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Abstract: The exponential increase of global demand for proteins and lipids can no longer be satisfied
by classical sources. High amounts of CO2 produced by intensive livestock breeding and its effects
on the environment are the main factors that prevent the use of animals as primary sources for
proteins and lipids, calling for the use of new sustainable sources, such as insects. The massive
breeding of bioconverter insects as a feed source has been a major topic in recent years, with both
economic and scientific aspects related to rearing and subsequent processing optimization. The
larvae of Hermetia illucens (Diptera: Stratiomyidae) (also known as Black Soldier Fly) can be used
for the eco-sustainable production of proteins and lipids with high biological and economic value.
Lipids can be obtained from BSF bioconversion processes and are present in high quantities in the
last instar larvae and prepupae. Fats obtained from BSF are used as animal feed ingredients, in the
formulation of several products for personal care, and in biodiesel production. To enable the use
of insect-derived lipids, it is important to understand how to optimize their extraction. Here, we
summarize the published information on the composition, the extraction methods, and the possible
applications of the BSF lipid component.
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1. Introduction

Insects are the greatest example of biodiversity on earth and their role in the ecosystem
is extremely varied [1]. Although insects are often considered pests, they provide important
ecological services, above all pollination of wild flora and crops, and are a source of useful
biomolecules [2]. Insects also act as reliable indicators of environmental quality [3], and they
can be used as a tool for biological control of pests [4]. Moreover, insects could represent
innovative and alternative models in biological, medical and environmental studies [5], and
they are one of the best sources of inspiration for biomimicry, to develop useful innovations
for improving the quality of life through the use of biotechnology. Indeed, insects can
represent a new source of genes, molecules and mechanisms of interest to agriculture,
forestry, biomedicine and industry, as well as in other technological applications [6].

Bioconverter species represent an important group of insects from an ecological point
of view, as they are able to consume many animal and plant decaying organic substrates
during their larval development, when they are growing rapidly and accumulating biomass.
Thus, several food waste and by-products can potentially be recovered and used as feed
for these insects, rather than having to be disposed of in a conventional way, acquiring a
new value.
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In recent years, among bioconverter insects, particular attention has been given to
Hermetia illucens (Diptera: Stratiomyidae) (also known as Black Soldier Fly—BSF). BSF
larvae are able to feed on various organic substrates of vegetable and animal origin, even
in decomposition, bioconverting them into larval biomass in just 14 days under optimal
growth conditions (27 ◦C of temperature and 70% of humidity) [7–9]. The wide variety of
organic materials that BSF is able to feed on includes manure [10], waste from the agri-food
chain [11,12], distilled grain waste such as spent malt [13–15], and many others [11]. These
insects have a potentially great economic role from the perspective of a circular economy,
as they are able to consume organic waste material and convert it into insect biomass that
can in turn be used as feed for other livestock and food for humans [16,17].

In many countries, especially in tropical regions, insects represent an important
component of the human diet. More than 2000 species are recognized as edible (e.g., bees,
caterpillars, termites, cicadas, crickets, ants) and have high nutritional value [18]. Another
important environmental reason for replanting meat with insects as an alternative protein
source is the reduction in emissions of greenhouse gases, land use and pollution [18].
The ever-increasing world population and, consequently, the growing demand for food
and agricultural land and over-production of food waste, combined with the depletion of
natural resources and climate change, lead to a worldwide realization that new alternative
sources of human food and animal feed are needed. In this scenario, insects appear to be a
valid and sustainable source of nutrients and an innovative and marketable solution for
waste management.

Considering that one third of global agricultural and food production is wasted [19]
and that insects can be grown on former foodstuffs, they represent the key solution for
reducing food waste, converting them into valuable products, including animal feed,
human food, lubricants, pharmaceuticals and biofuel [20].

Insect Rearing
Insects have been identified by the United Nations Food and Agricultural Organization

as a potential feed for animals [21–23], if fed on authorized substrates [24]. Recently, the EU
authorized the use of insect proteins in feed for farmed fish [24]. This authorization regards
only seven species of insect: BSF, the common housefly (Musca domestica), yellow mealworm
(Tenebrio molitor), lesser mealworm (Alphitobius diaperinus), house cricket (Acheta domesticus),
banded cricket (Gryllodes sigillatus), and field cricket (Gryllus assimilis) [25].

As a consequence, the breeding of these insect species for the production of feed has
been increasing. Insect farming is more eco-sustainable, requiring fewer natural resources
(in terms of soil, water, fertilization) than conventional crops such as soy that are widely
used as feed for livestock and whose production competes with the production of food
for human consumption [26–28]. Furthermore, insect breeding farms emit lower levels
of greenhouse gases and ammonium (NH3) compared to conventional livestock [29,30].
Finally, insects could be used to fight malnutrition in developing countries [31]. For insect
farming there are also fewer animal welfare constraints than for other conventionally
farmed animal species [27,32]. Insects present few risks regarding the transmission of
infections and zoonoses [33], being taxonomically distant from common farmed species.
However, insects are potential vectors of medically relevant pathogens and the risk of
infections could rise with the improper use of waste products and with unhygienic handling
of insects [27]. An obvious example is the common housefly, which can be a vector and
reservoir for foodborne diseases and can be responsible for transmission of bacterial
diseases. Moreover, housefly larvae, generally raised on substrates containing manure of
different animal species [34], can pick up and transport different pathogens. This does not
occur in BSF, since the adult stage does not have functioning mouthparts and, thus, they
are not associated with transmissions of diseases, or to the accumulation of pesticides or
mycotoxins [35–37]. Larval treatments at suitable temperatures during the drying process
ensure the destruction of pathogenic organisms present in the larvae [38].

