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ARTICLE INFO ABSTRACT

Keywords: For many centuries, animal proteins have been used as the conventional food proteins in the food industry to
Alternative proteins produce a variety of food products due to their functional properties that range from gelation, water holding and
EXtr;‘CUOH binding capacity, foaming ability and stability, solubility, and emulsification. However, the production of proteins
Food waste

from animal sources does come at a cost due to its impact on the environment. Thus, the search for potential
replacers for animal proteins that are sustainable, cheaper, and environmentally friendly has resulted in the
exploration and the incorporation of alternative proteins in different food product formulations. Even though
studies have been carried out to investigate the functional properties of several alternative protein sources, there
are technological, sensorial, and nutritional challenges that still need to be overcome in order to make alternative
protein sources a more feasible exchange for animal-based proteins. Additionally, the impact of processing on
the functional and structural characteristics of alternative proteins in addition to the health impact still need
to be understood. Therefore, this review discusses alternative protein sources that have been researched and
documented as potential substitutes for animal-based protein sources. The extraction, characterisation, functional
properties, and the nutritional quality of alternative proteins in comparison to the conventional animal-based
protein sources will also be discussed. Additionally, this review aims to highlight opportunities and challenges

Future Foods
Functional properties
Sustainability

of incorporating alternative proteins in food processing and manufacturing.

1. Introduction

The increase in global population has a concomitant impact of the
demand of food production for adequate nutrition. As such, there is a
progressive use of land for animal and plant production which could po-
tentially be devoted to agriculture and this compromises the provision
of adequate human nutrition (Tessari et al., 2016; Willett et al., 2019).
Additionally, modern food production has been reported to play an im-
portant role in the “environmental footprint” (Khan et al., 2009) with
the Inter-Governmental Panel on Climate Change (Mbow et al., 2017;
Shukla et al., 2019) reporting that 21 — 37% of total greenhouse gas
(GHG) emissions are attributable to the food system. Recently, GHG life
cycle assessment indicated that livestock production contributes approx-
imately 18% to the global anthropogenic GHG emissions which accounts
for 37% of anthropogenic methane and 65% of anthropogenic nitrous
oxide and dairy cattle sector 4% of total anthropogenic GHG emissions
(Patra, 2014). The FAO, in their Global Livestock Environmental As-
sessment Model (GLEAM) (Anon, 2017)) identified that “Livestock sup-
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ply chains emitted an estimated total of 8.1 gigatonnes carbon dioxide
(CO4)-eq in 2010 (using 298 and 34 as global warming potential for
N,O and CH, respectively). Methane (CH,) accounted for about 50%
of the total emissions. Nitrous oxide (N,0) and (CO,) represent almost
equal shares with 24 and 26%, respectively.” Furthermore commodity
analysis identified meat production from beef cattle, buffalo and small
ruminants as the largest emitters.

Animal proteins have been used as conventional food proteins in
the past and presently still constitutes a large part of food production.
Animal-based proteins, predominantly milk and egg proteins, have been
highly studied for many decades. However, some authors have shown
the production of 1 kg animal protein to require ~ 6 kg plant protein
(Aiking, 2014; Pimentel et al., 1975; Pimentel and Pimentel, 2003). Con-
sequently, the large-scale production of animal proteins by means of
factory farming is reported to be a major driver of the loss of biodi-
versity, climate change, and the depletion of freshwater (Aiking, 2014).
Conversely, in view of production cost, sustainability and availability,
plant storage proteins have increasingly been used as a robust alter-
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Fig. 1. Global meat production from 1961 - 2018. Source: UN Food and Agricultural organisation (FAO). The use of this figure is allowed under Creative Commons

license: https://creativecommons.org/licenses/by/4.0/.

native to animal proteins (Munialo et al., 2018, 2015, 2014). In re-
cent years, the use of alternative protein sources (such as plant-based
proteins like quinoa, insects, and fungi) has been explored as poten-
tial replacers for animal-derived proteins (Maurya and Kushwaha, 2019;
Onwezen et al., 2021) and the national strategies being developed and
adopted to realise this diversification of dietary protein elegantly re-
viewed by Clark (2021). Notwithstanding the fact that plant-based pro-
teins are preferable from a land use and GHG emission point of view
than animal-based proteins, there are also environmental concerns over
plant proteins. Such criticisms mainly relate to the use of plant-based
protein for animal feed and the concomitant increased environmental
pressures that is mainly associated with the development of industri-
alised farming systems to meet this demand (Henchion et al., 2017).

There has been a growing awareness of the environmental impact
of animal production and the claimed health and nutritional benefits of
plant-based diets. As such, one would imagine that there should be a
global decline in animal production. Contrastingly, Food and Agricul-
tural Organisation (FAO) has shown an increasing trend in the produc-
tion of meat (Fig. 1) with the developed countries consuming more meat
per capita than the developing countries (Figs. 2 and 3). Proteins from
both animal and non-animal origins are a major nutritional component,
providing both non-essential and essential amino acids (those that can-
not be synthesized by the human body and would therefore depend on
nutrition for their provision) (Tessari et al., 2016). The increasing de-
mand for proteins arises from population growth and is driven globally
by socio-economic changes such as increased urbanisation, an increase
in income, and an increased recognition of the contribution of protein
to healthy aging, and recognition of the role of protein in a healthy
diet (Henchion et al., 2017). Studies in, for example, Africa identified
that increasing urbanisation was associated with increased consump-
tion of meat, dairy and fish at home and in the form of processed foods
(Cockx et al., 2019). At least part of this is down to animal products
being viewed as superior in nutritional quality than plant-based sources
(Berrazaga et al., 2019).

To be able to use alternative proteins, there is need for these pro-
teins to be characterised in terms of their functional and structural
properties. The enhancement of texture, gelling, emulsifying or foam-

ing ability are some of the specific functional properties that are impor-
tant within formulations. The functional properties of proteins extracted
from pseudocereals such as quinoa, buckwheat and amaranth have been
reported in literature (Alonso-Miravalles and O’Mahony, 2018). Re-
search has been conducted on future foods that include insect proteins,
cell-cultured meats, and pseudo cereals among others with the aim of
establishing their functionality, processing, and industrial applications
(Colgrave et al., 2021; Sexton et al., 2019; Tan et al., 2021). Addition-
ally, there has been a growing interest in the valorisation of by-products
or waste streams obtained from other processes as a way of contribut-
ing to food security and sustainable food production (Platt et al., 2021).
However, knowledge gaps still exist and as such a need for further re-
search on the impacts of alternative protein sources on human health
(e.g., food allergies) as well as understanding their bioavailability in re-
lation to other characteristics such as structure, taste and flavour. Even
though there is presumption that a shift to alternative proteins should
lead to healthier and overall, more sustainable diets, this depends on
the nature of the shift, e.g., shifting from processed meat to another
nutrient-poor, highly processed protein source might not provide the
desired health benefits. Therefore, in this work we aim to review the
various methods that are used in the extraction of proteins from alter-
native sources and discuss how this impacts the structure and functional
characteristics of alternative protein sources. Additionally, we will re-
view the nutritional quality of alternative protein sources and shed some
light on the opportunities and challenges of incorporating alternative
proteins in food processing and manufacturing.

2. Alternative protein sources

Given that many protein sources have been investigated as potential
and sustainable alternatives to animal protein, this review focuses on
those with the most potential, namely insect, fungal, and a selection of
plant-proteins.

2.1. Insects

Edible insects contribute to increased human nutrition in many parts
of the world due to their high protein, lipids, energy, and various mi-
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cronutrients content (Koufimska and Adamkova, 2016). According to
Akhtar and Isman (2018), there are approximately 1500 — 2000 edible
insects species recorded worldwide with the most common being those
that are readily available. The protein content of different edible in-
sect species is presented in Table 1 and the comparison among either
raw or cooked edible insects, reptiles, fish, mammals, or a selection of
proteins from plant sources is presented in Table 2. Some raw edible
insects such Sphenarium purpurascens have a considerably higher pro-
tein content than fish, beef, chicken, lamb, pork and several plant-based
proteins.

2.2. Fungi

Continuous fermentation of the filamentous fungus Fusarium venena-
tum (PTA 2684) produces a high-protein, food ingredient known as my-
coprotein. This fungus was found in the wild and was later developed
specifically for the production of food-grade mycoprotein that has been
in production since 1985 (Finnigan et al., 2019). During the production
of mycoprotein, first the organism is grown in an aerobic, axenic, contin-
uous air-lift fermentation system in a broth composed of food-grade car-
bohydrate substrates and other components that are needed for growth.
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Table 1

Insect order, their percentage availability and their protein content (% dry matter basis).

