the 
presence in the biological fluids and tissues of various substances and 
the causality of specific diseases62. 

- There is a need for more longitudinal studies performed from preg-
nancy (and pre-pregnancy) and to be continued in postnatal life for 
different reasons: 1) in real life we are continuously in contact with 
many substances which, even if in small doses, can be harmful even 
after a distance of time63; 2) the presence of a chemical in breast milk 
can be the expression of a previous accumulation as for Pb which 
concentration in BM correlates with the amount accumulated in the 
maternal bones during pregnancy64; 3) a single time analysis may 
not highlight the presence of substances such as BPA which are 
quickly washed out. 

Some other gaps focus more specifically on the features of previous 
BM studies:  

- BM samples must be analyzed repeatedly over time because the 
concentration of chemicals such as lead, cadmium, aluminium, and 
arsenic metals has been shown to differ in colostrum, transition milk 
and mature milk65. Many EDCs (polychlorinated biphenyls (PCBs), 
perfluorooctanoic acid (PFOA), dichloro diphenyl dichloro- ethyl-
enes (DDTs), parabens) are also more present in colostrum66.  

- Comparative studies between cohorts of children who are breast-fed 
or formula-fed in similar environmental situations would be useful 

- Many studies do not specify the type of breast milk tested (pasteur-
ized? fresh?) and whether spot or mixed samples were used. Some 
substances pass quickly into the milk (BPA) while others have a 
much slower passage (Pb)  

- In general, some reviews of the literature have highlighted a low 
quality of research53. 

Currently, the European LIFE-MILCH project is ongoing, coordinated 
by the University of Parma (www.lifemilch.eu)67 to assess the levels of 
thirteen different EDCs in breastmilk in relation to maternal life- and 
diet habits and in formula milk studying the relationships with infant 
growth, body fat distribution and developmentfrom birth up to the age 
of 12 months. 

6. Conclusions 

As already underlined in the light of current evidence, breast milk is 
the reference food for newborns and infants and breastfeeding must be 
encouraged and supported by private and public initiatives. 

The demonstration of the presence in breast milk of a wide range of 
potentially harmful chemicals, even if not classifiable as risk factors for 
health, must in any case stimulate a preventive work which is based 
above all on avoiding, during pregnancy and breastfeeding, the contact 
with these substances. This means, in particular, to pay attention to the 
origin of food, its handling and storage, reducing/avoiding the use of 
personal care products that often contain EDCs, decreasing indoor 
pollution and reducing contact with the outdoor pollution as much as 
possible. 

Finally, research in this field should be stimulated and privileged, 
and consistent with current knowledge to better define signals of risks 
and to clarify the effects including epigenetic mechanisms. 
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A B S T R A C T   

This article discusses the issue of food hazards and child health during the first thousand days of life. The aim is 
to raise the attention of decision makers, healthcare officers and professionals, including pediatricians, pediatric 
surgeons, obstetricians, nurses, midwives, dieticians and lactation consultants, on the importance of protecting 
infants and their families during a most critical period for the mother-child binomial. The conclusions emphasize 
the importance of encouraging the adoption of integrated strategies, useful at establishing adequate preventive 
efforts and a game-changing perspective shift in order to develop and adopt efficient monitoring strategies and 
procedures, able to minimize the risks due to hazards in food throughout the first thousand days of life, as a first 
line of prevention in children’s health.   

Introduction 

Awareness regarding the notion of food safety has raised globally 
and significantly in recent years, engaging the stakeholders involved in 
regulating and actively supervising this issue at all levels1,2,3. In parallel, 
the expectations of consumers and advocacy groups have grown for a 
progressively increased and interventional role of governments, 
policy-makers, industry, researchers and healthcare professionals in this 
area of public health. Their demand to the stakeholders in decision 
making is for addressing food safety issues and developing adequate 
solutions and actions pointing at further protecting the health of food 
users. 

It is currently an established and commonly accepted notion4that 
food safety is not absolute, and that food safety refers to a “reasonable 
certainty that no harm will result from intended uses under the anticipated 
conditions of consumption”. This definition recognizes that zero tolerance 
of risks is realistically not feasible for the majority of foods and the 
majority of safety contexts, including food chains. 

An area of food safety particularly sensitive due to its social impli-
cations refers to child nutrition, involving in particular all natural and 

commercial products that are related to the food provided to infants 
during the first thousand days of life. Therefore, including food 
consumed by mothers during pregnancy and infant formula, cereal- 
based product, fruit-based product, vegetable-based product, meat- 
based product consumed by infants and children during their first two 
years of life. The need for effective and continuously updated methods of 
monitoring food safety during the crucial period of the first 1000 days of 
life, is increasingly considered of paramount importance in public health 
to protect the mother-child binomial5. The monitoring of hazards in 
foodstuff, covers the infant food chain from the production of primary 
products (fruits, vegetable and animal-derived raw materials), 
throughout the consumer’s use (process, storage, packaging) 5. 

The aim of this article is to raise the attention of decision makers, 
healthcare officers and professionals, including pediatricians, pediatric 
surgeons, obstetricians, nurses, midwives, dieticians and lactation con-
sultants, on the importance of protecting infants and their families 
during a most critical period for the mother-child binomial. In partic-
ular, authors encourage the adoption of integrated strategies, useful at 
establishing adequate preventive efforts and a game-changing perspec-
tive shift in order to develop and adopt efficient monitoring strategies 

Abbreviations: NCDs, non-communicable diseases; CNS, central nervous system; WHO, World Health Organization; EU, European Union; SAFFI, Safe Food for 
Infants. 
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and procedures able to minimize the risks due to hazards in food during 
throughout the first thousand days of life, as the first line of prevention 
in children’s health. 

The central developmental periods characterizing the first 1000 days 

Three distinct periods can be identified during the first thousand 
days6. They include preconception, pregnancy, and infancy, which have 
been identified as critical in promoting better outcomes in children’s 
lives [3.] Evidence has highlighted the impact that poor parental health 
and well-being can have on conceptus7,8,9, prior to and from the time of 
conception6,7. Specific programs and strategies have been developed to 
ensure that during the preconception period, biomedical, behavioral, 
and social risks can be identified and modified to protect women’s 
health or pregnancy outcomes through appropriate prevention and 
management measures, the purpose of which is to address gestational 
and pediatric adverse illnesses5. Preconception care programs include 
distinct approaches that ensure adequate nutritional and physiological 
support for mothers and their developing conceptus to ensure all they 
need for optimal health. Minimizing toxic exposures and monitoring the 
risk of any type of hazard that may predispose to adverse outcomes is an 
additional important element characterizing preconception care pro-
grams9,10. Preconception is also regarded as an opportunity for mothers 
to adopt lifestyle changes5. A subset of preconception care for mothers 
planning additional pregnancies is interconception care, which is pro-
vided to women from delivery through the birth of a subsequent child. It 
addresses the continuity of risks from one pregnancy to the next9,10. 

The importance of safe development during the nine months of 
pregnancy has been widely recognized for some time11. Factors that 
most affect the health and development of the conceptus during preg-
nancy include diet, stress, and exposure to environmental toxins3. 
Finally, the importance of supporting parents and infants in the first two 
years after birth has been emphasized for decades5. Several public 
health interventions in this area have been developed in many countries 
and the factors that influence health and development during this period 
are widely studied. However, the large amount of available data sup-
porting the importance of establishing effective health services during a 
crucial period for the mother-child pair does not seem to have been 
effectively converted into comprehensive and integrated programs that 
allow adequate support for parents and infants during this period [5.] 

Nutrition and health during the first 1000 days 

An appropriate and adequate nutritional lifestyle in terms of quality 
and quantity makes it possible to prevent most non-communicable dis-
eases (NCDs), including cardiovascular diseases (such as myocardial 
infarction, stroke), cancer, chronic respiratory diseases (such as asthma 
and obstructive pulmonary diseases) and diabetes, which is responsible 
for approximately 38 million deaths per year worldwide12,13. Nutrition 
during the first 1000 days of life affects not only the child’s bodily 
growth, but also its development and future intellectual abilities. In 
addition, an increasing number of studies emphasize that nutrients also 
play a major role in the maturation of the immune system and in the 
composition of the gut microbiota, now considered a truly metabolically 
and immunologically active organ14,15. 

Since the critical "1000 days" include not only the first 24 months of a 
child’s life, but also the period of conception and that of pregnancy, 
attention must therefore be focused on both maternal and child nutri-
tion, leading to a change of mentality in the approach to nutrition 
strategies for the mother-child pair during this sensitive period of their 
life. The mother begins to take care of her and her child’s lifestyle and 
nutrition even before birth. Early childhood therefore represents a 
window of maximum vulnerability but also a great opportunity for the 
development of the child. In this period, in fact, the body and, in 
particular, the central nervous system (CNS), are plastic and therefore 
susceptible to possible epigenetic changes that are able to modify the 

risk of disease in the long term. To this regard, NCDs are significantly 
influenced by diet and lifestyle, which are at the same time the main 
cause and the "easiest" factor on which to intervene to prevent their 
negative outcomes16. 

