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Abstract: The feasibility of exploiting secondary raw materials from marine food-chains as a source of
molecules of nutritional interest, to create high-value food products and to meet nutritional challenges,
is described in this report. A reduction in food waste is urgent as many sectors of the food industry
damage the environment by depleting resources and by generating waste that must be treated.
The project herein described, deals with the recovery of natural molecules, omega-3 fatty acids (EPA,
DHA) and of α-tocopherol, from fish processing by-products. This would promote the sustainable
development of new food products for human nutrition, as well as nutraceuticals. The growing
awareness of increasing omega-3 fatty acids intake, has focused attention on the importance of
fish as a natural source of these molecules in the diet. Therefore, a study on the concentration of
these bioactive compounds in such matrices, as well as new green methodologies for their recovery,
are necessary. This would represent an example of a circular economy process applied to the seafood
value chain. Fish processing by-products, so far considered as waste, can hopefully be reutilized as
active ingredients into food products of high added-value, thus maximizing the sustainability of
fish production.
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1. Introduction

Food production is increasingly considered to have a strong environmental impact, including in
this context, concepts such as the loss of biodiversity, the consumption of fresh water, CO2 production
and chemical pollution. These factors, along with the decrease in available land, population growth
and food accessibility, have a strong impact on food production and food security [1]. The current
food system has also been regarded as the primary cause of the large production of food waste,
nutrient loss, the use of potentially dangerous non-natural substances in food products and the
application of invasive technologies along the food chain. All these actions strongly contribute to
both environment degradation and an irrational food production, which leads to the consumption
of unhealthy diets. Gustaffson et al. [2] reported that approximately one-third of the food produced
for human consumption is lost or wasted, amounting to 1.3 billion tons per year. It is noteworthy
that in 2016, the fish available in the world market coming from catch, fisheries and aquaculture was
171 million tons; of this, 151.2 million was intended for human consumption, showing a record-high
annual consumption of 20.3 kg per capita, with a growth average rate of about 1.5% per year [3].
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In Italy, the consumption of fish in 2016 was around 31.1 kg per capita with an increase of 4% compared
to the previous year [4]. It is interesting to note that possibly more than 50% of fish tissue, depending
on the species, is not used as food and considered as a processing waste [5,6]. Depending on the origin
of the fish–fishery or aquaculture—and on the species, the environmental sustainability of productions
largely varies, with emissions of CO2-eq up to 6.6 kg per kg of fillet [7]. Thus, fish cannot be always
considered more sustainable than meat, because the environmental impact of different fish products
might be quite variable. Notwithstanding, changing the classical fishing activity to a more sustainable
one can bring noticeable advantages, as highlighted in the 2020 Blue Economy Report [8].

Managing future human nutrition, ensuring a healthy diet, while promoting the sustainability
of food production, is thus the primary challenge to be faced. The key step to building a new and
sustainable food production system is to work towards a more rational exploitation of environmental
resources. This objective involves the recovery and recycling of nutrients and molecules of interest
from secondary raw materials, at both industrial and domestic levels.

As this commitment can no longer be extended, we must look at secondary raw materials as a
resource, in terms of benefits for various productive sectors. Food waste mainly results in losses of
nutrients and bioactive molecules (such as lipids, vitamins, polyphenols, antioxidants etc.) that may
be re-utilised as active principles for many industrial applications, if recovered from by-products
before any degradation process occurs. It should be taken into account that everything is part of
“food production”, from the formulation of food products to the production of safer food additives,
food colorants, new packaging systems, as well as the formulation of nutraceutics. Seizing these
opportunities means aiming for zero losses and, at the same time, working to enhance the environmental
sustainability, the production of safer food and, consequently, promoting a healthier life-style. The most
immediate consequence of pursuing these objectives is creating new businesses concerning the recovery
of nutrients and bioactive molecules from food waste and bio-based products which contain a higher
variety of highly marketable compounds.

In this paper, an approach to the valorization of waste from the marine food-chain is described.
The case-study reported here was aimed to release high-quality output from “resources” like the
wastes and by-products resulting from human activities (fisheries and aquaculture); these resources are
potentially useful to the industry for different purposes that can promote future business opportunities
and contribute to the SDGs (Sustainable Development Goals). The authors highlight the importance
of the valorization of food waste, looking at options which can minimize the environmental impact
of food production [9,10]. The intrinsic added-value of seafood processing waste and by-products,
characterized by a high content of organic matter, can be enormous; this value relies on several
molecules that can be utilized to develop high-value food-products, nutraceutical, functional foods for
specific population segments, as well as for other industrial applications.

