
Citation: Gómez-García, R.;

Vilas-Boas, A.A.; Vilas-Boas, A.M.;

Campos, D.A.; Pintado, M.

Polyelectrolyte Precipitation: A New

Green Chemistry Approach to

Recover Value-Added Proteins from

Different Sources in a Circular

Economy Context. Molecules 2022, 27,

5115. https://doi.org/10.3390/

molecules27165115

Academic Editor: M. Gilles Mailhot

Received: 29 June 2022

Accepted: 5 August 2022

Published: 11 August 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

molecules

Review

Polyelectrolyte Precipitation: A New Green Chemistry Approach
to Recover Value-Added Proteins from Different Sources in a
Circular Economy Context
Ricardo Gómez-García , Ana A. Vilas-Boas , Ana Martins Vilas-Boas , Débora A. Campos and Manuela Pintado *

Universidade Católica Portuguesa, CBQF-Centro de Biotecnologia e Química Fina-Aboratório Associado,
Escola Superior de Biotecnologia, Rua Diogo Botelho 1327, 4169-005 Porto, Portugal
* Correspondence: mpintado@ucp.pt; Tel.: +351-22-5580-044

Abstract: Proteins have always been vital biological molecules used for industrial purposes, human
nutrition and health. Nowadays, seeking new alternatives and sources of these biomolecules is
becoming an increasing research trend derived from the present consumer awareness between food
consumption and health promotion, but also on environmental sustainability. Although there are
different consolidated/traditional downstream processes to obtain proteins, such as chromatography
tools, alkali hydrolysis, precipitation by inorganic salts and organic solvents, their industrial-scale
application still demands urgent innovation due to the poor recovery yields, high costs and time-
consuming steps, environmental impact as well as some toxic concerns. Polyelectrolyte precipitation
represents a green, innovative alternative for protein recovery; however, there are reduced data
regarding its pilot or industrial-scale application. In this literature work, the action mechanism
and principles with regards to its functionality and insights for its application on a big scale are
reviewed. Overall, this review discusses the novelty and sustainability of protein precipitation
by polyelectrolytes from different sources against traditional techniques as well as highlights the
relationship between protein source, production relevance and bioactive properties that are key
factors to maximize the application of this extractive method on a circular economy context.

Keywords: green process; polyelectrolytes; protein recovery; circular economy; sustainability; ionic
precipitation; food waste; plant-based proteins

1. Introduction

The global demand for innovative and functional foods and materials has increased
over the ten years and, with a fast-growing population, the need for alternative resources
emerges alongside the large generation of biomass waste. Food waste (FW) accounts for up
to 50% of the total waste and in Europe is composed of 40% vegetables and fruit, 33% pasta
and bread and 25% dairy products and meat residues [1]. The generation of FW is inevitable
but can be avoided and reduced by creating methods which can valorize FW toward a
sustainable bioeconomy, accomplishing the United Nations sustainable development goal
of 2030 to reduce by food waste production by 50%. In 2019, there was a global generation
of 931 million tons of food waste, according to the UN Environment Program Food Waste
Index report [2].

Biorefinery is a concept in which FW is exploited to its integral potential and converted
into value-added bioactive molecules and ingredients such as carbohydrates, proteins and
bio-based enzymes, biofuels, biopolymers, bio-based molecules and materials [3]. This
concept enters in the circular bioeconomy approach which encompasses the production of
value-added products in a sustainable and integrated manner, while generating zero waste
and reducing/eliminating waste management problems and related costs by employing
green methodologies and technologies for FW valorization and recycling [2,4].
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These value-added bioactive molecules can be primary constituents such as sugars,
amino acids and proteins; and secondary constituents such as alkaloids, flavonoids, tannins,
phenolic compounds, among others [5]. They can be applied in medicine, nutraceuticals,
cosmetics, flavors/fragrances, food additives, antimicrobials, etc. [6]. Primary molecules
such as proteins are gaining great industrial interest; however, the current challenge to
obtain them is to create and establish environmentally friendly downstream approaches to
separate, extract, purify and collect these molecules from FW throughout the production
supply chain [6,7]. Many researchers have developed techniques such as alkali treatments,
solid-state fermentation and enzymatic-assisted extraction to maximize structural degrada-
tion of FW and optimize the extraction yields of proteins by applying aqueous two-phase
systems and chromatography techniques, among several traditional techniques such as salt
and ethanolic precipitations [5]. However, due to the present disadvantages from these pro-
cesses related to high-cost, complexity, null scalability and possible protein degradation, the
green extraction, purification and modification of proteins originated from agro-industrial
waste could promote the development of new sustainable approaches within the bioecon-
omy and circular economy scope [8]. Among green processes, the protein precipitation
by polyelectrolytes (PEP) takes advantage of the capacity to form nonsoluble complexes
between the polyelectrolyte and proteins by natural physico-chemical interactions at soft
temperatures in heterogeneous and aqueous environments just as similar as those occur-
ring in biological and natural systems, being an easily scaled-up, environmentally friendly
and low-cost tool [8,9]. In this regard, polyelectrolyte-protein complexes (Poly-Pro) are
considered to be a group of self-assembly molecules that form a complex of oppositely
charged ions in aqueous solutions, including polyelectrolytes that form upon complexation
between oppositely charged polyelectrolytes (polyelectrolyte-polyelectrolyte complex), and
flocculation of oppositely charged particles and polyelectrolytes. Polyelectrolytes (Polys)
are macromolecules containing several functional groups, such as carboxylic and sulphonic,
which are electrically charged or can acquire an electric charge under particular condi-
tions [9]. They can be synthetic, such as polyacrylic acids, which are not biodegradable
but undergo degradation under certain physico-chemical conditions, or natural, such as
polysaccharides, which are eco-friendly and can be discarded. Their solubility in water de-
pends on the environmental conditions (e.g., pH), which affect the charge of the functional
groups. Variations on the pH promote changes in the ionization state of the hydrophilic
groups, producing intra- and interchain repulsions which sustain the Poly in extended
conformation and as water-soluble [8,10]. If in the presence of a neutral Poly, its chains
interact with each other and can form insoluble aggregates [11]. For example, oppositely
charged Polys (polycations or polyanions) solubilized in water form complexes that are
categorized mainly into three different classes: (i) soluble complexes (macroscopically
homogeneous systems with no aggregation), (ii) systems made of turbid colloidal with
suspended complex particles in the transition range to the split phase and (iii) two-phase
systems of supernatant and precipitated complex, which is easily recovered as a solid [12].

Very limited literature has been reported on the application of PEP for plant-protein
extraction. Based on the eco-innovativeness, disruptive approach, simple features and
reproducibility, the PEP could lead to industries making strategic decisions toward its
application and investment for the processing of FW to recover important value-added pro-
teins. Therefore, the aims of this review are to discuss and highlight remarkable outcomes
from PEP and its advantages, contributing with a better understanding of the theoretical
principles of PEP and related imperative factors (such as technological, molecular and
biochemical interactions) to be considered when exploring its great potential for future full
consolidation as a protein-extraction method.