Educating to a correct lifestyle and a balanced and safe diet since the 
earliest stages of life means laying the foundations for future health. It is 
also of fundamental importance to consider that a child is never a small 
adult and that, even more so, it is not so in the first years of life16. 
Therefore, providing consumers with safe and quality food must be a 
fundamental objective of the authorities responsible for food safety, in 
order to ensure that opportunities for adequate and safe growth are 
provided to infants and children. 

Early Child Development is the result of the interaction between 
individual biological characteristics and the environment in which he or 
she is born, lives and grows. Therefore, a positive environment must first 
and foremost ensure adequate nutrition, implement relational processes 
(within and outside the family unit), ensure equity, opportunities and 
adequate social and health services to support the mother-child bino-
mial. The characteristics of the theoretical model of this environment 
have been elaborated by the WHO Knowledge Network for Early Child 
Development17,18. The early stages of life are crucial in order to set up 
early interventions for development and health status in later ages. 
Therefore, it is important to develop preventive strategies to ensure 
expansion of physical, cognitive, psychological and social-emotional 
skills leading to increased competence, autonomy and 
independence19,20. 

Pediatricians, caregivers, decision makers and local governments 
play a crucial role in promoting best practices in the early stages of child 
development. It is therefore of great preventive importance to identify 
biological risk factors that characterize this period and that include in-
trauterine factors (intrauterine growth retardation, inadequate maternal 
nutrition, maternal infections, use of tobacco and drugs), birth’s factors 
(preterm birth, complications), child nutrition (insufficient breast 
feeding, caloric and protein malnutrition) and child infections (chronic 
diarrhea, parasitosis, human immunodeficiency Virus, malaria, micro-
nutrient deficiency) 19,20 

Nutrition in fertile age 
A healthy lifestyle characterized by a varied and balanced diet 

associated with regular physical activity is a determinant of health for 
women of childbearing age and pregnancy, for future fathers and for the 
unborn child. In particular, the nutrition of women from childbearing 
age to pregnancy, represents one of the greatest challenges in public 
health as it involves not only the health of women, but also that of future 
generations. In recent years, several studies have shown that there is a 
close correlation between nutrition and reproductive capacity, both for 
men and women. Women who decide to plan a pregnancy should receive 
adequate nutritional counseling from the healthcare personnel in order 
to identify and correct risk factors and/or behaviors that could favor 
adverse reproductive outcomes. Hence, the need to create widespread 
awareness of nutritional issues, so that healthcare professionals can 
provide initial corrective guidance when necessary. Malnutrition in 
excess or in defect is associated with intrauterine developmental disor-
ders of the fetus first and then of the newborn and increased risk of 
NCDs16. In reality, about 50% of pregnancies are unplanned and 
therefore the first contact with the doctor occurs around the 6th week, 
when fundamental stages in fetal organogenesis have already occurred. 
Several factors can negatively influence the reproductive outcome, 
including the pre-pregnancy, Body Mass Index, inadequate dietary 
pattern and unhealthy lifestyle, such as tobacco and alcohol habits18. 

Nutrition in pregnancy and fetal programming 
As in childbearing years, nutrition plays a fundamental role in 

pregnancy because it is responsible not only for the well-being of the 
woman herself but also for the well-being of the fetus during intra-
uterine life, of the newborn, of the child and of the adult in extrauterine 
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life21. In fact, nutrients act as intra and extracellular messengers, 
capable of influencing the gene expression of the future individual 
through epigenetic mechanisms and consequently its growth potential 
and its susceptibility to disease. An inadequate dietary pattern in terms 
of quantity and quality is therefore able to negatively affect the outcome 
of pregnancy and the future health of the individual even before 
conception. Recent studies on a large sample of pregnant women show 
that even the main obstetrical diseases such as preeclampsia and pre-
mature birth have a lower incidence in those patients whose dietary 
pattern is characterized by a high consumption of fruits, vegetables, 
whole grains22. Conversely, a diet high in saturated fat (butter, animal 
fat), sugary drinks, and with reduced intake of fruits and vegetables 
increases the risk of fetal malformations (neural tube defects, congenital 
heart disease, cleft lip and palate) and adverse pregnancy outcomes23. 
Gestational diabetes and maternal obesity increase the risk that the child 
in extrauterine life or as an adult will develop the so-called metabolic 
syndrome, which is characterized by the combination of three or more of 
the following conditions: abdominal obesity, hypertension, hyper-
triglyceridemia, low HDL values, and hyperglycemia24,25. A varied, 
healthy and balanced diet is the essential prerequisite to promote a good 
outcome of pregnancy and lay the foundation for the future well-being 
of the new individual. Therefore, in pregnancy and lactation are con-
traindicated restrictive diets or exclusion in order to reduce the risk of 
nutritional deficiencies26. 

Nutrition of breastfeeding mothers and of the child up to 24 months of age 
The nutrition of the breastfeeding woman, as already highlighted for 

pregnancy and childbearing age, has an important role in the growth 
and development of the child. Breast milk which is the natural food for 
the growth and development of the newborn in the first six months of 
life, can in fact satisfy all its nutritional needs and it is able to provide it 
with the essential components it needs for an optimal development. 
Breast milk is a dynamic food, which changes not only according to the 
age of the baby, but also during the same day and feeding, to adapt to the 
nutritional needs of the newborn: it is a real biological system18,27. Its 
composition, as well as being influenced by genetic and environmental 
factors, can also vary according to the mother’s diet: it is therefore 
important that mothers are ensured a safe diet and that the breastfeeding 
mother follows a healthy diet adequate to the nutritional needs of milk 
production. This is why it is of fundamental importance to adequately 
monitor the risks of contamination in food consumed by the mother 
during the breastfeeding period and of complementary foods that are 
introduced in the diet of children typically from 6 to 24 months18,27. 

Potential hazards in infant food 

Biological, chemical, or physical hazards can be introduced into the 
food supply at any time during food collection, processing, trans-
portation, preparation, storage, and service. Understanding the hazards 
associated with each of these steps can significantly reduce the potential 
for foodborne illness. All can be prevented through an effective food 
safety management system28. 

Biohazard occurs when food is contaminated with microorganisms. 
Many microorganisms are beneficial; however, under the right condi-
tions, some can cause foodborne illness14 . Foodborne illness can be 
caused by consumption of food or water contaminated with pathogenic 
microorganisms, which include bacteria and their toxins, fungi, viruses, 
and parasites15,29. Food can be contaminated both at the source as raw 
material and during food processing, storage, and distribution. Infected 
or pathogen-carrying individuals and the environment, through 
food-contact surfaces and structures, can spread microorganisms into 
raw or processed foods28. 

Food contaminants include environmental contaminants, food pro-
cessing contaminants, unapproved adulterants, food additives, and mi-
grants from packaging materials30. Generally, chemicals used for pest 
control or for cleaning and sanitizing food contact surfaces and food 

preparation equipment can contaminate food. Persistent organic pol-
lutants are a common and hazardous group of chemical contaminants 
that persist in the environment, bioaccumulate through the food web, 
and pose a risk of causing adverse human health and environmental 
effects1,28 (Table 1). 

A variety of foreign materials in food products are hazardous to in-
dividuals, causing illness or injury. Foreign items may be unintention-
ally introduced into food products, or naturally occurring items may not 
be separated along a food processing line and be excluded from con-
sumption28 (Table 2). Materials normally absent from food products 
include metal fragments in ground meat, bone chips, pieces of product 

Table 1 
MOST COMMON PERSISTENT ORGANIC POLLUTANTS (POPs) AND ASSOCI-
ATED CONTAMINATED FOOD AND HEALTH HAZARDS  

POPs CONTAMINATED FOOD POSSIBLE HAZARDS 

Polyaromatic hydrocarbons 
(PAHs) 

Dairy products, Grain, 
flour and bran, Rice, 
Fruit and vegetables, 
Oyster, Water 

Mutagenicity/ 
carcinogenicity, DNA 
damage, oxidative 
stress, impaired male 
fertility, respiratory 
diseases, cognitive 
dysfunction among 
children and cancer 
(breast cancer) 

Organochlorine pesticide 
(OCPs) 

Eggs, Dairy products, 
Meat and meat 
products, Rice, Fruit and 
vegetables, Honey, Oil, 
Fish, Mussel, Water 

Neurological 
symptoms, endocrine 
disruption, infertility 
and fetal 
malformation, 
diabetes, cancer 
(breast cancer, 
testicular, prostate and 
kidney cancer), 
reproductive 
problems, 
cardiovascular 
problems, high blood 
pressure, glucose 
intolerance and 
obesity 

Polychlorinated biphenyls 
(PCBs) 

Eggs, Dairy products, 
Meat and meat 
products, Rice, Fruit and 
vegetables, Oil, Fish, 
Mussel, Water 

Endocrine disruption, 
neurological 
disorders, liver injury, 
diabetes, cancer 
(breast, prostate, 
testicular, kidney, 
ovarian and uterine), 
cardiovascular 
problems and obesity 

Polybrominated diphenyl 
ethers (PBDEs) 

Fish, Mussel, Reproductive 
problems, cancer 
(testicular), diabetes, 
obesity and 
cardiovascular 
problems 

Perfluorinated compounds 
(PFCs/PFOS and PFOA) 

Eggs, Fish, Water Breast cancer 

Hexabromocyclododecanes 
(HBCDs) 

Eggs, Oil, Fish, Endocrine disruption, 
reproductive problems 
and behavioral 
disorders 

Polychlorinated naphthalenes 
(PCNs) 

Meat and meat 
products, 

Cancers 

Dioxins/furans Eggs, Dairy products, 
Meat and meat 
products, Oil, Fish, 

Language delay, 
disturbances in mental 
and motor 
development, cancer, 
diabetes, endocrine 
disruption, high blood 
pressure, glucose 
intolerance and 
cardiovascular 
problems 

(From Pettoello-Mantovani et al, J Pediatr. 2021;229:315-316.e2, modified) 
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packaging, stones, glass or wood fragments, insects or other dirt, and 
personal items31. In addition, individuals may be exposed to metals and 
metal compounds as environmental pollutants from industrial or other 
human activities31. Heavy metals such as lead, arsenic, mercury, or 
cadmium may be considered a potential contaminant. These substances 
are of concern because of their toxicity28, especially with long-term 
intake, because they can accumulate in the body and cause organ 
damage, especially in susceptible groups, including young children31. 