According to Regulation (EU) 2017/1017 [39], insects can be fed with waste produced
by humans only for research purposes [40]. The great diversity of insect species, the
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different types of food on which they feed, and the different ecological niches determine
an enormous variability in their composition [1,41,42]. Furthermore, bioconverter insects
can transform abundant quantities of organic waste into a biomass rich in proteins and
lipids that is suitable for animal nutrition [21,43,44] (Figure 1). Proteins, lipids, and chitin,
the three main components of insects, can be properly isolated from these organisms to
be used as food ingredients or for other applications in order to obtain high added value
marketable products [45]. Many insects can be also used entirely in the form of powder
rich in protein and/or lipid [46]. Recently EFSA approved the use of whole dried T. molitor
larvae also for human consumption [47].
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Figure 1. Insects can transform organic waste into animal biomass, which is rich in proteins and lipids.

Among the bioconverter species, BSF is considered one of the most interesting insects
worldwide for the bioconversion of organic waste and as a promising and sustainable
source of proteins, lipids, and bioactive compounds (i.e., chitin and antimicrobial pep-
tides) [43,48–51] (Figure 2).
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The importance of BSF is correlated to its ability to convert and recover nutrients from
different types of organic compounds and to reduce organic waste biomass by 50–60%,
thereby transforming it into high protein biomass [17].

This review is focused on the lipid fraction extractable from BSF, with the aim of
investigating its composition, the lipid extraction methods currently available, and the
possible applications of BSF lipids.
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2. Lipids from the Black Soldier Fly

BSF larvae (BSFL) are particularly rich in lipids, ranging from 15–49% of their weight.
The composition of this fat, with more saturated than unsaturated fatty acids, is influenced
by the type of growing substrates [52].

Fasakin et al. [53] reported that BSFL and the resulting whole meal have a fat content
that exceeds the diet requirements of most animals to which they are fed [53]. This high fat
content, together with other intrinsic factors of the lipids themselves, may influence the
digestibility and/or the palatability of the meal. This lipid surplus of BSFL can be isolated
and used for other purposes, e.g., food ingredients [54,55].

Lauric acid is among the most abundant fatty acids in BSFL, reaching a content up to
50% of the isolated fats [21,43,45,56]. However, the fatty acid composition of BSFL lipids
can be modified according to the different feeding substrates [21,43].

2.1. Larval Biomass Lipid Content Based on Different Diet

Lipid content in both BSF last instar larvae and prepupae can reach 15–49% of the total
dry weight, depending on the food substrate administered to the larvae [43,49]. As reported
by Barragan-Fonseca et al. [57], feeding substrates can affect the larval body composition
in terms of both protein and fat content. For instance, larvae have higher protein and lipid
content when grown on swine manure instead of cow manure [58]. Substrates affect mainly
the macronutrient levels (proteins, lipids, and carbohydrates) [58] and to a lesser extent the
micronutrient concentrations (minerals and vitamins) [21,58,59] that are very important for
the needs of some wild animals in captivity [58].

Lipid content in BSFL is affected by the composition of the rearing substrate [21,60,61]
but the resultant crude fat content in BSFL is much higher than other insects, soybean,
or fish meal [62,63]. Substrates with high amounts of proteins, lipids and, in general,
substrates complete and balanced in all nutrients, are the best for the development of the
BSF and its bioconversion performances [64]. Macronutrients in the substrate can affect the
protein content of BSFL, larval weight, bioconversion rate, and development time [65–67].

The carbohydrate content of the feed substrate affects the lipid content of the BSFL [65,67]
because of the conversion of carbohydrate into lipids by larvae [65,68]. Low protein and
high carbohydrate substrates allow a higher lipid accumulation in BSF larval biomass [69]
than a balanced diet (a mix of ingredients with a final equilibrated ratio of proteins, lipids
and carbohydrates) [21,57,65,70]. Moreover, the lipid composition can be directly affected
by the lipid composition of the feeding substrate [65,71–73].

Makkar et al. [62] reported a lipid content ranging between 15-and 25% for larvae fed
on chicken manure, 28% on pig manure, 35% on cattle manure, and 42–49% on oil-rich food
waste. Several studies utilized alternative substrates not suitable for human consumption
(e.g., biogas digestate and many types of manure) to feed BSFL. The effect of the use
of these substrates, particularly on the lipid content of BSFL, has been investigated by
Spranghers et al. [21]. They demonstrated how lipid components in BSF prepupae vary as
a function of substrates, rearing them on four different organic substrates: vegetable waste,
chicken feed, restaurant waste, and biogas digestate. The lipid contents of these substrates
were rather low (2.1–6.2%) with the exception of restaurant waste (13.9%). The authors
found high fat content (mostly rich in short chain fatty acids) in larvae reared on energy rich
substrates as restaurant waste (in which lipid component was around 38.6%), vegetable
waste (lipid component = 37.1%), and chicken feed (lipid component = 33.6%). A lower
amount of lipids was found in larvae reared on digestate (21.8%). These differences could
be related to the higher uptake of fatty acids in larvae fed on high-energy substrates (rich on
lipids and fatty acids). Restaurant waste was rich both in fat and non-fibre carbohydrates;
vegetable waste and chicken feed were rich in non-fibre carbohydrates; while non-fibre
carbohydrates were almost absent in the biogas, because of the fermentation process
performed by microorganisms, transforming most of the carbohydrates in methane [21].