2. Polyelectrolyte Definition and Characterization

By definition, Polys are any macromolecules with a high number of functional groups
that are electrically charged or acquire electric charge under certain conditions [9]. For
instance, when Polys are dissolved in a suitable polar solvent (usually water), they sponta-
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neously acquire or can acquire electric charge through their functional groups, which are
covalently linked to them, forming either a positive (polycation) or negative (polyanions)
polymeric chain; if both negative and positive groups occur, they are called polyam-
pholytes [13]. The Polys charge is neutralized by oppositely charged, smaller counter ions
that tend to preserve the neutrality. If any Poly’s solution contains a positive charge, small,
negatively charged ions can accompany it. Similarly, negatively charged materials can be
accompanied by small positively charged ions [9,14]. For Polys, the electrostatic interactions
and solubility are main variables that influence their structure. The four stages influencing
the Polys’ solubility that are attributed to the conformation in multivalent salt solutions are:
(I) Polys that dissolve in water can adopt an extended conformation, (II) divalent counter
ions will cause ion-bridging between two ionic sites on the polymer chain and the Polys
remain soluble, (III) high volume of charge screening causes precipitation of Polys from
solution with increased concentrations of salt and (IV) further increase in the concentration
of salt will redissolve the Polys in solution as a result of high-charge screening.

The main groups present in the Poly are carboxylic and sulphonic groups. The impor-
tance of this composition is to know when the Poly has the necessary conditions to interact
with the molecule of interest, such as proteins [9]. In their uncharged state, Polys behave
like any other macromolecule; however, the ionic groups’ dissociation causes changes in
their chemical and physical properties [14]. These properties, unlike uncharged molecules,
are their great water solubility, their ability to swell and bind large amounts of water, and
their ability to interact strongly with oppositely charged macromolecules [13]. There are
different types of Polys (strong: pH-independent charge or weak: pH-dependent charge).
For example, for weak ones, these changes are related to the electrostatic interactions and,
hence, are mainly sensitive to the pH and the amount and type of electrolytes present in
the solution [10,13]. The solubility of Polys in water depends on the state of charge of ionic
groups and, therefore, on the environmental conditions affecting this state, expressed as the
pH. The pH variations in the medium produce changes in the Polys’ ionic groups. When
the Polys are electrically charged, intra- and interchain repulsions are produced, which
maintain the macromolecule in an extended conformation and, therefore, are water-soluble.
When the Polys are neutral, their structure can interact with each other and eventually
form insoluble aggregates. Other properties, such as viscosity ionization constant, ionic
strength and diffusion coefficient, can also affect the Poly characteristics [13,14].

The Polys are classified according to some of their characteristics (Figure 1) mainly
based on the origin, the charge and the composition. The most important characteristic
in the development of methods for protein recovery are the use of natural and nontoxic
Polys. The synthetic Polys are obtained by chemical synthesis and cannot be discarded
in the environment because they are not biodegradable, and some of them are toxic and
carcinogenic [9]. On the other hand, the natural Polys are environmentally friendly. Both
synthetic and natural Polys are already produced and sold on a large scale. Examples
of common synthetic polyelectrolytes are poly (diallyldimethyl ammonium chloride),
polystyrene sulfonate, polyacrylic acid polyallylamine and their salts. Common natural
Polys are pectin, alginate, carboxymethyl cellulose, carrageenan, hyaluronic acid, chitosan,
dextran, gellan gum, xanthan gum and polypeptides. One of the main advantages of using
natural Polys is that they can be obtained from sustainable sources such as the by-products
from the agri-food industry.

Along with proteins, the polysaccharides are the major macromolecules in biological
systems, and they are electrically charged with strong- or weak-acid or -basic groups. All
polysaccharides are polydisperse, containing molecules with different degrees of polymer-
ization; hence, they can be organized by structure, by shape, by monomeric units and by
charge (neutral, anionic and cationic) [10]. The charge has a significant effect on the ionic
polysaccharides since these macromolecules adopt an extended shape (due to Coulombic
repulsion) and thus impart high viscosity to their solutions [10]. The commonly used
natural polyanions are polysaccharides with polymers of sugar acid (e.g., alginate and
pectin) [15], carboxyl groups that are substituted through a chemical reaction (e.g., carboxy-
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methylcellulose) [16] and sugar units biosynthesized with anionic substituents such as
sulfate groups (e.g., carrageenan) [17]. Moreover, at pH > 4.5, due to the deprotonation of
O-acetyl and pyruvyl residues, the xanthan gum turns into a polyanion and is used in these
conditions [18]. This negative charge increases the water solubility and polarity; however,
the intrinsic charge weakens intermolecular associations between polymer chains due to
repulsion [10].
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Figure 1. Classification of polyelectrolytes (Polys).

Pectin is an anionic, soluble heterogeneous polysaccharide containing linear chains
of α-(1→ 4)-D-galacturonic acid residues and 1,2-D-rhamnose with D-galactose and D-
arabinose side chains [19]. Apple pomace and orange peels and pomace are the two major
sources of pectin, although pectin is present in the cell wall of most plants [20]. Therefore,
it is possible to use pectin polysaccharides extracted from a food industry by-product in a
manner similar to Polys. Regarding alginate and carrageenan, they are a natural ingredient
that comes mainly from seaweed. Alginate is a linear, unbranched polymer, containing
α-L-guluronic acid (G) and β-D-mannuronic acid (M) bonded by 1→ 4 linkages; therefore,
it is a highly anionic and very polar polymer [21]. The physical properties of alginate
depend on a number of different key factors in which M and G contents play a crucial part.
Around 200 different categories of alginates have been identified and extracted from nature
and the ratio of mannuronate to guluronate (M/G) varies significantly depending on the
source organism and tissue from which it is being isolated and also the season when it was
harvested. It can be extracted up to 40% dry matter (DM) of alginate from the cell wall
of brown seaweed. The seaweed is a renewable biomass due to its abundant availability
around the world, and the production process is considered biodegradable, biocompatible
and environment-friendly [22]. Industrial-scale alginate production commenced in 1929,
and it is estimated that there is a total of at least 30,000 tons/year of commercial alginate
production. The production is predominantly derived from brown seaweed such as genera
Laminaria, Macrocystis and Ascophyllum. In addition to seaweed, alginate can also be
extracted from bacteria species such as Azotobacter spp. and Pseudomonas spp. [23].
Carrageenan is a collective term for sulfated polysaccharides that could be obtained from
diverse species of red seaweed of the family Rhodophyceae [10]. They are composed by
alternated galactopyranosyl dimer units linked by alternated β-(1-4) and α-(1-3) glycosidic
bonds, and the sugar units are sulfated [24]. It can be classified as lambda (λ), kappa (κ) or
iota (ι) according to their capacity to form gel [25]. Therefore, different seaweeds produce
different types of carrageenans; however, one of the types is always the more predominant.
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The major commercial sources are Gigartina spp., Eucheuma cottonii, Chondrus crispus,
Hypnea spp. and Eucheuma spinosum.