Coaching families in the practice of healthy nutrition and lifestyles during 
the first thousand days 

Health care professionals, including pediatricians and primary care 
physicians, are at the forefront of prescribing foods for infants and 
accompanying families in practicing healthy eating and lifestyles5,28. 
Therefore, it is of central importance for them to be adequately informed 
about common risks involved in the food chain, such as environmental 
contamination, process contamination, contamination through pack-
aging, including biological and chemical risk, and misuse5,28. Hence, it 
is also of paramount importance for this group of stakeholders to be 
constantly updated and informed about current monitoring programs 
and new and additional effective procedures and methods that can 
achieve adequate food safety assessment and monitoring, which are 
being developed, made available and used by government and formal 
authorities to safeguard their communities5,28. 

Monitoring food safety in economically advanced countries. Europe 
The food industry in economically advanced areas of the world, 

particularly Europe, has long been interested in the issue of food chain 
safety, and over time has developed adequate means for internal 
monitoring of safety processes5,28. However, the international market is 
expanding and the European Union is overexposed to imports of non-EU 
products that often lack adequate safety procedures in the countries 
where imported baby food is produced, as well as serious uncertainty 
about quality assurance of the various steps involved in the food chain in 
non-EU countries (i.e., the cold chain and its logistics). In order to 
properly address this issues, the EU Commission has launched the Safe 
food for infants (SAFFI) project, within the frame of the Horizon 2020 
program32. The scope of this EU project is to develop adequate moni-
toring systems and assist competent authorities and industry to further 
advance their control procedures and formulate appropriate decisions in 
this sensitive area of public health, while contributing strongly to further 
ensure the safety of the population and its perception of being 
adequately cared for. Establishing adequate technical measures useful to 
advance the monitoring of baby food safety, will further protect the 
European food industry from economic and reputational damage to the 
sector, possibly caused by health incidents due to the difficulty of 
adequately supervising the safety chain of imported baby food. . 

Conclusions 

As emphasized by recent reports, nutrition is a desperately neglected 
aspect of maternal, newborn, and child health, and the reasons for this 
neglect are understandable but not excusable33,34. According to UNI-
CEF, more than 200 million children living in both economically 
advanced and poor countries worldwide do not reach their develop-
mental potential in the first 5 years of life because of poverty, inade-
quate nutrition, insufficient health services and psychosocial care. 

Available scientific evidence confirms that the first 1,000 days of life 
are critical for proper physical and mental development and many 
preventive and/or curative interventions implemented early in this 
window of time lead to positive short, medium and long-term health 
outcomes for the individual and the community33,34. 

Due to population growth and global threats, the integrity and se-
curity of global food chains are at risk. In many countries, simply having 
enough to eat can be a problem, with poor quality food often contami-
nated with dangerous agents, while in developed countries the pressure 
to provide cheap and accessible food can affect quality and safety5,16. 

The fate of nations is determined by what they eat 35, and pediatri-
cians are on the front lines of containing the risks of food hazards7,17. 
They can play a key role if they actively collaborate and integrate their 
efforts with governments and local, state, federal, and global public 
health institutions and agencies to ensure that infants and children have 
access to nutritionally adequate diets and safe food5,16 
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TYPICAL SOURCES OF PHYSICAL HAZARDS IN FOOD  
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• Metallic contaminants: Natural and anthropogenic sources of heavy metal 

contamination include agricultural activities, such as pesticide and herbicide 
application, contaminated irrigation water, municipal waste used for fertilization 
and mineral fertilizer containing traces of heavy metals. 
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A B S T R A C T   

The purpose of this article is to examine some of the issues related to qualitative food safety within the 
framework of European Union legislation. The development of a multidimensional regulatory system at Euro-
pean level, which has necessarily included international sources, regulations and European Union laws, also 
relating to national and regional legislations, has rendered finding a balance between the legitimate interests of 
food producers and consumers problematic. In recent years, the ethical dimension of food has progressively 
developed, which has led to a greater attention to the way food is produced and consumed, while respecting 
health protection, food quality and European and international trade dynamics. On the consumer side, however, 
there has been a growing awareness of the possible risks linked to food and an attention to the issues of food 
safety. Such awareness is intensified by the use of certain technologies in the food sector. Consumers are 
increasingly looking to buy commercial products capable of minimizing damage to their health. Consumers 
consciousness has also influenced the industry, which has increasingly felt the need to pay greater attention to 
the entire production cycle, thus encouraging production carried out by following the correct methods of supply, 
processing, up to the final stages of packaging, storage, processing and distribution, in accordance with the 
“Good Agricultural Practices” (GAP). In conclusion, the important monitoring path of product traceability that 
has led to a significant increase in the commitment to EU legislative supervision, risk assessment and review of 
the substances used in food production.   

1. Introduction 

The various food incidents that took place during the late 1990s draw 
attention to the need to establish general principles and requirements 
concerning food and feed law at Union level. In response, the European 
Commission developed a comprehensive and integrated approach to 
food safety, ’from farm to fork’1,2, primarily set out in its White Paper on 
Food Safety. The approach covers all sectors of the food chain, including 
feed production, primary production, food processing, storage, transport 
and retail sale3. 

In 2002, the European Parliament and the Council adopted Regula-
tion (EC) No 178/2002 laying down the general principles and re-
quirements of food law (hereinafter, the “General Food Law 

Regulation”)3 The General Food Law Regulation is the foundation of 
food and feed law. It sets out an overarching and coherent framework for 
the development of food and feed legislation both at Union and national 
levels. To this end, it lays down general principles, requirements and 
procedures that underpin decision making in matters of food and feed 
safety, covering all stages of food and feed production and distribution. 
The European Parliament also took an important step forward by 
developing the European Food Safety Authority (EFSA)4, an indepen-
dent agency responsible for scientific advice and support. Currently, the 
General Food Law Regulation ensures a high level of protection of 
human life and consumers’ interests in relation to food, while safe-
guarding the effective functioning of the internal market2. 

This article seeks to analyze some of the issues related to qualitative 
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food safety within the framework of EU legislation. Indeed, the devel-
opment of a multidimensional framework at European level has 
rendered finding a balance between the rightful interests of food pro-
ducers and those of consumers complicated. In order to achieve a 
reasonable balance between the interests of the involved stakeholders, 
maximum cooperation of the countries involved is deemed essential, 
especially at EU level, but also between nations, with trade agreements 
concerning the marketing of food, in order to reduce forms of protec-
tionism and implement the free trade of food products both in the Eu-
ropean Union and internationally. Finally, it is necessary to consider the 
great push of technological innovation in the field of food production, 
which will have to be increasingly controlled in order to avoid abuses 
and violations of legislative rules, considering, however, the importance 
of changes in dietary habits and food traditions5, without giving in to the 
often extreme or manipulative positions represented and proposed by 
pressure groups and opinions. 

1.1. Food security. General concepts 

According to legal doctrine, the notion of “food safety”, includes the 
concept of both "quantitative food safety", aimed at solving hunger 
related problems and forms of inequality, and "qualitative food safety", 
which meets the needs of the market and its marketing of products and 
involves issues related to health protection3,5,6. In less economically 
advanced societies, the problem relating to food quantity is prevalent, 
while in economically advanced societies, food quality issues represent a 
factor of primary importance. According to this conceptual approach, 
food therefore presents numerous risks to people’s health. In fact, as a 
result of the globalization of markets and the continuous technological 
progress, there has been a growing push to the development of so-called 
"unconventional" foods, produced at a lower cost and often with the aim 
of replacing the “traditional” ones6. 

New knowledge and technological innovations have diversified food 
products, but at the same time have increased the risk of consuming the 
same products2. Moreover, in industrial countries there is an exploita-
tion of natural resources and a situation of uncertainty in research 
methodologies and quality control that makes it difficult to predict, 
verify and quantify the consequences arising from the proper or 
improper use of these technologies in food production7. In addition, the 
presence of areas with high environmental impact within national ter-
ritory as well as the presence of contaminants can determine an addi-
tional risk for consumers7. It is also important to emphasize that the 
harmful effects of the use of modern technologies can occur after a long 
time, following continuous exposure to substances or ingestion of food, 
which even in small doses could damage the health of the individual in 
the short, medium or long term. 

