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EXECUTIVE SUMMARY

Deliverable 3.1 provides an overview of the requirements for the chemical, nutritional,
functional, and safety-related properties of the bioproducts developed within WP3 of
the VALORISH project. The report outlines the regulatory framework governing the use
of marine side streams for food, nutraceutical, and supplement applications, including
EU legislation related to raw material classification, food safety, hygiene, contaminants,
additives, and extraction processes. The document further defines quality parameters
for protein-based and oil-based bioproducts derived from fish by-products, covering
proteins, peptides, amino acids, vitamins, minerals, biogenic amines, heavy metals,
microbial safety criteria, lipid composition, oxidation stability, pigments, and persistent
organic pollutants. Relevant threshold values for food-grade production are described,
together with requirements for bioactivity testing, such as antioxidant capacity,
ACE-inhibition, anti-inflammatory potential, and antimicrobial activity. These
requirements collectively establish a foundation for evaluating the suitability, safety,
and performance of VALORISH bioproducts, supporting the development of a cascade
biorefinery system that promotes circularity, compliance with EU food legislation, and
high-value utilisation of marine resources.
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1. INTRODUCTION
1.1 DESCRIPTION OF THE DOCUMENT AND PURPOSE

This report describes the requirements definition of the properties of the bioproducts
analysed in Task 3.1. The requirements will be defined in terms of food safety,
toxicological properties, chemical and nutritional composition of the bioproducts, and
bioactive properties for the required use.

1.2 WPS AND TASKS RELATED TO THE DELIVERABLE

This deliverable refers to Task 3.1 included in WP3: High-value bioproduct analysis,
organoleptic properties enhancement and validation. The outputs generated in Task
3.1 have a close connection with WP1, with continuous exchange of data,
specifications and methodological support to ensure alignment across work packages.
In this report, the chemical requirements, definitions and guidelines for the targeted
bioproducts are established. These specifications provide the analytical foundation for
the work carried out in Task 3.1 and will be used to ensure that all bioproducts are
assessed according to consistent and scientifically robust criteria. Furthermore, the
framework described in this deliverable will serve as a basis for subsequent validation
and assessment activities in WP3 and WPS. The criteria presented here may also
necessitate adjustments to upstream and downstream processes to ensure that the
bioproducts meet the required quality, performance and analytical standards. The
framework developed here will directly support the upcoming Deliverable (D3.2) in
which the results of Task 3.1 will be presented. Deliverable 3.2 will include the
chemical and bioactivity analyses of the fish oil and fish protein hydrolysates (FPH)
produced in Tasks 1.2, 1.3, 1.4 and Task 5.2. The analyses will cover nutritional value,
safety, functional properties and bioactivity, and will determine whether the bioproducts
are suitable for food and nutraceutical applications. The requirements defined in
Deliverable 3.1 therefore form the basis for interpreting and evaluating the analytical
results reported later in Deliverable 3.2. The results and interpretations will give input to
the validation activities in Task 3.5 (WP3) and contribute to the development of
assessment, standardisation and certification methodologies in WP6. As needed, the
criteria outlined in this document may trigger adjustments to processing steps or
analytical workflows to ensure that the bioproducts meet the specified quality and
performance thresholds.

1.3 GENERAL CONTEXT

The European bioeconomy increasingly relies on sustainable, resource-efficient
strategies to reduce waste and valorise underutilized biomass streams. Within the
seafood sector, large volumes of fish by-products are generated every year. Although
rich in valuable proteins, peptides, lipids and micronutrients, much of this biomass has
traditionally been discarded, downgraded to low-value uses, or utilised inefficiently.
Recovering these nutrients and converting them into high-value products is therefore
an important opportunity to strengthen circularity, improve environmental performance,
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and create new bio-based value chains. In light of EU food legislation, safety
requirements, and nutritional guidelines, recovering these nutrients and converting
them into compliant, high-value bioproducts represents a significant opportunity. Such
valorisation efforts can enhance circularity, support environmental objectives, and
contribute to the development of bio-based value chains that meet established
regulatory and quality criteria. VALORISH aims to establish a computationally assisted
framework to guide the design and implementation of a cascade biorefinery for the
valorisation of waste and by-products from the fishing industry. The project focuses on
developing food-grade, nutraceutical, and supplement-oriented bioproducts that adhere
to relevant European regulations, safety assessments, and nutritional standards. The
main components of the project include:

e Optimisation of fish oil extraction employing different techniques with low
environmental impact.

o Optimisation of protein hydrolysis by fermentation, as a safe and efficient
process.

e Optimal production of high-value bioproducts using Fish Protein Hydrolysates
(FPH) as substrate for microbial growth and metabolite production.

o Employment of the fish oil, FPH and the high value bioproducts as food
products, additives, nutraceuticals and food supplements, whose activity,
quality, and safety properties are assessed.

¢ Minimisation of the biorefinery residues under a zero-waste goal.

e Application of computational tools to design, optimise, validate and scale-up the
biorefinery processes.

2. REGULATORY FRAMEWORK

The production of bioproducts from marine side streams intended for human
consumption is governed by a comprehensive set of EU regulations designed to
ensure safety, quality, and legal compliance. A central requirement is that raw
materials must not fall under the categories of animal by-products (ABP) prohibited for
human consumption according to Regulation (EC) No 1069/2009" and its implementing
Regulation (EC) No 142/20112. These regulations classify ABP according to risk and
specify which materials may, or may not, enter the human food chain. Side streams
that fall into the ABP categories cannot be upcycled into food for humans.

All food products and processes must comply with the general principles of Regulation
(EC) No 178/20023, which establishes EU food law, including requirements for food
safety, risk assessment, traceability, and responsibilities of Food Business Operators.
For marine materials of animal origin, Regulation (EC) No 853/2004*, together with
Regulation (EC) No 852/2004° lays down specific hygiene rules, HACCP
requirements, and standards for facilities, handling, storage, water quality, temperature
control, and labelling throughout the processing chain.




