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ainable extraction and purification
of non-animal proteins from biomass using
alternative solvents

Bojan Kopilovic, † Ana I. Valente, † Ana M. Ferreira, Mafalda R. Almeida,
Ana P. M. Tavares, Mara G. Freire * and João A. P. Coutinho *

Advances towards the development of a sustainable economy must address the exploitation of bio-based

products combinedwith the use of greener solvents andmanufacturing processes that can preserve natural

resources and the environment. To address the growing demand for proteins, their production must focus

on non-animal sources, such as vegetal biomass and respective residues/waste, and on the use of

sustainable solvents and processes for their recovery. This review provides an overview of the advances

achieved in the separation and purification processes of proteins from vegetable biomass and respective

residues using ionic liquids (ILs) and deep eutectic solvents (DESs) as alternative greener solvents. It

begins with an overview of the ability of ILs and DESs to stabilize proteins, followed by the assessment of

the extraction and separation of biomass-derived proteins assisted by ILs and DESs. Different types of

non-animal biomass and respective residues are considered as protein resources, i.e., algae, plants (e.g.,

aloe vera and holy basil), cereals (e.g., wheat and oat), fruits (e.g., papaya, pineapple, pomegranate, and

seabuckthorn berries), and vegetables (e.g., spinach, radish, and ginger). Several IL- and DES-based

approaches are discussed, comprising (i) conventional solid–liquid extraction (SLE), (ii) ultrasound-

assisted extraction (UAE), (iii) microwave-assisted extraction (MAE), and (iv) aqueous biphasic systems

(ABSs). Finally, the economic and environmental challenges of using such alternative solvents in industrial

applications are discussed, including technoeconomic analysis and life cycle assessment.
Sustainability spotlight

Protein consumption is expected to double by 2050; therefore, novel non-animal protein sources are being explored to meet societal needs. These sources can
include vegetal, macro- and microalgae, insects, and fungi. This work discusses the most recent advances in protein extraction from vegetable biomass and
respective residues using greener solvents, namely ionic liquids and deep eutectic solvents. The economic and environmental challenges of using such
alternative solvents in industrial applications are discussed.
Introduction

In the new global economy, sustainable development has
become a central ambition for the socio-economic and envi-
ronmental sectors. According to the United Nations,1 an
increase in the population from 7.7 to 9.7 billion people will
happen in the next three decades. This increase in population
and its wealth is creating an unsustainable demand for proteins
to be applied in the food, textile, biotechnology, cosmetic, and
pharmaceutical industries. As a result, protein consumption is
predicted to double by 2050.2 To meet this demand, new
sustainable protein sources need to be explored, including
macro- and microalgae, insects, fungi, and plants.2 Moreover,
rtment of Chemistry, University of Aveiro,

ire@ua.pt; jcoutinho@ua.pt

4–1331
proteins can be obtained from agro-industrial biomass (e.g.,
fruits, vegetables, and cereals) and agro-industrial and food
waste. The use of vegetable biomass to obtain proteins offers
several advantages, including high productivity, low cost, and
a wide variety of protein types.3

Conventional methods for protein extraction and separation
from biomass usually resort to volatile organic solvents (VOCs),
extreme pH and temperature, and long extraction time, which
may result in low extraction yields due to protein denaturation
and inactivation.3 Therefore, researchers have been focusing on
developing more sustainable and effective protein extraction
techniques using “greener” solvents, such as ionic liquids (ILs)
and deep eutectic solvents (DESs). If properly selected, these
solvents may decrease the environmental impact and improve
the efficiency of the extraction/separation processes.3

ILs and DESs are widely investigated as alternative solvents
to replace VOCs.4,5 If correctly designed, these solvents
© 2023 The Author(s). Published by the Royal Society of Chemistry
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represent viable alternatives for extracting and separating
biomass-derived proteins. In addition to improvements in
protein extraction efficiency,6 they have led to improvements in
protein and enzyme stability and activity.7 In some cases, these
solvents also enhanced the nutritional and techno-functional
properties of proteins.8

ILs are typically composed of a large and asymmetrical
organic cation and an organic or inorganic anion.9 ILs are
molten salts at low temperatures and can be designed by taking
advantage of the large number of ion combinations available to
display excellent chemical, thermal, and electrochemical
stabilities, non-ammability, and negligible volatility. ILs can
be designed as task-specic uids while overcoming the limited
selectivity of some VOCs.9,10 DESs are obtained by combining
two or more Lewis or Brønsted acids and bases. Their forma-
tion, which comprises a signicant negative deviation from the
ideal solid–liquid phase behaviour, depends on strong
hydrogen bonding established between one or more hydrogen
bond donors (HBDs) and hydrogen bond acceptors (HBAs).11
PATh is a research group from the University of Aveiro (UA),
CICECO – Aveiro Institute of Materials, Department of Chemistry,
Portugal. Composed of a multidisciplinary team, the group has
been investigating ionic liquids, deep eutectic solvents and biobased
solvents to develop sustainable extraction, separation and puri-
cation processes for high-value compounds, including proteins. João
A. P. Coutinho is a full Professor at the Chemistry Department of UA
and Director of CICECO. His main focus is on the development of
green solvents for biorenery and on understanding their
molecular-level mechanisms. Mara G. Freire is a Research Coor-
dinator and Deputy Chair of the Scientic Council of the UA. She
has been investigating biocompatible ionic liquids and deep
eutectic solvents for biopharmaceutical purication and preserva-
tion. Ana P. M. Tavares is an Auxiliary Researcher, with interest in
green solvents for biocatalysis. Ana M. Ferreira is a Junior
Researcher, focused on the extraction of high-value compounds
from biomass using alternative solvents. Mafalda R. Almeida is
a Junior Researcher with interest in the purication of biomolecules
using ionic liquids. Ana I. Valente and Bojan Kopilovic are PhD
students in the Chemical Engineering program at the UA. They are
developing novel integrated processes for biopharmaceutical puri-
cation and delivery.

© 2023 The Author(s). Published by the Royal Society of Chemistry
They may be prepared with different molar ratios of the starting
components. The resultant mixture has a melting point signif-
icantly lower than those of the composing individual species. As
ILs, DESs are considered designer solvents because their prop-
erties can be tailored by the careful choice of the HBA and HBD
and their molar ratio.12

This review aims to disclose the advances achieved in protein
extraction and separation from non-animal biomass using
alternative solvents, namely ILs and DESs. It begins with a brief
overview of ILs and DESs, with particular attention to their
ability to stabilize proteins. Then, it focuses on extracting and
separating biomass-derived proteins using ILs and DESs.
Different types of non-animal biomass and respective residues
are discussed as protein resources, i.e., algae, plants, fruits, and
vegetables.7,13–23 The IL- and DES-based approaches for protein
extraction and separation overviewed correspond to (i)
conventional solid–liquid extraction (SLE), (ii) ultrasound-
assisted extraction (UAE), (iii) microwave-assisted extraction
(MAE) and (iv) aqueous biphasic systems (ABSs) or aqueous two-
phase systems (ATPS). Finally, the economic and environmental
challenges of using such alternative solvents in industrial
applications are discussed, as well as the need of using pre-
dicting tools to properly select these solvents.
Protein and enzyme stabilization using ILs and DESs