Concerning the different types of manure, the influence of this substrate on the lipid
content of the BSFL feeding on it depends greatly on the origin of the manure. [36,74]. For
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example, a lipid content of 15–35% was found in larvae fed on poultry manure [36,74],
28–34% in larvae fed on swine manure [36,75], 14% with horse manure [76] and 10% with
sheep manure [76].

Meneguz et al. [77] compared performances and composition of BSFL grown on fruit
waste, on a mix of vegetables and fruit waste, and winery and brewery by-products.

Larvae reared on fruit waste showed higher fat content than larvae reared on vegetable-
fruit waste, probably as a consequence of the higher non-structural carbohydrate level of
fruit waste (sugars, starch, pectins: energy and reserve substances contained in the plant
cell) [78], which insects are able to convert into fats [21,79]. Nonetheless, the influence of the
non-structural carbohydrates on the lipids content of BSFL should be further investigated,
since the higher non-structural carbohydrate content in the brewery by-product did not
lead to higher larval fat content [77].

Scala et al. [13] investigated on an industrial scale the influence of six different diets
on BSF larval development, growth, final larval yield, substrate reduction, protein, and
lipid content. The tested by-products were apple, banana, and spent grain, alone or mixed
in 1:1 ratio (w/w). This study detected the highest percentage of lipids in larvae fed with
apple and mixed apple and banana. Larvae fed on spent grain, on a mix of apple and spent
grain, and on a mix of banana and spent grain had the lowest percentage of lipids. Low
percentage of lipid content in BSFL corresponds to a high percentage of proteins [13].

In Table S1 the lipid content of BSF biomass reared on different organic waste is reported.

2.2. Fatty Acids Composition in Black Soldier Fly Lipids

The lipid fraction of BSFL is a mix of triglycerides, saturated, and unsaturated fatty
acids [43,80]. A study performed by Surendra et al. [81] on larvae fed on a mix of organic
waste showed that the concentration of the short chain saturated fatty acids (lauric acid—
palmitic acid) (67% of total fatty acids) in the BSF prepupae fat was higher than coconut
oil and palm kernel oil (55–57% of total fatty acids), which is consistent with the results
obtained by other authors [45,62,80,82,83]. Moreover, they found that the concentration of
unsaturated fatty acids (28% of total fatty acids) was higher than in coconut oil (10%) and
higher than palm kernel oil (18%) [78]. Meneguz et al. [77] affirmed that C18:1 (n-9) (oleic
acid) was the main represented monounsaturated fatty acid in BSFL, while C18:2 (n-6)
(linoleic acid) and C18:3 (n-3) (alpha-linolenic acid) were the main represented polyunsatu-
rated n-6 and polyunsaturated n-3 fatty acids, respectively. Ushakova et al. [80] showed
that azelaic and sebacic acids, the esters of lauric acid, are also present in the lipid fraction
of BSF. The esters, including the identified azelaic acid dibutyl ether, could guarantee the
elasticity of the fat component of larvae at low temperatures [80]. However, in BSF, azelaic
acid is present in very low quantities (0.83%), as reported in Ushakova et al. [80], and for
this reason the melting point of other fatty acids present in higher amounts (lauric acid,
palmitic acid, linolenic acid etc.) would have a bigger influence on this property. Since
azelaic acid can inhibit the reproduction of lipophilic microorganisms in skin sebaceous
glands, it can help to protect insect lipids from infections [84]. One of the most abundant
fatty acids in BSFL is lauric acid [21,43,45,56]. The latter could also be converted into mono-
laurin (or glycerol monolaurate), which is an antiviral, antibacterial, and antiprotozoal
glyceride for animals and humans [85], and this could explain a hypothetical anti-bacterial
activity of BSF lipids [86]. Spranghers et al. [21] found that lipids of BSF prepupae were
mostly composed of lauric acid, even when BSFL feed on substrate with an extremely low
percentage of the above-mentioned acid. It means that the fatty acids composition of the
rearing diet did not directly affect the larval fatty acids composition, which, on the contrary,
was more influenced by carbohydrates [21,67]. The conversion of carbohydrates into lipids
by insects has been well documented [79,87,88]. As demonstrated for other Diptera species,
the BSF larval fatty acid profile is composed mainly of saturated fats like lauric acid, myris-
tic acid, palmitic acid, and stearic acid [21,80]. As reported by Bennett and Lee [89], insects
with less adaptation to low temperatures show a high presence of saturated fatty acids.
Indeed, BSF has difficulty with cold adaptation, demonstrated by the lowest survival rate
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at about 16 ◦C [90]. Currently, lauric acid is mainly extracted from vegetable matrices
(coconut oil and palm kernel oil) and, for its antimicrobial properties, it is commercially
used as a primary component for the preparation of several products for personal care
(soaps, detergents, and shampoos) [91–94]. The use of lauric acid obtained from alternative
sources, such as insect lipids, may replace the main common sources (palm kernel oil, co-
conut oil) and contribute to the conservation of tropical forests [43]. The high content of the
aforementioned acid in BSF prepupae could be an interesting extra element to support the
proposal of the inclusion of BSFL or prepupae in poultry and pig feed considering the faster
and more efficient absorption and metabolism of short chain fatty acids (such as lauric acid)
compared to long chain fatty acids and their nutraceutical potential [21,95]. In addition,
Skrivanova et al. [96] showed that, among the valuable short chain fatty acids, lauric acid
had the highest activity against the pathogen Clostridium perfringens and the lowest impact
on the beneficial bacteria Lactobacilli. In light of beneficial effects on intestinal health and
microbial growth inhibition, lauric acid could improve the performance and welfare of
farm animals [21]. Considering that the use of antibiotics for non-medical applications was
banned by the EU (Regulation 1831/2003/EC) [97], lauric acid could be used as an alter-
native to in-feed antibiotics for controlling microbial infections [97–99]. Concerning toxic
elements that could influence the nutritional value of animal feed, the noxious erucic acid
in BSFL fatty acids profile never exceeded 1.3%, regardless of the administered diet [43].
The admitted concentration of erucic acid in food and feed was limited by the EFSA (Eu-
ropean Food Safety Authority) in 2016 to a tolerable daily intake (TDI) of 7 mg/kg body
weight [100]. On the other hand, the low amount of polyunsaturated fatty acids (PUFA)
n-3 in the BSFL could limit their application as animal feed ingredients [77]. Indeed, the
use of full-fat insect meals with a high fat content, as BSF meal, corresponds to a decrease
in the nutritional quality of animal products [101–103]. However, BSFL can be enriched
in PUFA n-3, modulating the feeding substrate. Crude fat of BSFL frequently contains
some non-triacylglycerol components including gummy matter, oxidized intermediates,
fatty acids, odorous residue, colour compounds, and pigments which can negatively affect
taste, nutritional value and appearance. Hence, it is necessary to remove some of these
components during the extraction process to get lipids as pure as possible and to avoid
undesirable characteristics (with less proteins, less turbidity, density, and viscosity) before
their application in the cosmetic and/or food applications [49]. Anyway, depending on the
projected aims (animal feed, biodiesel production), the qualitative fatty acid composition
of lipids in BSFL can be modified according to the different organic substrates selected for
the insect feed [21,43], as reported in Table S2.