D3.1 Report on the definition of the requirements for the
bioproducts properties. Version v.1.3

) valorish

If a bioproduct derived from marine side streams has not been consumed to a
significant degree within the EU before 15 May 1997, it may fall under the Novel Food
Regulation, previously EC 258/97, now replaced by Regulation (EU) 2015/22838. This
regulation requires a pre-market safety assessment and authorization by EFSA before
such products can be placed on the EU market. Where processing involves the use of
extraction solvents, Directive 2009/32/EC’ applies. This directive defines which
extraction solvents are permitted, sets purity criteria, and specifies maximum residue
limits for the final food product.

For products incorporating food additives, Regulation (EC) No 1333/2008% provides the
harmonized EU framework for the authorization and use of additives, including Union
lists in Annexes Il and lll and conditions of use designed to ensure consumer safety.
Additional legislation relevant to the classification and valorisation of side streams
includes the Waste Framework Directive (2008/98/EC)®, which allows certain materials
to be considered by-products, rather than waste, provided they meet specific criteria
ensuring safe and lawful reuse. This distinction is crucial for enabling the upcycling of
marine side streams into food ingredients.

Finally, marine raw materials imported into the EU must comply with EU hygiene rules,
originate from approved countries and establishments, and be accompanied by
appropriate official certification to ensure full traceability and alignment with EU food
safety standards.

3. FISH PROTEIN HYDROLYSATES (PROTEIN-BASED
BIOPRODUCTS)

Proper food-grade handling of fish raw materials is essential when producing products
intended for human consumption. Head and backbone by-products from filleting lines
constitute an excellent raw material for generating food-grade FPHs, as they contain
high levels of proteins and relatively low levels of endogenous enzymes. In contrast,
viscera fractions contain high concentrations of digestive enzymes, which may interfere
with the controlled hydrolysis process' and are often considered less palatable'.
During enzymatic protein hydrolysis, proteins from the raw material are solubilized and
recovered in the aqueous phase, while residual bone and mineral-rich sediments can
be utilized to produce collagen and hydroxyapatite. In addition to proteins, the FPHs
may contain substantial amounts of other water-soluble components and metabolites
inherent to the raw material. The most important of these are described in the following
sections.

3.1 PROTEIN, PEPTIDES AND AMINO ACIDS

Determination of protein content and amino acid composition of FPHs is important for
estimating processing yields and nutritional quality. The protein content is usually

10
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reported as crude protein and is based on analytical procedures for constituents of
protein. Among these, the Kjeldahl Nitrogen method is by far the most widely applied
method. Crude protein is estimated by analysis of nitrogen (N) multiplied by a suitable
nitrogen-to-protein conversion factor (fn). Generally, a conversion factor of 6.25 is
applied, which assumes that a protein contains 16% N. However, food proteins contain
other nitrogenous organic compounds, such as non-protein amino acids and
nucleotides that will influence the actual fn. Studies have estimated fy of fish side
streams to around 5.2-5.5'>'3. In general, the sum of amino acids will give a good
estimate of the actual protein in a product™. Food proteins contain 21 amino acids
(including hydroxyproline; Table 1), of which 10 are considered indispensable. This
means that they cannot be produced by the human body and need to be administered
through the diet.

Table 1 Protein amino acids and nutritional definition

Amino acid Abbreviation Definition

Arginine Arg Indispensable
Histidine His Indispensable
Isoleucine Iso Indispensable
Leucine Leu Indispensable
Lysine Lys Indispensable
Methionine Met Indispensable
Phenylalanine Phe Indispensable
Threonine Thr Indispensable
Tryptophane Trp Indispensable
Valine Val Indispensable
Alanine Ala Dispensable
Aspartic acid Asp Dispensable
Asparagine Asn Dispensable
Cysteine Cys Dispensable
Glutamic acid Glu Dispensable
Glutamine GIn Dispensable
Glycine Gly Dispensable
Hydroxyproline Hyp Dispensable
Proline Pro Dispensable
Serine Ser Dispensable
Tyrosine Tyr Dispensable

Peptide size distribution is a key indicator of how the protein hydrolysis process is
progressing. During hydrolysis, large proteins are broken into peptides of varying
molecular weights, and analytical techniques such as size-exclusion chromatography
(SEC), can reveal how these peptides are distributed across different size classes. A
shift from high-molecular-weight fractions to smaller peptides indicates a higher degree
of hydrolysis.

11



D3.1 Report on the definition of the requirements for the
bioproducts properties. Version v.1.3

&, valorish

3.2 VITAMINS AND MINERALS

Vitamins are organic molecules that function as essential co-factors, contributing to the
regulation and maintenance of normal physiological processes in the body. Vitamins
are generally divided into two categories: water-soluble and fat-soluble. FPHs may be
rich in water-soluble vitamins and minerals, depending on the raw material. The most
relevant vitamins found in FPHs, and their daily recommended intake, are given in
Table 2.

Table 2 Water-soluble vitamins relevant for fish protein hydrolysates and their daily recommended intake
for adults (> 18 years old)'516
Vitamin Daily

recommended

intake

Upper limit

B1 (Thiamine)? 0.1 mg/MJ° No adequate data to derive a UL
B9 (Folate)? 330 ug 1000 ug /day
B12 (Cobalamin)® 4.0 yg No defined adverse effects

aRecommended intake, PAdequate intake, °0.1 mg /MJ corresponds to 1.1 mg for adults.

The most relevant minerals found in FPHs, and their daily recommended intake, are

given in Table 3.