In recent years, an ethical dimension of food has progressively 
developed, which has led to a greater attention to the way food is pro-
duced and consumed, while respecting health protection, food quality 
and European and international trade dynamics8. On the consumer side, 
however, there has been a growing awareness of the possible risks linked 
to food and an attention to the issues of food safety for the consumer, 
who is increasingly looking to buy commercial products capable of 
minimizing damage to health and a strong fear of new forms of inter-
vention of technological development in this sector. This greater 
awareness has also influenced the industry, which has increasingly felt 
the need to pay more attention to the entire production cycle, thus 
encouraging the development of production carried out according to 
Good Agricultural Practices, following the correct methods of supply, 
processing, up to the final stages of packaging, storage, processing and 
distribution. Therefore, with an important monitoring path of product 
traceability8 that has led to a significant increase in the commitment to 
supervision, risk assessment and review of the substances used. 

In order to obtain a reasonable balance between the interests of the 
stakeholders involved, maximum cooperation of the countries involved 
is required, particularly, at EU level, but also between nations with trade 

agreements concerning food marketing, in order to reduce forms of 
protectionism and implement the free trade of food products both within 
the European Union and internationally9. Finally, it is necessary to 
consider the significant push of technological innovation in the field of 
food production, which will need to be increasingly controlled in order 
to avoid abuses and violations of legislative rules, while also taking into 
account the importance of changes in dietary habits and food tradi-
tions10, without succumbing to the frequently extreme or manipulative 
positions represented and proposed by pressure groups and opinions10. 

1.2. Free circulation of products, food safety and food legislation in the 
European Union 

The main problems to be dealt with in relation to food safety concern 
the different application of legislation on product safety from one 
Member State to another. In this regard, legislative requirements related 
to goods are complex for economic operators, who have to deal with 
different legislative acts to be applied to a food product. In addition, 
further inconsistencies have emerged in product legislation, such as the 
use of different terminologies to describe concepts common to European 
legislation11,12. A further issue concerns the presence of conflicting in-
terests and behaviors of the subjects involved, between the protection of 
the free movement of food products in the European market and the 
protection of health12. 

The free movement of goods within the European legislation is one of 
the founding factors of the single market and represents the core of the 
establishment of the European Union. Since the 1970s, European Union 
legislation has guaranteed uniform protection of the consumer, the 
environment and energy resources through the free movement of goods 
within the Union. To this end, an integrated strategy has been developed 
in order to ensure a high level of health protection through consistent 
measures and adequate controls2. In this context, Union action related to 
health is auxiliary to the action of Member States, therefore the Euro-
pean Union has played a coordinating role, unlike the European 
harmonization policies implemented in the agricultural sector1. Thus, 
the European action aimed at protecting the right to health, on the one 
hand, has given rise to direct measures through the provision of sec-
ondary legislation and, on the other hand, has determined the adoption 
of soft law policy documents13, without, however, ignoring the needs of 
individual states. Therefore, with reference to consumers, European 
policy has supported and integrated national policies to protect food 
safety and health. In this regard, an important element is represented by 
the EU Charter of Fundamental Human Rights, which, while recognizing 
in Article 16 the freedom to conduct a business, in accordance with EU 
law and national laws and practices, protects other interests which 
primarily include health. In this regard, Article 35 of the Charter in-
dicates that a high level of protection of human health shall be ensured 
in the definition and implementation of all Union policies and activities, 
and Article 38 states that “Union policies shall ensure a high level of con-
sumer protection”3. 

The Treaty on the European Union (TEU) states that health is pro-
tected in the same way as business and consumers14. On this matter, 
Article 3 of the TEU provides that the European Union must work for the 
sustainable development of Europe. Therefore, based both on balanced 
economic growth and price stability and on the awareness that these 
economic processes are based on a highly competitive social market 
economy aiming at full employment and social progress, constructed on 
a high level of protection and improvement of the quality of the envi-
ronment. Article 6 of the Treaty on the Functioning of the European 
Union (TFEU) states that the European Union supports, coordinates and 
supplements the action of Member States both in protecting and 
improving human health. In particular, Article 168 of the TFEU provides 
in the first paragraph that in the implementation of the policies and 
activities of the European Union, a high level of human health protection 
must be guaranteed, through the prevention of diseases and illnesses and 
the elimination of sources of danger. According to European legislation, 
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therefore, the action of the Union must complement national policies 
and is aimed at improving public health, preventing diseases and 
eliminating sources of danger to physical and mental health. This action 
includes the fight against major scourges such as pandemics, promoting 
research into their causes, their spread and their prevention. Never-
theless, legislation in this area goes further and includes the important 
activity of health information and education, as well as surveillance, 
alerting and combating serious cross-border health threats. 

1.3. Consumer protection 

A large and important legislative chapter of the European Union is 
dedicated to consumer protection through Article 169 of the TFEU14. 
With this provision, the Union is committed to protecting health, safety 
and economic interests of consumers as well as promoting their right to 
information, education and organization to safeguard their interests. In 
particular, the European Union, through its legislation and regulations, 
pursues the objective of guaranteeing citizen participation in the single 
market through greater protection in the purchase of goods and services. 
Therefore, this explicit involvement of consumers implies the definition 
of an evolving regulatory framework. That is, one that is capable of 
identifying the tools and filling the gaps in existing norms and practices 
in Europe and through a process of education, information and aware-
ness, pursuing the objective of creating an environment in which con-
sumers can choose the best offers for products and services. 

Moreover, Article 191 of TFEU14 completes the European regulatory 
framework by providing for the precautionary principle to protect not 
only the environment, but also health. This is a general principle codi-
fied at Union level, which compels the competent authorities (including 
local authorities) to adopt appropriate measures in order to prevent 
potential risks to public health, safety and the environment (including 
foodstuffs), by means of providing, in advance, protection of the appli-
cation of the principle of prevention, in the absence of the verification of 
a causal link between the harmful event and the resulting prejudicial 
effects. The application of the precautionary principle, in the case of a 
situation in which the potentially dangerous effects of a product or of a 
process have not been identified and in which the preliminary scientific 
evaluation has not made it possible to determine a potential risk with 
sufficient certainty, has made it possible to prevent the distribution or to 
withdraw dangerous food products from the market, thus letting the 
protection of the right to health or of the environment prevail over 
economic interests14. This principle must be certainly coordinated with 
those of free competition, freedom of establishment and freedom to 
provide services provided for by the TFEU. 

1.4. Control over the trade of food products within the European Union 

Article 36 of the TFEU14 states that quantitative restrictions on im-
ports and measures having equivalent effect (Article 34 TFEU) and 
quantitative restrictions on exports and measures having equivalent 
effect (Article 35 TFEU) may be enforced on imports, exports and goods 
in transit on grounds of public morality, public order, public security, 
health protection, life or animal protection or plant preservation. 
However, it is also indicated that such prohibitions or restrictions must 
not constitute a means of arbitrary discrimination or a disguised re-
striction on trade between Member States26. In this regard, the Member 
State, before importing animals or products of animal origin from a 
country of the European Union, may carry out controls of a 
non-discriminatory nature. In particular, Article 10 of Regulation No. 
1235/2008 of the European Commission15 provides that a list must be 
drawn up of the inspection bodies and authorities recognized for the 
purposes of equivalence that are competent for carrying out controls and 
issuing certificates in third and public countries. The general require-
ment for the export of foodstuffs is compliance with the food hygiene 
regulations in force in the exporting country, and the basic requirement 
in exporting countries is compliance with the regulations of the 

European Commission15. Therefore, it is indispensable for the producer 
to guarantee the traceability of food products from their origin to the 
consumer’s table. European legislation foresees that in situations of 
potential danger for the consumer in the production of a food product, it 
is necessary to apply procedures capable of identifying the product 
placed on the market and withdrawing it even when it has been exported 
to other countries. The safety of exported products requires the obser-
vance of conditions of reciprocity with third countries, and initiatives 
related to this requirement allow for the specific objective of strength-
ening and improving product safety through effective market surveil-
lance throughout the EU. 