3. Lipid Extraction

The lipid extraction and subsequent fractionation require the use of organic solvents
and techniques not used in the purification of water-soluble molecules such as proteins
and carbohydrates [104–106]. Polarity and solubility of lipids in non-polar solvents are
the main characteristics to separate complex lipid mixtures [104]. Lipids that contain fatty
acids bound with ester or amide bonds can be hydrolyzed with acids, alkalis, or with
hydrolytic enzymes. Neutral lipids such as triacylglycerols, pigments, and waxes can
be extracted with ether, chloroform and benzene [106]. Membrane lipids are more easily
extracted by polar organic solvents such as methanol and ethanol since they reduce the
hydrophobic interactions between the lipid molecules and weaken the hydrogen bonds
and the electrostatic interactions that bind lipids to membrane proteins [106].

The procedure to extract lipids from animals or plants involves several steps:

- sample reduction, drying or hydrolysis;
- sample homogenization with organic solvent;
- separation of the organic and aqueous phase (organic phase contains lipids);
- removal of non-lipid contaminants (if necessary);
- drying of the extract to remove the organic solvent.
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It is not possible to use a single standard method for the extraction of all types of
lipids [107] since each matrix has different characteristics and therefore different approaches
must be used [108].

In the lipid extraction procedure, the first aspect to consider concerns the size of the
sample [109]. Small particle size increases the surface that allows better contact with the
organic solvent, raising its extractive yield [110]. Even if lipids are not soluble in water, the
presence of this molecule is also not completely negligible as it influences the extraction
capacity of the solvent [110,111]. Organic solvents, such as diethyl ether or hexane, do not
easily penetrate the tissues and a complete lipid extraction does not always occur [112].
On the other hand, more water usage in the extraction may lead to higher costs, as the
solute separation requires a lot of energy by using water as a solvent [109,113]. A common
treatment is acid or basic hydrolysis, which makes lipids more accessible to the organic
solvent that is required to split lipids from proteins or carbohydrates and to break down
emulsified fats [114].

The type of solvent and the extraction method depend on the chemical structure of
the sample and the type of lipid that must be extracted. An important characteristic of
the solvent is the high solubility for lipid compounds and the poor solubility for amino
acids, proteins and carbohydrates. Solvents tend to deactivate enzymes and also prevent
unwanted reactions. The solvent must easily penetrate the sample particles and must have
a low boiling point to easily evaporate. The most commonly used solvents are alcohols
(such as ethanol, methanol, and n-butanol), acetonitrile, acetone, halogenated hydrocarbons
(chloroform, dichloromethane), ethers, hydrocarbons (benzene, hexane), or a mixture of
them [115].

3.1. Traditional Lipid Extraction Methods

The methods described below (Figure 3) can be applied for lipid extraction from
different cell typologies (both animals and vegetables) [116].
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The Folch method is a traditional method used for the extraction of lipids from brain
tissue. It consists of two steps in which the tissue, in a 1:20 ratio with the solvent, is
homogenized with a 2:1 v/v mixture of chloroform-methanol. The filtrate is then treated
with water, with the possible addition of salts, obtaining two phases where the lower one
contains lipids while the upper phase contains non-lipid substances [117]. A modified
Folch method has been adopted by several extraction protocols.

The Matyash et al. [118] method consists in a modification of the Folch/Bligh and
Dyer methods and allows a better recovery of almost all the main classes of lipids. Methyl-
tert-butyl ether (MTBE) is used as a solvent for the extraction and allows for the obtaining
of a more accurate lipid profile. Solvents containing chlorine, including chloroform, should
be avoided [119], as they lead to the formation of a protein interphase between the polar
and the lipid phase. MTBE is an appropriate alternative to chloroform [120]. In this
protocol, the sample is mixed with 7.5 volumes of methanol and 25 volumes of MTBE,
and the extracted lipids can be directly used for subsequent investigations or stored in a
chloroform/methane/water mixture (60/30/4.5, v/v/v).