Keeping vulnerable macromolecules, such as proteins, stable is
a major challenge. Moreover, denaturation and degradation are
more likely to occur in products with a high protein concen-
tration.24 Also, many proteins are susceptible to degradation
due to physical and interfacial stress in the presence of
solvents.25 Thus, one signicant challenge is their stabilization
in a wide array of products, which is highly dependent on
maintaining their natural conformation. In this sense, appro-
priately designed ILs and DESs have emerged as promising
sustainable alternatives for stabilizing proteins and keeping or
improving the activity of enzymes. Interested readers can refer
to the specic review articles on ILs and DESs as sustainable
solvents for protein stabilization by Patel et al.26 and Almeida
et al.27 Tables 1 and 2 provide the names and acronyms of the
ILs and DESs discussed in the current review. A schematic
representation of studied alternative solvents for enzyme and
protein stabilization is shown in Fig. 1.

With the increasing demand for stable proteins and
enzymes, various approaches for protein stabilization using ILs
and DESs have been proposed. In the eld of proteins found in
vegetable biomass, Baker et al.28 studied the denaturation of
monellin, a protein found in the fruit of the West African shrub
known as serendipity berry (Dioscoreophyllum cumminsii), in
water and an aqueous solution of [C4C1pyrr][Tf2N]. The pres-
ence of the IL increased the denaturation temperature of the
protein from 40 °C to 100 °C.28 Several authors have demon-
strated the versatility of various ILs and DESs by their ability to
dissolve and stabilize zein, a prolamine protein found in maize.
Biswas et al.29 studied the application of [C4C1im]Cl and
[C4C1im][N(CN)2] in zein solubilization and as solvents for its
chemical modication. The authors compared the IL
RSC Sustainability, 2023, 1, 1314–1331 | 1315
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Table 1 Name and abbreviation of the IL cations and anions considered in this review

Cation name Abbreviation Anion name Abbreviation

1-Alkyl-3-methylimidazolium [CnC1im]+ Acetate [C1CO2]
−

1-Alkylimidazolium [Cnim]+ Bis(2,4,4-trimethylpentyl)phosphinate [TMPP]−

1-Butyl-1-methylpiperidinium [C4C1pip]
+ Bis(triuoromethane sulfonyl)imide [Tf2N]

−

1-Butyl-1-methylpyridinium [C4C1pyr]
+ Bitartarate [C4H5O6]

−

1-Butyl-1-methylpyrrolidinium [C4C1pyrr]
+ Bromide Br−

2-Hydroxyethylammonium [N002OH]
+ Butyrate [C3CO2]

−

3-(1-Tetradecyl-3-hexylimidazolium)-1-tetradecylimidazolium [C14im-6-C14im]+ Chloride Cl−

3-(Dimethylamino)-1-propylamine [N011(3N)]
+ Decanoate [C9CO2]

−

4-Butyl-4-methylmorpholin-4-ium [C1C4mor]+ Dicyanamide [N(CN)2]
−

Benzyldodecyldimethylammonium [N1112(C7H7)]
+ Dihydrogen citrate [DHC]−

Bis(2-hydroxyethyl)ammonium [N00(2OH)2]
+ Dihydrogen phosphate [H2PO4]

−

Cholinium [Ch]+ Dimethylphosphate [(C1)2PO4]
−

Diethylamine [N0022]
+ Formate [C0CO2]

−

Hexadecylpyridinium [C16py]
+ Glycinate [Gly]−

N-methyl-2-hydroxyethylammonium [NC1-[N00(2OH)2]
+ Hexauorophosphate [PF6]

−

N-butylpyridinium [NC4pyr]
+ Hydrogensulfate [HSO4]

−

Prolinium [Pro]+ Hydroxide OH−

Tetrabutylammonium [N4444]
+ Iodide I−

Tetrabutylphosphonium [P4444]
+ Methanosulfonate [C1SO3]

−

Tetrabutylphosphonium [P66614]
+ Methylsulfate [C1SO4]

−

Tetraethylammonium [N2222]
+ Pentanoate [C4CO2]

−

Tetramethylammonium [N1111]
+ Propionate [C2CO2]

−

Tri(ethyl)[2-ethoxy-2-oxoethyl]ammonium [Et3NC2OC2]
+ Prolinate [Pro]−

Tri(ethyl)[4-aminobutyl-4-oxobutyl]ammonium [Et3NC4NC4]
+ Saccharinate [Sac]−

Tetrachloroferrate [FeCl4]
−

Tetradecanoate [C13CO2]
−

Tetrauoroborate [BF4]
−

Thiocyanate [SCN]−

Tosylate [Tos]−

Triuoroacetate [CF3CO2]
−

Triuoromethanesulfonate [CF3SO3]
−

Table 2 Name and abbreviation of the DESs (HBD : HBA) considered in this review

HBD name Abbreviation HBA name Abbreviation

Benzyl tributyl ammonium
chloride

BC 1,2-Butanediol 12BD

Cholinium chloride [Ch]Cl 1,4-Butanediol 14BD
Ethyl ammonium chloride [EA]Cl 2,3-Butanediol 23BD
L-Carnitine Carn Acetic acid AA
Fructose Fru Citric acid CA
Glucose Glu Ethylene glycol EG
Imidazole Imi 1,6-Hexanediol 16HD
L-Maltose Malt L-Lactose Lac
Sodium acetate NaOA Sorbitol Sorb
Sucrose Suc Urea Urea
Xylose Xyl Glycerol Gly

Oxalic acid OA
Glycolic acid Glyc
Succinic acid SA
Maleic acid MA
Phenylacetic acid PAA
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performance with several DES mixtures, namely urea : CaCl2,
urea : [Ch]Cl, [Ch]Cl : ZnCl2, CA : [Ch]Cl, OA : [Ch]Cl, urea :
NH4Cl, SA : [Ch]Cl, MA : [Ch]Cl and PAA : [Ch]Cl. It was
demonstrated that zein is soluble in the two imidazolium-based
ILs in concentrations up to 15 wt% at 80 °C; however, the
1316 | RSC Sustainability, 2023, 1, 1314–1331
protein is insoluble in all the cholinium-based DESs investi-
gated. As a succession of this work, Choi et al.30 evaluated the
dissolution of zein in protic ILs (PILs). The PILs [N002OH][C0CO2]
and [N002OH][C1CO2] were able to dissolve zein at a concentra-
tion of up to 70% at 150 °C by microwave treatment. However,
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation of the reported ILs and DES applied for enzyme and protein stabilization. (A) Reported ILs for the stabilization of
enzymes and proteins. (B) Reported DES for the stabilization of enzymes and proteins. *ILs/DES not able to stabilize proteins/enzymes. **ILs/DES
able to both stabilize and destabilize proteins/enzymes.
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preventing the total thermal degradation of the zein protein was
not achieved. More recently, Tomlison et al.31 studied the
dissolution of zein in [C4C1im][C1CO2], [C2C1im][C1CO2],
[C2C1im][N(CN)2], [C4C1im]Cl, [C1im][C1CO2], [C1im][HSO4],
[C1im][C0CO2] and acetic acid as a control. It was observed that
zein is soluble in all ILs, except in [C1im][HSO4]. The results
were explained based on the IL polarity, which is similar to
water. Since the zein protein is insoluble in water, the water
impact was then evaluated in the solubilization of zein using
aqueous solutions of these ILs. The authors concluded that
water contents up to 11.1 mol% do not affect zein solubiliza-
tion. Moreover, the authors have reported that the solubility of
zein is higher in the presence of acetic acid (used for compar-
ison purposes), [C1im][C1CO2], and [C2C1im][N(CN)2].31