2. The Context: Recent Trends and Prospects

The FAO report [3] showed that with the increase in fish processing industry, rising amounts of
offal and other by-products are produced. The processing of fish catch in Italy annually produces
over 26,500 tons of waste, approximately corresponding to 1.5% of the whole agro-food industry [11].
Fish products represent a good source of protein and micronutrients; indeed, several studies
indicate fish consumption as a protective factor in the diet. Seafood processing by-products are
characterized by a high intrinsic value for their content in functional molecules, such as proteins,
collagen, bioactive peptides, polyunsaturated fatty acids, chitin, fat soluble vitamins [12–16]. Many of
these molecules are known to have different healthy properties: anti-inflammatory, antioxidant,
immunostimulant, anti-hypertensive, anti-atherosclerotic, cardioprotective [17–20]. Studies showed
also the great importance of omega-3 fatty acids in the early stages of brain and retinal development,
with docosahexaenoic acid (DHA) being a component of brain nerve synapses [21–23]. An inverse
relationship between omega-3 fatty acids and risk of cognitive decline and Alzheimer disease has been
reported [24]. The consumption of long chain fatty acids, especially omega-3, is associated with a
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lowered risk in major adverse cardiovascular events [25–27]. A direct relationship between the dietary
intake or supplementation of both docosahexaenoic (DHA, 22:6 n-3) and eicosapentaenoic (EPA, 20:5
n-3) and a reduced incidence of coronary heart diseases (CHD) has been remarked [18]. The molecular
mechanism through which omega-3 polyunsaturated fatty acids (PUFAs) exert their preventive effects
includes the shift of lipids from the omega-6 to the omega-3 metabolic pathway and the modulation
of genes associated with both lipid catabolism and anabolism [28]. Consequently, omega-3 PUFAs
help to maintain the normal levels of systemic biomarkers of cardiovascular diseases (CVD), such as
plasma cholesterol and triglycerides, oxidative stress, and blood pressure. In the last few years there
has been renewed attention to an adequate intake of omega-3 fatty acids and to the importance of fish
consumption as a natural supplier of these molecules. The consumption of fish is the best way to
guarantee the necessary intake of omega-3, corresponding to 250 mg/day of EPA-DHA and 500 mg/day
for primary prevention (e.g., CVD, dyslipidemias) [29]. Nevertheless, supplementation with fish oils
supplying high levels of both EPA and DHA may be necessary in some cases. The high incidence
of CHD in western countries increased the demand in both the dietary and nutraceutical sectors for
functional foods and supplements enriched with omega-3, to compensate for nutritional deficiencies
or to support physiological processes. Other than the nutritional field, key applications of oil rich in
PUFAs, including cosmetics [30] and biotechnological/industrial applications for recovered oil (such as
biodiesel), have also been developed [31].

2.1. Aim of the PROBIS Project

Recovery and valorization of agri-food waste, reduction in waste and sustainable use of natural
resources. These are the green themes that characterize the PROBIS project “Innovative and sustainable
biotechnological processes for the recovery of molecules of nutraceutical interest from waste from
the fish supply chain”, the aim of which is to obtain products with high added value for the food,
nutraceutical and cosmeceutical sectors. The research group consists of researchers from university
(Department of Chemical Engineering Materials and Environment of Sapienza University of Rome) and
research institutions (CREA-AN in Rome). The integration of interdisciplinary scientific skills, ranging
from chemistry to process engineering, will enable us to achieve the ambitious goal of developing
innovative and sustainable biotechnological processes to obtain products of high health value from the
waste of the marine food chain.

The case study reported here aims to valorize waste from the fish supply chain, through the
extraction and isolation of functional molecules to be used as added-value products in the dietary and
nutraceutical sectors.