The TPP method (or three-phase partitioning) was initially designed by Dennison
and Lovrien Rex [121] for the extraction of proteins. The method involves the use of
a solution containing tert-butanol and water. The subsequent addition of ammonium
sulphate induces the formation of two phases: a lower aqueous phase containing the salt
and an upper one containing the alcohols. If proteins are present in the aqueous solution,
they precipitate at the interface of the two phases. The top layer of tert-butanol contains
membrane lipids and other low molecular weight molecules [122].

The Soxhlet method allows for the determination of the raw lipid content by extracting
the lipids from the sample with consecutive gravimetric measurements. It is a system
of continuous extraction in which the sample is placed into a thimble inside an extractor
called a “Soxhlet extractor”. The solvent is generally a non-polar liquid such as petroleum
ether and hexane. The flask containing the solvent is heated and the solvent that evaporates
is conveyed into the extraction pocket which is connected to a cooling system and to the
distillation flask. When completed, the solvent has evaporated and the flask contains the
dry lipid residue [123,124].

The supercritical fluid extraction method involves a supercritical fluid, carbon dioxide
(CO2), as a solvent. A supercritical fluid is formed every time a substance is heated
beyond its critical temperature, above which the substance cannot be condensed in its
liquid state through the simple application of a pressure [125]. The CO2 is heated in a
pressurization chamber and the lipid component is contained in a new formed layer which
is separated from the aqueous component. The CO2 is subsequently removed by expansion
at room pressure. The supercritical fluid extraction method is particularly advantageous for
processing food products [126] and has several advantages, including reduced oxidation
of solutes, the possibility of extraction of components sensitive to high temperatures,
the modulation of extractive conditions, extracts that are removed without solvent, and
desirable solvent conditions such as non-toxicity and non-explosiveness.

3.2. Industrial Extraction Method

The industrial extraction of fats from fresh or dried larvae follows different method-
ologies compared to traditional extraction [127].

The BSFL dried biomass is pressed to obtain fat and partially defatted meals. This
extraction involves a screw press, which works at 100 ◦C and is typically used in oil
extractions of nuts and seeds. During the process, the fat from larvae squeezes out and
a press cake is produced. BSFL protein meal is yielded from the press cake and BSFL fat
from the press liquid after further filtration processes. There are two different methods
for fractioning BSFL using a screw press: dry processing and wet processing. The first
one involves a drying process of BSFL before pressing while in the second method, fresh
BSFL are directly pressed. The press cake can be grinded into BSFL protein meal directly
and the crude BSFL fat can be further refined by a filtration or decanting step. Fat refining
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separates the fat from solids, which can account for up to 40% of the mass of crude BSFL fat.
For the wet process, a further drying and grinding of the press cake is required to reduce
its moisture content and particle size. The separation of the press liquid is more difficult
and advanced equipment would be needed. However, the processing time for fresh larvae
takes more time. The microwave-dried larvae are very light and easy to press, whereas
wet larvae are heavy and not only fat but also have water which has to be released and
therefore increases the processing time.

4. Black Soldier Fly Lipid Applications

Currently, the study and the research of new materials that have low environmental
impact and are safe for humans is of crucial importance. Research is driven not only by
the reduction of fossil resources, but also by the impact of human activities on the planet,
such as waste production and the excessive depletion of natural resources. The industry
is using vegetable oils as an alternative to fossil fuels, but their environmental impact is
still a serious problem [128]. Since the demand for vegetable oils and biofuels contributes
to tropical deforestation, habitat fragmentation and loss of biodiversity, the use of insect-
derived fats could be the most sustainable choice to consider. Insects are organisms with
high potential thanks to their countless applications in several sectors. This review focused
on the usage of BSFL-derived lipids in biodiesel production and animal feed (Figure 4).
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4.1. Biodiesel Production

Since the last century, fossil fuels have been used to meet the energy demands for
economic development. Currently, climate issues and the reduction of non-renewable
fossil resources have motivated the development of renewable energies such as solar, wind,
and biomass. Among renewable energies with low environmental impact, liquid biofuels,
such as bioethanol and biodiesel, can be used in current engines [129] and regular diesel
engines [130]. In addition, biodiesel is predominantly used as an additive to traditional
fuel in order to minimize the release of particulates, carbon monoxide, and hydrocar-
bons [131]. The main obstacle preventing biodiesel usage as a primary fuel is represented
by the production cost. It has been shown that 75% of biodiesel cost derives from the
feedstock, such as vegetable oil, starch, or animal fats [132]. The biodiesel production
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process involves two steps: an acid-catalysed esterification of free fatty acids of the crude
oil as pre-treatment, and their alkaline-catalysed transesterification [132–134]. The latter
process is used to convert the free fatty acids of the raw lipid extract into biodiesel and to
reduce its acidity. The use of seed oils for biodiesel production is not a sustainable option,
since they are an important food resource, especially for developing countries. A promising
alternative to seed oils are microalgae, thanks to their high rate of lipid accumulation and
fast growth [135–137], but their use is limited by high production costs and the less than
optimal lipid composition [138] and, therefore, it is still insufficiently competitive. Thus,
the biodiesel market needs to find new and innovative sources, particularly cheap and
non-food-materials.