In addition to proteins, enzymes have been studied as well,
with reports showing enzymatic activity enhancements
provided by ILs and DESs. The mushroom tyrosinase activity
was studied in three ILs, namely [C4C1im][PF6], [C4C1im][BF4],
and [C4C1im][C1SO4], and compared with the enzyme activity in
chloroform.32,33 Higher activities were observed in chloroform
and [C4C1im][PF6].33 Although the enzyme has biological activity
in all ILs investigated, the activity decreases in the hydrophilic
ILs [C4C1im][BF4] and [C4C1im][C1SO4]. These ILs interact with
the enzyme, leading to its inactivation. Divya et al.34 explored
the thermal stability and activity of two esterase domains from
Mycobacterium tuberculosis in ILs constituted by the imidazo-
lium cation, namely [C2C1im][BF4], [C2C1im]Cl, [C4C1im][BF4]
and [C4C1im]Cl. The authors established that these ILs prevent
protein aggregation and unfolding and increase thermal
stability.34

Although good results were obtained with imidazolium-
based ILs, they may raise some toxicity issues.34 Therefore,
other ILs have been investigated, particularly cholinium-based
ILs. Bisht et al.35 explored the effects of cholinium-based ILs,
such as [Ch]Br and [Ch][Gly], on the stability of bromelain.
Comparing both ILs, [Ch]Br performed better in preserving the
bromelain structure. Besides the biological source of the anion
of [Ch][Gly] (from the amino acid glycine), the authors
concluded that the respective anion establishes stronger H-
© 2023 The Author(s). Published by the Royal Society of Chemistry
bonds with the bromelain backbone leading to the dissocia-
tion of the H-bonds within the enzyme, which is the factor
responsible for the maintenance of the protein structure.35 The
same research group studied the effect of [Ch]Cl, [Ch][C1CO2],
[Ch][H2PO4], [Ch][C4H5O6], [Ch]I, and [Ch][OH] on the stability
of bromelain.36 The authors revealed that the enzyme is less
stable in [Ch][OH] but more stable in [Ch]Cl. At low concen-
trations, [Ch][H2PO4] and [Ch]CI can stabilize bromelain; yet,
with the increase in the IL concentration, the protein structure
becomes less stable.36 Also exploring biocompatible ILs,
Martins et al.37 studied the stability of R-phycoerythrin in 1 M
and 2 M aqueous solutions of [Ch]CI. The circular dichroism
and excitation spectra of the studied samples resemble those of
pure R-phycoerythrin, which is associated with the presence
and maintenance of the protein structure, along with the
chromophore stability.37 In the same line, Vicente et al.6

demonstrated that the crude algal extract of R-phycoerythrin,
similar to pure R-phycoerythrin, is predominantly composed
of a-helix. The circular dichroism spectra revealed that proteins
keep their integrity throughout the entire purication process.
In addition to previously mentioned proteins obtained from
vegetable sources, cytochrome-c, lipase, and lysozyme stabili-
ties in IL solutions were also reported. These proteins are
commonly referred to as animal proteins; however, they can
also be found in plants.38–40 The cytochrome-c tertiary structure
was evaluated in the presence of the cholinium-based ILs [Ch]
[Pro] and [Pro][NO3]. It was concluded that the protein tertiary
structure is maintained at an IL concentration of 10 mM.41

Qiao et al.42 investigated the solvation and structure of lipase
in two DESs (1 : 2 [Ch]Cl : urea and 1 : 2 [Ch]Cl : Gly) and in their
aqueous solutions (1 : 1 DES : water) through molecular
dynamics simulations. Simulation results showed pronounced
hydrogen bonding between the enzyme and the hydrogen bond
donors in the DESs. For the 1 : 1 DES : water solutions, the
results indicated that the water molecules did not replace the
DES molecules at the solvation shell of the enzyme. However,
for both DESs, water molecules weaken the solvation shell of
lipase by reducing the enzyme-DES hydrogen bond lifetime.42

Finally, lipase remained folded in both DESs and their aqueous
RSC Sustainability, 2023, 1, 1314–1331 | 1317
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solutions.42 Water molecules change the surface area and
conformation of the active site differently in the two DESs. The
surface area of the active site of the lipase in the [Ch]Cl : urea
solution decreases with the addition of water.42 However, an
opposite effect occurred for the solution of [Ch]Cl : Gly. Lipase
presents a more ordered structure in both DESs, and by adding
water molecules, the structure is recovered, changing back
towards the structure present in the pure aqueous solution.42 In
alignment with the previous work, Sanchez-Fernandez et al.25

studied the structural conformation of lysozyme in solutions
with different enzyme concentrations (from 4 mg L−1 to
143 mg L−1) in the DES [Ch]Cl : Gly (1 : 2). The authors observed
that lysozyme had a globular conformation in the DES, similar
to the native conformation. Regarding long-term preservation,
the structure and activity of the enzyme were evaluated aer 40
days of storage, showing that the native conformation and
activity of the enzyme were recovered aer rehydration.25
Fig. 2 (A) Distribution of IL/DES-based techniques for the extraction
and separation of non-animal proteins and enzymes by ( ) conven-
tional SLE, ( ) MAE, ( ) UAE and ( ) ABS. (B) Distribution of DES and IL-
based techniques for the extraction and separation of non-animal
proteins and enzymes by ( ) conventional SLE, ( ) MAE, ( ) UAE and ( )
ABS. (C) Distribution of articles related to extraction and separation of
proteins ( ) and enzymes ( ). (D) Percentage of published articles per
extraction and separation technique, using ILs or DES, for proteins. (E)
Percentage of published articles per extraction and separation tech-
nique, using ILs or DES, for enzymes. Data were obtained from the
Web of Knowledge in November 2022.
ILs and DESs as alternative solvents for protein/enzyme
extraction and purication

Biomass is a unique, ubiquitous, and sustainable renewable
resource for producing bio-based products with wide commer-
cial applications. Proteins and enzymes from biomass and
respective residues are usually obtained aer extensive, labo-
rious, and costly downstream processing.43 Throughout the
years, several extraction methods for target proteins from
biomass have been reported, mainly using water and VOCs.
However, the protein extraction efficiencies and yields some-
times remained low.44–46 Besides their environmental toxicity, it
is well-known that organic solvents may affect the protein's
stability.44–46 Several studies have reported a decrease in the
activity of proteins, such as lipase and laccase, when exposed to
volatile organic solvents, such as acetone, acetonitrile, DMF,
ethanol, methanol, and 1-propanol, conrming the negative
effect of these solvents on protein stability.47,48 Thus, developing
effective, industrially viable, and environmentally friendly
extraction methods for proteins from biomass while maintain-
ing their bioactivity is highly desirable.