Order and % availability Insect examples Stage

Protein content
range (%)

Coleoptera (31%)

Diptera (2%)
Isoptera (3%)
Lepidoptera (18%)

Hemiptera (10%)
Homoptera
Hymenoptera (14%)
Odonata (3%)
Orthoptera (13%)

Others (5%)

Beetles, Adults and larvae
Weevils

Flies Larvae

Termites Larvae and Nymph
Butterflies, Pupae and larvae
Moth

True bugs Adults and larvae
Mealybugs Adults, larvae and eggs
Bees, Adults, pupae, larvae and eggs
Dragonflies, Damselflies Adults and naiad
Grasshoppers, Adults and nymph
Locust,

Crickets

23 - 66

37 -63
38-64
14 - 68

42-74
45-57
13-77
46 - 65
23 -65

Source: Modified from Akhtar and Isman (2018). Insects as an Alternative Protein Source in Proteins in

Food Processing (Second Edition) pp. 263-288.

Table 2

A comparison of the average protein content (g/100 g fresh weight) of raw or cooked edible insects, reptiles,

fish, and mammals.

Animal group Species and common name Edible product Protein content (g/100 g
fresh weight)
Insects (raw) Locusts and grasshoppers: Locusta Adult 13-28
migratoria, Acridium melanorhodon,
Ruspolia differens
Locusts and grasshoppers: Locusta Larvae 14-18
migratoria, Acridium melanorhodon,
Ruspolia differens
Sphenarium purpurascens (chapulines -  Adult 35-48
Mexico)
Silkworm (Bombyx mori) Caterpillar 10-17
Palmworm beetles: Rhynchophorus Larva 7-36
palmarum, R. phoenicis, Callipogon
barbatus
Yellow mealworm (Tenebrio molitor) Larva 14-25
Crickets Adult 8-25
Termites Adult 13-28
Reptiles (cooked) Turtles: Chelodina rugosa, Chelonia Intestine 18
depressa
Liver 11
Heart 17 - 23
Flesh 25-27
Fish (raw) Crustaceans Lobster 17 -19
Malaysian 16 -19
prawn
Shrimp 13-27
Finfish Tilapia 16 -19
Mackerel 16 - 28
Catfish 17 - 28
Mollusc Cuttlefish, squid 15-18
Cattle Raw beef 19-26
Chicken Raw 26
Lamb Raw 25
Pork Raw 27
Mycoprotein Wet weight 11.5
Some Plants Soy Soybeans, green, 12.95
Peas raw 7.9
Lupins Green raw 36
Quinoa Uncooked 24
Uncooked

Source: Modified from Van Huis et al. (2013).

Once the fermentation is in the steady stage growth phase, batches of
the mycelium of the fungus are harvested, subsequently heat-treated to
reduce the ribonucleic acid (RNA) content since the nucleic acids of RNA
are a risk factor in gout (Hafez et al., 2017). Once the RNA level is re-
duced, the mycelia are recovered by centrifugation to give a paste with
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75% water content. This paste is the mycoprotein. In the case of F. vene-
natum (PTA 2684), the hyphae are of a length and diameter that make
them suitable for creating meat-like texture in products. Binders (typi-
cally egg white), flavourings, and other ingredients are added, and the
mixture processed further to achieve the desired organoleptic and phys-
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ical properties. Mycoprotein is typically 12% water, 3% fat, 3% avail-
able carbohydrates, 6% fibre, 2% ash, and 56% total protein (N x 6.25)
(Gilani and Lee, 2003).

2.3. Plant proteins

Plant-based proteins (particularly legumes) have gained popularity
amongst food scientists, mainly as a response to consumers’ growing in-
terest in a perceived more economical and environment-friendly diet,
in addition to the rise of veganism and vegetarianism in western cul-
tures (Gravel and Doyen, 2020). The most common example is soy pro-
tein, which has been linked to good gelation properties that are essen-
tial in the formulation of simulated meats and tofu (Singh et al., 2008).
Other plant-based proteins that have been researched include pea pro-
teins (Munialo et al., 2014, 2015, 2014), lentil (Jarpa-Parra, 2018),
almond (Maykish et al., 2021) quinoa (Alrosan et al., 2022), lupins
(Pelgrom et al., 2014), and amaranth protein (Bressani and Garcia-
Vela, 1990) among others.

3. Extraction of alternative protein sources

Protein from any given source is a heterogeneous mixture of differ-
ent types of proteins. Extraction and purification of the protein using
different methods may result in a different protein profile, quality, and
functionality (Ismail et al., 2020). Protein isolates of animal-, plant- or
even edible insect-based flours can be obtained using a variety of meth-
ods and techniques which mainly depend on the raw material and its
proximate composition (Boye and Barbana, 2012). However, it is still
possible to describe a general 5-step food protein processing procedure
which includes: (i) Pre-treatment, (ii) Defatting, (iii) Protein solubilisa-
tion and recovery, (iv) Protein purification, and (v) Drying.

For the extraction of a protein isolate from insects, the first step usu-
ally involves the insects being dried by either a freeze-drying process or
by being cooked in the oven, followed by the insects being ground and
sieved to produce a fine powder. The fine powder increases surface area,
promoting better protein-solvent contact in the subsequent extraction
steps. Some authors have used a defatting step to improve insect pro-
tein yield at the laboratory scale (Choi et al., 2017). An increase in the
protein content of both Tenebrio molitor and Hermetia illucens from 58 +
1.2% to 65 + 0.3% and 35 + 0.2% to 45 + 1.4, respectively, was observed
when insect flour was defatted in hexane (Bulller et al., 2016). Others
have observed a protein yield increase of 28% for mealworm and 34%
for cricket following defatting and subsequent sonication. These results
as well as the documented high fat content of most comestible insects
(Tzompa-Sosa et al., 2014) emphasise the importance of the defatting
step in producing insect-based protein-enriched ingredients. Defatting
has also been used during the processing of soy flour and was shown to
result in enrichment of protein from 37 g/100 g to 45 g/100 g dry basis
(Xing et al., 2018).

Various methods have been used in the extraction of insect pro-
tein isolates. For instance, an aqueous solubilisation method was used
by Yi et al. (2013) to obtain protein isolates from the supernatants of
5 different insect species, achieving protein yields and purity ranging
from 17 to 23% and 50 to 61%, respectively, whereas Chatsuwan and
colleagues obtained protein isolates from Patanga succincta and Chon-
dracris rosea with extraction efficiencies of 49% and 43%, respectively
(Chatsuwan et al., 2018). Furthermore, a 51.7% protein yield and 82.3%
purity was obtained by Purschke et al. (2018) who produced a protein
concentrate from Locusta migratoria where 1 M or 4 M NaOH was used to
enhance the solubility of the protein. These findings show the potential
of both aqueous and alkaline solubilisation being used for insect protein
isolate production.

The processes that are commonly used for production of plant-based
protein concentrates (50-80% protein) and isolates (> 80% protein) can
be broadly categorised into aqueous and dry fractionation. Raw material
containing a high oil content, such as pulses and oilseeds, first undergo
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oil extraction. Taking sunflower seeds as an example, the process con-
sists of milling, solvent extraction of oil (using organic solvents such as
hexane or ethanol), dispersion in extraction solvent (NaOH or water),
centrifugation, membrane filtration and drying. The membrane filtra-
tion usually entails ultrafiltration to concentrate the protein to either
a concentrate or an isolate depending on protein content. Concentrate
and isolate production can also include an additional step of acid precip-
itation of protein at their iso-electric pH, to facilitate the concentration
process (Berghout et al., 2014; Geerts et al., 2018).

Dry fractionation involves milling of the seeds and solvent extrac-
tion of oil followed by air classification where the protein particles are
separated from starch granules and husks in a cyclone-type separator
(Pelgrom et al., 2013; Schutyser and Van der Goot, 2011). The aqueous
extraction process gives a higher purity than dry fractionation (45-55%
protein) although it is more expensive than dry fractionation due to a
larger number of processing steps, the yield of protein is also lower and
the use of NaOH can lead to safety issues. Preparation of concentrates by
aqueous extraction is cheaper than isolate preparation (but still more ex-
pensive than dry fractionation). Dry fractionation of de-oiled sunflower
cake is very cheap to produce after the initial capital purchase cost of
the separation equipment. It gives the highest protein yield but lowest
purity (protein concentrate/flour) (Ismail et al., 2020).