BSFL were investigated for biodiesel production by Li et al. [82]. Lipid production
and the amount of biodiesel derived by BSFL fed for 10 days on different types of manure
were evaluated. Samples of crude lipid extract were treated to esterify free fatty acids
with methanol using H2SO4 (1% w/w) as a catalyst. The acid-catalysed esterification was
performed in different conditions: using methanol in different ratios (from 6:1 to 12:1),
at different exposure times (ranging from 30 to 120 min), and at different temperatures
(between 55 ◦C and 85 ◦C). In the pre-treatment of acid-catalysed esterification of free
fatty acids, the highest conversion rate of fatty acids was obtained with the ratio between
methanol and insect fat at 8:1, and at a temperature of 75 ◦C for 1 h. The best result in terms
of lipids production was obtained by feeding larvae on poultry manure: a crude fat yield
of 30.1% was obtained from the larvae with a respective biodiesel yield of 93%. Similar
crude fat yields around 29% were obtained from larvae fed on both dairy and pig manure.
The respective biodiesel yield was slightly higher from larvae fed on pig manure than from
those fed on dairy manure (96% vs. 93%).

Characteristics of the biofuel produced by BSFL, such as iodine number, saponification
value, melting point, peroxide value and acid value, density, viscosity, explosion point
and cetane index, are similar to those of biodiesel produced with rapeseed oil, and are in
accordance with the European biodiesel standard, EN14214 [68,132,138,139]. Furthermore,
the biofuel produced from BSFL fat has greater oxidative stability than that produced
by rapeseed oil because of the higher content of saturated ester methyl fatty acids (up to
67.6%) [132,138].

Zheng et al. [140] evaluated the biodiesel yield from both the organic waste fraction
from restaurants and the BSFL fed on it. A yield of 3.3% fat and 2.7% biodiesel was obtained
from restaurant waste. By contrast, BSFL raised on this waste for seven days produced
about 39% lipids and a respective biodiesel yield of 25%. This investigation demonstrated
that it is possible to perform a double extraction: directly from the food residue, with a
lower yield, and also from the larvae fed with the same organic substrate obtaining a higher
quantity of extracted lipids with a better fatty acid profile. In addition, the weight of the
restaurant organic waste was reduced by 61.8%.

Another interesting study was undertaken by Surendra et al. [81] concerning the
evaluation of the growth of larval biomass on human food waste. Lipid extraction from
BSF prepupae was performed mechanically using a press. The larvae provided a lipid
yield of 15–20% of dry product, i.e., only about 40% of the fat contained in the prepupae
of BSF. This low fat yield was probably related to the low fibre content in BSF prepupae,
which did not offer a sufficient back pressure during extraction. A subsequent extraction
was carried out on the crude fat obtained with the Soxhlet method using petroleum ether
as a solvent. The content of short chain saturated fatty acids (C12:0, C16:0) in the fat
obtained from BSF prepupae (67%) was higher than in soybean oil (13%) and in palm oil
(37%). Hence, food residues used in this study can be considered an optimal substrate
for the larval development and the subsequent lipid extraction and biodiesel production.
Considering that a third of the food produced globally is not consumed by humans but
rather thrown away, its use as a feeding substrate for the biodiesel production from livestock
can contribute to the reduction of greenhouse gas emissions and economic losses [22,141].
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Another unconventional raw material for biodiesel production was studied by Li et al. [68].
They investigated the accumulation of lipids and the following biodiesel production from
BSFL fed on glucose and xylose from lignocelluloses. Xylose and glucose, in individual or
mixed form, were effectively metabolized into lipids stored in BSFL. The addition of 6%
xylose to the standard larval diet led to a yield of 34.6% of extracted lipids, encouraging
the use of BSF for the conversion of lignocellulose into biodiesel [68].

Wong et al. [142] analysed new conditions to increase the biodiesel yield from fats
extracted from BSFL. Larvae reared on a substrate containing coconut endosperm with
the addition of microorganisms to promote fermentation were tested. The amount of total
fat and lipid composition for the fifth and sixth larval instars were evaluated. The lipid
content in the fifth instar was 34%, while that in the sixth instar was 26%. No differences in
terms of composition in fatty acid methyl esters (FAME) were found. The yield in terms
of FAME was 25% in the sixth instar and 33% in the fifth instar, reaching 38.5% with the
addition of 0.5% of yeast powder to the substrate. The addition of yeast had positive effects
on the conversion rate of the food substrate thanks to an in-situ fermentation. The protein
content of the larvae was also improved, while no changes were found for the quantity and
composition of lipids.

As described in a paper by Nguyen et al. [133], a direct transesterification technique
with fewer steps was proposed to reduce energy costs. In this method, the key element is
methanol, which is simultaneously used as a solvent for extraction of fat and as a reagent
for the transesterification of the extracted fatty acids into methyl ester fatty acids. Recently,
to reduce methanol usage [143], cosolvents such as hexane, pentane, chloroform, acetone
and petroleum ether, which increase extraction efficiency because of their ability to dissolve
long-chain triglycerides, have been proposed [133,143,144]. Among the solvents used,
hexane allowed the highest yield (63.37%) and was found to be the perfect co-solvent for
lipid extraction and biodiesel production from BSFL. Subsequently, several experiments
were performed with different solvents, methanol volume ratios (v:v), different solvent
dosages, temperature conditions and reaction times, with the aim to establish their ef-
fect on biodiesel yield. The results revealed that the biodiesel yield increased with the
solvent dosage, reaction time, temperature and with lower hexane: methanol volume
ratios, most likely because an excess of solvent decreases the collision between grease and
methanol [143]. Sulfuric acid catalyses the transesterification reaction of acylglycerols and
the esterification reaction of free fatty acids [139,143,145], but large quantities of sulfuric
acid (higher than 1.2 mL) can cause polymerization of unsaturated fatty acids, leading
to a reduction of the biodiesel yield [98,143,146]. The amount of biodiesel increased with
temperature but there was no substantial growth above 120 ◦C; therefore, 120 ◦C was
chosen as the optimal temperature for biodiesel production. The highest biodiesel yield
(94.14%) on total fat content was obtained at 120 ◦C with a 1:2 hexane: methanol ratio (v/v),
a solvent dosage of 12 mL, and a reaction time of 90 min. Total lipid percentage, extracted
from BSFL using hexane as a solvent, was 30.2%. These results showed a concordance
with the optimal characteristics of biofuels, these being water content, density values, acid
value, sulphur content, and viscosity comparable to the European standard for biodiesel
(EN1421), the international standard of the American Society for Test and Materials (ASTM)
D6751 [147,148], and to the biodiesel obtained from rapeseed oil. BSFL fat can be generally
considered an optimal source to produce biodiesel with low viscosity and high oxidative
stability thanks to a lipid profile rich in short-chain saturated fatty acids and low polyun-
saturated fatty acids [81,101]. The process also leads to a considerable reduction in time,
going from 49 h of traditional processes to 1.5 h [133].