Regarding polycationic polysaccharides, there are only a few natural compounds
available in the market. Chitosan is a well-established cationic polymer in nature because
their amino group confers a positive charge when it is dissolved in an acidic solution.
Chitosan, the N-deacetylation product of chitin, is one of the most widely occurring
polymers in nature: it can be found in a range of eukaryotic species such as crustacea,
insects and fungi. Chitosan is a linear polysaccharide, composed of glucosamine and N-
acetyl glucosamine units via β-(1→ 4) linkages, randomly or block distributed throughout
the biopolymer chain, depending on the preparation method to derive chitosan from
chitin [26]. In acidic conditions, chitosan suits the only polysaccharide with high positively
charged density, due to the protonation of amino groups. Moreover, chitosan has been
proven to have other special properties such as nontoxicity and biodegradability [27].
Shrimp and crabs are the most common sources cited in the literature as the raw material
for chitosan preparation, while other species such as lobster, crayfish and oyster have
also been utilized. Seafood industries produce a large amount of waste (shells) with a
high environmental impact. These worthy wastes can be converted into an added-value
product—chitosan. Different crustacean by-products show different contents of chitin;
however, crustacean shell waste on average consists of 20–30% (w/v) of chitin [28]. On a
commercial scale, chitin/chitosan is mostly extracted chemically from shrimp shells.

Despite starch not being described as a polyelectrolyte, it could be another important
polysaccharide that assumes a positive surface charge when dispersed in water, and
can form complex networks between oppositely charged chains, lipids and proteins [29].
Amylose and amylopectin are two polymers that constitute starch. Amylopectin possesses a
branched structure with α-1–4 as well as α-1–6 glycosidic linkages, while amylose possesses
a linear structure with α-1–4 glycosidic linkage [30]. The major commercial sources of
starch are corn (64%), cassava, sweet potato and potato. Although starch obtained from
conventional sources has frequent usage, its extraction from unconventional sources offers
an attractive alternative. Unconventional sources of starch include unripe fruits and their
by-products as peels and seeds, rhizomes (ginger, turmeric, lotus), cereals (amaranthas,
millet), pseudocereals (buckwheat), legumes (lima bean, navy bean, pea, lentil), nuts (horse
chestnut, water chestnut) [31].

3. Polyelectrolyte Complex

Research studies have described the interactions and phase behavior of complexes
encompassing proteins and Polys, discussing the influence of ionic strength, Polys’ char-
acteristics (size, length and charge groups) and proteins’ charge density on the complex
formation. Also, phase behavior of Poly–Pro complexes is strongly dependent on the
electrostatic interactions, which in turn are directed by several factors, such as Polys charge
density, surface charge distribution of the protein and the solvent conditions (pH, ionic
strength). Additionally, the bulk concentrations of both the protein and the Polys affect
the composition and the net charge of the microscopic complexes, thereby affecting the
intercomplex interactions. As general rules, good Polys for protein precipitation by complex
formation should have free electrically charged groups (ligand coupling), not interact with
the impurities in the system (avoid nonspecific coprecipitation), preserve the structures
(secondary and tertiary) of the protein without affecting the biological activity, give high
yields and good purification factors and be commercially available, cheap and natural.
Polys strongly interact with proteins of the opposite electrical charge to form complexes
according to the conditions of the medium. Therefore, the result of the electrostatic inter-
action (Coulomb’s interactions) is the formation of a Poly–Pro complex (Figure 2). These
complexes cause the formation of two phases: the dilute phase and the concentrated
complex phase or in a compact gel or precipitate solid [9,32]. The mutual electrostatic
interactions create the Poly–Pro complex, which are predominate between polycations
and polyanions upon mixing aqueous solutions of oppositely charged Polys, leading to
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the formation of complexes, which aggregate up to reach sizes and superficial properties
that lead to phase separation [10]. The formation, properties and applications of Poly–Pro
complexes have been widely described in the last decades [8,9,17,32]. The use of natural
polysaccharides that have electrically charged groups increased the number of available
Polys and, therefore, the possibilities to form Poly-Pro complexes [9]. The complex forma-
tion between polysaccharides and proteins is a phenomenon that allows for the reaching
of the energy equilibrium, leading to a decrease in the total electrostatic free energy of the
complex [10]. The electrostatic interaction of proteins with natural PE may result in amor-
phous precipitates, complex coacervate, gels, fibers or the formation of soluble complexes.
Generally, the complex formation is driven mainly by the decrease in free energy resulting
from a positive enthalpic contribution occurring from the electrostatic interactions between
the biopolymers, and the negative entropic contribution arises from the release of water
molecules due to the compaction of biopolymers. Other interactions, such as electrostatic
and short-range, e.g., hydrophobic, van der Waals forces or hydrogen bonds, might be
secondarily involved in the formation of the protein–polysaccharide complexes [10].
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Figure 2. Schematic representation of the key characteristics of polyelectrolytes and proteins to
develop the complex formation.

The Poly-Pro attractions were affected by physicochemical parameters, such as pH,
the ionic strength, the number and distribution of charged sites on the protein surface,
the composition and quantity of the polyelectrolyte, the charge density and the stiffness
of the polysaccharide chain. Generally, the interaction happens when the pH value is
far from the isoelectric point (pI) of the protein in order to avoid a neutral charge and
increase the electrical (positive or negative) charge, obtaining a better interaction with the
polyelectrolyte. Thus, this indicates the pH value in which the Poly–Pro complex formation
is favorable to take place. Generally, the complex formation occurs within a pH range;
therefore, out of that range, the soluble complexes become insoluble Poly–Pro complexes
due to the charge neutralization. Therefore, the change of pH could transform the Poly–Pro
complex formed by the electric charges into soluble or insoluble (Figure 3). Applying a
simple centrifugation force makes it possible to separate the complex from the protein from
the solution.

The main application of the Polys with proteins includes: (1) protein separation, (2) sta-
bilization of enzymes, (3) modification of protein-substrate affinity and (4) electrostatic
interactions between proteins and nucleic acids.
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4. Perspectives on Sustainable Protein Sources

Proteins with or without biological activity (enzymes) are widely used by differ-
ent industries, traditionally categorized into three sectors: technical, food and feed pro-
teins/enzymes. Technical enzymes are applied in detergent, leather, textile and personal
care industries, while food enzymes are applied for dairy, brewing, beverages and baking,
and feed enzymes, usually for animal feeds [33]. In this matter, the global animal and plant-
based protein market size is projected to exceed USD 70.7 billion by 2025 at a CAGR of 6.0%
from 2019 [34], and the industrial enzymes are expected to increase their global demand to
USD 14.7 billion by 2025, where the technical enzymes account for USD 1.5 billion by 2026,
feed enzymes for USD 1.9 billion by 2025 and food enzymes for USD 3.6 billion by 2026 [35].
Consequently, the encouragement to increase innovations on proteins with functional
properties as well as to expand consumer knowledge and literacy about good nutrition and
health claims are indispensable. Moreover, the current trends of vegetarianism, veganism
and flexitarianism have been supporting an enormous social awareness associated with
preserving the environment, animal protection and a high demand of nonanimal proteins,
and such trends represent rapid, interesting, rising topics for enterprises [36].