Table 3 Minerals found in fish protein hydrolysates and their daily recommended intake for adults (>18

years old)'516

Mineral

Daily recommended
dose

‘ Upper limit

Na (sodium)?® 1500 mg < 2300 mg/day

Ca (calcium)® 900-1200 mg 2500 mg /day

K (potassium)? 3500 mg No adequate data to derive a UL
Fe (iron)° 9-15mg No adequate data to derive a UL
| (iodine)? 150 ug 600 pg

Mn (manganese)? 8 mg No adequate data to derive a UL
Mg (magnesium)? 300 mg 350mg/day

P (phosphorous)? 520 mg No adequate data to derive a UL
Se (selenium)? 75-90 g 255 ug/day

Zn (zinc)® 10-13 mg 25 mg/day

aAdequate intake, PRecommended intake

3.3 BIOGENIC AMINES AND VOLATILE NITROGEN

The estimation of biogenic amines and trimethylamine (TMA) in FPHs is of great
importance, not only from a toxicological point of view, but also as an indication of the
degree of freshness in the raw material used. Histamine, putrescine, tyramine and
cadaverine are four common biogenic amines found in seafood, formed by microbial
decarboxylation of histidine, ornithine, tyrosine and lysine, respectively’” . According to
Commission Regulation (EU) No 1019/2013'8, the level of histamine in fishery products

12
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should be less than 100 mg/kg. The EFSA Panel on Biological Hazards (BIOHAZ)
(2011)"® suggested the following guidelines:

e Histamine: up to 50 mg per meal for healthy individuals (intolerant individuals
should approach zero)

e Tyramine: up to 600 mg per meal for healthy individuals

e Putrescine and cadaverine: insufficient data to set thresholds.

TMA is formed by bacterial reduction of trimethylamine oxide (TMAO)® and is an
indication of raw material freshness. Whereas TMAO is odourless, TMA has a distinct
unpleasant smell of stale fish. Total volatile basic nitrogen (TVB-N) is considered one
of the most important freshness indicators for monitoring the quality and safety of
seafood products?'. TVB-N is a chemical indicator used to assess freshness and
spoilage in fish, seafood, and other highly perishable foods. It measures the amount of
volatile nitrogenous compounds, mainly ammonia, TMA, and dimethylamine (DMA),
that accumulate as proteins break down due to microbial activity and enzymatic
degradation. As fish spoil, these compounds increase, leading to characteristic
off-odours. Consequently, high levels in FPHs indicate poor quality of the used raw
materials and/or high bacterial action during processing. In general, high quality raw
materials have a TVB-N value < 30 mg/100 g of fish filet?'. According to Commission
Regulation (EC) No 1022/20082, the following TVB-N limits are set for fishery products
intended for human consumption:

e 25 mg of nitrogen/100 g of flesh for the following species:
Sebastes spp., Helicolenus dactylopterus, Sebastichthys capensis

e 30 mg of nitrogen/100g of flesh for the following species: Pleuronectidae family
(with the exception of halibut: Hippoglossuss spp.)

e 35 mg of nitrogen/100g of flesh for the following species: Salmo salar, species
belonging to the Merlucciidae family, species belonging to the Gadidae family

However, when evaluating these threshold levels, it is important to keep in mind that
these values are based on whole fish or filet, which could contain up to 80 % moisture,
and higher values of TVB-N may be seen for high-quality FPHs. For example, if the raw
material contains 20% dry matter and has a TVB-N value of 25 mg/kg (wet weight), this
corresponds to a TVB-N value of 125 mg/kg on a dry-matter basis in the resulting FPH.

3.4 HEAVY METALS

Heavy metals that may be present in FPHs include lead (Pb), cadmium (Cd), mercury
(Hg) and arsenic (As) which are explicitly regulated as “heavy metals and other
elements” under Regulation (EU) 2023/915% and limit values found in ANNEX I. An
amendment for arsenic was adopted in September 2025 (Commission Regulation
2025/1891)%*. Although FPH are not listed as a separate category in the regulation, the

13
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general limits for fish and fishery products apply. While copper (Cu) is not classified as
a heavy metal in Regulation (EU) 2023/915 and does not have specific maximum
levels set for fishery products, it is still relevant to monitor in FPHs. Copper is an
essential trace element, but elevated levels can contribute to pro-oxidative reactions,
catalysing lipid oxidation and reducing product stability. In addition, high copper levels
may indicate processing contamination from equipment or storage vessels. For these
reasons, copper is routinely included in analytical quality assessments of marine
ingredients. An overview of the maximal upper limits of these compounds in fish raw
materials, is given in Table 4.

Table 4 Heavy metals relevant for fish protein hydrolysates and their upper limits'6.2324
Element \ Upper limit |

Arsenic (As) 0.1-0.5 mg/kg raw material
Cadmium (Cd) 0.05-0.5 mg/kg raw material®
Mercury (Hg) 0.5-1 mg/kg raw material
Lead (Pb) 0.3-0.5 mg/kg raw material
Copper (Cu) 600 ug/day

aUpper limit of 3.0 mg/kg applies for food supplements consisting at least of 80 % from dried
seaweed, from products derived from seaweed or from dried bivalve molluscs

However, since the VALORISH project focuses primarily on the production of dried
FPH ingredients, Articles 2 and 3 of Regulation (EU) 2023/9152% must be fulfilled:

Article 2 - General rules

1. The food listed in Annex | shall not be placed on the market and shall not be used
as a raw material in food or as an ingredient in food where it contains a contaminant at
a level which exceeds the maximum level set out in Annex I.

2. Food complying with the maximum levels set out in Annex | shall not be mixed with
food which exceeds these maximum levels.

3. The maximum levels set out in Annex |, unless otherwise specified in that Annex,
shall apply to food as placed on the market and to the edible part of the food
concerned.

4. In systems where cereal production and processing are integrated so that all
incoming lots are cleaned, sorted and processed in the same establishment, the
maximum levels shall apply to unprocessed cereals in the production chain at the stage
before first-stage processing.

Article 3 - Dried, diluted, processed and compound food

1. Where no specific Union maximum levels are set out in Annex | for food which is
dried, diluted, processed or compound food (i.e. composed of more than one
ingredient), the following aspects shall be taken into account when applying the
maximum levels set out in Annex | to such food:

a) changes of the concentration of the contaminant caused by drying or dilution
processes;

b) changes of the concentration of the contaminant caused by processing;

c) the relative proportions of the ingredients in the product;

14
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d) the analytical limit of quantification.