1.5. Food safety in the European legal system 

The regulatory evolution of food safety involves a plurality of players 
and provides for action plans with different procedures. Initially, the 
legislation on the safety of products marketed within the European 
Community16 (Directive n. 92/59/EEC, and the subsequent Directive n. 
2001/95/EC, on industrial products, including foodstuffs) required op-
erators to place on the market products that were safe for human 
health16. However, this regulation evolved in the nineties, and following 
numerous episodes that involved the public health of the European 
population, (such as food contaminations and environmental disasters) 
the community regulation of production and marketing of food and feed 
was modified. In particular, according to a food strategy pursued by the 
European Union, both a legislation on the safety of food products and 
animal feeds and a regulation based on scientific evidences have been 
foreseen as a legislative support to the formal deliberations and control 
acts3. Therefore, European legislation provides for the control of food at 
all stages of the food production process, from production, processing, 
transport, distribution to supply to the consumer3. In this context, Union 
law also specifically provides for preventive and subsequent protection 
in favor of the consumer, notwithstanding the promotion of free trade of 
food products. The European Union, however, also protects possible 
obstacles to trade, disparities in safety standards in Member States and 
possible distortions caused by competition in the internal market. With 
regard to the consumer and the protection of his or her health, the 
precautionary principle provides for safety requirements for every 
product placed on the market and intended for consumption and es-
tablishes that a food product is considered safe when it does not present 
any risk, or presents reduced and acceptable risks2,3,4. The efforts of the 
European Commission are therefore directed to food safety and to the 
development of advanced and scientifically useful procedures to mini-
mize the risks of food contamination, starting from foods produced for 
infants, as it is well evidenced by the project Safety food for infants 
(SAFFI) financed by the European Commission in the framework of the 
Horizion 2020 program to monitor risks6,17. 

Regulation No. 178/2002 of the European Parliament and of the 
European Council of January 28, 200218 establishing “the general prin-
ciples and requirements of food law” and laying down “procedures in the 
field of food safety" represented a milestone in European Union food 
legislation. In fact, this regulation aims to harmonize the free movement 
of food with the principles of food safety, inspired to the search of a high 
level of protection of health and animals and to the control of the 
movement of food and feed along the entire chain of agricultural 
products, following the principle of protection of food from farm to 
table2,18. Although complex and articulated in a variety of norms that 
need to be balanced and integrated, the European legislative framework 
provides that each of its provisions is applied to the extent that there are 
no specific provisions with the same objective that regulate the safety of 
the products in question3,18. In particular, the provision of the princi-
ples of food legislation in Regulation No. 178 of 200218 has allowed for 
the issuance of further regulations, directives and decisions governing 
various aspects of food safety. In this regard, when there is specific 
legislation, it applies to aspects or categories of risks not foreseen by 
general legislation18. For example, in the case of legislation relating to 
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genetically modified organisms, the integrating norms refer to various 
legislative passages19 that include Regulation (EC) No. 1829/2003, 
Regulation (EC) No. 1830/2003, Regulation (EC) No. 1333/2008 of the 
European Parliament and of the Council19, which established a Union 
list of food additives, and finally20, Directives No. 2008/60/EC, No. 
2008/84/EC, 2008/128/EC and 2009/10/EC, concerning specific pu-
rity requirements for food additives20. Therefore, legislation does not 
always help to clarify the rules to be followed in the field of food safety, 
whereas simpler and clearer legislative norms would be necessary to 
apply to such an important area of interest for public health as food 
safety and its monitoring. 

While at the European level, there are various areas of intervention 
and coordination in the field of research and regulation, at national level 
there is a sector of discipline and collaboration between operators in the 
food chain. For example, regarding the attribution of competences, 
Regulation No. 178 of 200221 has appointed the legislative functions to 
Community institutions. On the other hand, it is foreseen that the 
Commission, the government bodies of the Member States and the na-
tional and European Union authorities with their respective committees 
and bodies carry out a co-administrative action for the purpose of 
achieving food safety which seems however not to be always effective. 
In this regard, Article 23 of Regulation No. 178 of 2002, for example, 
entrusts the European Food Safety Authority with a different role and 
different tasks, such as the creation of a system of networks between 
organizations, and assigns responsibility for the functioning of these 
structures, thus delegating responsibilities and in some way removing 
the possibility of a closer, direct and effective control21. 

1.6. The relationship between European and national legislations 

The relationship between European and national legislation requires 
that the principle of coordination be applied. Therefore, the above- 
mentioned European legislation is flanked by the regulations of indi-
vidual Member States, in order to prevent risks to the health and safety 
of the consumer. However, as far as food safety is concerned, European 
legislation has not excluded the regulatory intervention of Member 
States. Each Member State is required to organize its own system in 
accordance with the European coordinated system of food safety3. 
Therefore, the current food safety discipline can be found in the coor-
dination between the European system and those of the individual 
Member States and between the latter and any local legislation. 
Although it can be further improved, we can consider the European food 
legislation as complete, since it regulates the actions of the operators 
involved and it contextualizes and differentiates, through a general 
legislation applicable to food and feed and a special legislation in those 
areas where it is necessary, a more specific consumer protection, which 
includes food hygiene, the use of pesticides, food supplements, color-
ants, antibiotics, vitamins, minerals and similar substances3. 

1.7. Risk management: traceability requirement 

Consumer protection is concerned with preventing harm from the 
circulation of foods that are hazardous to health. This preventive func-
tion is identifiable in the regulations that prohibit the marketing of foods 
that are either harmful to anyone, or to individuals who require specific 
protection against the intake of certain foods22. Aforementioned Regu-
lation No. 178 of 200221 constitutes the foundation in the food sector of 
a high level of protection of the health and interests of consumers and at 
the same time of the functioning of the internal market. In addition, the 
analysis of hazards and critical points in the system of production and 
distribution of food products is regulated by technical rules taken from 
the Hazard Analysis and Critical Control Point (“HACCP") system. Ac-
cording to the existing Regulation22, there is an obligation for producers 
and distributors of food products to place on the market products that 
comply with predetermined safety requirements, which include risk 
analysis (Art. 6), the precautionary principle (Art. 7), protection of 

consumer interests (Art. 8), transparency in the development of food law 
(Art. 9), consumer information (Art. 10), safety obligations for food 
business operators (Art. 11-20), establishment of the European Safety 
Authority (Art. 22-49), and procedures related to food emergency situ-
ations (Art. 50-57)22,23. 

1.8. Definition of food according to European legislation 

Article 2 of Regulation (EC) No. 178 of 200218 indicates that food is 
any processed, partially processed or unprocessed substance or product 
intended to be ingested by humans. However, the rule does not solve the 
question of the different designations provided in Member States. 
Therefore, the Court of Justice and part of the doctrine have applied the 
criterion of mutual recognition, which attributes equivalence to national 
rules of production and presentation of foodstuffs in intra-community 
trade18. In addition, it is of fundamental importance to distinguish 
human foodstuffs (food) from medicinal products, which according to 
Directive 2001/83/EC are products with a therapeutic effect and those 
which, despite not having such effects, are presented as such18,24. 

A further differentiation and definition concerns feed, which ac-
cording to Article 3 of the regulation are any substances or products, 
processed, partially processed or unprocessed, intended for oral nutri-
tion of food. The difference concerns the definition of feed, in which 
nutrition is foreseen, and of food, which foresees ingestion. However, 
part of the doctrine does not attribute any legal relevance to this dif-
ference, since food and feed, however, are treated in the same way and 
with the same regulatory provisions. 

The current food legislation3 provides for specific responsibilities 
and safety obligations to protect the health of the consumer. In fact, the 
food or feed business operator is defined in Article 3 as the natural or 
legal person who is responsible for ensuring compliance with the pro-
visions of the legislation in the food or feed business under his control. In 
particular, producers and distributors have the obligation to place safe 
products on the market in compliance with food legislation at the stages 
of production, processing, transport, storage, custody and final distri-
bution. However, there are questions of interpretation, since the food 
safety obligations provided for by regulations No. 178 of 2002, No. 852 
of 2004 and No. 853 of 2004, are different for the various operators in 
the food chain18. 

For what concerns food safety requirements, risk analysis is a general 
principle of food legislation for the protection of consumer health. It is 
characterized by the principle of decision-making, which is divided into 
different areas, assigned to the responsibility of different subjects. With 
regard to risk analysis, the European legislator distinguishes between 
risk assessment, which is based on scientific evidence and must be car-
ried out in an independent, objective and transparent manner, and risk 
management, which must take into account the results of risk assess-
ment, in particular the opinions of the Food Safety Authority, as well as 
any additional elements, if relevant but not specifically mentioned, and 
the precautionary principle. 

1.9. Definition of foods that pose a risk to consumer health 

Regulation (EC) 178/200218 defines the possible risks as a function 
of the probability and severity of an adverse health effect resulting from 
the presence of a hazard. In addition, the hazard or hazardous element is 
defined as the chemical or physical biological agent contained in a food 
or feed or condition in which a food or feed is found capable of causing 
an adverse health effect. Thus, food is considered to be unsafe when it is 
injurious to health or unfit for human consumption according to the 
probable immediate and/or short-term and/or long-term effects of food 
on the health of a person consuming it and that of their descendants due 
to probable toxic or cumulative effects of a food. The same Regulation 
(No. 178 of 2002) establishes that any food which is considered at risk 
under the definition set out in the Regulation cannot be placed on the 
market. 
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In addition, the notion of food at risk is foreseen by the Regulation in 
the categories of food harmful to health and food unfit for human con-
sumption of European legislation4,20. It provides that the safety of the 
food is assessed according to the normal conditions of use of the food at 
each stage of production, processing and distribution and according to 
the information shown on the label or other information related to the 
harmful effects resulting from the food4. 