Solid-liquid extraction (SLE) consists of the extraction and
dissolution of a given compound from a solid matrix in a given
solvent. In classical SLE approaches, the biomass is placed in
direct contact with the solvent, and operating conditions such
as temperature, extraction time, and solid–liquid ratio are
optimized.49,50 Improved SLE techniques, such as microwave-
assisted extraction (MAE), ultrasound-assisted extraction
(UAE), and enzyme-assisted processes, have been combined
with ILs and DESs to enhance the extraction performance while
attempting to decrease the extraction time and amount of
solvent used.49,51 UAE increases the mass transfer, being the
best option when dealing with thermally sensitive compounds,
while MAE allows a fast heat transfer into the solvent solution,
being the best option when viscous solutions are used (e.g. pure
or highly concentrated ILs and DESs solutions). Aer the
extraction step, further use of induced precipitation, distilla-
tion, chromatography, and liquid–liquid extractions (LLE) as
separation/purication techniques is usually required.52 LLE is
1318 | RSC Sustainability, 2023, 1, 1314–1331
usually performed using organic solvents immiscible with
water. Compared to chromatography, liquid–liquid systems
offer technological simplicity, lower operation cost, and the
capability to provide high yields, improved purication factors,
enhanced selectivity, and the possibility of combining the
recovery and purication steps. Aiming to avoid the use of
organic solvents in LLE, Albertson introduced the ABS concept
for separating (bio)molecules between two water-rich phases.53

Both phases are mainly composed of water, thus affording an
amenable media for (bio)molecules, including proteins. In
addition to the widely studied polymer–polymer and polymer–
salt ABS, Gutowski et al.54 demonstrated that ABSs could be
formed by the addition of inorganic salts to aqueous solutions
of hydrophilic ILs. IL-based ABSs have shown remarkable
advantages when compared to more traditional polymer-based
ones, namely by providing low viscous solvent media and by
allowing the tailoring of extraction efficiencies and selec-
tivity.55,56 Furthermore, it has been shown that ABS can allow the
extraction and separation of the target compound in a one-pot
approach.56,57

The described techniques to extract proteins from non-
animal biomass, resorting to ILs and DESs as alternative
solvents, are discussed in the current review. Fig. 2 shows the
status of the literature related to the application of the
mentioned IL- and DES-based processes in the extraction and
purication of proteins and enzymes from non-animal sources.
The techniques most investigated for protein and enzyme
extraction and purication are SLE and ABS. These techniques
have beenmainly applied to proteins, accounting for 65% of the
studies, contrasting with 35% of studies dealing with enzymes.
In this line, SLE has been mainly applied to proteins, whereas
ABSs have been mainly investigated with enzymes.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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ILs and DESs used for protein extraction and purication
described in this review are presented in Fig. 3A and B,
respectively. According to Fig. 3A, imidazolium-based ILs are
still frequently used; however, cholinium-based and PILs are
also being investigated in more recent studies. Most studies
focused on the use of acetate, formate, triuoroacetate, and
halide anion-based ILs. This is mainly a result of ability of these
ILs to dissolve biomass and their easy synthesis and/or avail-
ability. Regarding DESs (Fig. 3B), studies reporting the use of
[Ch]Cl as one of the system's components are the most
numerous. This trend is explained due to the high hydrogen-
bond acceptor ability of this ammonium salt, its low price,
and for being considered biosafe as it is derived from vitamin B.
Also, there is an apparent increasing trend in using
carbohydrate-based DES. The following sections describe the
application of IL- and DES-based extraction and purication
processes divided by biomass type.

Algae and microalgae as a source of proteins

Algae and microalgae are of high interest because of the anti-
viral, anti-free radical, anti-inammatory, anti-oxidation, anti-
parasitic, anti-bacterial, anti-fungal, and other functional
characteristics of the compounds they have in their constitu-
tion.58 (Micro)algae composition is complex, containing diverse
groups of biochemicals, such as chlorophylls,59 poly-
saccharides,59 g-linolenicacid,59 b-carotene,59 and phycobili-
proteins.59 Phycobiliproteins, brightly colored protein-based
pigments, have a role in the receiving of light for driving
photosynthesis. Phycoerythrin, allophycocyanin, and phycocy-
anin are the three major groups within the microalgal phyco-
biliprotein classication.60 The predominant pigment in the
phycobiliprotein family is phycocyanin, representing 60–70% of
the dry weight.61,62 Phycocyanin is commonly used as a natural
colorant in the food and cosmetic industries. It can be incor-
porated into healthy diet products due to its physiological
properties, including antioxidant, anti-inammatory, and hep-
atoprotective activities.62–65 Accordingly, various researchers are
developing effective platforms for the bulk production of
phycocyanin-producing cultures and for its extraction from
microalgae.66,67 Among these, several techniques using ILs or
Fig. 3 (A) ILs used to extract and purify proteins or enzymes from bioma
and purify proteins or enzymes from biomass as a function of HBD–HBA c
$ 2.

© 2023 The Author(s). Published by the Royal Society of Chemistry
DESs have been developed to extract and purify proteins from
algae and microalgae. A summary of these studies is shown in
Table 3.

Rodrigues et al.68 studied various PILs for the heated
extraction of phycobiliproteins (phycocyanin, allophycocyanin
and phycoerythrin) from Spirulina platensis microalgae. The
authors applied NC1-2-[N00(2OH)2][C0CO2], NC1-2-[N00(2OH)2]
[C1CO2] and their 1 : 1 (v/v) mixture, under mechanical agitation
and heating. However, comparing phycobiliprotein extraction
using these solvents with a sodium phosphate buffer, there was
no evidence that PILs performed better than the buffer at low
temperatures (20 °C, 25 °C, 30 °C, and 35 °C).68 Furthermore, no
increase in phycobiliprotein extraction was observed with the
increasing temperature using NC1-2-[N00(2OH)2][C0CO2], which
was explained by the denaturation of the proteins by heat.
Under the optimum extraction conditions (35 °C, pH 6.5, S.
platensis solid : liquid ratio 0.15 g mL−1), concentration values
of extracted phycobiliproteins (2.22–3.65 g L−1) from S. platensis
using individually [N00(2OH)2][C1CO2], NC1-2-[N00(2OH)2][C1CO2]
or a buffer solution did not differ substantially at a 95% con-
dence level. However, when a mixture of NC1-2-[N00(2OH)2]
[C0CO2] and NC1-2-[N00(2OH)2][C1CO2] 1 : 1 (v/v) was applied
under the same optimum conditions, an increase to 3.99 g L−1

in phycobiliprotein extraction was obtained. The extraction
employing the IL mixture performed somewhat better than
[N00(2OH)2][C0CO2], although there was again no statistical
difference between these solvents at the 95% level of signi-
cance.68 In summary, this work shows that ILs/PILs are not
always the best option to extract proteins from vegetable
biomass compared to more conventional solvents and salt
aqueous solutions.