Ultrafiltration has been used in the extraction of proteins from var-
ious sources. Protein fractionation using tangential ultrafiltration was
applied using a membrane molecular weight cut-off of <300 kDa on al-
gae proteins solubilised at pH 7 and 12 (Ursu et al., 2014). However,
most of the proteins remained in the retentate, which was attributed to
the molecular size of the complex macromolecular aggregates of algae
proteins being above the molecular weight cut-off. However, both per-
meate and retentate solutions showed excellent emulsifying properties
(Ursu et al., 2014). Emulsification and foaming properties of rapeseed
protein fractions that were prepared via ultrafiltration with a membrane
of molecular weight cut-off of <8 kDa were higher compared to extracts
that were prepared using the aqueous extraction method comprising of
alkaline solubilisation and acidic precipitation methods (Dong et al.,
2011). Lonchamp and colleagues obtained a retentate via a <100 kDa
ultrafiltration from mycoprotein (Quorn) fermentation co-product (cen-
trate) which displayed good foaming stability, emulsifying, and rheolog-
ical properties (viscosity, viscoelasticity, and gelation) (Lonchamp et al.,
2020a). Membrane filtration has yet to be explored with insect proteins
given that a knowledge of the protein size and properties is required,
and little information on insect proteins is currently available. It is also
worth noting that even though membrane processes are considered to
be more efficient, environmentally friendly and economical, their main
shortcoming is membrane fouling, thus a trade-off between productivity
and selectivity emerges, especially when pure isolates are an ultimate
goal.

The final step in protein extraction is the drying of the extract. Dry-
ing of protein extracts, in particular insect extract can be done by oven-
drying and microwave drying (Melgar-Lalanne et al., 2019). Although
less commonly used, fluidized bed drying was also reported as an alter-
native drying method for insect flour production (Kroncke et al., 2018;
Purschke et al., 2018) and this could have the potential of being used
to dry insect protein extracts. Spray drying is also another common ap-
proach for drying liquid foods to powders (Jayasundera et al., 2009)
but only recently has this been applied to insect protein (cricket) prepa-
rations (Bassett et al., 2021). Finally, freeze-drying can also be used
for both wet solid and liquid samples (Assegehegn et al., 2019) and is
the most commonly used laboratory scale technique in insect protein
processing, even though the parameters used are not always well doc-
umented. The various drying methods and their effects on nutritional,
functional and microbial properties have been compared by several au-
thors (Huang et al., 2019; Kamau et al., 2018; Purschke et al., 2018;
Vandeweyer et al., 2017; Womeni et al., 2012). As such, more studies
are needed to establish which drying methods are suitable for example
in the case of insect protein isolate where mass production is required.
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The recovery of protein from waste or co-product streams to capture
value and reduce environmental footprints is the focus of significant
research interest (Platt et al., 2021). Processes such as chromatography
have been developed to recover the protein from the liquid pot ale, a co-
product of the distilling process by Horizon Proteins using ion-exchange
chromatography (Traub Modinger, 2015). Although the protein content
of pot ale is low (less than 1%), the volumes are very high and ion-
exchange chromatography can be a very cost-effective method for the
extraction of proteins from dilute streams as long as robust and inexpen-
sive ion-exchange resins can be found. It turns out that zeolites or other
calcium carbonate-based resins (which are very cheap) are suitable for
the extraction and very high-volume throughput chromatography can
be achieved, resulting in a high purity protein suitable for aquaculture
uses.

4. Functional characterisation of some alternative proteins

Given that proteins from different sources will have different struc-
tural characteristics that contribute to differences in their solubility and
reactivity under various extraction conditions, there is need for dry and
wet extraction protocols to be developed which would enhance protein
yield and purity while maintaining structural integrity and functionality
(Ismail et al., 2020).

The functional properties of Chlorella vulgaris species of microalgae
were determined following the use of alkaline solution at pH 12 to en-
hance the yield of proteins solubilisation The final protein matrix exhib-
ited lower emulsifying capacity and emulsion stability, while solubilisa-
tion under pH 7 induces lower yield but proteins with higher emulsify-
ing capacity and emulsion stability (Ursu et al., 2014). The water and
oil absorption capacity and foaming properties of Chlorella pyrenoidosa,
Arthrospira platensis, and Nannochloropsis oceanica species of microalgae
protein have also been reported. Nannochloropsis oceanica exhibited the
highest water absorption capacity per g of protein compared to Chlorella
pyrenoidosa and Arthrospira platensis (Fradinho et al., 2020). The varia-
tion in the water binding capacity of the protein isolate was attributed
to the protein conformation, hydrophilic-hydrophobic balance of amino
acids and other intrinsic characteristics of the protein (Hyrslova et al.,
2021).

Yi et al. (2013) extracted proteins from five insect species. In terms of
the foaming ability, insect protein supernatant fractions showed negligi-
ble foam ability at a concentration of 3% w/v, at pH 3, 5, 7, and 10. The
poor foaming ability of the insect protein supernatants was attributed to
the protein concentration in the supernatant fraction solution (around
1.7% w/v) which were too low to generate stable foam. In terms of gela-
tion, insect protein supernatants at pH 7 and a concentration of 3% w/v
formed a weak gel, whereas at 30% w/v a strong gel was formed. In
a recent study, Kim et al. (2020) extracted proteins from various edi-
ble insect species namely Tenebrio molitor L., Protaetia brevitarsis larvae,
and Allomyrina dichotoma larvae. P. brevitarsis and A. dichotoma proteins
exhibited excellent ability to form heat-induced gels. Higher apparent
viscosity was observed for gels prepared with P. brevitarsis whereas, T.
molitor had the lowest apparent viscosity.

Some authors have shown the nutritional composition of insect pro-
tein extract to impact the rheological properties of gels. Proximate
fat content of P. brevitarsis, T. molitor, and A. dichotoma was 12.92%,
31.30%, and 17.04%, respectively (Ghosh et al., 2017). The gels pre-
pared from T. molitor had lower gel strength that the others which was
attributed to its higher fat content compared to the others. The fat in the
gel matrix was hypothesised to act as a lubricant when it is subjected to
external forces (Kim et al., 2020). This finding suggests the possibility of
incorporating defatting as an initial step during protein extraction and
this could yield protein fractions that have improved functional proper-
ties and mitigate against the impact of fat lowering the strength of gels
prepared from insect proteins.

Lonchamp and colleagues carried out the functional characterisation
of mycoprotein as a partial replacer of egg whites as foaming and/or
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gelling ingredient (Lonchamp et al., 2020b). In one of their studies, my-
coprotein was sonicated and the foaming properties determined. The
sonication process was reported to result in an increase in foaming abil-
ity, which was higher than that of a sonicated commercial whey protein
concentrate. The mycoprotein also displayed good emulsifying ability
in oil/water emulsions. Their study showed large hyphal aggregates to
be present in solutions and gels, which correlated with their high vis-
cosity and viscoelasticity as well as the foam stability (Lonchamp et al.,
2020b).

Plant proteins tend to have inferior functionality compared to
animal-based proteins as they tend to be more insoluble and often have
associated off taste properties. The functional properties of these pro-
teins are influenced by a plethora of factors that range from the sam-
ple conditions such as pH, extraction method, the nutritional composi-
tion among others. Functional properties of pea, soy, lentil, and lupine,
among others have been reported as aforementioned. However, to diver-
sify the existing protein sources with the aim of meeting the increasing
demand for protein, it could be interesting to investigate the potential
of using mixtures of these proteins in product development and investi-
gate how this influences the attributes of the products as well consumer
perception and acceptance of the final products.

5. Challenges in the application of alternative proteins in the
food industry

5.1. Flavour and taste

One of the challenges of using plant-based proteins, such as
legume proteins, in food is the persistent off-flavours that can be per-
ceived by consumers (Ismail et al., 2020). Sensory descriptors that
have been given to the off-flavours present in soy proteins include
“beany,” “grassy” “green,” and “painty” (Rackis et al., 1979). These
off-notes are attributed to lipoxygenase-initiated peroxidation of un-
saturated fatty acids (MacLeod et al., 1988) which is commonly re-
lated to the source of the raw material, processing, and/or stor-
age (Ismail et al., 2020). Flavour compounds such as aldehydes, sat-
urated and unsaturated alcohols, alcohols, ketones, and their ester
derivatives, and methoxypyrazines were reported in raw, stored, and
cooked peas (Malcolmson et al., 2014). Many different strategies to
mitigate against off-flavours and aromas have been attempted in pea
and other plant protein sources (Mittermeier-Kle@Binger et al., 2021;
Trindler et al., 2021). These approaches can encompass the selec-
tion of germplasm with absent/diminished odd notes, better purifica-
tion processes, added fermentation steps, the use of bitter inhibitors,
post processing marinating/seasoning, matrix adaption for flavour
(Mittermeier-Klel3inger et al., 2021) through to the latest developments
such as the application of supercritical fluid extraction, using CO, and
ethanol to remove the problematic compounds from pea protein iso-
late (Vatansever et al., 2022). However, this has been met with several
technological challenges given that aroma is the sum of a pattern of
the responses of numerous receptor types. This leaves a challenge to
the food researchers and industry to carry out accurate flavour profiling
which will lead to identifying approaches that eliminate the problematic
off-flavours rather than attempting to mask them.