1.10. European legislative principles for risk assessment of foodstuffs 

European Union legislation provides that the risk is identified by 
evaluating the probability and severity of the harmful effect of the food 
or feed on health, resulting from the presence of a hazard. The risk 
assessment is carried out through a scientifically based procedure, which 
evaluates the exposure to the hazard and the risk, the probability and the 
severity of the harmful effect on health. This control is carried out by the 
European Food Safety Authority, which collects communications from 
Member States or national authorities, consumers, food businesses, the 
academic community and those interested in food safety25. 

After the risk assessment, the European Commission establishes the 
procedures for a correct risk management according to the precaution-
ary principle and a careful evaluation of the available information and of 
the possible harmful effects on health, through the analysis between the 
alternatives of intervention and the adoption of restrictive measures and 
appropriate preventive and control choices to protect health25. 

Finally, the European Union foresees the important step of risk 
communication, through the exchange of information and opinions 
between managers, consumers, food companies and other interested 
parties, regarding the elements of danger and the risks detected. In order 
to facilitate coordination between businesses and the competent au-
thorities of Member States, the European Union has set up the Rapid 
Exchange of Information System (RAPEX), which is the European 
Union’s rapid alert system for unsafe consumer products and consumer 
protection26. In addition, rapid notifications are an additional tool for 
assessing possible risks. In order to notify, in real time, direct or indirect 
risks to health deriving from the consumption of food or feed, the Rapid 
Alert System of the European Union (RASFF)27 has been established. 
This newly created alert system is a form of network in which the Eu-
ropean Commission, the EFSA (Food Safety Authority)25 and the Mem-
ber States of the Union participate. The activity of the EU alert system 
includes the withdrawal of products considered dangerous to human or 
animal health25. 

Regulation No. 178 of 200218 also provides for additional safety 
obligations, such as the traceability obligation18, which was developed 
for the control of beef, in relation to the emergency related to the spread 
in Europe of Creutzfeldt-Jakob disease, commonly referred to as “mad 
cow disease”. Regulation No. 178/2002 has provided for this obligation 
of traceability for professional operators in various sectors, as a tool of 
food safety, in order to proceed with “withdrawals” aimed at informing 
consumers or those responsible for controls. According to the approach 
defined as one step back, one step forward it is therefore necessary to set 
up control systems and procedures in order to identify who supplied 
what and the companies to whom the products were supplied. The 
traceability provided for in Regulation No. 178/2002 concerns the flow 
of raw materials and components within the production process of an 
individual food business. This regulation facilitates the identification of 
the operator who is obliged to comply with the regulatory provisions for 
the protection of the safety of the food product and the obligation to 
communicate any dangerous situation to consumers or to those 
responsible for withdrawing it from the market. In particular, the 
traceability system foreseen by the regulations in question allows for the 
identification of the person responsible for the danger produced and the 
damage caused66 and, with reference to food imported from third 
countries, foresees the possibility of adopting, for the protection of 
public health, animal health and the environment, appropriate emer-
gency measures at Union level for food and feed imported from a third 

country, should the risk not be adequately dealt with by measures 
adopted by Member States18. 

Conclusions 

In the context of the European Union, there is a clear intention of the 
legislator to balance the interests of food producers with the interests of 
consumers with the aim of guaranteeing healthy and safe food to people, 
through the regulation of individual production phases and the behavior 
of individual operators involved in the food production sector. All this 
through the use of control mechanisms and an information network 
capable of involving individual Member States in the implementation of 
this food safety. 

In recent years there has been a significant effort to update legisla-
tion that reflects the growing sensitivity of the European Parliament and 
the Commission toward the issue of Food Safety. In this regard, it is 
important to point out that the original Regulations No. 854/2004 and 
No. 882/2004 have been replaced by the subsequent EU Regulation No. 
625/2017. Finally, after 15 years also EU Regulation No. 382/202128 

has updated the (EC) Regulation No. 852/2004. The new regulation now 
incorporates the update of the Codex Alimentarius guidelines published 
in September 202029 on both Food Hygiene and the new Policy for the 
Prevention and Management of Allergenic Cross-Contact. In the new 
regulations, the basic prerequisites are in fact updated and new re-
quirements for the reduction of food waste are introduced. The funda-
mental concepts of Food Safety Culture are therefore introduced in the 
European legislative framework, demonstrating an attention to public 
health issues that may have been lacking in the early years of the leg-
islative life of the Union, thus contributing to further bring the European 
population closer to its institutions, increasingly perceived as an element 
of guarantee of their rights, including the fundamental right to health. 
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A B S T R A C T   

Endocrine disruptors (EDs) are natural or synthetic chemicals that cause changes in the body’s hormonal and 
homeostatic systems. Children, especially developing fetuses and infants, are more likely to be affected by these 
chemicals than adults. Intake through food is one of the primary pathways for EDs to enter the body. While EDs 
can be found naturally in some foods, synthetic EDs primarily contaminate food, including breast milk and water. 
Although safe doses have been reported for many EDs, this issue may be controversial because of the low-dose 
effects and non-monotonic dose responses of EDs. Because of their epigenetic effects, their effects may occur in 
subsequent generations that are not directly exposed. Some EDs are persistently present in the environment. 
These chemicals are transported through water and air currents, as well as migratory animals and enter the food 
chain even if the chemical is banned or not produced in that specific area. 

In this article, we aim to provide information on EDs by emphasizing those found in food and their effects 
especially on the health of children including developing fetuses. Some suggestions have also been given to 
reduce the danger due to EDs.   

1. Introduction 

Endocrine disruptors (EDs) are substances that can be natural or 
synthetic, which can cause changes in the hormonal and homeostatic 
systems of the organisms exposed to their action. Some EDs are thought 
to mimic natural steroid hormones and interact with their receptors as 
analogues or antagonists due to the presence of a phenolic moiety. Thus, 
they can act as estrogens, androgens, and antiandrogens. They could 
also act as thyroid hormone receptor agonists and antagonists. 

Phytoestrogens are one of the main natural EDs found in our food. 
Synthetic endocrine disruptors include chemicals used as industrial lu-
bricants/solvents and their byproducts:Some examples include plastics 
[bisphenol A (BPA), pharmaceutical agents [diethylstilbestrol (DES)], 
dioxins, fungicides (vinclozolin), pesticides [methoxychlor, chlorpyri-
fos, dichlorodiphenyltrichloroethane (DDT)], polybrominated biphenyls 

(PBB), plasticizers (phthalates), polychlorinated biphenyls (PCBs)]1. 
The developmental age at which exposure to an endocrine disruptor 

occurs is critical. In the case of exposure to a presumptively "safe" dose 
during a life stage such as the intrauterine period, when there is no 
endogenous hormonal exposure, the potential effects of exposures even 
at very low doses should be considered2. In addition, there is evidence 
indicating that very low doses of EDs might be more effective than 
higher doses, and nonmonotonic dose responses are not uncommon 
findings when EDs are studied3. 

Endocrine disruptors are taken into the body mainly in three ways: 
inhalation, ingestion, and dermal contact4. Some EDs are not metabo-
lized and remain in high levels in the environment for a long time; they 
are called persistent organic pollutants (POPs). Thus, EDs that were 
banned even decades ago can be found in human and animal bodies. On 
the other hand, some can change into compounds that are even more 
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toxic and can be detected at distances from where they were produced or 
released. These chemicals are transported through water and air cur-
rents, as well as migratory animals and enter the food chain. Others, 
such as BPA, do not remain in the environment for very long but are 
quite widespread in their use1. 

The age of exposure to an ED might be associated with different 
outcomes. During specific periods of development, exposure to envi-
ronmental chemicals, drugs, altered nutrition, infections, or stress may 
cause functional changes in tissues, whereas the same effects may not be 
seen at other stages of life. 

Nowadays, it is well known that changes that occur in the early years 
of life can pave the way for disease in later stages of life5. The term "the 
fetal basis of adult disease" has been used to describe observations of the 
maternal environment, the egg, and the external environment and 
identifies an individual’s propensity to develop a disorder later in life6. 
Thus, the fact that EDs can be effective at critical periods of development 
could coincide with the concepts of fetal basis of adult disease and 
Developmental Origin of Health and Disease (DOHaD)7. 

Another important factor to be considered about EDs is the latency 
from exposure, which represents the time it takes for an endocrine dis-
ruptor to show its effect. The effect is more likely to be achieved when 
exposure occurs at a younger age, as survival will be longer. 

Individuals may be exposed to several EDs in the same time interval, 
and although the individual components at doses considered safe have 
no effect on physiology or homeostasis, they cause synergistic effects 
when taken together, which is called the "cocktail effect." This is caused 
by enhancement of ligand binding affinity and recruitment of tran-
scriptional coactivators. For example, transnonachlor (TNC) (a banned 
organochlorine pesticide) and 17α-ethinyl estradiol can bind to the same 
nuclear receptor (pregnane X receptor-PXR) at the same time with up to 
100-fold higher affinity than the individual compounds. This synergistic 
activation leads to changes in the regulation of several physiological 
functions, whereas the separate effects of the individual components 
would be negligible8. 

Another interesting point about EDs is that there is not necessarily a 
linear relationship between dose and endocrine disruptor effect; a U- 
shaped or inverted U-shaped curve can be seen. Therefore, low doses 
may also cause more potent effects than higher doses1,3. 