PILs, namely [N00(2OH)2][C0CO2], [N00(2OH)2][C1CO2], and their
mixture, were also used for the UAE of phycobiliproteins from S.
platensis.69 Extraction conditions applied with ultrasound were
25 kHz and 25 °C for 30 min. A Design Composite Central
Rotational experimental design was used to determine the
impact of several parameters on the extraction of phycobili-
proteins, which was maximum with the mixture [N00(2OH)2]
[C1CO2] + [N00(2OH)2][C0CO2] (0.75 ± 0.01 g L−1). This work
contradicts the previously discussed ndings in which no
ss as a function of cation–anion combinations. (B) DESs used to extract
ombinations. The circles' size represents the number of articles: ( ) 1; ( )
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Table 3 Extraction and separation of proteins from algae and microalgae using ILs and DESsa

Extracted protein Natural source Method IL or DES applied References

Phycobiliproteins/
phycocyanins*/
phycoerythrin�

Spirulina
platensis

SLE NC1-2-[N00(2OH)2][C0CO2]+NC1-2-[N00(2OH)2][C1CO2]* 68
UAE [N00(2OH)2][C0CO2], [N00(2OH)2][C1CO2], [C4C1im]Cl 69
MAE/
ABS

Glu : Gly (1 : 1), Fru : Gly (1 : 1), Xyl : Gly (1 : 1), Malt : Gly : water (1 : 1 : 0.5), Suc :
Gly (1 : 1)*

72

ABS [C4C1im]Br, [C6C1im]Br, [C8C1im]Br*; [C4C1im]Cl*; NC1-2-[N00(2OH)2][C0CO2],
NC1-2-[N00(2OH)2][C1CO2]*

58, 68, and
70

Gracilaria sp SLE [C4C1im][CF3CO2], [C4C1pyrr][C1CO2], [N111(2OH)][C1CO2], [C10C1im]Cl, [C12C1im]
Cl, [C2C1im][C1CO2], [C2C1im]Cl, [C2im][C1CO2], [C4C1im][(C1)2PO4], [C4C1im]
[C1CO2], [C4C1im][C1SO3],[C4C1im][CF3SO3], [C4C1im][N(CN)2], [C4C1im][SCN],
[C4C1im][Tos], [C4C1im]Cl, [C4C1pip]Cl, [C4C1pyr]Cl, [C4C1pyrr]Cl, [C6C1im]Cl,
[C8C1im]Cl, [N111(2OH)]Cl, [N4444]Cl, [P4444]Cl*

37

AMTPS [C16py]Br, [N1112(C7H7)]Br, [C14mim]Cl, [C16mim]Cl, [C14im-6-C14im]Br2, [Ch]
[C9CO2], [Ch][C13CO2], [P4,4,4,14]Cl

�
6

Chlorella pyrenoidosa
proteins

Chlorella
pyrenoidosa

SLE [N0022][C1CO2], [N011(3N)]CF3CO2], [N0222][C1CO2], [N0444][C0CO2], [N011(3N)]
[C0CO2], [N0022][C0CO2], [N0022][CF3CO2], [N011(3N)][C1CO2], [N0222][C0CO2],
[N0222][CF3CO2], [N0444][C1CO2], [N0444][CF3CO2]*

73

Nannochloropsis sp.
proteins

Nannochloropsis
sp. powder

MAE [N1111]Cl, [Ch][C1CO2], [C2C1im]Cl, [C4C1im]Cl, [N4444][Tf2N], [NC4pyr]Cl 74

a *, � Articles focusing on the extraction of phycocyanins and phycoerythrin, respectively.
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advantages were obtained with the use of PILs.69 One additional
advantage of using PILs is their easy recovery and reuse. Aer
the induced precipitation of phycocyanins using ammonium
sulphate ((NH4)2SO4), later removed by dialysis, the same IL was
reused in 3 additional extraction cycles.69

ABS were also applied to extract phycobiliproteins from S.
platensis. These were constituted by [C6C1im]Br, [C8C1im]Br or
[C4C1im]Br and potassium salts (tripotassium phosphate,
K3PO4, K2HPO4, potassium carbonate, and K2CO3).58 The effect
of pH, loading volume, algae concentration, temperature, and
alkyl chain length of the IL was investigated. An extraction
efficiency of 99%, a partition coefficient of 36.6, and a purica-
tion factor for phycocyanins (one phycobiliprotein) of 5.8 were
obtained at an optimal pH value of 7 and 34.85 °C.58 This work
is a clear example on the use of ABSs as a simultaneous
extraction and purication technique. Due to the adequate pH
range of phosphate buffers, ABS comprising ILs/K2HPO4 were
further used for phycocyanin extraction.58 The order of ILs when
used in ABSs in terms of extraction efficiency for phycocyanins
was the following: [C8C1im]Br > [C6C1im]Br > [C4C1im]Br.
Extraction efficiencies increased up to 90% with a purication
factor of 5.8-fold using the ABS formed by [C8C1im]Br and
K2HPO4. In the same line, Zhang et al.70 evaluated the partition
of the protein phycocyanin in an ABS composed of K2HPO4 and
[C4C1im]Cl aer their extraction through successive freeze and
thawing of a Spirulina powder in contact with 20 mmol L−1 Tris–
HCl buffer. The effect of multiple process parameters, such as
salt, IL and crude algae concentration, pH, and temperature,
was studied. It was found that the phycocyanin purity in the top
phase increased two times with the increase in the [C4C1im]Cl
concentration up to 23 wt%, with the concentration of KH2PO4

kept at 29 wt%. The extraction efficiency continued increasing
even above 23% of IL; however, the purity of phycocyanin
decreased. The p–p interactions between the imidazolium
cation and the aromatic residues of the proteins have been
1320 | RSC Sustainability, 2023, 1, 1314–1331
described as the driving force behind the extraction of phyco-
cyanins.70 Moreover, electrostatic interactions seem to play also
a role in the partitioning of phycocyanin, with a correlation
found with the manipulation of the pH value.70 The pH value
changed the partitioning behaviour, resulting in a lower purity
in systems with pH 5.0, pH 6.0, pH 8.0, and pH 9.0 in
comparison with pH 7.0.70 Although larger amounts of crude
phycocyanin cause its accumulation in the interphase,
increasing crude algae concentration from 1 to 3 mg L−1

increased the extraction efficiency and purity of phycocyanin.
Further, with the temperature increase from 25 °C to 30 °C, the
extraction efficiency of phycocyanin increased from 90.15% to
93.03%.70 Nevertheless, when the temperature was higher than
30 °C, the extraction yield and purity factor decreased from
∼93% to ∼92% and from ∼3.5 to 3.0, respectively.70 This
behaviour could be due to stability concerns. Overall, the ABS
composed of [C8C1im]Br and K2HPO4 seem to be a promising
system for the extraction of phycobiliproteins due to its
successful application in the separation of phycocyanin from
Spirulina microalgae.58,70