”

5.2. Allergenicity

All foods that contain proteins have the potential of being aller-
genic. A major concern for all emerging proteins for future foods, is
their potential to cause immune-mediated adverse reactions, which are
commonly known as food allergy. Case reports of allergic reactions to
protein sources include the edible algae (Le et al., 2014) and the fun-
gal protein source Quorn® (Hoff et al., 2003). Allergic reactions to dif-
ferent insects also have been described in countries where insect con-
sumption is common (De Marchi et al., 2021). However, in the western
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countries where insect proteins are mainly used as ingredients to en-
rich fortified products, there remains a knowledge gap in understand-
ing the possible effects that the different technological processes (such
as blanching, pasteurization, and sterilization) in addition to heat pro-
cessing as well as the complex food matrices that include starch, pro-
teins, etc. may have on allergic reaction raising regions (epitopes) of
the proteins, and how this could influence their allergenicity and sus-
ceptibility to gastrointestinal digestion. Some studies have reported a
lack of significant impact on allergenicity following the boiling of aller-
genic shrimp samples (Samson et al., 2004) while others authors have
reported an increased IgE-binding capacity based on crab and prawn
studies (Abramovitch et al., 2013) even though this did not necessarily
correlate with clinical symptoms (De Marchi et al., 2021). Several tech-
nological processes such as enzymatic hydrolysis have been investigated
as a tool to reduce the allergenicity of insect proteins in different food
matrices. Similarly, enzymatic hydrolysis is used to reduce allergenicity
in milk proteins for commercial formulations (Guadix et al., 2006). Pro-
tein fragments with different molecular weights were obtained following
enzymatic digestion of insects with the proteins in the 25 - 33 kDa range
displaying greater stability to heat treatments and digestion (De Marchi
et al., 2021). Even though this could improve allergenicity, the question
still remains as to whether the resultant insect protein fractions retain
the necessary functional properties for product development, as some
authors have reported a remarkable decrease in both emulsifying abil-
ity and heat stability with a significant increase in degree of hydrolysis
(from 27 to 35%) in whey protein (Euston et al., 2001).

5.3. Protein solubility

Solubility of proteins has been defined as “the maximum amount
of protein that remains in a visibly clear solution (i.e., does not show
protein precipitates, crystals, gels, or hazy soluble aggregates), or does
not sediment at 30,000 g centrifugation for 30 min”(Ries-Kautt and
Ducruix, 1989). It is, however, important to note that the aqueous sol-
ubility of proteins is a challenge to assess given that proteins at higher
concentrations may form aggregates upon concentration or form gels
(Jung et al., 2008). Additionally, some protein solutions at higher con-
centrations do separate spontaneously into two phases or more distinc-
tive aqueous phases and this can hamper the use of conventional meth-
ods to determine protein solubility (Hofmann et al., 2018). Protein sol-
ubility that is often determined is apparent solubility given that the de-
termination of true solubility of a protein as a hydrocolloid is difficult to
define (Kramer et al., 2012). During protein extraction, the concentra-
tion and subsequent drying steps such as lyophilising protein and in the
absence of an excipient can promote protein aggregation and a reduc-
tion in solubility. A good example of where an excipient is important
is the drying of milk protein powders (Rupp et al., 2018). When milk
protein concentrates were first developed using a membrane filtration
process it was found that as protein content increased, solubility de-
creased. Subsequently it was realised that lactose acts as an excipient
during drying and protects the protein against heat damage. Thus, the
higher the protein content the lower lactose and consequently, lower
solubility.

The solubility of proteins can be influenced by several factors, which
can either be extrinsic and intrinsic. Extrinsic factors that influence the
solubility of proteins include ionic strength, pH, temperature, and the
presence of various solvent additives and the polarity of these solvents
(Ries-Kautt and Ducruix, 1997). When these extrinsic factors are var-
ied, the solubility of protein solutions can be increased (Bagby et al.,
2001; Schein, 1993). It is however important to note that altering the
conditions of protein solution conditions will not always be a sufficient
or appropriate measure to increase the solubility of the proteins to the
required extent (Ries-Kautt and Ducruix, 1997). Intrinsic factors that in-
fluence the solubility of proteins are on the other hand mainly defined
by the number and type of amino acids that are present on the surface of
the protein (Schein, 1993), the folded structure and for glycol- and lipo-
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proteins, the structure, and the composition of the glycans and lipids
(Kramer et al., 2012). In general, proteins that contain a large propor-
tion of hydrophobic amino acids that have aliphatic side chains (such
as tryptophan, phenylalanine, and tyrosine) tend to be insoluble or to
have a lower solubility in water (Lodish et al., 2000b). Molecules that
are hydrophobic in nature do avoid water by coalescing into an oily or
waxy droplet and this enables these molecules to pack in the interior of
proteins, away from the aqueous environment (Lodish et al., 2000a). It
has been reported that the addition of glycans to proteins that are made
up of large quantities of hydrocarbons increases the protein solubility in
water. The properties of solvents such as pH, salt concentration and the
presence of specific ligands can affect protein solubility as aforemen-
tioned under the extrinsic factors that affect protein solubility.

6. Nutritional properties of alternative proteins

Insects are a good source of essential amino acids, and are high in
vitamins By, B, and B3 and the minerals iron and zinc (Belluco et al.,
2013). However, many insects have been reported to be deficient in
certain amino acids, that include tryptophan and lysine, and as well as
they contain chitin exoskeletons which have lower levels of digestibil-
ity (Henchion et al., 2017). In the cases where insect proteins are in-
cluded in product design especially in cultures where the consumption
of whole insects is considered unpalatable or not accepted, there is still
need for research to be carried out to determine the impact of the type
of preparation and processing on the amount of bioaccessible nutrients
(Ojha et al., 2021). Additionally, there is a paucity of research regard-
ing the influence of various innovative techniques and process parame-
ters on digestibility of insects-based food systems (Acosta-Estrada et al.,
2021; Elhassan et al., 2019).

Mycoprotein is high in protein and fibre and low in fat
(Finnigan et al., 2019). However, its high RNA content of 10% of dry
weight compared to beef liver and heart ofals which contain approxi-
mately 2 and 0.6% of RNA has raised some health concerns (Souza Filho
et al., 2019). The consumption of excessive quantities of RNA can lead
to an increased amount of uric acid in the body, which is a risk fac-
tor for gout (Denny et al., 2008). During the production of mycopro-
tein, the biomass of Fusarium venenatum undergoes a heat treatment
where the fungal biomass (still in the broth) is rapidly heated to tem-
peratures above 68°C, maintained at this 20 - 45 min, resulting in a
reported reduction in RNA content to <2%. The thermal treatment de-
grades the RNA into monomers which then diffuse out of the cells
(Raats, 2007).

Even though plant-based protein sources have been shown to often
lack one or more amino acids in sufficient quantity to meet human nu-
tritional needs, the intake of a combination of different proteins, and
supplementation, can be used as a strategy to help to overcome defi-
ciencies especially in individuals who consume strict vegan or vegetar-
ian diets (Henchion et al., 2017). Some plant-based protein sources can
also offer significant health benefit as a rich source of bioactive peptides
which have gained increased interest as agents in the control of chronic
diseases (Gobbetti et al., 2004). The nutritive value of plant storage pro-
teins is reported to be lower than that of animal ones. Plant storage
proteins have less of an anabolic effect than animal proteins because of
their lower essential amino acid content (especially leucine), deficiency
in other essential amino acids, such as the sulphur-containing lysine
and methionine, as well as lower digestibility (Berrazaga et al., 2019).
Furthermore, the plant-based protein foods (such as the so called “ve-
gan cheese”) are nutritionally inferior to products that are made using
animal-based proteins. To enhance the nutritional composition, senso-
rial and techno-functional properties of plant-based proteins, some au-
thors have suggested the use of protein modification via physical, chem-
ical and biological means (Nikbakht et al., 2021). However, the energy
and cost efficiency of these techniques still need to be evaluated in order
to deliver a product desirable to the consumer all whilst fully aligning
with sustainable development goals.
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7. The opportunities and challenges in exchangeability of animal
proteins with alternative proteins