Different correlations on meat proteins’ consumption with health issues have been
found due to the high use of antibiotics and hormones in livestock feed. Compared with
animal sources, vegetable plant sources have lower protein content; for example, protein
concentrates in a dry basis are 27% for milk, 53% for eggs, 37–83% for meats and 58–90%
for sea animals, and protein concentration from vegetal raw materials is around 22–40% in
legumes, 8–18% in cereals, 4–20% in nuts, 18–32% in different seeds and less than 10% in
tubers. The concentration of protein in novel sources such as algae (16–66%), mushrooms
(20–30%) and insects (30–60%) are also promising sources of proteins [37–39]. However,
plant-based proteins are currently the most preferable segment due to their high nutritional
quality, hypo-allergenicity, gluten-free and cholesterol-free compositions, lower saturated
fatty acids content, affordability, high availability and versatility, and they also exhibit
a wide array of techno- and biofunctional properties in comparison with proteins from
animal and dairy sources, providing human health benefits [40,41]. In this context, the main
sources of plant-based proteins for food formulations are soy proteins (63.3%), followed by
wheat (46.8%), pea (40.2%), rice (7.2%) and vegetable proteins (4.7%) [42].

On the other hand, agri-food industries annually generate approximately 1.3 billion
tons of FW, with an estimated economic loss of USD 990 billion. Specifically, in 2017,
Europe generated 96 million tons of fruits and vegetables, corresponding to 8.5% of the
total global production, and around 30% of such production was discarded as waste [43].
In Portugal, around 17%, equivalent to about 1 million tons per year, of the edible parts
of the food produced for human consumption are wasted or lost, in which 42% of this
waste comes from fruits and vegetables [44]. Processing FW and by-products include
damaged crops, pomaces, leaves, seeds, peels, cores, brans, oilseed cakes, molasses, among
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others. These fruit and vegetable by-products require serious waste management, recycling
and valorization processes, depending on their nature and quantity, but most of these
food by-products could be valorized in order to create revenue streams [5,45]. Several
agri-food by-products contain a high content of proteins, carbohydrates, lipids and other
bioactive compounds including phenolics, dietary fibers, alkaloids and pigments [2,46].
The recovery of valuable compounds, such as proteins from these by-products, can improve
global sustainability related with food, environment and economy, as well as meet with
their increasing consumer and industrial demands. This approach is also associated with
circular bioeconomy since the exhaustive energy consumption from fossil fuels and their
consequent environmental pollution highly advise us to transition from a linear economy
to a sustainable, circular bioeconomy based on bioresource recovery, green energy and
methodologies with a zero-waste production [47,48]. Therefore, the application of FW and
by-products as raw materials for protein recovery could lead us to wisely find sustainable
solutions for their full exploitation in a circular economy approach.

5. Polyelectrolyte Precipitation vs. Traditional Extractive Methods

Proteins are present in plants, especially fruit and vegetables, as well as animal tissues;
they are linked to structural and phyto-molecules such as polysaccharides, sugars and
fibers. In this regard, it is essential to break down the intramolecular linkages and weaken
and disintegrate cell wall structures to maximize the extraction and recovery of proteins
from these matrices [49]. Most of the protein extraction processes involve different steps,
including sample disruption and homogenization, solvent selection, protein extraction
and stabilization.

Traditional extractive processes such as alkaline treatments (ATs), inorganic and or-
ganic solvents precipitation (IOSP) and liquid chromatography (LC) are the most widely
used methods for protein recovery; although they are consolidated methods and have
been extensively used during many years, they are currently categorized as nonsustainable
with restricted industrial application [17,50]. For example, the ATs are limited by their low
protein recovery yield (~30%), denaturation of protein, loss of important amino acids and
time-consuming process, and the use of a high concentration of alkali solution represents
a non-eco-friendly method. Although the IOSP methods employ a high water content
which results in an advantageous situation for protein solubility and stability, the saturation
levels (up to 60%) of the inorganic salts (ammonium sulphate) and high volumes of organic
solvents (acetone, butanol, iso-propanol and ethanol) possibly lead to a toxic final product,
and both precipitation processes are not protein selective, dealing with an extra step pro-
cess for protein cleaning and purification to remove unwanted molecules from the protein
solution [51]. The LC methods are well-recognized for assuring the recollection of target
proteins with a high purity degree (≥90%), which allowed it to be directed to cosmetic
or pharmaceutical industries; however, they still have some disadvantages to overcome,
regarding a laboratory-intensive process, low production volume, time-consuming proce-
dure and expensive equipment [52]. Having these unfavorable facts in mind regarding
protein recovery techniques, the development of innovative and disruptive methods is
manifestly needed. Therefore, ionic precipitation using Polys is a well-studied interaction
methodology that, through these few years, have been used as an extractive technique and
a sustainable green process, representing a nontoxic, low-cost and easy-to-scale process at
the industrial scale to recover proteins in an efficient and feasible manner, conserving their
structure and biological activity [9].

As described in Section 2, Polys can interact with solubilized proteins by the shift
of pH or ionic strength, Poly–Pro ratio, polysaccharide linear charge density, protein sur-
face charge density and stiffness of the polysaccharide chain, allowing the formation of
soluble or nonsoluble complexes to take place and developing a semisolid hydrocolloid
mixture between polyelectrolyte and proteins, which then is collected by centrifugation
or decantation [10,53]. Such interactions are strongly conducted mainly by the functional
groups (e.g., carboxylic and sulphonic) present in the structure of the Polys. In many of
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the cases, interactions between charged amino acids (cations) from proteins and anionic
groups from Polys lead to typically natural Coulombic attraction forces as well as strong,
but reversible, electrostatic and dipole–dipole interactions and hydrogen linkages [54]. Car-
rageenan (and derivatives), pectin, chitosan, alginate and Arabic gum are Polys naturally
obtained from certain types of plants, fruits, red seaweed and vegetables, which are more
preferred to be used than synthetic polyelectrolytes (polyacrylic acids and polystyrene)
due to their nature of being nontoxic, biodegradable and water-soluble polysaccharides.
These polymers are widely used in cosmetic, pharmaceutical and food industries due to
their organic label categorization.