The mentioned study is addressed to exploit fish processing by-products, unsuitable for human
consumption but rich in valuable nutrients and healthy bioactive molecules, by recovering omega-3
fatty acids and α-tocopherol (Figure 1). The target molecules identified in these types of secondary
raw materials can be utilized for successive applications in various production sectors, such as
nutritional, nutraceutical, and other food applications; with this approach, it is possible to fulfill market
requirements and to close the virtuous circle of the hemi-life of foods in a contest for a circular economy.
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2.2. Characterization and Exploitation of By-Products from the Marine Food Chain: Methodologies

In detail, the study is focused on the recovery of fish oil and in particular omega-3 fatty acids (EPA,
DHA), as well as their quantitation, alongside fat-soluble vitamins. Nowadays, the global market is
lacking high-quality fish oil. Its request from the aquaculture and nutraceutical sectors is increasing,
while wild fish catches, necessary to produce fish oil, represent a limited resource. Fish-derived oil
is characterized by a high nutritional value, since it contains high quality lipids, namely long-chain
fatty acids, such as omega-3. EPA and DHA are the major omega-3 compounds of marine origin [30].
Marine waste was reported as an important source of omega-3 PUFAs and anchovy oil was shown as
having the highest EPA and DHA content (about 30%) [32–36].

The fish secondary raw materials utilized in the study are heads, viscera and frames from anchovies
and sea breams. Anchovies (Engraulis encrasicolus) are among the most important commercial fish
species landed in the EU, its landings amounting to 127,561 tons (data updated to 2017, source:
EUMOFA EU fish market 2019) [3]. In Italy, anchovies are the most abundantly caught species,
with landings (39,000 tons in 2017) representing 20% of total fishery landings. The gilthead seabream
(Sparus aurata) is one of the most commonly farmed fish species in the EU, especially in Mediterranean
countries, its overall production amounting to 94,936 tons in 2017. In Italy, where sea bream production
comes mainly from aquaculture, its value amounted to 7000 tons in 2017, a number accounting for
about 5% of total national aquaculture production (156,000 tons) [3].

The study intended to valorize fish processing by-products through the recovery of fish oil
and bioactive compounds (omega-3: EPA, 20:5 n-3 and DHA, 22:6 n-3, fat soluble vitamins) by
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means of an innovative multistage and green process. The recovered molecules are intended for
human consumption in different formulations (meal-food products, dietary supplements); therefore,
the extraction processes and the pilot scale plants were designed to pay attention to both ecological
and economic sustainability. The innovative green-type extraction of omega-3 fatty acids is thus
addressed to reduce the introduction of hazardous substances in food products in order to ensure
safety to the end-users.

The proposed process for the integral valorization of secondary raw materials from the
seafood-chain was conceived to maximize the recovery of products of interest, while preserving
their functional properties avoiding, at the same time, the use of solvents. The process is based on
an enzymatic pretreatment of the waste, followed by hydrothermal extraction under mild conditions
of the treated material. The enzymatic degradation of the fish matrix provides two major benefits:
(a) enhanced release of the oil from the waste material and (b) improved quality and safety of this
product. The use of enzymes as pretreatment agents and water as the extraction solvent makes the
overall process environmentally friendly and very attractive for food and cosmetic applications.

A critical aspect of the process is the availability of enzymes capable of treating fish wastes
originating from different fish parts and species. To this end, a statistical mixture design approach was
used. The potential of this method has been demonstrated in a variety of extraction and separation
processes, ranging from the recovery of lipids from microalgae [37] to the degradation of lignocellulosic
biomass [38] and the extraction of lycopene from tomato processing waste [39]. The first step of this
procedure consists of a preliminary screening of potentially suitable enzymes in order to identify the
best ones. The selected enzymes are then used to formulate enzyme mixtures with high degradation
activity. Since fish waste is very rich in proteins, enzymes with endo- and exo-protease activities were
selected as pretreatment agents. They are listed in Table 1, together with their biological source.

Table 1. Enzymes used in the PROBIS project for preliminary screening of mixture components.

Enzyme Biological Source

Bromelain Pineapple stem
Ficin Fig tree latex

Papain Papaya latex
Papain Carica papaya
Pepsin Porcine gastric mucosa
Trypsin Porcine pancreas
Protease Rhizopus sp.
Protease Bovine pancreas

Two augmented simplex centroid designs (ASCDs) were used to formulate three- or four-
component enzyme mixtures [40]. Mixture components were selected from those with the highest
ranking in screening tests. The first ASCD consisted of a {3,2} simplex lattice design and the second of
a {4,3} simplex lattice design (Figure 2).