2. Where the competent authority carries out an official control, the food business
operator shall provide and justify the specific concentration, dilution or processing
factors for the drying, diluting or processing operations concerned or the specific
concentration, dilution or processing factors for the dried, diluted, processed or
compound food concerned as well as the proportion of ingredients for mixing
operations concerned. Where the food business operator does not provide the
necessary concentration, dilution or processing factor or where the competent authority
deems that factor inappropriate in view of the justification given, the competent
authority shall itself define that factor, based on the available information and with the
objective of maximum protection of human health.

3. Where no specific Union maximum levels for food for infants and young children
are set out in Annex |, Member States may provide for stricter maximum levels for such
food.

3.5 MICROBIAL QUALITY

The microbial quality of FPHs is a critical parameter in industrial-scale production
because it reflects the hygiene and overall cleanliness of the process. Since FPHs are
rich in nitrogenous compounds, free amino acids, and short peptides, they provide an
excellent substrate for the growth of spoilage organisms and potentially pathogenic
microorganisms if microbial control measures are insufficient. Drying typically serves as
the main microbial inactivation barrier. Once dried, protein hydrolysates have low water
activity (aw 0.40-0.50), which prevents microbial growth. Microorganisms that survive
drying remain viable but cannot proliferate without moisture, and their numbers
generally remain stable or decline slowly during dry storage. Dry samples are
microbiologically stable and can be stored at room temperature, while moist samples
must be cooled and transported to the laboratory within 24 hours. If this is not possible,
the samples must be frozen and sent to the laboratory in a frozen state.

There are a few statutory requirements for fishmeal and FPH for human consumption.
The main legal reference is Commission Regulation (EC) No 2073/2005%°, which sets
microbiological criteria for foodstuffs. Table5 provides an example of a product
specification for FPH products intended for human consumption, compiled based on
statutory requirements, customer expectations, and relevant industry guidelines.

Table 5 Microbial limits for fish protein products for human consumption

| Low limit \ High limit
Salmonella Not detected Not detected
Total platelet count 10.000 CFU/g 500.000 CFU/g
Mould and yeast 100 CFU/g 1000 CFU/g
Enterobacteriaceae 10 CFU/g 100 CFU/g
Staphylococcus aureus 10 CFU/g 100 CFU/g
Clostridium perfringens 10 CFU/g 100 CFU/g
Bacillus cereus 100 CFU/g 1000 CFU/g

CFU = Colony forming units
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3.6 BIOACTIVE PROPERTIES

FPHs may have bioactive potential. Bioactive peptides are commonly made up of 3-20
amino acid residues?®. Several factors will affect the bioactivity of FPHs, such as type
of protein, enzymatic specificity and degree of hydrolysis. FPHs exhibit a broad
spectrum of bioactivities, as measured through standard antioxidant and
enzyme-inhibition assays, reflecting the presence of short bioactive peptides generated
during enzymatic hydrolysis. Several assays have been established for the evaluation
of peptides’ bioactive potential and the most relevant one for the VALORISH project is
listed in Table 6.

Table 6 Overview of the most relevant bioactivity assays for the VALORISH project

Name Type of assay Description
DPPH Antioxidant Radical scavenging assay. The DPPH radical is purple;

when antioxidants donate electrons or hydrogen, the
solution becomes lighter (yellowish). Greater decrease
in absorbance = stronger antioxidant activity. Results
expressed as % inhibition or ICs, (lower I1Cs, = stronger
antioxidant)

ABTS Antioxidant Radical scavenging assay. The ABTS radical cation is
blue-green and reacts with both hydrophilic and
lipophilic antioxidants. Reduction in absorbance at 734
nm = higher antioxidant capacity. Results expressed
Trolox Equivalent Antioxidant Capacity (TEAC); higher
TEAC = stronger activity.

FRAP Antioxidant Measures the ability of a sample to reduce ferric (Fe®*)
to ferrous (Fe?*) ions, forming a blue complex. It reflects
reducing power, a key antioxidant mechanism. Results
expressed as pmol Fe*" equivalents; higher values
indicate stronger antioxidant potential.

ACE Antihypertensive ~ Measures the inhibition of ACE, an enzyme involved in
blood pressure regulation. Higher % inhibition =
stronger ACE-inhibitory (antihypertensive) potential.
Results expressed as ICs, values (concentration
needed to inhibit ACE by 50%) are commonly used;
lower ICs, = more potent inhibition.

FPHs may exhibit anti-inflammatory properties, which can be assessed by the use of in
vitro immune cell models such as human monocytic THP-1 cells?’. The THP-1 cell line
originates from a human monocytic leukemia patient and is widely used to study
immune responses because it can differentiate into macrophage-like cells and mimic
key aspects of innate immunity. The monocytes develop into differentiated
macrophage-like cells by the addition of an inducer such as phorbol 12-myristate
13-acetate (PMA), which triggers adherence, morphological changes, and increased
granularity characteristic of macrophage differentiation. After differentiation, the cells
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are cultured in growth media supplemented with the FPH, allowing assessment of
whether the bioactive peptides can modulate cellular inflammatory pathways. To
induce a controlled inflammatory response, the macrophage-like THP-1 cells are
commonly stimulated with lipopolysaccharide or tumor necrosis factor-a (TNF-a), both
of which activate pattern-recognition receptors and downstream signaling cascades
leading to cytokine production and oxidative stress responses. Following stimulation, a
range of immunological endpoints can be measured. These include secretion of
pro-inflammatory cytokines such as IL-6, TNF-a, and IL-1B, which are well-established
readouts for macrophage activation. Additional markers such as activity of antioxidant
enzymes, gene expression of immune- and stress related markers, production of
isoprostanes as indicators of oxidative stress, and levels of specialized pro-resolving
lipid mediators (SPMs) may also be quantified to provide a broader picture of
FPH-induced modulation of inflammation. Because THP-1-derived macrophages are
frequently used as an alternative to primary human macrophages in in-vitro
inflammation studies, they offer a reproducible and controlled system to investigate
how FPH components influence immune cell behavior. A reduction in cytokine release,
down-regulation of inflammatory gene expression, or increased production of
pro-resolving mediators can indicate that the FPH product has anti-inflammatory
potential.