Martins and co-workers37 investigated the inuence of
different IL families, namely imidazolium, pyridinium, pyrro-
lidinium, piperidinium, phosphonium, quaternary ammo-
nium, and cholinium-based ILs, on the SLE of
phycobiliproteins from red macroalgae Gracilaria sp. The effect
of the [C4C1im]+ cation combined with the following anions:
Cl−, [N(CN)2]

−, [Tos]−, [(C1)2PO4]
−, [SCN]−, [CF3SO3]

−, [C1SO3]
−,

[CF3CO2]
− and [C1CO2]

− was also evaluated. The authors found
that the solid–liquid ratio, IL concentration, alkyl chain length,
IL cation, and IL anion play a role in extracting phycobiliprotein
pigments.37 The results show that more hydrophilic ILs extract
phycobiliproteins better, while ILs with lower hydrophilicity are
better at extracting chlorophylls and carotenoids.37 Among the
investigated ILs, the [Ch]Cl aqueous solution 0.1 M allowed
extraction of 46.5% of proteins while avoiding the extraction of
© 2023 The Author(s). Published by the Royal Society of Chemistry
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chlorophylls.37 From the same research group, and maintaining
the biomass, another study focused on purifying R-
phycoerythrin. The authors extracted phycobiliproteins from
Gracilaria sp. using water and applied an aqueous micellar two-
phase system (AMTPS) composed of Tergitol 15-S-7 and McIl-
vaine buffer with ILs as adjuvants for the purication of the
target protein.6 AMTPS are liquid–liquid systems constituted by
water and a surfactant.71 The evaluated ILs were the following:
[C16py]Br, [N1112(C7H7)]Br, [C14mim]Cl, [C16mim]Cl, [C14im-6-
C14im]Br2, [Ch][C9CO2], [Ch][C13CO2], [P44414]Cl.

During the purication process optimization, it was
observed that R-phycoerythrin partitioned to the surfactant-
poor phase (extraction efficiencies >60%). Furthermore, with
the increasing surfactant concentration, the purity of the
protein also increased. The best AMTPS for the proposed goal
was the [N1,1,12,(C7H7)]Br-based one, which preserved the struc-
tural integrity of the protein. Finally, the authors recovered and
reused the surfactant through ultraltration, developing a two-
step purication process for R-phycoerythrin, where the
surfactant-poor phase from the rst AMTPS was re-applied in
the second step.71 Food supplements and healthy diet products
can be enriched with the green microalgae Chlorella.75 In this
line, IL aqueous solutions were applied for the cell wall lysis and
extraction of intracellular proteins from Chlorella pyrenoidosa.
Wang et al.73 attempted to extract proteins by exposing the
microalgae to a low-temperature and high-pressure environ-
ment to achieve cell lysis. The extraction efficiency for the used
ILs follows the cation order: [N011(3N)]

+ > [N0444]
+ > [N0222]

+ >
[N0022]

+, and the anion order: [C0CO2]
− > [C1CO2]

− > [CF3CO2]
−.

The system comprising [N011(3N)][C0CO2] showed the best
extraction efficiency, 12.1%. Two additional extraction methods
were compared, namely freeze–thawing and ultrasonication,
with extraction efficiencies of 3.2% and 16%, respectively.
Combining freeze–thawing with ultrasonication the protein
extraction increased to 22.9%.73

Total protein extraction from Nannochloropsis sp. powder
was reported in the work of Motlagh et al.74 The authors eval-
uated the following ILs: [N1111]Cl, [Ch][C1CO2], [C2C1im]Cl,
[C4C1im]Cl, [N4444][Tf2N], and [NC4pyr]Cl. The best extraction
Table 4 Extraction and separation of proteins from plants and cereals u

Protein Source Method

Plant
Aloe proteins Aloe vera leaf ABS
Holy basil peptides Ocimum tenuriorum seeds UAE/ABS

Cereals
Primrose proteins Oenothera biennis cake SLE
Rapeseed proteins Brassica napus cake SLE
Sodom apple protease (enzyme) Calotropis procera rhizome UAE

Oat proteins Avena sativa grain SLE

Wheat-esterase (enzyme) Wheat our ABS

© 2023 The Author(s). Published by the Royal Society of Chemistry
conditions found were 0.5 g of biomass, 2% (w/v) of [Ch][C1CO2]
at 40 °C for 30 min. Under these conditions, an extraction yield
of 26.35%was achieved, which ismore signicant than the yield
obtained with Soxhlet extraction performed with hexane
(0.63%).

In addition to ILs, DESs were also used as extraction agents
of proteins from algal biomass. Rathnasamy et al.72 evaluated
various ABSs comprising DESs, namely Glu : Gly (1 : 1), Fru : Gly
(1 : 1), Xyl : Gly (1 : 1), Malt : Gly : water (1 : 1 : 0.5) and Suc : Gly
(1 : 1), and different salts (Na2SO4, Na2CO3, and K2HPO4) or PEG
6000 to extract phycocyanin from Spirulina powder. The
maximum recovery yield was 5.8 mg g−1, and a response surface
methodology (RSM) was applied to optimize an MAE with the
same ABS as the solvent. Under the optimal conditions, the
amount of phycocyanin increased to 85 g mL−1. The anti-
bacterial activity of the ultrapure fractions of phycocyanin was
nally evaluated, showing that phycocyanin was highly active
against Escherichia coli and Enterobacter aerogenes.72

In summary, the most promising systems reported for the
extraction of proteins from algae are mainly based on imida-
zolium ILs, but this is strongly biased by the limited number of
studies reported so far. A trend is however foreseen, where these
ILs are being replaced by greener alternatives, namely
cholinium-based ILs and PILs. Despite the relevance of algae-
based biomass, few studies have been found in what concerns
the extraction of proteins from this source using DESs.
Plants and cereals as a source of proteins

Proteins are abundant in plants and cereals. Table 4 reports the
studies identied with the use of ILs and DESs, being organized
by the source of biomass and methods used.