There are opportunities that exist in the exchangeability and re-
placement of animal proteins with alternative sustainable proteins. For
instance, the consumption of proteins from edible insects and plant-
based proteins is shown to be more sustainable compared to animal
(livestock) protein sources due to the comparatively elevated GHG foot-
print of the latter as mentioned earlier. As such, alternative sources of
protein have the potential of contributing towards food security. Alter-
native protein sources are also perceived to be cheaper than animal-
based protein sources (Possidonio et al., 2021). Additionally, due to
changes in lifestyle, social demographics and the emergence of data
supporting a reduction in mortality and morbidity (English et al., 2021;
Kim et al., 2019), it is becoming increasingly easier/acceptable for al-
ternative protein sources to be incorporated in human diets especially
for people who would like to make changes in their health or contribute
towards a reduction in the impact of animal husbandry on the envi-
ronment. However, in terms of the digestibility and bioavailability of
some of the alternative protein sources, such as the plant-based pro-
teins, there have been reports that have shown these proteins to be
lower compared to their animal counterparts (Berrazaga et al., 2019).
Additionally in terms of their functional properties some researchers
have shown that higher concentration of the plant-based proteins is re-
quired to achieve close to or similar functionality as animal proteins.
Munialo et al. (2014) compared the gelling propensity of pea proteins
in comparison to whey proteins. In their work, they showed that up to
6 x higher concentration was needed to form gels from pea proteins fib-
rils that had the same gel strength as fibrils made from whey proteins. As
such, it may be that as much as alternative protein sources are perceived
to be cheaper than animal-based protein sources, more of the same will
be needed to end up with similar functional properties as animal pro-
teins, and this could still have potential cost implications for the food
industry.

Other challenges include the cost of production. For instance, the
application of microalgae in food products has been hampered by their
high production costs, technical difficulties in extraction and refining,
and sensory and palatability issues, even though nutritionally, they are
comparable to other plant proteins (Henchion et al., 2017). Based on
such challenges and the fact that higher concentrations of alternative
proteins are needed to achieve functional properties that are as good or
superior to animal-based protein, then it may be that one needs to look
at the cost-benefit analysis and the production costs before making a
decision to replace animal proteins with alternative sources of proteins.
There are also technological challenges that the food industry will face
in terms of replacement and or exchangeability of animal proteins with
plant proteins. This is not straightforward, mainly due to the inherent
differences (such as in their tertiary and quaternary structures) that exist
between animal and other protein sources. Thus, one needs to map the
functional properties of the animal proteins to be able to mimic these
with alternative sources, whilst ensuring that the textural as well as sen-
sorial properties of the end protein (or processed food matrix) remain
similar or at least close to the protein that is being exchanged. There also
remains a challenge in examining the environmental impact of the al-
ternative proteins sources when incorporated in the formulation of food
products. For instance, some researchers have suggested that producing
1 kg of animal protein requires about 100 times more water than 1 kg
of grain protein (Smil, 2001). However, other authors have reported on
the water footprint of meat analogues with there being suggestions that
the production of soy protein isolate consumes almost x3 more water
than texturized soy protein and x7 more than soybean oil, even though
all three products are derived from the same soybeans. Other reports
have also identified isolated soy protein as highly water consumptive
(Fresan et al., 2020). For example, Berardy et al. (2015) report that pro-
ducing 1 kg of isolated soy protein requires 38,950 L of water and this
is clearly not a sustainable solution.

Future Foods 6 (2022) 100152

The exploitation of existing plant processing co-product streams is
identified as a sustainable source for some protein replacements, thereby
allowing for diversification of feedstock and increased sustainability
(Platt et al., 2021). An example is shown by the emerging plethora
of plant-based dairy milk alternatives from sources such as potatoes,
nuts, and grains among others (Bridges, 2018). However, even if the
existing protein sources were diversified and alternative sources char-
acterised with the aim of providing sustainable and nutritious food for
the growing world population, food waste remains a blight that affects
the food industry. Some of the food waste occurs after harvesting. Post-
harvest losses have been reported to be partly a function of the tech-
nology that is available in a given country, in addition to the extent to
which markets have developed to market the food produce (Parfitt et al.,
2010). Mirabella and colleagues have shown the proportion of losses
post-production to include up to 42% at household level, 39% in food
manufacturing, 14% in the foodservice sector, and that 5% of losses oc-
cur during distribution (Mirabella et al., 2014). Thus, there remains a
global challenge in minimising food (and hence protein) waste as this
would contribute to food security and other emerging technologies that
can be employed in food production, and the continual search for pro-
tein alternatives would help in diversifying the protein sources rather
than this being the main driver and push towards sustainable food pro-
duction that has a lower impact on the environment.

8. Conclusion

Alternative protein sources exhibit significant potential in the food
industry as a substitute to animal-based protein sources. The protein
content of alternative protein sources has been evaluated and, in most
cases, found to be similar close or in some cases higher than animal-
based protein sources. Several studies have been carried out that inves-
tigated the functional properties of alternative protein sources such as
insect, microalgae, and mycoprotein among others. The profile of alter-
native protein sources was found to be in some cases lower than that of
animal-based protein sources. This was mainly attributed to the inherent
differences between these two protein sources. The solubility of proteins
such as those obtained from plant-based sources was generally lower
than that of the animal-based protein sources. The nutritional quality
of alternative protein sources has also been evaluated in comparison to
animal-based proteins sources and animal-sourced proteins were shown
to have superior digestibility and bioavailability compared to the plant-
based protein sources. A clear understanding of the mechanisms, princi-
ples and differences between these two broad types of proteins will help
enhance the formulation and exchangeability window for alternative
protein sources. Increasing global meat intake remains an issue, which
is predicted to rise by 14% by 2030 (OECD/FAO, 2021) and the factors
contributing to this, and the implications of the associated environmen-
tal food print compared to plant-based foods and proteins need to be
evaluated. Additionally, the issue of food loss and waste from farm to
fork need to be addressed and this does call for a unified and combined
effort of all the stakeholders that are involved in food production. Tack-
ling the issue of food waste does contribute to responsible consumption
and production which is part of the UN sustainable development goals.

Declaration of Competing Interest
The authors declare that they have no known competing financial

interests or personal relationships that could have appeared to influence
the work reported in this paper.

Acknowledgment

Derek Stewart acknowledges funding from the Scottish Government
Rural and Environment Science and Analytical Services.



C.D. Munialo, D. Stewart, L. Campbell et al.
Ethical guidelines
Ethics approval was not required for this research.
Data availability statement
Research data are not shared.
Ethical statement - studies in humans and animals

The authors declare that the research presented does not involve any
animal or human study.

References

Abramovitch, J.B., Kamath, S., Varese, N., Zubrinich, C., Lopata, A.L., O’'Hehir, R.E.,
Rolland, J.M., 2013. IgE reactivity of blue swimmer crab (Portunus pelagicus)
tropomyosin, Por p 1, and other allergens; cross-reactivity with black tiger prawn
and effects of heating. PLoS One 8 (6), e67487.

Acosta-Estrada, B.A., Reyes, A., Rosell, C.M., Rodrigo, D., & Ibarra-Herrera, C.C. (2021).
Benefits and Challenges in the Incorporation of Insects in Food Products. 8.

Aiking, H., 2014. Protein production: planet, profit, plus people? Am J Clin Nutr 100 Suppl
1, 483s-489s.

Akhtar, Y., & Isman, M.B. (2018). 10 - Insects as an Alternative Protein Source. In R. Y.
Yada (Ed.), Proteins in Food Processing (Second Edition) (pp. 263-288): Woodhead
Publishing.

Alonso-Miravalles, L., O'Mahony, J.A, 2018. Composition, Protein Profile and Rheological
Properties of Pseudocereal-Based Protein-Rich Ingredients. Foods (Basel, Switzerland)
7 (5), 73.

Alrosan, M., Tan, T.-C., Easa, A.M., Gammoh, S., Alu’datt, M.H., 2022. Recent updates
on lentil and quinoa protein-based dairy protein alternatives: Nutrition, technologies,
and challenges. Food chemistry, 132386.

Anon. (2017). Global Livestock Environmental Assessment Model (GLEAM) GLEAM 2.0 -
Assessment of greenhouse gas emissions and mitigation potential. Food Agriculture
Organization of the United Nations, 22-26.

Assegehegn, G., Brito-de la Fuente, E., Franco, J.M., Gallegos, C., 2019. The importance of
understanding the freezing step and its impact on freeze-drying process performance.
Journal of pharmaceutical sciences 108 (4), 1378-1395.