FPHs have also attracted increasing interest as natural preservative ingredients due to
their potential antimicrobial properties?®. Their activity is typically evaluated using
standard microbiological assays, such as disc diffusion, broth microdilution for
determining the minimum inhibitory concentration (MIC), and time-kill kinetics, to
assess their effects against both Gram-positive and Gram-negative bacteria.
Gram-positive species often respond more readily because their cell walls are more
accessible, whereas Gram-negative bacteria possess an outer membrane that limits
peptide penetration. MIC is the lowest concentration of an antimicrobial substance that
prevents visible bacterial growth under standardized conditions. It is the most widely
used quantitative measure of antimicrobial potency. A low MIC value indicates strong
antimicrobial activity, whereas ahigh MIC value indicates a weak antimicrobial activity.
This implies that the higher MIC value, the weaker antimicrobial activity, and that a
large amount of the antimicrobial compound is required to inhibit the growth of the
microorganism.

In brief the most common methods for antimicrobial properties are:

Minimum Inhibitory Concentration (MIC): The most commonly used method for
quantifying antimicrobial activity. It defines the lowest concentration of an antimicrobial
compound that inhibits visible growth of a microorganism. MIC testing is typically
performed in microtiter plates (96 wells) using broth dilution methods.

Minimum Bactericidal Concentration (MBC): Is used to determine the lowest
concentration of an antimicrobial compound that kills the bacteria (not just inhibits
them). MBS is typically performed in conjunction with the MIC testing: samples are
taken from wells that show no visible growth in the MIC assay and are plated on agar
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media. Following incubation, if no colonies appear, it indicates that the bacteria have
been completely killed at that concentration. If colonies appear the effect is considered
bacteriostatic rather than bactericidal.

Disk Diffusion: The antimicrobial peptide is applied to sterile paper disks which are
placed on the surface of an agar plate already inoculated with a target microorganism.
During incubation the antimicrobial compound diffused into the agar. If a clear zone
appear after incubation, this provides an indication of antimicrobial activity. Compared
with the MIC assay, this method is less precise than MIC, and can be more
time-consuming, especially if you have to apply the FPH to the disks manually.
Time-Kill Assays: This method is used to quantify bacterial kiling over a period,
typically 0—24 h. This is in contrast to the MIC assay which is usually measured after a
fixed number of hours (e.g., 24 or 48 h). In a time—kill assays the microorganisms are
exposed to the antimicrobial compound, and samples are withdrawn at specific time
points, then plated on agar and enumerated. The results allows assessment of the rate
and extent of microbial killing.

Caco-2 cells are widely used as an in vitro model of the human intestinal epithelium for
studying absorption processes?®. When cultured under appropriate conditions, these
cells differentiate into a polarized monolayer with tight junctions and microvilli,
mimicking key features of enterocytes in the small intestine. This makes them
particularly useful for evaluating the uptake and transport of nutrients, drugs, and
bioactive compounds across the intestinal barrier. The model is also frequently applied
in the study of food-derived bioactive peptides, especially di- and tripeptides, which can
be transported by peptide transporters such as PEPT1. By measuring parameters such
as transepithelial electrical resistance (TEER) and apical-to-basolateral transport,
permeability, transport mechanisms, and factors influencing bioavailability can be
assessed in a controlled experimental system. The limitations are linked to the lack of a
mucus layer, the long culture period and the inability to accurately simulate the
intestinal environment. The Caco-2 cell line has been used to evaluate the intestinal
absorption of minerals. In one study, Caco-2 cells were exposed to in vitro digests of
urban soils to quantify cellular uptake of Cd, Cu, Mn, and Zn, and the results were
linked to the bioaccessible fractions of these elements®. In another study, the Caco-2
cell model was employed to assess the effect of dephytinization on the bioavailability of
iron, calcium, and zinc from infant cereals®'. After using a Caco-2 cells model to study
absorption, the next step is typically to analyze both the transport of compounds across
the cell layer and their uptake into the cells. This is commonly done using techniques
such as LC-MS or HPLC for peptides, drugs, and metabolites, and ICP-MS for
minerals, while intracellular accumulation can be assessed after cell lysis. To
understand the underlying mechanisms, gene expression analysis of transport proteins
like PEPT1 transporter and DMT1 transporter using qPCR or Western blotting can be
used.

A common challenge in bioactivity assessment is the lack of clearly defined acceptance
threshold levels or defining universal recommendations for bioactivity testing of FPHSs.
The bioassays rely on biological systems that are naturally variable, and assay
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outcomes can differ widely depending on assay format, concentration ranges, controls,
and reagent or substrate variability.

4. OIL-BASED BIOPRODUCTS

Many marine fish are especially rich in the important omega-3 fatty acids
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). EPA and DHA play a
key role in many biological processes in the human body and are thus essential for
human well-being. The production of Omega-3 oils begins with high-quality, food-grade
crude oil.

The quality of the oil depends on the handling of the residual raw material received.
The challenges associated with fish raw materials are that quality deteriorates quickly,
and that the raw materials must be processed as soon as possible after filleting in order
to minimize oxidation during production. Additionally, the by-products contain high
levels of blood and intestinal fractions rich in endogenous enzymes, which may lead to
enzymatic degradation and accelerate of oxidation. This, in turn, may lead to the
formation of free fatty acids (FFA) and a reduction in the quality and stability of the oil.

Specific requirements to produce fish oil for human consumption can be found in:

e Chapter IV of Section VIII of Annex Il to Regulation (EC) No 853/2004* as
amended by Commission Regulation (EC) No 1020/2008%

e Annex Il to Regulation (EC) No 2074/2005 as amended by Commission
Regulation (EC) No 1022/2008%

* Article 7 of Regulation (EC) No 2076/2005 as amended by Commission
Regulation (EC) No 1023/2008%

Fish oil intended for human consumption must meet the requirements for fishery
products found in the hygiene regulations. This means that the raw materials and the
fish oil must:

e Come from establishments, registered or approved pursuant to the hygiene
regulations

e Derive from fishery products which are fit for human consumption and are
handled throughout the food chain as such.