Energy consumption analysis of lipid extraction from BSF biomass was carried out by
Feng et al. [149]. The main process that shows high energy cost for insect lipid extraction
is the dehydration of larvae, since the larvae can contain up to 70% water. The costs
include the energy necessary to heat the homogenized larval biomass and to evaporate the
contained water. The homogenization treatment before drying is used to break cell-cell
bonds and to increase the flow of water [98,150]. The presence of water acts as a barrier to
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the transfer of the lipid component to the solvent, reducing its extraction efficiency [110,111].
Hence, to reduce the costs there is a need to reduce drying costs. The combined use of
dehydration techniques reduces the energy cost by pre-treatment of insect biomass. For
example, an initial centrifugation process reduces the amount of water present in the
homogenized larvae from 70% to 30%, and a subsequent heating reduces the percentage to
10% [149]. The combination mode has shown lower energy consumption. The mechanical
process, rather than thermal alternatives such as centrifuge, vacuum filtration and vacuum
drying, has a lower energy cost but requires longer times, and there is no existing evaluation
on a large-scale production. Indeed, industrial-scale research on biorefinery and available
data on massive extraction are lacking [151].

Other costs are related to the solvent used in the process. In general, the fat yield
increases as the volume of solvent increases [133], but there are significant costs associated
with the extraction processes.

It can be concluded that a promising alternative is represented by BSFL lipids, and
these have become the current focus of several research works [138,152].

Further knowledge is needed to improve the conversion rate of food residues into
biomass, to increase the lipid yield and the transesterification rate of the fat extracted into
biodiesel.

4.2. Animal Feed

Insects can be used as an ingredient in poultry, pig and aquaculture feeds [21,23,62]. In
2050, the demand for animal products is expected to increase by 60–70% [62]. To date, the
cost of soy and fish feed is very high and their availability in the future may be limited [153].
When processed, insects provide the protein fraction and the fat fraction, both of great
interest in the production of feed for aquaculture. Both living larvae and larval meal can be
used as feed, even if meal is preferred for its easier transport and storage. The use of live
insects can be economically sustainable but there is a high risk of escape and colonization
of the surrounding ecosystems [154].

BSF is one of the promising species whose larvae have a high nutritional value and,
therefore, they are ingredients of animal feedstuff, particularly for aquaculture [36]. It is
known that diets containing BSFL are as palatable as those containing soy [62].

For many years, BSF meals such as fish feed have been tested for different species
of fish. To include BSF meal as a substitute for soybean and fish meal in the diets of fish
species, different features were analysed (growth performance, nutrient digestibility, and
meat quality). The fish species studied are reported in Table S3.

Belghit et al. [155] evaluated the effect of dietary meal and fat from BSF on body
composition, growth performance and nutrient digestibility of Atlantic salmon. It has been
shown that it is possible to add up to 600 g of insect meal per kg of diet, in combination
with insect fat, in Atlantic salmon diets without any negative impact on food intake, growth
performance or feed conversion ratio (the ratio between the taken food and the gained
weight).

St-Hilaire et al. [156] and Barroso et al. [157] demonstrated how to enrich BSFL in
omega 3 fatty acids by means of dietary modifications. Specifically, prepupae that included
fish offal in their diet were enriched in omega 3 fatty acids, especially α-linolenic acid
(ALA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). These BSF prepupae
may be used to reduce animal waste and recycle omega 3 fatty acids, and, simultaneously,
to produce high-quality animal foodstuff, as they are a suitable replacement for fish meal
and fish oil in animal diets.

The intake ofω3 could be improved by addingω3 to the diet [158,159] and, in general,
the content of EPA and DHA in insect meal can be increased by nutritional manage-
ment [157]. The bioaccumulation of the two fatty acids in insect larvae has nutritional
relevance for humans [157,160] and adds a great nutritional value to promote the use of
insect meal as food. Moreover, according to Barroso et al. [157], the larvae fed with fish
offal need short times of feeding to get enrichment of molecules such as EPA and DHA;
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specifically, the time was valued between 30 min and 3 h before harvesting. However, if the
aim is to get larvae with high values ofω3 to feed animals, the enrichment of the feeding
substrate is not convenient; providing ω3 directly to the animals could be simpler and
cheaper.

Meals obtained from BSFL find application in the feeding of growing pigs because
of the high amino acid, lipid and calcium contents [161]. A study by Nekrasov et al. [162]
focused on the use of BSFL fats applied to the feeding of farmed pigs. Pigs fed with a
standard diet (administered ad libitum) with the addition of 0.3% and 0.9% BSFL showed
a higher average daily weight gain (between 8.2% and 9.1%) than the control group fed
with a standard substrate. Pigs fed with supplemented BSFL also showed an increase of
total protein concentration, leukocytes and bifid bacteria, a reduction in bilirubin level
and no variations of lactobacilli in the large intestine when compared to the control group.
Moreover, in the experimental group, where no type of antibiotic was used, survival of
pigs was 100% compared to the control group in which pigs’ survival was 98%, using
antibiotics when necessary. This study demonstrated the possibility to use BSFL as a dietary
supplement for growing pigs and that BSF can be a source of valuable biomolecules with a
positive impact on animal immune system [162].