The main advantages to apply ionic precipitation is that the precipitated mixture (Poly–
Pro complex) can be easily resolubilized in aqueous or buffer solutions (even in less volume
if desirable) by pH or ionic strength modifications and soft mixture, as well as represent a
nontoxic final product. Due to all aforementioned characteristics, the resulting product can
be applied by different typologies of industries targeting human consumption [55].

Overall, to apply this protein recovery method, it is important to consider the next
practical information (See Figure 2): (I) identify the specific characteristics of the target
protein in terms of molecular mass, electric charge and isoelectric point; (II) select a poly-
electrolyte with an opposite electric charge to the target protein; (III) as a first step, prior to
advancing to proteins present in complex products, it is preferable to work first with protein
standards, to verify and estimate the favorable interaction and precipitation conditions (pH
interval and the minimum concentration of polyelectrolyte required to form the complex);
and (IV) the target molecule must be assessed for its solubility, biological activity, structural
form and the impact on thermal stability.

6. Innovation on Protein Recovery by Polyelectrolyte Precipitation—Case Studies

A diverse number of synthetic Polys have been employed for the recovery of several
target proteins. However, natural Polys are preferable to be employed since they are
sustainable precipitant agents and have shown similar and even better results than the
synthetic ones. Data from recent studies have shown positive outcomes on the precipi-
tation process with both synthetic and natural Polys mainly on their recovery yield and
purification factors of proteins from diverse sources (Table 1). For example, polyacrylate,
a negatively charged polyelectrolyte, and its derivatives (Eudragits L100 and S100) were
used at a low concentration (0.002% w/v) and a slightly acidic pH (4.5) for the obtention
of pancreatic serine proteases and peroxidases (positively charged proteins) from bovine
pancreas and radish roots, respectively, resulting in an increase of 5-fold with a recovery of
33% of proteases and 1.5-fold with 50% of peroxidases [7,56]. Later, a natural
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(negatively charged polysaccharide) at ≤0.005% (w/v) was employed to precipitate chy-
motrypsin at a pH of 4.5 [57]. An interesting comparative study between a negatively (poly
vinyl sulfonate) and positively (chitosan) electric-charged polyelectrolytes was conducted
by Boggione et al. [58] for the precipitation of a positively charged endoglucanase at pH 2.7
produced by microbial fermentation and its commercial form, obtaining better results by
applying chitosan at a lower concentration (0.05% w/v) and higher pH (5.1) than poly vinyl
sulfonate (1% w/v), with a purification factor of 7-fold and ~30% of recovered bioactivity.
Another innovative research work was carried out by precipitating xylanase produced by
fungal solid-state fermentation. Such a production system can generate very homogeneous
extracts between target proteins, sugars and organic acids, among other interferences. Size
exclusion and ion exchange chromatography (time-consuming and costly methodologies)
are the most-used methods to recover and purify proteins. However, in this study, car-
rageenan and chitosan were effectively used to selectively recover xylanase with titles of
purification factor of 9-fold (at 0.5% w/v, pH 7.00) and 5.6-fold (at 0.05% w/v, pH 8.00),
respectively [59]. As it was previously stated, proteins are very important market products
and useful industrial biomolecules; however, their production and obtention processes in
some cases do not meet the consumer demands and concerns. Therefore, the obtention
of new natural sources for the recovery of proteins is preferred. In this regard, Portugal
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and its transition to a circular economy by FW and by-product valorization is boosting the
scientific and enterprise areas to look for plant-based proteins. For example, pineapple and
its by-products (peels and cores) are already known for their enzymatic content, specifically
in bromelain enzyme, with anti-inflammatory and proteolytic activities. Its purification
process was already optimized by polyelectrolyte precipitation, remarking less carrageenan
concentration usage (0.2–0.3% w/v, pH 5.1) with a high recovery yield of enzymatic activity
(80 to 90%) [60]. Additionally, by the uniqueness and simplicity of this bromelain extraction
process, the same researchers were awarded with an international patent in Europe (EP
3 252 156 A1) [61]. Following this subject matter, another research work was carried out
for the extraction of a poorly explored enzyme from melon by-products (peels) called
cucumisin with proteolytic and milk-clotting properties. The precipitation process was
conducted by applying carrageenan at a lesser concentration (0.003–0.006% w/v, pH 3),
obtaining better purification factors on proteolytic and milk-clotting activity (2.11- and
17.65-fold, respectively), when compared with the ammonium salt precipitation (1.60- and
2.06-fold, respectively) as well as a high recovery yield of enzymatic activity (60–80%) [62].

Table 1. Spectrum of protein recovery from different sources by polyelectrolyte precipitation (natural
vs synthetic).

Polyelectrolyte Target Protein Source Conditions Recovery Yield Purification
Factor Reference *

Alginate and
Carrageenan Protein Rice bran

Alginate-to-protein
ratio of 1:1 and
Carrageenan-to-

protein of 2:1;
pH 3.5

93% and 95%
protein

recovery,
respectively

- [63]

Carrageenan Chymotrypsin Bovine
pancreas 0.06%, w/v; pH 4.5 60% enzymatic

activity 3-folds [55]

Carrageenan Standard
Chymotrypsin Sigma Aldrich 0.005% w/v; pH 4.5 - - [57]

Eudragit L 100
and Eudragit

S 100
Peroxidase Raphanus

sativus L. 0.002% w/v; pH 4
50% and 45%

enzymatic
activity

2-folds [7]

Polyacrylate Serine proteases Bovine
pancreas 0.05% w/v; pH 4.5 33% protein

recovery 5-folds [56]

Poly-vinyl
sulfonate and

Chitosan
Endoglucanase

Solid-state
fermentation by
Aspergillus niger

1% w/w and 0.05%
w/v, respectively;

pH 5.3

40% enzymatic
activity 9- and 7-folds [58]

Carrageenan Standard
Bromelain Sigma Aldrich 0.08% w/v; pH 5.1

85–90%
enzymatic

activity
- [17]

Carrageenan Protein Chenopodium
quinoa

0.002–0.005% w/v;
pH 2.9 - - [64]

Chitosan and
Carrageenan Xylanase

Solid-state
fermentation by
Aspergillus niger

0.05% w/v;
pH 8.00 and

0.5% w/v; pH 7,
respectively

40% and 30%
enzymatic

activity
6- and 9-folds [59]

Sodium
alginate Lysozyme Egg white

sodium
alginate-to-protein

ratio of 2:1 pH 3

97% protein
recovery - [11]

Carrageenan Bromelain
Ananas comosus

Merr. peels
and stem

0.2–0.3% w/v;
pH 5.1

80–90%
enzymatic

activity
- [60]

Carrageenan Cucumisin Cucumis melo L.
peels 0.003% w/v; pH 3

90% proteolytic
60%

milk-clotting
activities.

2- and 18-folds [62]

* References are cited in chronological order.
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In summary, based on the good results and insights attributed by the application of
polyelectrolyte precipitation and its favorable patent applications and developments as
a measure of technological innovation, it could be suggested that this technique not only
represents an eco-friendly extractive method but also a promising technology to generate
new business lines and be transferred to pilot or industrial levels for the obtention of
bioactive proteins with high market demands.