Aloe vera L. has long been a source of nutraceutical, medical
and cosmetic compounds.13 Aloe polysaccharides and proteins
were extracted and puried simultaneously using ABSs
composed of [C4C1im][BF4] and inorganic salts.76 Preliminary
studies were conducted to compare the performance of several
ABSs, namely PEG-, surfactant-, alcohol- and IL-based ABSs. The
results obtained show that the extraction efficiency of IL-ABSs
sing ILs and DESs

IL or DES applied References

[C4C1im][BF4] 76
Carn : Malt (1 : 1), BC : EG (1 : 1), BC : 12BD (1 : 1),
BC : 16HD (1 : 1), Carn : Suc (1 : 1), Carn : Lac (1 : 1)

52

[Ch]Cl : Gly (1 : 2) 79
[Ch]Cl : Gly (1 : 2) 79
Imi : Gluc (2 : 1), Imi : Xyl (2 : 1), Imi : Malt (2 : 1),
Imi : Fru (2 : 1), Imie : Suc (2 : 1)

21

[Ch]Cl : 12BD (1 : 1; 1 : 2; 1 : 3; 1 : 1 : 1; 1 : 2 : 1; 1 : 3 : 1),
[Ch]Cl : 14BD (1 : 1; 1 : 2; 1 : 3; 1 : 1 : 1; 1 : 2 : 1; 1 : 3 : 1),
[Ch]Cl : 23BD (1 : 1; 1 : 2; 1 : 3; 1 : 1 : 1; 1 : 2 : 1; 1 : 3 : 1)

80

[C4C1im][BF4] 14

RSC Sustainability, 2023, 1, 1314–1331 | 1321
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was higher than that of the other studied ABSs. Furthermore, in
the range between 25 °C and 50 °C, lower temperatures resulted
in higher extraction of polysaccharides and proteins. Adding an
additional electrolyte to the system, namely NaCl, boosted the
extraction efficiency of proteins from 75% to 95%. The best
performing ABS, i.e., the one composed of [C4C1im][BF4]/
NaH2PO4, was able to extract 93.12% of polysaccharides and
95.85% of proteins to the salt-rich phase and IL-rich phase,
respectively.76

Esterases, which are an additional example of enzymes with
a wide variety of applications, are commonly used for the
degradation of natural materials and industrial pollutants.
Furthermore, since these enzymes can hydrolyse esters into
organophosphorus compounds, conjugates composed of
esterases and monosulfonate tetraphenyl porphyrin have been
reported as sensing materials.77 Jiang et al.14 found an alterna-
tive and less expensive source of plant esterase in wheat,
soybean, corn, rice, and other grains. The commercial produc-
tion of plant-esterase is quite costly, and developing a low-cost
extraction method is thus necessary. Jiang and coworkers14

optimized the use of ABS for the separation of wheat-esterase
using [C4C1im][BF4] and inorganic salts (H2PO4, K2HPO4,
(NH4)2SO4, and MgSO4). Increasing the concentration of
[C4C1im][BF4] did not inuence the residual enzyme partition-
ing, unlike the enzyme distribution coefficient, which increased
up to 20 wt% in comparison to the protein distribution coeffi-
cient in all cases. These results conrm that wheat esterase is
more likely to distribute to the IL-rich phase than residual
proteins. These differences between wheat esterase and residual
proteins can be attributed to each protein's molecular weight,
shape, volume, and surface area.78

Karthiraj et al.52 investigated the integration of extraction
and purication of bioactive peptides from holy basil (Ocimum
tenuriorum) seeds using ABSs composed of DESs (Carn : Malt
(1 : 1), BC : EG (1 : 1), BC : 12BD (1 : 1), BC : 16HD (1 : 1), Carn :
Suc (1 : 1), Carn : Lac (1 : 1)) and salts (K2HPO4 and Na2SO4) in
ultrasound-assisted liquid-phase microextraction (UA-LPME).
The peptides were obtained by enzymatic hydrolysis with
pepsin before the extraction step was applied. The best DESs to
form an ABS were Carn : Malt, Carn : Suc, and BC : 16HD,
exhibiting a good phase ratio with Na2SO4. Regarding the
partition coefficient, the enriched peptides were present in
higher values in the Carn : Malt, followed by Carn : Lac and BC :
16HD enriched phases. Carn : Malt was applied with Na2SO4 in
the UA-LPME process. Under the optimal conditions, a yield of
85% (peptide recovery yield of 16 mg mL−1) was achieved.

DESs were also applied in the extraction of a vegetable
protein via pretreatment of evening primrose cakes (Oenothera
biennis).79 The by-product obtained during oilseed processing
was studied with the addition of [Ch]Cl.79 Three extraction
temperatures −60 °C, 100 °C and 140 °C – were evaluated. The
rise of temperature resulted in an increase of protein precipitate
to over four-fold (8.4 and 34.2 g/100 g, from 60 °C to 140 °C,
respectively). The authors showed the characteristic polypeptide
bands in SDS-PAGE in the precipitate samples at 60 °C and 100 °
C; however, some denaturation of the proteins occurred at 140 °
C.79 This work also reported that evening primrose cake
1322 | RSC Sustainability, 2023, 1, 1314–1331
proteins could be an alternative to soy proteins, the most
currently used protein vegetable source.

DESs combining imidazole and carbohydrates (glucose,
fructose, xylose, maltose, and sucrose) were used to extract
protease (calotropin) from sodom apple in a two-step process.21

Aer addressing the density, viscosity, conductivity and refrac-
tive index of the studied DESs, their phase-forming ability with
PEG (4000, 6000, 8000) and salts (Na2SO4, K2HPO4, and Na2CO3)
for the formation of ABSs was evaluated. Optimized conditions
for the extraction of calotropin were obtained using RSM, and
then the selective partitioning of protease was achieved by
ultrasonic irradiation at 35 °C for 10 min, followed by phase
separation using centrifugation. Additionally, the obtained
DES-rich phase was recovered and reused by back extraction
with NaCl aqueous solution (15% w/v).21 A maximum protein
recovery was obtained using UA, namely 98 mg mL−1 (of sodom
apple latex).21

More recently, Yue et al.80 reported an extraction method for
oat proteins using DESs without pH adjustment. The extraction
was performed in DESs (formed from [Ch]Cl and different
isomers of butanediol (12BD; 14BD; and 23BD)) and in DES/
water binary mixtures. Among the initial eighteen formula-
tions, six of them were identied as the best to extract proteins
from fresh oat under the optimal conditions (90 min of
extraction at 80 °C). The results obtained were independent of
the presence of water. Moreover, it was observed that the
proteins extracted with DESs presented a higher amount of
hydrophilic amino acid residues, whereas, with the addition of
water, the presence of hydrophobic amino acid residues
increased. The authors discussed that the extracted proteins
presented a rigid structure that the addition of water could
prevent. Furthermore, it was found that the alcohol isomer can
inuence the exibility/stability of the protein structure. The
extract obtained with the [Ch]Cl : 14BD : water ternary mixture
(1 : 3 : 1) presented a higher protein content and better solubility
and stability.80

Contrary to what was observed with algae, DESs have been
mainly used for extracting proteins from plants and cereals,
with [Ch]Cl as the main HBA investigated. Despite the prom-
ising results reported, further research using ILs should be
conducted to conrm as well the efficiency of these solvents in
the extraction and purication of proteins from plants and
cereals. The unique IL investigated to date is [C4C1im][BF4],
which has been shown to be unstable in water and has been
raising some environmental and health concerns.81 Given the
plethora of ILs available today, biobased ILs must be investi-
gated in this eld as well.
Fruits and vegetables as a source of proteins

The main constituents of fruits and vegetables are hydrocar-
bons, relatively small amounts of proteins and fat, and
a substantial amount of water (80–90%).82 However, latex has
been reported as a protein-rich source found in thousands of
plant species.83,84 For instance, biologically active compounds
from papaya latex can be applied for milk-clotting, meat
tenderization, antimicrobial and wound healing, among
© 2023 The Author(s). Published by the Royal Society of Chemistry
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others.15,85,86 Another example is bromelain, an enzyme extrac-
ted from pineapple stem that can be used as a food supplement
and in pharmaceutical formulations.87 Anti-inammatory,
antithrombotic, antiedematous, and brinolytic activities have
been reported for bromelain, and since it inhibits both platelet
aggregation and the proliferation of tumour cells, bromelain
could have a medical application.88,89 Table 5 summarizes the
published studies with ILs and DESs in the extraction of
proteins from fruits and vegetables.