Marine by-products not fit for human consumption cannot be used as raw material for
fish oil for human consumption. Provided that the raw materials and the production
process comply with the requirements applying to fish oil intended for human
consumption, a food business operator may produce and store both fish oil for human
consumption and fish oil and fish meal not intended for human consumption in the
same establishment. The raw material must be chilled as soon as possible after the
catch. When chilling is not possible on board the vessel, the raw material must be
chilled as soon as possible after landing and be stored at a temperature approaching
that of melting ice. However, by way of derogation the food business operator may
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refrain from chilling the fishery products, when whole fishery products are used directly
in the preparation of fish oil for human consumption, provided that the raw material is
processed within 36 hours after catch and meets the specified freshness criteria.

The freshness criteria are based on TVB-N, which shall not exceed 60 mg of
nitrogen/100 g of whole fishery products used directly for the preparation of fish oil for
human consumption. However, if the raw material remains fit for human consumption,
the competent authority may establish higher limits for certain species.

4.1 FISH OIL PRODUCTION

The chemical composition and characteristics of crude fish oils depend in the process
and raw materials. Bimbo®* proposed some typical properties of fish oils, where the
most relevant for the VALORISH project is given in Table 7. A comprehensive overview
can be found in EFSA®, which also gives information about physical characteristics of
the oils.

Table 7 Quality guidelines for crude fish oils3+3%

Quality guideline Level

Moisture and impurities 0.5-1%

Fatty acids, % oleic acid 1-7, usually 2-5%
Peroxide value 3-20 meqg/kg
Anisidine number 4-60

TOTOX 10-60

Iron 0.5-7.0 ppm
Copper < 0.3 ppm
Phosphorus 5-100 ppm

Crude fish oil contains varying amounts of undesirable components such as traces of
proteins, water, pigments, FFA, phospholipids, and lipid-oxidation products. Refining
typically involves  degumming/neutralization, bleaching, winterization, and
deodorization®-37:38_ In brief, degumming is the first step, removing phospholipids that
otherwise act as emulsifiers and cause neutral-lipid losses while reducing final product
quality. Neutralization (deacidification) removes FFA (commonly 1-8% in marine crude
oils) which must be eliminated to prevent off-flavours and reduce oxidation. Bleaching
removes pigments, oxidation products, trace metals, residual phospholipids, and
remnants of the neutralization step, typically using adsorbents. Deodorization,
performed by high-temperature steam stripping (>200°C) under low pressure,
eliminates volatile compounds (mainly aldehydes and ketones), breaks down remaining
peroxides, and removes residual FFA. However, it should be noted that several refining
steps also reduce naturally occurring vitamins in crude fish oils. Consequently,
heat- and oxidation-sensitive vitamins are often added back during commercial
production of refined oils and fish-oil concentrates.
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4.2 FATTY ACID PROFILE AND LIPID CLASSES

Fatty acids (FAs) are carboxylic acids with a long aliphatic chain of carbons. They are
the simplest form of lipids. FAs are distinguished by the number of carbons in the chain
and their degree of hydrogen saturation, as well as branching in the chain. This
categorises them into different classes: saturated fatty acids (SFA), monounsaturated
fatty acids (MUFA), polyunsaturated fatty acids (PUFA) and branched fatty acids (Table
8). SFAs do not contain any double bonds in the carbon chain, while MUFAs and
PUFA contain one or more, respectively.

Table 8 Overview of different types of fatty acids

Type Name

Saturated fatty acids (SFA)

12:0 Lauric acid

14:0 Myristic acid

16:0 Palmitic Acid

18:0 Stearic acid

20:0 Arachidic Acid

22:0 Behenic acid
Monounsaturated Fatty Acids (MUFA)

16:1n-7 Palmitoleic Acid

18:1 (n-9) Oleic Acid

18:1 (n-7) Vaccenic Acid

220:1 (n-9) Gondoic Acid

20:1 (n-7) Paullinic Acid

22:1 (n-11) Cetoleic Acid

22:1 (n-9) Erucic Acid

22:1 (n-7) Brassidic Acid

24:1n-9 Nervonic Acid
Polyunsaturated Fatty Acids (PUFA)

16:2n-4 Hexadecadienoic Acid
16:3n-4 Hexadecatrienoic Acid
18:2n-6 Linoleic Acid

18:3n-6 Gamma-Linolenic Acid
20:2n-6 Eicosadienoic Acid
20:3n-6 Dihomo-Gamma-Linolenic Acid
20:4n-6 Arachidonic Acid

22:4n-6 Adrenic Acid

18:3n-3 Alpha-Linolenic Acid
18:4n-3 Stearidonic Acid

18:3n-6 Gamma-Linolenic Acid
20:3n-3 Eicosatrienoic Acid
20:5n-3 Eicosapentaenoic Acid (EPA)
21:5n-3 Heneicosapentaenoic Acid
22:5n-3 Docosapentaenoic Acid
22:6n-3 Docosahexaenoic Acid (DHA)

Production of omega-concentrates, notably EPA and DHA fatty acids, are of high
commercial interest, due to the many health benefits of these fatty acids. EPA and
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DHA contribute to several physiological functions, including cardiovascular health.
EFSA concludes that a daily intake of 250 mg EPA+DHA supports the maintenance of
normal cardiac function, while higher intakes (2—4 g/day) are effective in helping to
maintain normal triglyceride levels in adults®. Furthermore, EFSA conducted recently a
safety evaluation on supplemental DHA and concludes that supplemental intakes of
DHA alone up to 1 g/day do not raise safety concerns for the general population,
Table 9 gives an overview of the quality guidelines set for omega-3 concentrates®.