Yu et al. [163] showed that inclusion of BSFL in feedstuff for pigs had a beneficial
effect on growth performance and meat quality. Four groups of pigs, weaned at 21 days,
were fed with a supplementation (0%, 1%, 2% and 4%) of BSFL meal with full fat content.
Two experimental feeding phases were tested: days 1–14 and days 15–28. Results revealed
no mortality and no increase of diarrhoea manifestation induced by insect meal. Generally,
a 2% supplementation of the BSFL meal had a significant positive effect on the growth
performance and organ weight of the pigs.

A similar study was performed by Heugten et al. [164], who evaluated the impact of
supplementing the diet with increasing amounts of BSFL fat on the growth and performance
of 21 day old, weaned pigs. Zero, 2%, 4%, and 6% of supplemental insect fat was used as a
replacement for equal quantities of corn oil. The addition of insect lipids led to an increase
of both the weight and the gain/feed ratio (that means the weight gain in relation to the
percentage of BSFL fat in diet) of the pigs.

Furthermore, BSF meal as a poultry feed has been largely investigated [16,165–181].
Most of the studies showed that it is possible to replace a considerable part of the soybean
meal in poultry diets with BSF meal without negatively affecting performance and the
quality of the final products [182]. The results of the effect of BSF feed on poultry are not
univocal because different factors are involved, including the animal growth stage, the
breed (broiler or layer), the method of feed administration, the inclusion rate of BSF meal
in the standard diet, the feeding substrate of BSFL used as meal, BSF-feeding duration and
the method of processing the BSFL [182]. For example, between the treatment containing
up to 15% of BSF biomass and the control diets in terms of apparent assimilation of
nutrients, feeding preference, carcass traits, productive performance, index of mortality,
and sensory and meat quality characteristics while feeding chicken, no significant difference
was observed [165,177,183]. Similarly, BSF meal in the diets of layers have not shown
consistent results [16,167,184,185]. Moreover, replacement in a short period did not affect
the performance of laying hens [16,184,186], and in a longer period negatively affected
their performance [16,167,184]. On the other hand, the use of lipids only as additives to
the poultry diet has recently been studied. Kim et al. [186] have performed a study on
farmed chickens comparing standard substrate with an integration of three sources of fats:
corn oil, coconut oil, and BSFL fat. The aim of the study was to observe the effect of the fat
addition on growth performance, carcass characteristics, composition of body fatty acids,
production of volatile fatty acids and serum parameters in chickens. During a feeding
period of 30 days, 50 g of fat per kg of standard diet were added. The feed conversion ratio
was lower with both the coconut oil and BSFL fat than with the corn oil. Insect fat changed
the fatty acids composition of chickens, showing a significant increase of branched-chain
fatty acids and short-chain fatty acids in the half feeding period. The fatty acid composition
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of abdominal fat was influenced by dietary fat sources. Particularly, chickens fed diets
containing coconut oil or BSFL fat showed higher content of saturated fatty acids such as
lauric and myristic acids, than those fed with an addition of corn oil. On the other hand,
polyunsaturated fatty acids were higher with corn oil compared to both coconut oil and
insect fat. Finally, a significant increase of the total antioxidant capacity in chickens fed
with oil derived from BSFL compared to corn oil was observed. The supplement of BSFL
fat improved the colour of the chicken breast, an important feature that highlights good
nutrition in terms of quality of poultry feed, and this can be of additional value for the
chicken meat market.

Overall, these studies suggest that the fat extracted from BSFL can be used as a func-
tional lipid ingredient and that it has a positive effect on gut health, enriches medium-chain
fatty acids in edible tissues, and increases antioxidant capacity in broilers [161,164,187,188].

BSFL fat is a highly energetic food supplement in farmed animals that could provide
a reduction in production costs through supplements made of insect flours or insect fats.

5. Conclusions

BSF contributes to the creation of a circular economy by bioconversion of different
kinds of waste into biomass rich in proteins, lipids, chitin and several bioactive compounds.
Lipids from BSF larvae can be used as a food and feed source, with a beneficial effect on
animal growth performance and meat quality and a positive impact on animal immune
systems. Moreover, they have applications in biodiesel production as innovative energy-
sources in accordance with European biodiesel standards. The biodiesel production from
BSFL fats needs further evaluation of results, techno-economical approaches, and evalua-
tion of substrate accessibility; the large amount of needed fat for the biodiesel production
is a limiting factor and a challenge for insect breeders. Despite the progress achieved so
far, additional studies in the field are required for setting up standard protocols for insect
fractions isolation, for improving the current procedures, and for investigating new and
alternative applications of biomolecules from insect species. The main challenge in this
regard is the implementation of BSFL breeding at an industrial scale, as there is a significant
difference between benchtop and industrial scale results, and to deepen the knowledge on
which applications fit better for this insect reared on different substrates and its derived
valuable molecules.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/su131810198/s1. Table S1: Proximate lipid content of BSF biomass reared on different organic
wastes (Unit: % of dry matter); Table S2: Fatty acids profile of the BSF biomass reared on different
organic waste (Unit: % of dry matter); Table S3: Fish species fed with BSF. References [189–221] are
cited in the Supplementary Materials.
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