Bagby, S., Tong, K.I., Ikura, M., 2001. Optimization of protein solubility and stability for
protein nuclear magnetic resonance. Methods in enzymology 339, 20-41.

Bassett, F., Dunn, M., Pike, O., Jefferies, L., 2021. Physical, nutritional, and sensory prop-
erties of spray-dried and oven-roasted cricket (Acheta domesticus) powders. Journal
of Insects as Food Feed 7 (6), 987-1000.

Belluco, S., Losasso, C., Maggioletti, M., Alonzi, C.C., Paoletti, M.G., Ricci, A., 2013. Edible
insects in a food safety and nutritional perspective: a critical review. Comprehensive
reviews in food science 12 (3), 296-313.

Berardy, A., Costello, C., & Seager, T. (2015). Life cycle assessment of soy protein isolate.
Paper presented at the Proceedings of the International Symposium on Sustainable
Systems and Technologies, Dearborn, MI, USA.

Berghout, J., Boom, R., Van der Goot, A., 2014. The potential of aqueous fractionation of
lupin seeds for high-protein foods. Food chemistry 159, 64-70.

Berrazaga, 1., Micard, V., Gueugneau, M., Walrand, S., 2019. The Role of the Anabolic
Properties of Plant- versus Animal-Based Protein Sources in Supporting Muscle Mass
Maintenance: A Critical Review. Nutrients 11 (8), 1825.

Boye, J.I., Barbana, C., 2012. Protein processing in food and bioproduct manufac-
turing and techniques for analysis. Food industrial bioproducts bioprocessing 10,
9781119946083.

Bressani, R., Garcia-Vela, L.A., 1990. Protein fractions in amaranth grain and their chem-
ical characterization. Journal of Agricultural Food Chemistry 38 (5), 1205-1209.
Bridges, M., 2018. Moo-ove over, cow’s milk: the rise of plant-based dairy alternatives.

Practical Gastroenterology 21, 20-27.

Bufiler, S., Rumpold, B.A., Jander, E., Rawel, H.M., Schliiter, O.K., 2016. Recovery and
techno-functionality of flours and proteins from two edible insect species: Meal worm
(Tenebrio molitor) and black soldier fly (Hermetia illucens) larvae. Heliyon 2 (12),
e00218.

Chatsuwan, N., Nalinanon, S., Puechkamut, Y., Lamsal, B.P., & Pinsirodom, P.J.J.0.C.
(2018). Characteristics, functional properties, and antioxidant activities of water-
soluble proteins extracted from grasshoppers, Patanga succincta and Chondracris
roseapbrunner. 2018.

Choi, B.D., Wong, N.A., Auh, J.-H., 2017. Defatting and sonication enhances protein ex-
traction from edible insects. Korean journal for food science of animal resources 37
(6), 955.

Clark, W., 2021. The Future of Food: Lessons from the latest protein strategies. Zero Waste
Scotland, Stirling.

Cockx, L., Colen, L., De Weerdt, J., & Paloma, G.Y. (2019). Urbanization as a driver of
changing food demand in Africa: evidence from rural-urban migration in Tanzania.

Colgrave, M.L., Dominik, S., Tobin, A.B., Stockmann, R., Simon, C., Howitt, C.A., chem-
istry, f. (2021). Perspectives on Future Protein Production. 69(50), 15076-15083.

De Marchi, L., Wangorsch, A., Zoccatelli, G., 2021. Allergens from Edible Insects: Cross-re-
activity and Effects of Processing. Current Allergy and Asthma Reports 21 (5), 35.

Denny, A., Aisbitt, B., Lunn, J., 2008. Mycoprotein and health. Nutrition bulletin 33 (4),
298-310.

Future Foods 6 (2022) 100152

Dong, X.Y., Guo, L.L., Wei, F., Li, J.F,, Jiang, M.L., Li, G.M., Chen, H., 2011. Some
characteristics and functional properties of rapeseed protein prepared by ultra-
sonication, ultrafiltration and isoelectric precipitation. J Sci Food Agric 91 (8),
1488-1498.

Elhassan, M., Wendin, K., Olsson, V., Langton, M., 2019. Quality Aspects of Insects as
Food—Nutritional. Sensory, and Related Concepts 8 (3), 95.

English, L.K., Ard, J.D., Bailey, R.L., Bates, M., Bazzano, L.A., Boushey, C.J., Heyms-
field, S.B., 2021. Evaluation of Dietary Patterns and All-Cause Mortality: A Systematic
Review. JAMA Netw Open 4 (8), e2122277.

Euston, S.R., Finnigan, S.R., Hirst, R.L., 2001. Heat-Induced Destabilization of Oil-in-Water
Emulsions Formed from Hydrolyzed Whey Protein. Journal of Agricultural and Food
Chemistry 49 (11), 5576-5583.

Finnigan, T.J.A., Wall, B.T., Wilde, P.J., Stephens, F.B., Taylor, S.L., Freedman, M.R., 2019.
Mycoprotein: The Future of Nutritious Nonmeat Protein, a Symposium Review. Cur-
rent developments in nutrition 3 (6) nzz021-nzz021.

Fradinho, P., Niccolai, A., Soares, R., Rodolfi, L., Biondi, N., Tredici, M.R., Raymundo, A.,
2020. Effect of Arthrospira platensis (spirulina) incorporation on the rheological and
bioactive properties of gluten-free fresh pasta. Algal Research 45, 101743.

Fresan, U., Marrin, D., Mejia, M.A., Sabaté, J., 2020. Replying to “Questions and Concerns
Re: Blue Water Footprints Reported in “Water Footprint of Meat Analogs: Selected
Indicators According to. Life Cycle Assessment””. Water 12 (7), 1972.

Geerts, M.E., Dekkers, B.L., van der Padt, A., van der Goot, A.J., 2018. Aqueous fractiona-
tion processes of soy protein for fibrous structure formation. Innovative Food Science
Emerging Technologies 45, 313-319.

Ghosh, S., Lee, S.-M., Jung, C., Meyer-Rochow, V., 2017. Nutritional composition of five
commercial edible insects in South Korea. Journal of Asia-Pacific Entomology 20 (2),
686-694.

Gilani, G.S., Lee, N., 2003. PROTEIN | Sources of Food-grade Protein. In: Caballero, B.
(Ed.), Encyclopedia of Food Sciences and Nutrition (Second Edition). Academic Press,
Oxford, pp. 4873-4879 pp.

Gobbetti, M., Minervini, F., Rizzello, C.G., 2004. Angiotensin I-converting-enzyme-in-
hibitory and antimicrobial bioactive peptides. International Journal of Dairy Tech-
nology 57 (2-3), 173-188.

Gravel, A., Doyen, A., 2020. The use of edible insect proteins in food: Challenges and issues
related to their functional properties. Innovative Food Science & Emerging Technolo-
gies 59, 102272.

Guadix, A., Camacho, F., Guadix, E.M., 2006. Production of whey protein hydrolysates
with reduced allergenicity in a stable membrane reactor. Journal of Food Engineering
72 (4), 398-405.

Hafez, R.M., Abdel-Rahman, T.M., Naguib, R.M.J.J.0.a.r, 2017. Uric acid in plants
and microorganisms. Biological applications and genetics-A review 8 (5),
475-486.

Henchion, M., Hayes, M., Mullen, A.M., Fenelon, M., Tiwari, B., 2017. Future Protein
Supply and Demand: Strategies and Factors Influencing a Sustainable Equilibrium.
Foods (Basel, Switzerland) 6 (7), 53.

Hoff, M., Triieb, R.M., Ballmer-Weber, B.K., Vieths, S., Wuethrich, B., 2003. Immediate—
type hypersensitivity reaction to ingestion of mycoprotein (Quorn) in a patient allergic
to molds caused by acidic ribosomal protein P2. Journal of allergy clinical immunol-
ogy 111 (5), 1106-1110.

Hofmann, M., Winzer, M., Weber, C., Gieseler, H., 2018. Low-volume solubility assess-
ment during high-concentration protein formulation development. Journal of Phar-
macy Pharmacology 70 (5), 636-647.

Huang, C., Feng, W., Xiong, J., Wang, T., Wang, W., Wang, C., Yang, F., 2019. Impact of
drying method on the nutritional value of the edible insect protein from black soldier
fly (Hermetia illucens L.) larvae: amino acid composition, nutritional value evaluation,
in vitro digestibility, and thermal properties. Eur. Food Res. Technol. 245 (1), 11-21.

Hyrslova, 1., Krausova, G., Smolova, J., Stankova, B., Branyik, T., Malinska, H., Doskocil, I.,
2021. Functional Properties of Chlorella vulgaris. Colostrum, and Bifidobacteria, and
Their Potential for Application in Functional Foods 11 (11), 5264.