7. Future Perspectives on Proteins Recovery toward Circular Economy

From the last 5 years, a surprising increased awareness on proteins for developing
novel, super and functional foods has arisen globally not only for researchers but also
for business developments [65]. Plant-based proteins are more sustainable nutritional
ingredients than animal-based proteins for the development of healthy foods to satisfy
vegan/flexitarian/vegetarian and nutrition-conscious consumers, together with the in-
creasing awareness of sustainable production and consumption [66]. However, as the
plant-based protein industry is still at a high demand for innovation in technologies,
processes and products, there is still the need to be a market segment that is effective
regarding profitability and improvement of consumers’ literacy. Thus, to address the
current market necessities, a considerable amount of investment must occur to improve
the quality of ingredients’ functionalities and end-products as well as the application of
novel green technologies, enabling a move forward to develop competitive and long-term
feasible businesses.

There is a demand to exploit and develop optimized techniques important for novel
plant-based protein recovery such as precipitation processes by Polys [10]. To highlight this
subject matter, this extraction technique is found to be a promising method for isolation
of enzymes from plant-based by-products, among other sources, conserving their native
structural and functional conformation with a wide range of specific activities. Additionally,
the integral application of this innovative technology for the recovery of proteins is gaining
interest due to its simplicity and null use of sophisticated equipment [11]. Moreover, this
method could provide higher yield, less time consuming, eco-friendly and lesser solvent
consumption over the conventional methods. However, the deep characterization and
optimization of this technique must be carried out when applied to different food waste
proteins to obtain safe and reproducible final products. On the other hand, having in mind
all the positive benefits coming from plant-based proteins, the search to look for more
resources of proteins and their functionalities is a scientific task that must be addressed in
parallel with enterprises in order to reach real and tangible results for society, sustainability
and the economy [67].

8. Conclusions and Final Remarks

The consumption of non-animal-origin proteins is not only a trend but also a modern
lifestyle, representing a vital long-term solution against many feed disorders and associated
health issues that today’s society is facing. Although the research of this kind of proteins
has already started and there is much evidence highlighting FW and by-products as novel
alternatives and sources of these biomolecules, the real challenge is still the development
and application of innovative and green technologies for their recovery. Therefore, protein
precipitation by polyelectrolyte represents an integral emerging eco-innovative method
focused on sustainable protein obtention without compromising the environmental sus-
tainability. As discussed in this review article, the combination of the use of food waste or
by-products as sources of proteins with the polyelectrolyte precipitation method for their
extraction, symbolizes a promising integrative process to (i) valorize food waste, (ii) obtain
a diversified pool of proteins/enzymes with high industrial interest and (iii) promote
sustainable and circular economic growth. However, the good outcomes from many of
the research works reported on this integrative process are often simply reported at the
laboratory scale; for now, it is troubling to achieve investigations at an industrial scale, since
it is necessary to optimize crucial parameters influencing their design and applications
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such as quantity, homogeneity, temperature and protein characteristics; such variables
are vital for industrial consolidation and thus, need urgent attention. To conquer these
lacks, the future direction of researchers and protein enterprises should converge and
work in synergy to provide a deeper understanding of the relationship between protein
structural changes and bioactive properties in relation to precipitation parameters at the
laboratory and pilot levels to guarantee and maximize the application of these proteins in a
real industrial scenario.

Author Contributions: Conceptualization, validation, formal analysis, D.A.C.; investigation, data
curation and writing—original draft preparation, R.G.-G., A.A.V.-B. and A.M.V.-B.; supervision,
project administration, funding acquisition and writing—review and editing, M.P. All authors have
read and agreed to the published version of the manuscript.

Funding: The author Ana A. Vilas-Boas would like to acknowledge the Fundação para a Ciência
e a Tecnologia—Portugal (FCT) for the individual Ph.D. grant (2020.05655.BD). Also, Débora A.
Campos acknowledges the FCT for the given support through the Individual Junior Research contract
(2021.01947.CEECIND).

Informed Consent Statement: Not applicable.

Acknowledgments: All the authors would like to thank the scientific collaboration of Escola Superior
de Biotecnologia of Universidade Católica Portuguesa through CBQF as well as to the FCT—Fundação
para a Ciência e a Tecnologia for the funding research grants given to Ana A. Vilas-Boas and Débora
A. Campos.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Gianico, A.; Gallipoli, A.; Gazzola, G.; Pastore, C.; Tonanzi, B.; Braguglia, C.M. A Novel Cascade Biorefinery Approach to

Transform Food Waste into Valuable Chemicals and Biogas through Thermal Pretreatment Integration. Bioresour. Technol. 2021,
338, 125517. [CrossRef] [PubMed]

2. Tsegaye, B.; Jaiswal, S.; Jaiswal, A.K. Food Waste Biorefinery: Pathway towards Circular Bioeconomy. Foods 2021, 10, 1174.
[CrossRef] [PubMed]

3. Carmona-Cabello, M.; Garcia, I.L.; Leiva-Candia, D.; Dorado, M.P. Valorization of Food Waste Based on Its Composition through
the Concept of Biorefinery. Curr. Opin. Green Sustain. Chem. 2018, 14, 67–79. [CrossRef]

4. Mak, T.M.W.; Xiong, X.; Tsang, D.C.W.; Yu, I.K.M.; Poon, C.S. Sustainable Food Waste Management towards Circular Bioeconomy:
Policy Review, Limitations and Opportunities. Bioresour. Technol. 2020, 297, 122497. [CrossRef]

5. Gómez-García, R.; Campos, D.A.; Aguilar, C.N.; Madureira, A.R.; Pintado, M. Valorisation of Food Agro-Industrial by-products:
From the Past to the Present and Perspectives. J. Environ. Manag. 2021, 299, 113571. [CrossRef]

6. Zuin, V.G.; Ramin, L.Z. Green and Sustainable Separation of Natural Products from Agro-Industrial Waste: Challenges, Potential-
ities, and Perspectives on Emerging Approaches. Top. Curr. Chem. 2018, 376, 3. [CrossRef]

7. Woitovich Valetti, N.; Picó, G. A Friendly Method for Raphanus sativus L (Wild Radish) Peroxidase Purification by Polyelectrolyte
Precipitation. Sep. Purif. Technol. 2013, 119, 1–6. [CrossRef]

8. Martins, M.; Soares, B.P.; Santos, J.H.P.M.; Bharmoria, P.; Torres Acosta, M.A.; Dias, A.C.R.V.; Coutinho, J.A.P.; Ventura, S.P.M.
Sustainable Strategy Based on Induced Precipitation for the Purification of Phycobiliproteins. ACS Sustain. Chem. Eng. 2021, 9,
3942–3954. [CrossRef]