The effects of EDs can be seen in subsequent generations by being 
transmitted through changes in factors that regulate gene expression 
through their epigenetic effects (transgenerational effect). Three main 
mechanisms of epigenetic regulation have been described are DNA 
methylation, posttranslational modifications of histones, and through 
noncoding RNAs. Alteration of any of these epigenetic regulators in 
germ cells is associated with increased disease risk9. 

2. Endocrine disruptors and children’s health 

Endocrine disruptors are of special importance to pediatricians 
because children, especially young children, are different from adults in 
many ways. Their rates of organ development are variable, they have 
greater absorption from the skin when adjusted for body weight, longer 
life expectancy, and lower cytochrome p450 enzyme activities. Children 
consume more daily calories, fluids, and oxygen per body weight, are 
exposed to breast milk, dairy products, and fat-soluble endocrine dis-
ruptors, put everything in their mouths, and crawl on the floor. 

Endocrine disruptors, as the name suggests, affect the hormonal 
system in many different ways: They interact with hormone receptors by 
activating or antagonizing them, alter hormone receptor expression or 
signal transduction in hormone-sensitive cells, induce epigenetic 
changes in hormone-sensitive or hormone-producing cells, alter the 
synthesis, metabolism, or clearance of hormones, and alter the transport 
of hormones across cell membranes10. 

2.1. Risks posed by EDs to children’s health 

EDs could have several effects on different body functions; these 
effects seem to be increasing as the results of extensive studies are 
published. For now, these effects can be listed as follows: 

Breast cancer (both prenatal and pubertal effects could be respon-
sible), prostate cancer, diabetes, obesity, thyroid disease, puberty dis-
orders, reproductive system disorders, infertility, weakened immune 
system, neurological and behavioral changes11. 

The observation of these diverse effects has led to the need for reg-
ulations regarding endocrine disruptors. REACH (EC 1907/2006) aims 
to improve the protection of the environment and human health by 
better and earlier identifying the intrinsic properties of chemicals 
through the four processes: Registration, Evaluation, Authorization, and 
Restriction of Chemicals. 

2.2. Chemicals with endocrine disrupting properties found in food  

• Phytoestrogens 

Phytoestrogens are the main natural endocrine disruptors that can be 
found in human and animal food. Genistein is a phytoestrogen found 
naturally in soybeans. In infants fed soy formula, urinary concentrations 
of genistein have been found to be about 500 times higher than those fed 
cow formula. This substance binds to estrogen receptors and also has 
goitrogenic activities. Evidence also shows an association between 
feeding soy infant formula and autoimmune thyroid disease12,13.  

• Phthalates (PAEs) 

Phthalates are widely used as major plasticizers in industry. These 
substances are used to improve the extensibility and elasticity of poly-
mers, such as polyvinyl chloride (PVC), polyethylene (PE), and poly-
ethylene terephthalate (PET). 

Phthalates are a global human health concern. Di-ethylhexyl 
phthalate (DEHP) is considered "toxic to reproduction" in the Euro-
pean Union (EU) and a "priority hazardous substance" under the EU 
Water Framework Directive. The widespread use of phthalates in food 
packaging causes "putative food toxicity" due to the migration of these 
substances into food. 

According to a recent EU risk assessment, more information is still 
needed on the risk in infants fed DEHP-contaminated breast milk. To 
minimize the health risk, DEHP has been replaced by two substances 
that are not considered hazardous under REACH: Di-isononyl phthalate 
(DINP) and Di-isodecyl phthalate (DIDP)14. 

The World Trade Organization (WTO) announced an EU proposal to 
change the restriction of three phthalates (DEHP, DBP, and BBP) in 
March 2018 under entry 51 of Annex XVII of REACH (Safeguard 54/18). 
In January 2019, the number of restricted phthalates was expanded 
from three (DEHP, DBP, and BBP) to four (DEHP, DBP, BBP, and DIBP). 
The EU has set specific migration limits in food and beverage contact 
plastics for five phthalates, namely DBP, DEHP, BBP, DINP and DIDP. 
DIBP is not permitted in food contact materials. DBP and DEHP are only 
allowed in plasticizers in repeated-use materials and nonfat food contact 
articles. DINP, DIDP and BBP may only be used in plasticizers in 
repeated-use and single-use materials and articles in contact with non- 
fatty foods (except infant formulae and follow-on formulae as defined 
by Directive 2006/141/EC or processed cereal-based foods and baby 
foods as defined by Directive 2006/125/EC)14. 

Di-ethylhexyl phthalate is the most abundant phthalate in water in 
PET bottles, followed by DBP and DIBP, and their levels increase when 
stored at high temperatures. Because 0.5 L PET bottles have a higher 
surface area/volume ratio, PAE concentration was found to be the 
highest in 0.5 L bottles compared to larger bottles. PAE levels increase 
even more when the bottles are stored in sunlight or when hot water is 
placed in these bottles. Soft drinks are more likely to be contaminated 

O. Ercan and G. Tarcin                                                                                                                                                                                                                        



Global Pediatrics 2 (2022) 100019

3

with PAEs than mineral water due to their higher acidity. Also, longer 
duration of contamination leads to higher levels. 

As for dairy products, PAE contamination can occur during all stages 
of production. On the other hand, raw milk has also been found to be 
contaminated with DIBP and DEHP due to contaminated feed. The 
mechanical milking process with PVC pipes is also considered important 
for contamination. Cooling tanks may lead to further increases in DEHP 
levels. In Belgian farms, the highest levels of DEHP were found in 
creamers while the lowest levels were in light milk. Replacement of 
DEHP with other types of plasticizers has led to a decrease in DEHP 
levels in European cow’s milk, while outside Europe (Canada and South 
Korea), DEHP levels in milk are still high. During the pasteurization 
process, DEHP content has been reported to increase most likely due to 
tubes and sealants that are DEHP-containing contact materials14. 

Prenatal exposure to DEHP 

There are studies showing the effects of DEHPs as a result of in-utero 
exposure. Barakat et al.15-18 conducted many animal studies on this 
topic. The results of these studies showed that male mice prenatally 
exposed to DEHP had increased germ cell apoptosis, oligo/azoospermia, 
and degenerated seminiferous tubules, i.e., induces premature repro-
ductive senescence. This effect has been reported to be dose depen-
dent15. In addition, it has been shown that these reproductive effects are 
passed on to subsequent generations through epigenetic modification of 
germ cells16: In experimental animals, when a pregnant female is 
exposed to an endocrine disruptor, one might expect that the first gen-
eration would be directly affected, and the second generation would be 
affected because germ cells of the first generation would also be affected. 
However, Barakat et al.18 reported that in the third generation (those not 
directly exposed to DEHP), fertility and reproduction were also affected 
as a surprising finding suggesting epigeneticity. 

Another effect of prenatal DEHP exposure in mice has been reported 
as impaired recognition memory and elevated anxiety behavior. These 
effects have been attributed to neurodegeneration due to inflammation 
and oxidative damage in the hippocampus, as well as decreased testos-
terone levels and androgen receptor expression in the brain17.  

• Advanced glycation end products (AGEs) 

The Maillard reaction is a chemical reaction that occurs during the 
processing or cooking of foods at high temperature: As a result of the 
glycation of proteins in foods, AGEs appear; they are found in various 
foods such as bread, cheese, processed meats, cookies, and peanut but-
ter. AGEs have been associated with the pathophysiology of several 
diseases, such as type 2 diabetes mellitus, polycystic ovary syndrome, 
and allergies. When the mother is exposed to exogenous AGEs, these 
glycated proteins are passed to the baby through lactation. Kutlu T.19 

described that infants may receive up to 15 kU/kg of AGEs directly from 
breast milk, which could increase to 76 kU/kg by the age of 6 months. 
Infants may also be exposed to exogenous AGEs from the diet through 
formula feeding. Dry heating of milk readily increases dietary AGEs in 
infant formula compared with normal cow’s milk products. CML 
(Nε-carboxymethyl-lysine) is the major glycotoxin in infant formula and 
is found 7 to 12 times less in goat milk formula than in cow’s milk 
products20.  

• Persistant organic pollutants (POPs) 

The development of industry has brought with it environmental 
pollution. POPs are man-made chemicals that are lipophilic, highly 
resistant to degradation, and concentrate in living organisms (bio-
accumulation). Animals and humans in the food chain not only absorb 
these chemicals, but also spread them as they travel. As a result, they can 
be found miles away from the original source. Exposure to POPs can 
cause many health disorders, such as impairment of neurodevelopment, 

reproductive and immune function, as well as disruption of endocrine 
system function. The severity of these effects can vary depending on the 
developmental period during exposure to POPs21,22. 

In May 2001, the Stockholm Convention on Persistent Organic Pol-
lutants took place in Sweden with the participation of more than 90 
countries. The goal was to protect the environment and human health 
from POPs, and 12 POPs (the dirty dozen) were chosen to be eliminated 
and/or reduced: aldrin, chlordane, DDT (dichlorodiphenyltrichloro-
ethane), dieldrin, endrin, heptachlor, mirex, toxaphene, PCBs, hexa-
chlorobenzene, dibenzodioxins, and dibenzofurans23.  