Ismail, B.P., Senaratne-Lenagala, L., Stube, A., & Brackenridge, A.J.A.F. (2020). Protein
demand: Review of plant and animal proteins used in alternative protein product
development and production. 10(4), 53-63.

Jarpa-Parra, M., 2018. Lentil protein: A review of functional properties and food applica-
tion. An overview of lentil protein functionality. International Journal of Food Science
Technology 53 (4), 892-903.

Jayasundera, M., Adhikari, B., Aldred, P., Ghandi, A., 2009. Surface modification of spray
dried food and emulsion powders with surface-active proteins: A review. Journal of
Food Engineering 93 (3), 266-277.

Jung, J.-M., Savin, G., Pouzot, M., Schmitt, C., Mezzenga, R., 2008. Structure of heat-in-
duced p-lactoglobulin aggregates and their complexes with sodium-dodecyl sulfate.
Biomacromolecules 9 (9), 2477-2486.

Kamau, E., Mutungi, C., Kinyuru, J., Imathiu, S., Tanga, C., Affognon, H., Fiaboe, K., 2018.
Moisture adsorption properties and shelf-life estimation of dried and pulverised edible
house cricket Acheta domesticus (L.) and black soldier fly larvae Hermetia illucens
(L.). Food research international 106, 420-427.

Khan, S., Khan, M.A., Hanjra, M.A., Mu, J., 2009. Pathways to reduce the environmental
footprints of water and energy inputs in food production. Food Policy 34 (2), 141-149.

Kim, H., Caulfield, L.E., Garcia-Larsen, V., Steffen, L.M., Coresh, J., Rebholz, C.M., 2019.
Plant-Based Diets Are Associated With a Lower Risk of Incident Cardiovascular Dis-
ease, Cardiovascular Disease Mortality, and All-Cause Mortality in a General Popula-
tion of Middle-Aged Adults. J Am Heart Assoc 8 (16), e012865.

Kim, T.-K., Lee, M.H., Yu, M.-H., Yong, H.I., Jang, H.W., Jung, S., Choi, Y.-S., 2020. Ther-
mal stability and rheological properties of heat-induced gels prepared using edible
insect proteins in a model system. LWT 134, 110270.

Koufimska, L., Adamkova, A., 2016. Nutritional and sensory quality of edible insects. NFS
Journal 4, 22-26.


http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0001
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0003
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0005
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0006
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0008
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0009
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0010
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0011
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0013
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0014
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0015
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0016
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0017
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0018
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0020
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0021
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0024
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0025
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0026
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0027
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0028
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0029
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0030
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0031
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0032
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0033
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0034
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0035
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0036
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0037
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0038
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0039
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0040
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0041
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0042
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0043
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0044
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0046
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0047
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0048
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0049
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0050
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0051
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0052
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0053

C.D. Munialo, D. Stewart, L. Campbell et al.

Kramer, R.M., Shende, V.R., Motl, N., Pace, C.N., Scholtz, J.M., 2012. Toward a molecular
understanding of protein solubility: increased negative surface charge correlates with
increased solubility. Biophysical journal 102 (8), 1907-1915.

Kroncke, N., Boschen, V., Woyzichovski, J., Demtrdder, S., Benning, R., 2018. Compari-
son of suitable drying processes for mealworms (Tenebrio molitor). Innovative Food
Science Emerging Technologies 50, 20-25.

Le, T.-M., Knulst, A.C., Réckmann, H., 2014. Anaphylaxis to Spirulina confirmed by
skin prick test with ingredients of Spirulina tablets. Food Chemical Toxicology 74,
309-310.

Lodish, H., Berk, A., Zipursky, S.L., Matsudaira, P., Baltimore, D., & Darnell, J. (2000a).
Hierarchical structure of proteins. In Molecular Cell Biology. 4th edition: WH Free-
man.

Lodish, H., Berk, A., Zipursky, S.L., Matsudaira, P., Baltimore, D., Darnell, J., 2000b.
Molecular cell biology 4th edition. National Center for Biotechnology Information,
Bookshelf.

Lonchamp, J., Akintoye, M., Clegg, P.S., Euston, S.R., 2020a. Functional fungal extracts
from the Quorn fermentation co-product as novel partial egg white replacers. Euro-
pean Food Research and Technology 246 (1), 69-80.

Lonchamp, J., Akintoye, M., Clegg, P.S., Euston, S.R., 2020b. Sonicated extracts from
the Quorn fermentation co-product as oil-lowering emulsifiers and foaming agents.
European Food Research and Technology 246 (4), 767-780.

MacLeod, G., Ames, J., Betz, N.L., 1988. Soy flavor and its improvement. Critical Reviews
in Food Science Nutrition bulletin 27 (4), 219-400.

Malcolmson, L., Frohlich, P., Boux, G., Bellido, A., Boye, J., Warkentin, T., 2014. Aroma
and flavour properties of Saskatchewan grown field peas (Pisum sativum L.). Canadian
Journal of Plant Science 94 (8), 1419-1426.

Maurya, N.K., & Kushwaha, R. (2019). Chapter-7 Novel Protein Foods: Alternative Sources
of Protein for Human Consumption.

Maykish, A., Nishisaka, M.M., Talbott, C.K., Reaves, S.K., Kristo, A.S., Sikalidis, A.K., 2021.
Comparison of Whey Versus Almond Protein Powder on Nitrogen Balance in Female
College Students; The California Almond Protein Powder Project (CAlmond-P3). In-
ternational Journal of Environmental Research Public Health 18 (22), 11939.

Mbow, H.-O.P., Reisinger, A., Canadell, J., & O’Brien, P. (2017). Special Report on cli-
mate change, desertification, land degradation, sustainable land management, food
security, and greenhouse gas fluxes in terrestrial ecosystems (SR2). Ginevra, IPCC,
650.

Melgar-Lalanne, G., Hernandez-Alvarez, A., Salinas-Castro, A., 2019. Edible insects pro-
cessing: traditional and innovative technologies. Compr Rev Food Sci Food Saf 18,
1166-1191 In.

Mirabella, N., Castellani, V., Sala, S., 2014. Current options for the valorization of food
manufacturing waste: a review. Journal of Cleaner Production 65, 28-41.

Mittermeier-KleBinger, V.K., Hofmann, T., Dawid, C., 2021. Mitigating off-flavors of plan-
t-based proteins. Journal of agricultural food chemistry 69 (32), 9202-9207.

Munialo, C., Euston, S., & de Jongh, H. (2018). Protein gels. Proteins in food processing,
501-521.

Munialo, C.D., Martin, A.H., Van Der Linden, E., De Jongh, H.H., 2014. Fibril formation
from pea protein and subsequent gel formation. Journal of agricultural food chemistry
62 (11), 2418-2427.

Munialo, C.D., van der Linden, E., Ako, K., de Jongh, H.H., 2015. Quantitative analysis
of the network structure that underlines the transitioning in mechanical responses of
pea protein gels. Food Hydrocolloids 49, 104-117.

Munialo, C.D., van der Linden, E., de Jongh, H.H., 2014. The ability to store energy in
pea protein gels is set by network dimensions smaller than 50 nm. Food research
international 64, 482-491.

Nikbakht Nasrabadi, M., Sedaghat Doost, A., Mezzenga, R., 2021. Modification approaches
of plant-based proteins to improve their techno-functionality and use in food products.
Food Hydrocolloids 118, 106789.

OECD/FAO, 2021. OECD-FAO agricultural outlook 2021-2030. OECD Publishing Paris,
France.

Ojha, S., Bekhit, A.E.-D., Grune, T., Schliiter, O.K., 2021. Bioavailability of nutrients from
edible insects. Current Opinion in Food Science 41, 240-248.

Onwezen, M.C., Bouwman, E.P., Reinders, M.J., Dagevos, H., 2021. A systematic review
on consumer acceptance of alternative proteins: Pulses, algae, insects, plant-based
meat alternatives, and cultured meat. Appetite 159, 105058.

Parfitt, J., Barthel, M., Macnaughton, S., 2010. Food waste within food supply chains:
quantification and potential for change to 2050. Philosophical transactions of the
royal society B: biological sciences 365 (1554), 3065-3081.

Patra, A.K., 2014. Trends and Projected Estimates of GHG Emissions from Indian Live-
stock in Comparisons with GHG Emissions from World and Developing Countries.
Asian-Australasian journal of animal sciences 27 (4), 592-599.