9. Woitovich Valetti, N.; Brassesco, M.E.; Picó, G.A. Polyelectrolytes–Protein Complexes: A Viable Platform in the Downstream
Processes of Industrial Enzymes at Scaling up Level. J. Chem. Technol. Biotechnol. 2016, 91, 2921–2928. [CrossRef]

10. Campos, D.A.; Coscueta, E.R.; Pintado, M.M. Green Precipitation with Polysaccharide as a Tool for Enzyme Recovery. In Green
Chemistry and Applications; Taylor & Francis: Abingdon-on-Thames, UK, 2020; pp. 276–288. [CrossRef]

11. Sun, X.; Xiao, J.X.; Huang, G.Q. Recovery of Lysozyme from Aqueous Solution by Polyelectrolyte Precipitation with Sodium
Alginate. Food Hydrocoll. 2019, 90, 225–231. [CrossRef]

12. Rutkaite, R.; Bendoraitiene, J.; Klimaviciute, R.; Zemaitaitis, A. Cationic starch nanoparticles based on polyelectrolyte complexes.
Int. J. Biol. Macromol. 2012, 50, 687–693. [CrossRef] [PubMed]

13. Stuart, M.C.; de Vries, R.; Lyklema, H. Polyelectrolytes. In Soft Colloids; Academic Press: Cambridge, MA, USA, 2005; Volume 5,
pp. 2.1–2.84. ISBN 1874-5679.

14. Meka, V.S.; Sing, M.K.G.; Pichika, M.R.; Nali, S.R.; Kolapalli, V.R.M.; Kesharwani, P. A Comprehensive Review on Polyelectrolyte
Complexes. Drug Discov. Today 2017, 22, 1697–1706. [CrossRef]

http://doi.org/10.1016/j.biortech.2021.125517
http://www.ncbi.nlm.nih.gov/pubmed/34273629
http://doi.org/10.3390/foods10061174
http://www.ncbi.nlm.nih.gov/pubmed/34073698
http://doi.org/10.1016/j.cogsc.2018.06.011
http://doi.org/10.1016/j.biortech.2019.122497
http://doi.org/10.1016/j.jenvman.2021.113571
http://doi.org/10.1007/s41061-017-0182-z
http://doi.org/10.1016/j.seppur.2013.08.042
http://doi.org/10.1021/acssuschemeng.0c09218
http://doi.org/10.1002/jctb.5050
http://doi.org/10.1201/9780429291166-15
http://doi.org/10.1016/j.foodhyd.2018.12.024
http://doi.org/10.1016/j.ijbiomac.2012.01.037
http://www.ncbi.nlm.nih.gov/pubmed/22326820
http://doi.org/10.1016/j.drudis.2017.06.008


Molecules 2022, 27, 5115 13 of 14

15. Maciel, J.V.; Durigon, A.M.M.; Souza, M.M.; Quadrado, R.F.N.; Fajardo, A.R.; Dias, D. Polysaccharides Derived from Natural
Sources Applied to the Development of Chemically Modified Electrodes for Environmental Applications: A Review. Trends
Environ. Anal. Chem. 2019, 22, e00062. [CrossRef]

16. Rinaudo, M. Polyelectrolytes Derived from Natural Polysaccharides. In Monomers, Polymers and Composites from Renewable
Resources; Elsevier: Amsterdam, The Netherlands, 2008; pp. 495–516.

17. Campos, D.A.; Valetti, N.W.; Oliveira, A.; Pastrana-Castro, L.M.; Teixeira, J.A.; Pintado, M.M.; Picó, G. Platform Design for
Extraction and Isolation of Bromelain: Complex Formation and Precipitation with Carrageenan. Process Biochem. 2017, 54, 156–161.
[CrossRef]

18. Bueno, V.B.; Petri, D.F.S. Xanthan Hydrogel Films: Molecular Conformation, Charge Density and Protein Carriers. Carbohydr.
Polym. 2014, 101, 897–904. [CrossRef]

19. Basha, S.K.; Muzammil, M.S.; Dhandayuthabani, R.; Kumari, V.S. Polysaccharides as Excipient in Drug Delivery System. Mater.
Today Proc. 2021, 36, 280–289. [CrossRef]

20. Dranca, F.; Oroian, M. Extraction, Purification and Characterization of Pectin from Alternative Sources with Potential Technologi-
cal Applications. Food Res. Int. 2018, 113, 327–350. [CrossRef]

21. Maurstad, G.; Mørch, Y.A.; Bausch, A.R.; Stokke, B.T. Polyelectrolyte Layer Interpenetration and Swelling of Alginate–Chitosan
Multilayers Studied by Dual Wavelength Reflection Interference Contrast Microscopy. Carbohydr. Polym. 2008, 71, 672–681.
[CrossRef]

22. Lee, K.Y.; Mooney, D.J. Alginate: Properties and Biomedical Applications. Prog. Polym. Sci. 2012, 37, 106–126. [CrossRef]
23. Saji, S.; Hebden, A.; Goswami, P.; Du, C. A Brief Review on the Development of Alginate Extraction Process and Its Sustainability.

Sustainability 2022, 14, 5181. [CrossRef]
24. Kabir, S.F.; Rahman, A.; Yeasmin, F.; Sultana, S.; Masud, R.A.; Kanak, N.A.; Haque, P. Occurrence, Distribution, and Structure of

Natural Polysaccharides. In Radiation-Processed Polysaccharides; Elsevier: Amsterdam, The Netherlands, 2022; pp. 1–27.
25. Campo, V.L.; Kawano, D.F.; da Silva, D.B., Jr.; Carvalho, I. Carrageenans: Biological Properties, Chemical Modifications and

Structural Analysis—A Review. Carbohydr. Polym. 2009, 77, 167–180. [CrossRef]
26. Luo, Y.; Wang, Q. Recent Development of Chitosan-Based Polyelectrolyte Complexes with Natural Polysaccharides for Drug

Delivery. Int. J. Biol. Macromol. 2014, 64, 353–367. [CrossRef] [PubMed]
27. Kean, T.; Thanou, M. Biodegradation, Biodistribution and Toxicity of Chitosan. Adv. Drug Deliv. Rev. 2010, 62, 3–11. [CrossRef]

[PubMed]
28. Pakizeh, M.; Moradi, A.; Ghassemi, T. Chemical Extraction and Modification of Chitin and Chitosan from Shrimp Shells. Eur.