In both designs, the central point and the vertices were replicated, for a total of 17 and 20 runs,
respectively. Depending on the response variable (e.g., the yield of oil extraction, the profile of extracted
compounds or some specific bioactivities), optimized multienzyme formulations can be obtained by
maximization of the variable of interest. The Design-Expert® software (version 7.0, Stat-Ease Inc.,
Minneapolis, MN, USA) was used to plan the experiments and then to analyze the results.

According to the proposed process, the enzymatically treated material is then subjected to
pressurized extraction with water. Extraction is carried out at a pressure slightly higher than
atmospheric pressure (1.5–3 atm) and a temperature in the range of 120–140 ◦C for 10–30 min [41].
These conditions allow for efficient extraction of oil from the fish waste and recovery of polar bioactive
compounds in the aqueous phase, without consistent degradation of the extracted compounds [42]. As a
result, three product fractions are obtained: fish oil, an aqueous phase containing the bioactive polar
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compounds and a solid residue. Separation of these fractions can be easily achieved by conventional
decanters, such as those used in the olive oil industry.
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Fish oil can be refined and stabilized through usual oil treatments, while the aqueous phase can be
evaporated or lyophilized to obtain the powdered bioactive compounds. Additionally, the solid residue
can be exploited, to give a new ingredient of high nutritional value for the food and feed industries.

As for the analytical characterization of fish secondary raw materials, as well as the
products obtained from the enzymatic process, two main analytical techniques are proposed:
gas chromatography-mass spectrometry (GC-MS) for the analysis of the fatty acids profile, and Fourier
transformed infrared spectroscopy (FTIR) on attenuated total reflectance (ATR) as a non-destructive
and rapid technique to characterize the samples. Indeed, the perspective of this integrated approach
is to use these two techniques to generate specific data matrices, employed for the application of
chemometric methods [43–45].

The relationships between the FTIR spectrum data and those from the GC-MS method will be
determined using the software TQ Analyst. By implementing the partial least square (PLS) method,
a model can be obtained, which relates the quantitative chromatographic results with FTIR spectra.
Then, the model can be used to predict the fatty acids concentration in unknown samples.

Total lipids were extracted from fish waste samples according to Bligh and Dyer [46] and
the obtained fatty acids were methylated [47]. The relative quantitation of the fatty acid methyl
esters was accomplished by GC-MS-FID (7890A Series-Agilent Technologies Santa Clara, CA, USA);
a Mega-wax column (30 m × 0.32 mm inner diameter, 0.25 µm film thickness) was used for separation;
the identification of target analytes was performed using the NIST08 Mass Spectral Library (National
Institute of Standards and Technology, Gaithersburg, MD, USA) and comparing the retention times
with known authentic standards. In this order, the fatty acids methyl ester (FAME) mix C4-C24 (Supelco,
Bellofonte PA, USA) was analyzed as a control for qualitative confirmation. Relative quantitation was
performed by calculating the percentage of each FAME peak over the total chromatographic areas.

The data obtained from the chromatographic experiments will be used for subsequent calibration in
FTIR ATR experiments. The spectra are acquired in the range of 4000–500 cm−1, with 32 scans per sample
or background, at a nominal resolution of 4 cm−1 on a Nicolet iS10 FT-IR spectrometer (Thermo-Fisher
Scientific, Waltam, MA, USA). These methodologies are applied to obtain lipid-rich-extracts of sea
bream gut oil, reported as a case-study of the PROBIS project (Figure 3). The first step is a qualitative
analysis, accomplished by identifying the main functional groups; in fact, FTIR provides a characteristic
signature of the chemical substances present in a sample by featuring their molecular vibrations
(stretching, bending, and torsions of the chemical bonds). FTIR spectra were analyzed with respect to
the spectral band positions and an assignment of the main bands to the major functional groups was
carried out by comparing the acquired spectra with the literature.
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Figure 3. FTIR Spectra of (a) unsaturated fatty acids standard mixture (FAPAS Test Material, containing
alpha linoleic acid, EPA, DHA, DPA) and (b) sea bream gut oil (preliminary results of the PROBIS project).

In Figure 3, the spectra of (a) unsaturated fatty acids standard mixture (FAPAS Test Material
containing alpha linoleic acid, EPA, DHA, DPA) and (b) sea bream gut oil are reported, as preliminary
data of the PROBIS project.