Table 9 Quality guidelines for omega-3 concentrates®®

Parameter Quality guideline

Appearance Light yellow to yellow at room temperature
Triglycerides >50%

Odour and taste Neutral (only slight fishy smell and flavour)
Acid value <1.0%

Peroxide value <2.5 meg/kg

Anisidine value <20

TOTOX <25

Density 0.85-1.0 g/ml

Vitamin E (tocopherols) >2.0 mg/g

Moisture <0.1%

Unsaponifiable fatty acids <2.35%

Fish oils contain several different lipid classes, including triglycerides, phospholipids,
and FFA. To obtain an overview of the lipid composition of an oil, a lipid class analysis
is performed. This analysis identifies and quantifies the various lipid fractions present

(Table 10).

Table 10 Types of lipid classes

Lipid class

Triacylglycerol (TAG)

Chemical Notes
form/structure
Glycerol + 3 fatty acids Main energy storage form in

(esterified) animals and fish.

Diacylglycerol (DAG)

Can act as
membrane-associated
second messenger.

Glycerol + 2 fatty acids

Monoacylglycerol (MAG)

Rare in membranes; mainly
produced during lipid
digestion.

Glycerol + 1 fatty acid

Free fatty acids (FFA)

Can act as detergents; high
levels can disrupt
membranes.

Non-esterified fatty
acids (R-COOH)

Cholesterol

Sterol with hydroxyl
group at C3

Regulates membrane fluidity
and permeability.

Cholesteryl esters

Cholesterol esterified
to a fatty acid

More hydrophobic than free
cholesterol.

Phosphatidylethanolamine

Promotes membrane
curvature; common in
mitochondria.

Glycerophospholipid
with ethanolamine
headgroup

Phosphatidylcholine

Glycerophospholipid Most abundant membrane
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with choline phospholipid in animals.

headgroup

Glycerophospholipid : .
Phosphatidylinositol with inositol mﬁ‘éﬁggfm signaling

headgroup

Phosphatidylserine

Glycerophospholipid
with serine headgroup

Externalization marks
apoptosis.

Lyso-phosphatidylcholine

PC missing one fatty
acid (one acyl chain)

More water-soluble; acts as
signaling molecule.

Total neutral lipids

TAGs + DAGs +
MAGs + cholesteryl
esters + free

Hydrophobic core lipids.

cholesterol
Total polar lipids All phgs_phollplds + Define mc_ambrane structure
glycolipids and function.
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4.3 OXIDATION PARAMETERS

Oxidation in marine fish oils is commonly assessed through three key parameters:
peroxide value (PV), which measures primary oxidation products (mainly lipid
hydroperoxides), and anisidine value (AV), which measures secondary oxidation
products such as aldehydes formed as hydroperoxides break down.

Together, these are used to calculate the TOTOX value:

TOTOX = 2xPV + AV

This calculation gives an overall indication of total oxidative degradation. For
high-quality marine oils, typical industry guideline limits are PV < 5 meq/kg oil, AV < 20,
and TOTOX < 26, although stricter specifications are often applied for premium
nutraceutical-grade oils. These parameters help ensure product stability, sensory
quality, and preservation of sensitive omega-3 fatty acids.

4.4 VITAMINS

Fat-soluble vitamins, A, D, E and K, play essential roles in fish physiology, including
vision and epithelial integrity (vitamin A), calcium and bone metabolism (vitamin D),
antioxidant protection of cell membranes (vitamin E), and blood clotting (vitamin K)*'.
Unlike water-soluble vitamins, fat-soluble vitamins are efficiently stored in tissues,
particularly in the liver and adipose tissue. This means that deficiencies typically
develop slowly, as the body can draw on stored reserves for extended periods.
However, this same characteristic also means that excess intake can lead to
accumulation and potential toxicity, especially for vitamins A and D, where chronic
overconsumption has well-documented adverse effects. Table 11 gives an overview of
the daily recommended intake and upper limit of these vitamins.
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Table 11 Daily recommended intake and upper limit for fat-soluble vitamins for adults (> 18 years old)'%'6

Vitamin ‘ EY, ‘ Upper limit
recommended
intake
A? 700 RE 3000 RE /day
De 10 yg 100 g /day
E?2 12 mg 300 mg/day
KP 60-65 ug No adequate data to derive a UL

aAdequate intake, PRecomended intake
RE: retinol equivalent; 1 RE = 1 ug retinol = 2 ug B-carotene from supplements, 6 ug B-carotene
from food, or 12 ug of other provitamin A carotenoids such as a-carotene and [3-cryptoxanthin.

Vitamin E is not a single compound, but a family of fat-soluble antioxidants consisting
of four tocopherols (a-, B-, y- and d-tocopherol). These molecules differ in the number
and position of methyl groups on the chromanol ring, which influences their antioxidant
activity, biological availability, and functional role in lipid systems.

Among the subclasses, a-tocopherol is the most biologically active form in humans and
the predominant form used in nutritional labelling. It is also the most potent lipid-phase
antioxidant in vivo. y-tocopherol, which is abundant in many plant oils, is frequently
present in moderate concentrations in marine oils and contributes to a broader
antioxidant spectrum through its ability to trap reactive nitrogen species. d-tocopherol
and B-tocopherol occur naturally at lower levels and generally contribute less to the
overall antioxidant capacity of fish oils, though &-tocopherol can provide additional
oxidative stability due to its strong radical-scavenging ability.
In fish oils, common concentration ranges reflect both endogenous levels in the raw
material and any antioxidant enrichment during production. Typical values seen in
commercial marine oils include:

e a-tocopherol: 100-200 mg/kg

o y-tocopherol: typically lower than a-tocopherol, often 50-150 mg/kg

e O-tocopherol: usually <10 mg/kg

e [B-tocopherol: often present only in trace amounts or below detection limits

These levels may vary depending on species, diet, processing conditions, storage
stability, and whether tocopherols have been added as antioxidants during purification
or concentration of omega-3 fatty acids.