Polym. J. 2021, 159, 110709. [CrossRef]
29. Wang, S.; Chao, C.; Cai, J.; Niu, B.; Copeland, L.; Wang, S. Starch–lipid and starch–lipid–protein complexes: A comprehensive

review. Compr. Rev. Food Sci. Food Saf. 2020, 19, 1056–1079. [CrossRef]
30. Liu, S.; Liu, S. An Overview of Biological Basics. In Bioprocess Engineering, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2017;

pp. 21–80.
31. Makroo, H.A.; Naqash, S.; Saxena, J.; Sharma, S.; Majid, D.; Dar, B.N. Recovery and Characteristics of Starches from Unconven-

tional Sources and Their Potential Applications: A Review. Appl. Food Res. 2021, 1, 100001. [CrossRef]
32. Dakhara, S.L.; Anajwala, C.C. Polyelectrolyte Complex: A Pharmaceutical Review. Syst. Rev. Pharm. 2010, 1, 121–127. [CrossRef]
33. Côlho, D.F.; Saturnino, T.P.; Fernandes, F.F.; Mazzola, P.G.; Silveira, E.; Tambourgi, E.B. Azocasein Substrate for Determination

of Proteolytic Activity: Reexamining a Traditional Method Using Bromelain Samples. Biomed. Res. Int. 2016, 2016, 8409183.
[CrossRef]

34. Rusu, A.V.; Penedo, B.A.; Engelhardt, S.; Schwarze, A.K. EXCORNSEED EU Project: Separation, Fractionation and Isolation
of Biologically Active Natural Substances from Corn Oil and Other Side Streams to Be Used in Food, Specialty Chemicals and
Cosmetic Markets. Bull. Univ. Agric. Sci. Vet. Med. Cluj-Napoca Food Sci. Technol. 2020, 77, 101. [CrossRef]

35. Mangiagalli, M.; Brocca, S.; Orlando, M.; Lotti, M. The “Cold Revolution”. Present and Future Applications of Cold-Active
Enzymes and Ice-Binding Proteins. New Biotechnol. 2020, 55, 5–11. [CrossRef] [PubMed]

36. Martin-Rios, C.; Hofmann, A.; Mackenzie, N. Sustainability-Oriented Innovations in Food Waste Management Technology.
Sustainability 2021, 13, 210. [CrossRef]

37. de Carvalho, N.M.; Madureira, A.R.; Pintado, M.E. The Potential of Insects as Food Sources—A Review. Crit. Rev. Food Sci. Nutr.
2019, 60, 3642–3652. [CrossRef]

38. Bhatia, L.; Bachheti, R.K.; Garlapati, V.K.; Chandel, A.K. Third-Generation Biorefineries: A Sustainable Platform for Food, Clean
Energy, and Nutraceuticals Production. Biomass Convers. Biorefinery 2020. [CrossRef]

39. Floret, C.; Monnet, A.F.; Micard, V.; Walrand, S.; Michon, C. Replacement of Animal Proteins in Food: How to Take Advantage of
Nutritional and Gelling Properties of Alternative Protein Sources. Crit. Rev. Food Sci. Nutr. 2021, 1–27. [CrossRef] [PubMed]

40. Aguilar-Toalá, J.E.; Hernández-Mendoza, A.; González-Córdova, A.F.; Vallejo-Cordoba, B.; Liceaga, A.M. Potential Role of
Natural Bioactive Peptides for Development of Cosmeceutical Skin Products. Peptides 2019, 122, 170170. [CrossRef]

41. Boukid, F. Plant-Based Meat Analogues: From Niche to Mainstream. Eur. Food Res. Technol. 2021, 247, 297–308. [CrossRef]
42. Boukid, F. Chickpea (Cicer Arietinum L.) Protein as a Prospective Plant-Based Ingredient: A Review. Int. J. Food Sci. Technol. 2021,

56, 5435–5444. [CrossRef]

http://doi.org/10.1016/j.teac.2019.e00062
http://doi.org/10.1016/j.procbio.2016.12.014
http://doi.org/10.1016/j.carbpol.2013.10.039
http://doi.org/10.1016/j.matpr.2020.04.046
http://doi.org/10.1016/j.foodres.2018.06.065
http://doi.org/10.1016/j.carbpol.2007.07.019
http://doi.org/10.1016/j.progpolymsci.2011.06.003
http://doi.org/10.3390/su14095181
http://doi.org/10.1016/j.carbpol.2009.01.020
http://doi.org/10.1016/j.ijbiomac.2013.12.017
http://www.ncbi.nlm.nih.gov/pubmed/24360899
http://doi.org/10.1016/j.addr.2009.09.004
http://www.ncbi.nlm.nih.gov/pubmed/19800377
http://doi.org/10.1016/j.eurpolymj.2021.110709
http://doi.org/10.1111/1541-4337.12550
http://doi.org/10.1016/j.afres.2021.100001
http://doi.org/10.4103/0975-8453.75046
http://doi.org/10.1155/2016/8409183
http://doi.org/10.15835/buasvmcn-fst:2020.0017
http://doi.org/10.1016/j.nbt.2019.09.003
http://www.ncbi.nlm.nih.gov/pubmed/31546027
http://doi.org/10.3390/su13010210
http://doi.org/10.1080/10408398.2019.1703170
http://doi.org/10.1007/s13399-020-00843-6
http://doi.org/10.1080/10408398.2021.1956426
http://www.ncbi.nlm.nih.gov/pubmed/34310247
http://doi.org/10.1016/j.peptides.2019.170170
http://doi.org/10.1007/s00217-020-03630-9
http://doi.org/10.1111/ijfs.15046


Molecules 2022, 27, 5115 14 of 14

43. Trigo, J.P.; Alexandre, E.M.C.; Saraiva, J.A.; Pintado, M.E. High Value-Added Compounds from Fruit and Vegetable by-
Products—Characterization, Bioactivities, and Application in the Development of Novel Food Products. Crit. Rev. Food
Sci. Nutr. 2019, 60, 1388–1416. [CrossRef]

44. Magalhães, V.S.M.; Ferreira, L.M.D.F.; Silva, C. Using a Methodological Approach to Model Causes of Food Loss and Waste in
Fruit and Vegetable Supply Chains. J. Clean. Prod. 2021, 283, 124574. [CrossRef]

45. Camilleri, M.A. Sustainable Production and Consumption of Food. Mise-En-Place Circular Economy Policies and Waste
Management Practices in Tourism Cities. Sustainability 2021, 13, 9986. [CrossRef]

46. Esparza, I.; Jiménez-Moreno, N.; Bimbela, F.; Ancín-Azpilicueta, C.; Gandía, L.M. Fruit and Vegetable Waste Management:
Conventional and Emerging Approaches. J. Environ. Manag. 2020, 265, 110510. [CrossRef] [PubMed]

47. Campos, D.A.; Gómez-García, R.; Vilas-Boas, A.A.; Madureira, A.R.; Pintado, M.M. Management of Fruit Industrial By-
products—a Case Study on Circular Economy Approach. Molecules 2020, 25, 320. [CrossRef] [PubMed]

48. Pascoalino, L.A.; Reis, F.S.; Prieto, M.A.; Barreira, J.C.M.; Ferreira, I.C.F.R.; Barros, L. Valorization of Bio-Residues from the
Processing of Main Portuguese Fruit Crops: From Discarded Waste to Health Promoting Compounds. Molecules 2021, 26, 2624.
[CrossRef] [PubMed]
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