Pelgrom, P.J., Berghout, J.A., van der Goot, A.J., Boom, R.M., Schutyser, M.A., 2014.
Preparation of functional lupine protein fractions by dry separation. LWT-Food Sci-
ence Technology 59 (2), 680-688.

Pelgrom, P.J., Vissers, A.M., Boom, R.M., Schutyser, M.A., 2013. Dry fractionation for
production of functional pea protein concentrates. Food Research International 53
(1), 232-239.

Pimentel, D., Dritschilo, W., Krummel, J., Kutzman, J., 1975. Energy and land constraints
in food protein production. Science 190 (4216), 754-761.

Pimentel, D., Pimentel, M., 2003. Sustainability of meat-based and plant-based diets and
the environment. Am J Clin Nutr 78 (3), 660S-663S.

10

Future Foods 6 (2022) 100152

Platt, R., Bauen, A., Reumerman, P., Geier, C., van Ree, R., Giirsel, I.V., Howes, J. (2021).
EU Biorefinery Outlook to 2030 (Lot 3): Studies on support to research and innovation
policy in the area of bio-based products and services.

Possidénio, C., Prada, M., Graca, J., Piazza, J., 2021. Consumer perceptions of conven-
tional and alternative protein sources: A mixed-methods approach with meal and
product framing. Appetite 156, 104860.

Purschke, B., Briiggen, H., Scheibelberger, R., Jdger, H., 2018. Effect of pre-treatment
and drying method on physico-chemical properties and dry fractionation behaviour
of mealworm larvae (Tenebrio molitor L. European Food Research Technology 244
(2), 269-280.

Purschke, B., Meinlschmidt, P., Horn, C., Rieder, O., Jager, H., 2018. Improvement of tech-
no-functional properties of edible insect protein from migratory locust by enzymatic
hydrolysis. European Food Research Technology 244 (6), 999-1013.

Raats, J., 2007. Meat (substitutes) comparing environmental impacts. A Case study com-
paring Quorn and pork. Training thesis at Centre for Energy and Environmental Stud-
ies. University of Groningen. In: University of Groningen Groningen.

Rackis, J., Sessa, D., Honig, D., 1979. Flavor problems of vegetable food proteins. Journal
of the American Oil Chemists’ Society 56 (3Part2), 262-271.

Ries-Kautt, M., & Ducruix, A. (1997). [3]Inferences drawn from physicochemical studies
of crystallogenesis and precrystalline state. In Methods in enzymology (Vol. 276, pp.
23-59): Elsevier.

Ries-Kautt, M., Ducruix, A.F., 1989. Relative effectiveness of various ions on the solubility
and crystal growth of lysozyme. Journal of Biological Chemistry 264 (2), 745-748.

Rupp, L.S., Molitor, M.S., Lucey, J.A., 2018. Effect of processing methods and protein
content of the concentrate on the properties of milk protein concentrate with 80%
protein. J Dairy Sci 101 (9), 7702-7713.

Samson, K.T.R., Chen, F.H., Miura, K., Odajima, Y., Iikura, Y., Rivas, M.N., Adachi, M.,
2004. IgE binding to raw and boiled shrimp proteins in atopic and nonatopic patients
with adverse reactions to shrimp. International archives of allergy immunology 133
(3), 225-232.

Schein, C.H., 1993. Solubility and secretability. Current opinion in biotechnology 4 (4),
456-461.

Schutyser, M., Van der Goot, A., 2011. The potential of dry fractionation processes for
sustainable plant protein production. Trends in Food Science Technology 22 (4),
154-164.

Sexton, A.E., Garnett, T., Lorimer, J.J.E., Nature, P.E., & Space. (2019). Framing the future
of food: The contested promises of alternative proteins. 2(1), 47-72.

Shukla, P.R., Skeg, J., Buendia, E.C., Masson-Delmotte, V., Portner, H.-O., Roberts, D.,
van Diemen, S. (2019). Climate Change and Land: an IPCC special report on climate
change, desertification, land degradation, sustainable land management, food secu-
rity, and greenhouse gas fluxes in terrestrial ecosystems.

Singh, P., Kumar, R., Sabapathy, S., Bawa, A., 2008. Functional and edible uses of soy
protein products. Comprehensive Reviews in Food Science Food Safety 7 (1), 14-28.

Smil, V., 2001. Feeding the world: A challenge for the twenty-first century. MIT press.

Souza Filho, P.F., Andersson, D., Ferreira, J.A., Taherzadeh, M., 2019. Mycoprotein: envi-
ronmental impact and health aspects. World Journal of Microbiology Biotechnology
35 (10), 1-8.

Tan, M., Nawaz, M.A., & Buckow, R.J.F.R.I. (2021). Functional and food application of
plant proteins-a review. 1-29.

Tessari, P., Lante, A., Mosca, G., 2016. Essential amino acids: master regulators of nutrition
and environmental footprint? Scientific reports 6, 26074.

Traub Modinger, J.E., 2015. Protein recovery from whisky by-products: a study of using
ion exchange chromatography for the recovery of proteins from pot ale. Heriot-Watt
University.

Trindler, C., Kopf-Bolanz, K.A., Denkel, C., 2021. Aroma of peas, its constituents and re-
duction strategies—effects from breeding to processing. Food chemistry, 131892.
Tzompa-Sosa, D.A., Yi, L., van Valenberg, H.J., van Boekel, M.A., Lakemond, C.M., 2014.
Insect lipid profile: aqueous versus organic solvent-based extraction methods. Food

research international 62, 1087-1094.

Ursu, A.-V., Marcati, A., Sayd, T., Sante-Lhoutellier, V., Djelveh, G., Michaud, P., 2014.
Extraction, fractionation and functional properties of proteins from the microalgae
Chlorella vulgaris. Bioresource Technology 157, 134-139.

Vandeweyer, D., Lenaerts, S., Callens, A., Van Campenhout, L., 2017. Effect of blanching
followed by refrigerated storage or industrial microwave drying on the microbial load
of yellow mealworm larvae (Tenebrio molitor). Food control 71, 311-314.

Vatansever, S., Ohm, J.B., Simsek, S., Hall, C., 2022. A novel approach: Supercritical car-
bon dioxide+ ethanol extraction to improve techno-functionalities of pea protein iso-
late. Cereal Chemistry 99 (1), 130-143.

Willett, W., Rockstrém, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., Mur-
ray, C.J.L., 2019. Food in the Anthropocene: the EAT-Lancet Commission on healthy
diets from sustainable food systems. Lancet 393 (10170), 447-492.

Womeni, H.M., Tiencheu, B., Linder, M., Nabayo, C., Martial, E., Tenyang, N., Parmen-
tier, M., 2012. Nutritional value and effect of cooking, drying and storage process on
some functional properties of Rhynchophorus phoenicis. International Journal of Life
Science and Pharma Research.

Xing, Q., de Wit, M., Kyriakopoulou, K., Boom, R.M., Schutyser, M.A.L., 2018. Protein
enrichment of defatted soybean flour by fine milling and electrostatic separation. In-
novative Food Science & Emerging Technologies 50, 42-49.

Yi, L., Lakemond, C.M.M., Sagis, L.M.C., Eisner-Schadler, V., van Huis, A., van
Boekel, M.A.J.S., 2013. Extraction and characterisation of protein fractions from five
insect species. Food chemistry 141 (4), 3341-3348.


http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0054
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0055
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0056
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0058
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0059
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0060
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0061
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0062
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0064
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0066
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0067
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0068
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0070
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0071
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0072
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0073
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0074
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0075
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0076
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0077
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0078
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0079
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0080
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0081
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0082
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0084
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0085
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0086
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0087
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0088
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0090
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0091
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0092
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0093
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0094
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0097
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0098
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0099
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0101
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0102
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0103
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0104
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0105
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0106
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0107
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0108
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0109
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0110
http://refhub.elsevier.com/S2666-8335(22)00040-5/sbref0111

	Extraction cs
	1-s2.0-S2666833522000405-main
	Extraction, characterisation and functional applications of sustainable alternative protein sources for future foods: A review
	1 Introduction
	2 Alternative protein sources
	2.1 Insects
	2.2 Fungi
	2.3 Plant proteins

	3 Extraction of alternative protein sources
	4 Functional characterisation of some alternative proteins
	5 Challenges in the application of alternative proteins in the food industry
	5.1 Flavour and taste
	5.2 Allergenicity
	5.3 Protein solubility

	6 Nutritional properties of alternative proteins
	7 The opportunities and challenges in exchangeability of animal proteins with alternative proteins
	8 Conclusion
	Declaration of Competing Interest
	Acknowledgment
	Ethical guidelines
	Data availability statement
	Ethical statement - studies in humans and animals
	References