4.5 ASTAXANTHIN

Fish oils may also contain significant levels of lipophilic pigments, most notably
astaxanthin, a high-value xanthophyll carotenoid. Astaxanthin has a red—orange colour
and is widely used in aquaculture, nutraceutical, cosmetic and functional-food
applications due to its potent antioxidant properties*?. As a fat-soluble carotenoid with
exceptionally strong free-radical-scavenging capacity, it is considered one of the most
effective natural antioxidants. Research indicates that astaxanthin contributes to
improved pigmentation in fish, enhanced stress resistance, and multiple
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health-promoting effects in humans, including protection against cardiometabolic
disease, hepatic steatosis and insulin resistance through its ability to reduce oxidative
stress and inflammation“.

Typical values for salmon oils are around 5-20 mg/kg, but this will depend on the feed
inclusion level. However, as astaxanthin is a potent antioxidant, it may be reduced
during processing or storage since the compound is susceptible to oxidative
degradation when exposed to oxygen, light, or elevated temperature

4.6 DIOXINS AND DIOXIN-LIKE PCBS

Dioxins and dioxin-like polychlorinated biphenyls (PCBs) are persistent environmental
contaminants that accumulate in fatty tissues, making fish oils a potential dietary
source. Because marine oils can concentrate lipophilic pollutants, the EU regulates
maximum acceptable levels to ensure consumer safety. According to Commission
Regulation (EU) 2023/915% on maximum levels for certain contaminants in food and
repealing Regulation (EC) No 1881/2006, fish oils intended for human consumption
must comply with strict limits for both dioxins alone and for the sum of dioxins and
dioxin-like PCBs, expressed as WHO-TEQ (toxic equivalence). These limits reflect
updated EFSA risk assessments showing that even low chronic exposures can exceed
the tolerable weekly intake, prompting the EU to maintain stringent controls for marine
products.

The sum of dioxins (polychlorinated dibenzo-para-dioxins (PCDDs) and polychlorinated
dibenzofurans (PCDFs) and the sum of dioxins and dioxin-like polychlorinated
biphenyls (PCBs) are calculated using the WHO-toxic equivalency factors (WHO-TEFs)
and expressed as WHO toxic equivalents (WHO-TEQs). WHO-TEFs for human risk
assessment are based on the conclusions of the World Health Organization (WHO) —
International Programme on Chemical Safety (IPCS) expert meeting which was held in
Geneva in June 2005%*. The maximum levels of dioxins and dioxin-like PCBs in fish oils
intended for human consumption is given in Table 12.

Table 12 Maximum level of dioxins and dioxin-like PCBs in Fish Qils

Contaminant category Maximum level (pg WHO-TEQ/g

fat)

Dioxins (PCDD/F-TEQ) (pg WHO-PCDD/F-

TEQ/g) 2.0 pg/g fat
Sum of dioxins + dioxin-like PCBs (pg WHO-
PCDD/F-PCB-TEQ/g) 6.0 pg/g fat
Sum of non-dioxin-like PCBs 200 ng/g fat

4.7 BIOACTIVITY OF FISH OILS

Fish oils are rich in omega-3 fatty acids, primarily EPA and DHA, which are associated
with a wide range of health benefits, including anti-inflammatory effects, as well as
positive impacts on cardiovascular, brain, and mental health. During an inflammatory
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response, EPA and DHA serve as precursors to SPMs, which play a key role in the
resolution phase of inflammation and the restoration of tissue homeostasis.

In addition to omega-3 fatty acids, certain fish oils - particularly those derived from fatty
pelagic species - contain substantial amounts of long-chain MUFAs. Among these,
cetoleic acid (22:1n-11) has gained increasing attention. Experimental studies have
demonstrated that cetoleic acid may enhance the endogenous synthesis of EPA and
DHA in both salmon and human liver cells*®, promote increased deposition of these
omega-3 fatty acids in salmon tissues, and contribute to reduced plasma lipid levels, as
well as modulation of oxidative stress and inflammatory responses in rodent models“®.
These findings suggest that cetoleic acid may act as a functional modulator of lipid
metabolism and omega-3 bioavailability.

The potential health effects of fish oils on inflammation and oxidative stress responses
can be assessed using in vitro cell models. Relevant systems include immune cells
(e.g., human monocytic THP-1 cells), hepatic cell lines (e.g., HepG2), and intestinal
epithelial cells (e.g., HT-29), which enable investigation of cellular responses related to
inflammation and redox balance. Fish oil can be incorporated into cell culture media in
the form of emulsified micelles or other delivery systems to facilitate cellular uptake.
Uptake and incorporation of fatty acids can be confirmed through analysis of cellular
fatty acid composition.

Dose—response effects of fish oil exposure can be evaluated by assessing cell viability,
cytokine release, activity of antioxidant enzymes, isoprostanes and gene expression of
key inflammatory and oxidative stress markers. Together, these approaches provide a
robust framework for elucidating the bioactivity and mechanistic effects of fish oil
components in relevant biological systems.

5. FUTURE WORK

Building on the requirements and analytical framework defined in Deliverable 3.1, the
next stages of Task 3.1 will focus on the comprehensive characterisation, optimisation,
and validation of the bioproducts generated within the VALORISH biorefinery concept.
While the present report establishes the regulatory, nutritional, chemical and functional
criteria that guide further work, upcoming deliverables will translate these requirements
into systematic experimental evaluation of both fish oils and FPHs.
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6. CONCLUSION

This deliverable defines the key regulatory, safety, chemical, nutritional, and functional
requirements that guide the development of high-value marine bioproducts within the
VALORISH biorefinery concept. The analysis demonstrates that valorisation of fish side
streams for human consumption must comply with multiple EU regulations covering
raw material eligibility, hygiene, food safety, contaminants, processing conditions, and
allowable additives and extraction methods. The report outlines critical quality
parameters for protein- and oil-based bioproducts, emphasizing the importance of raw
material freshness, controlled processing conditions, and appropriate analytical
characterisation. Overall, Deliverable 3.1 establishes the scientific and regulatory
foundation needed to ensure that VALORISH bioproducts meet safety standards,
regulatory expectations, and targeted functional performance, enabling their integration
into sustainable, zero-waste value chains.
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