In the latter, the relatively high intensity of the band near 3010 cm-1 is indicative of a high
concentration of total n-3 PUFAs. As shown in the infrared spectra (Figure 3), the characteristic peaks
at positions of 2922 and 2853 and 1464 cm−1 are assigned to asymmetric and symmetric stretching
vibrations of CH2 groups [48,49]. The characteristic sharp band at 1743 cm−1 is due to the asymmetric
stretching of C = O in the carboxyl group [50]. The band at 1652 cm−1 is related to C = C stretching
vibration of cis-olefins. The bands at 1464 and 1377 cm−1 are related to bending (scissoring) vibrations
of the bonds in aliphatic groups (CH2 and CH3, respectively). The band at 1234 cm−1 is related to
symmetric bending vibrations of CH2 groups, whereas the bands at 1160 cm−1 and 1096 cm-1 are due
to stretching vibrations of the C–O bond in the ester group. The absorption peak at 722 cm−1 is given
by the overlapping peaks of CH2 rocking vibration and the out-of-plane vibration of cis-disubstituted
olefins. The FTIR spectra of samples at different concentration were acquired and the fingerprint
regions were identified; then, a regression model relating chromatographic and spectral data can be
computed; indeed, the intensity of the absorption bands characteristic of saturated and unsaturated
fatty acids can be related to their concentration. This analytical approach exploits chemometrics to
simplify the entire analysis cycle, avoiding the massive use of solvents and also limiting the number of
analyses to be carried out, consequently speeding up the whole process.

A similar analytical workflow can be proposed to predict the α-tocopherol content in the
samples. The FTIR data used in this case correspond to the spectral region characteristic of vitamin E.
In particular, as reported in Figure 4, the α-tocopherol spectrum exhibited absorption bands at the
following wavelengths: 3462 cm−1 for –OH; 2924 and 2866 cm−1 for the CH2 and CH3 asymmetric
and symmetric stretching vibrations, respectively; 1450 cm−1 for phenyl skeletal and 1460 cm−1 for
methyl asymmetric bending; 1376 cm−1 and 1261 cm−1 for methyl and methylene symmetric bending,
respectively; 1084 cm−1 for phenyl plane bending; 917 cm−1 for trans = CH2 stretching.
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The main core of the case study reported is the treatment of food waste for the reuse of bioactive 
molecules and the transformation of discards into high added-value products; however, particular
attention is also payed to the development of environmentally friendly protocols to be applied to the
raw material. In fact, the cornerstone of the project is to pursue both diet sustainability and 
environment protection, considering all levels of the production cycle. This goes from the limitation
of waste release in the environment, to the development of green-protocols, allowing for the 
avoidance of using potential polluting chemicals, while obtaining end-products intended for human
nutrition.

The pursued approach fosters the development of new value chains, generating new resources 
and opportunities for the local economic system. The type of waste, the geographical area of the
producers (both at the fish catch scale and processing industrial scale) are all factors that contribute
positively to the sustainability of the whole recovery process proposed. 
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These assignments are based upon previous work on α-tocopherol [51,52]. The vitamin E
determination will be carried out by LC-MS/MS using a method developed in our laboratories [53].
Then, a calibration model can be designed by analyzing samples containing different amounts of
α-tocopherol and correlating the known concentrations to the FTIR spectra. Once again, the model
can be computed by applying the PLS algorithm and, after validation, can be used to predict the
α-tocopherol content in unknown samples.

3. Conclusions

The overall perspective of the sustainable management of the marine food-chain aims to contribute
to the recovery and valorization of secondary raw materials from the fisheries industry. The sustainable
production of natural molecules (mainly omega-3 fatty acids) for new products for human nutrition
is in line with the growing request for the innovation of food products, dietetic products and the
nutraceutical sector.

The main core of the case study reported is the treatment of food waste for the reuse of bioactive
molecules and the transformation of discards into high added-value products; however, particular
attention is also payed to the development of environmentally friendly protocols to be applied to
the raw material. In fact, the cornerstone of the project is to pursue both diet sustainability and
environment protection, considering all levels of the production cycle. This goes from the limitation of
waste release in the environment, to the development of green-protocols, allowing for the avoidance of
using potential polluting chemicals, while obtaining end-products intended for human nutrition.

The pursued approach fosters the development of new value chains, generating new resources
and opportunities for the local economic system. The type of waste, the geographical area of the
producers (both at the fish catch scale and processing industrial scale) are all factors that contribute
positively to the sustainability of the whole recovery process proposed.
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