• Pesticides 

Pesticides can pollute soil, water, grass, and flora. In addition to 
killing insects or weeds, pesticides may be poisonous to other creatures 
such as birds, fish, beneficial insects, and non-target vegetation. Expo-
sure of males to pesticides may affect sex hormones, sperm 
(morphology, concentration, and motility), and semen quality24. 

In a retrospective study conducted in Belgium, which later became a 
pioneering study indicating the effect of pesticides on the timing of 
puberty, it was determined that 28% of the 145 cases treated with the 
diagnosis of precocious puberty were patients who had migrated from 
developing countries. When pesticide levels were checked in these cases, 
p,p’DDE (a derivative of the organochlorine pesticide DDT) was found in 
immigrants with precocious puberty, whereas this chemical could not be 
detected in most native Belgian cases. This suggested that the mecha-
nism of precocious puberty might involve previous exposure of endo-
crine disruptors25. Other studies have also shown the effect of prenatal 
pesticide exposure on early menarche and early breast 
development26,27. 

Dichlorodiphenyltrichloroethane had been banned in the early 
1970s. However, the effects of DDT have recently been demonstrated in 
granddaughters whose grandmothers were exposed to the pesticide 
DDT. These granddaughters had higher rates of obesity and early men-
strual periods. These may increase the granddaughters’ risk for breast 
cancer, as well as high blood pressure, diabetes, and other car-
diometabolic diseases28. 

Measures can be taken on an individual basis to limit pesticide 
exposure, such as washing, peeling, and eating organic food. In partic-
ular, some fruits and vegetables that absorb high levels of pesticides 
(strawberries, cherries, apples, grapes, potatoes, peppers, spinach) could 
be purchased organic29. 

It is well known that the pre-harvest interval, i.e., the time between 
the last application and harvest, is important when dealing with pesti-
cides. For example, for strawberries, many types of insecticides are 
widely used, as this soil-grown fruit is the target of many insects, A 
recent study showed that with respect to different pre-harvest intervals, 
the amount of thiacloprid residues showed variability30. In another 
study, residual levels of fosthiazate, a widely used nematicide, was 
measured in tomatoes and cherry tomatoes, and the 3-week preharvest 
interval was determined to be safe to consume31. For fungicide-treated 
pomegranates, the half-life of fluopyram and tebuconazole varied by 
pomegranate part. Pre-harvest intervals for combined tebuconazole and 
fluopyram treatment were 47 to 59 days in pomegranate fruits but 158 
to 173 days in leaves32. 

Herbicides are widely used in dicot crops, and residues are of great 
concern. A recent study showed that vegetables, especially those with a 
short growing season could be easily contaminated with the arylox-
yphenoxy-propionate herbicides (except propaquizafop). Vegetables 
treated with fluazifop and lettuce and cauliflower treated with quiza-
lofop are declared unsuitable for infant feeding33.  

• Parabens 

Parabens are p-hydroxybenzoic acid esters commonly used in cos-
metics, food, and pharmaceuticals as preservatives34. They increase 
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adipogenesis and reduce basal lipolysis in white adipose tissue, while 
attenuating adrenergic stimulation of lipolysis in brown adipose tis-
sue35. Thus, parabens are obesogenic endocrine disruptors present in 
foods. Estimated daily intake values of total parabens were reported as 
307, 273, 470, 879, and 940 ng/kg body weight/day for adults, ado-
lescents, children, toddlers and infants, respectively, and among the 8 
food categories (beverages, fruits, vegetables, dairy products, fats and 
oils, cereals, fish and shellfish, and meat), the highest amount of para-
bens was found in cereals34.  

• Bisphenol A (BPA) 

Bisphenol A is a synthetic organic compound that is used to make 
polycarbonate plastics. It is commonly found in food and beverage 
packaging, medical devices, and dental materials. It can contaminate 
air, soil, food and beverages. Especially in children, 99% of BPA expo-
sure occurs through the diet, with beverages and canned food being the 
main sources. 

Bisphenol A, as an endocrine disruptor, exhibits hormone-like 
properties and causes hormone-dependent cancers and has negative 
effects on reproduction and immune regulation. It can bind to estrogen, 
androgen, and thyroid hormone receptors. 

Acidic or basic conditions and heating increase the migration of BPA 
from plastics into foods and beverages. Thus, heating foods in plastic 
packages or bottles increases BPA exposure. In addition, the release of 
BPA from materials is increased by contact with sodium chloride or 
vegetable oils, making canned food a major source. 

Therefore, to avoid the harmful effects of BPA, the consumption of 
plastic materials should be restricted and the use of BPA-free products 
should be promoted36. At the governmental level, restrictions should be 
lifted in the use of BPA and also for other alternatives, such as bisphenol 
S (BPS) and bisphenol F. At the individual level, BPA- and BPS-free 
bottles should be purchased or bottles containing the number 7 inside 
the recycling symbol should be avoided, and fresh foods should be 
consumed instead of canned foods29. 

3. Foodstuff exposed to the risk of contamination by endocrine 
disruptors  

• Eggs 

In a recent study conducted in Turkey, endocrine disruptors were 
analyzed in three types of eggs (battery, free-range, and organic)37. The 
results of the study showed that PAEs were the most abundant in battery 
eggs, while total DDT concentrations, although low, were highest in 
free-range eggs, although DDT was banned in Turkey more than 35 years 
ago. The eggs were found to be contaminated with more than one 
chemical; however, all were within the acceptable risk limit. There was 
no difference between the eggs in terms of PCB and PBDE concentra-
tions; however, PBDEs have never been produced and PCBs are banned 
in Turkey3. This result supports that these chemicals are found in the 
environment despite restrictions and bans. From the authors’ point of 
view, the term of acceptable limits should be stated very carefully, since 
it is well known that when it comes to EDs even very low levels can 
produce effects3.  

• Breast milk 

The World Health Organization recommends breastfeeding until 2 
years of age, and breastfeeding is undoubtedly the accepted mode of 
infant feeding for the first six months; however, infants can also be 
exposed to endocrine disruptors through breast milk. Highly lipid- 
soluble chemicals are concentrated in the mammary gland in lactating 
women. Thus, especially breast milk with a high fat content carries a 
higher risk. In addition, the degree of exposure is influenced by maternal 
age, duration of lactation, and number of pregnancies. The most 

prevalent chemicals in breast milk are: heavy metals, pesticides, 
organochlorine cyclodienes, semivolatile organohalogens, dioxins, fu-
rans, DDT, parabens, octylphenols, bisphenols, and other organic com-
pounds including PAEs4. In a study conducted in Germany, 15 
phthalates were measured in 78 breast milk samples. Of these, DEHP, 
DnBP, and DiBP levels were measured at significantly higher concen-
trations, whereas other phthalates were found in only a few of the 
samples or were not detectable in any of the samples. However, it was 
stated that the elevated values were still well below the recommended 
tolerable daily intake38. Again, the debatable question of acceptable or 
tolerable limits from the authors’ point of view might come into the 
picture for breast milk as well. On the other hand, these chemicals have 
been shown to be at much higher levels in infant formula, and it was 
concluded in the study by Fromme et al.38 that exposure through breast 
milk does not pose a significant health risk to infants.  

• Drinking water 

Drinking water is one of the main ways people can be exposed to 
endocrine disruptors. Brazilian researchers evaluated 15 articles pub-
lished in the last decade to study chemical contamination in Brazilian 
drinking water. Of the 77 parameters studied in groundwater, surface, 
and rainwater sources, 10 parameters exceeded health limits for pota-
bility. In particular, 17 α-ethinylestradiol, widely used in contraceptive 
pills, exceeded 52,549 times the proposed guideline value. Its presence 
in water is thought to be due to contamination of the urine of women 
taking these drugs, and indirect exposure of pregnant women and thus 
the developing fetus to this chemical is a major concern. The authors 
concluded that instead of removing these chemicals from water, it would 
make more sense to prevent their contamination by reducing pesticide 
use and improving wastewater treatment39. 

4. Conclusions 

Endocrine disruptors are mostly synthetic molecules introduced into 
our lives in an attempt to make living more convenient and easy. 
However, they have brought with them their own health risks. Children, 
especially developing fetuses and infants, are more likely to be affected 
than adults. Studies over time show that the health risks they cause are 
not only for people today but also for future generations. The use of 
some EDs has been banned and restricted. However, industry tries to 
compensate for the restricted chemicals by producing new molecules 
that in turn could also cause problems. Studies have been done to find 
out the maximum acceptable levels of these chemicals; however, the 
atypical dose-response curves of some EDs make determining these 
levels difficult and questionable from the authors’ perspective, espe-
cially when fetuses and developing children are affected. One of the 
most important steps to reduce the health effects of EDs is to increase 
awareness of the risks in the general population. On the other hand, the 
many issues related to EDs require the involvement of scientists from 
different disciplines. Thus, an international multidisciplinary council of 
scientists must work together to reduce or eliminate health risks related 
to EDs now and in the future. 
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