Rathnasamy et al.90 attempted the extraction of papain, an
enzyme derived from papaya latex (Carica papaya L.), using an
ABS constituted by [P4444]Br and K2HPO4. The partition of
papain from its crude fruit latex and the use of a conventional
ABS were also addressed. Raising IL concentrations to an
optimal amount of 150 mM led to a favourable extraction of
papain. Furthermore, the increase in pH from 5 to 7.5 positively
inuenced the partition coefficient of papain and eliminated
undesired proteins, leading to an improved purication factor
in the IL-rich phase of the ABS. On the other hand, additional
increases in pH above 7.5 decreased the partition coefficient of
papain. The authors also found that temperatures between 20 °
C and 30 °C favour papain extraction. Overall, the [P4444]Br-
based ABS resulted in a yield of 96.22% and a purity factor of
9.55-fold. Also envisioning the separation of this proteolytic
enzyme from papaya latex, Yu et al.91 optimized an ABS
composed of PEG + NaH2PO4, but using ILs as adjuvants. Box–
Behnken design and response surface methodology (BBD-RSM)
were used to obtain the best conditions for papain separation.91

The most efficient system identied used 3 wt% of [N2222][BF4]
as an adjuvant. The purication factor, estimated based on
papain's initial specic activity, was 3.177, which was 3.0-fold
more than what was obtained with the ABS without ILs (1.056).
The recovered enzyme activity was 97.37%, which was 16.73%
higher than the enzyme activity without the presence of ILs
(80.64%). In summary, the authors demonstrated that using ILs
resulted in better outcomes than using traditional methods.91
Table 5 Extraction and separation of proteins from fruits and vegetable

Protein Source Method IL or DES applied

Fruit
Seabuckthorn
berry proteins

Seabuckthorn seed
meal (residue)

SLE [Ch]Cl : Gly (1 : 2), [Ch]Cl

Pomegranate
proteins

Punica granatum
peels (residue)

PLE,
UAE

[Ch]Cl : urea, [Ch]Cl : EG
CA, [NaOA] : urea (all in

Papain (enzyme) Carica papaya – peels
latex (residue)

ABS [P4444]Br; [N1111]Br, [N222

Stem bromelain
(enzyme)

Ananas comosus stem
(residue)

ABS
(AMTPS)

[C10C1im]Cl, [C12C1im]C

Vegetable
RuBisCO
(enzyme)

Spinach leaves SLE [Ch]Cl, [Ch]Br, [Ch][Ac],
[Pr3NC2OC2][Sac], [Et3NC

Protease
(enzyme)

Zingiber officinale
rhizomes

UAE Imi : Gluc (2 : 1), Imi : Xy

Radish
peroxidase
(enzyme)

Entire Raphanus
sativus

ABS [N002OH][C4CO2], [N002OH

[C3CO2], [NC1– N002OH][C

© 2023 The Author(s). Published by the Royal Society of Chemistry
Pineapple wastes, including peel, core, leaves and crown,
contain bromelain, a mixture of different cysteine proteinases.92

Bromelain mainly corresponds to pineapple stem bromelain
(80%), pineapple fruit bromelain (10%) and ananain (5%),
which are all found in pineapple stem. AMTPS comprising
0.3 wt% of phosphonium-based ILs were applied for the
extraction of bromelain from pineapple stem. These systems
showed previously an outstanding ability to maintain the pure
enzyme native conformation and biological activity.7 However,
in the assays with pineapple stem, a decreasing tendency of
bromelain activity was observed in the following order of
AMTPS: without IL > [P66614]Br > [P66614][TMPP] > [P66614]Dec >
[C10C1im]Cl > [C14C1im]Cl > [C12C1im]Cl. The results clearly
demonstrate a tendency among the studied IL families, namely
(i) imidazolium-based ILs negatively interact with the enzyme
and cause a sudden loss of activity, with values falling below
0.200, and (ii) phosphonium-based ILs led to a moderate rise in
bromelain activity. The increase in the enzyme activity was
achieved with only 0.3 wt% of IL.7

The SLE extraction of ribulose-1,5-biphosphate carboxylase/
oxygenase (RuBisCO) from spinach leaves was studied using
several IL aqueous solutions ([Ch]Cl, [Ch]Br, [Ch][C1CO2], [Ch]
[DHC], [Ch][DHP], [C2C1im]Cl, [C4C1im]Cl, [C6C1im]Cl, [Pr3-
NC2OC2][Sac], [Et3NC2OC2][Sac], [Et3NC4NC4]Br, [Bu3NC4NC4]
Br).22 The authors applied a response surface methodology
(RSM) to optimize the conditions for RuBisCO extraction. Under
these conditions, extraction yields of 10.92 and 10.57 mg of
RuBisCO per g of biomass were obtained with [Ch][Ac] and [Ch]
Cl, respectively. Comparing the extraction performance ob-
tained with [Ch][C1CO2] and [Ch]Cl with an extraction per-
formed with ammonium hydroxide (NH4OH), it was observed
that the secondary structure of RuBisCO is better preserved in IL
solutions, highlighting the better performance afforded by ILs
when compared to traditional solvents. Lucena et al.20 employed
a sustainable technique to separate radish peroxidase from
Raphanus sativus. In their study, the authors tackled the use of
s using ILs and DESs
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PILs as adjuvants using ABSs. Although the addition of PILs as
an adjuvant did not facilitate the ABS phase separation, it
resulted in an increase in the enzyme purication factor. In
a system composed of PEG and (NH4)2SO4 without adjuvants,
a purication factor of 2.54-fold was observed; when imple-
menting PILs (5 wt%) as adjuvants a purication factor as high
as 19.25-fold was obtained using [N002OH][C2CO2].20

More recently, Lin et al.93 reported a study on protein
extraction from Seabuckthorn seed meal (SSM), a residue from
a biotechnology industry, using DESs. SSM is a residue rich in
proteins with a high percentage of essential amino acids, ob-
tained aer oil extraction from Seabuckthorn berries. These
proteins have substantial hypoglycemic and anti-inammatory
effects and anti-diabetic function.95 Seabuckthorn berry
proteins were extracted with the DESs [Ch]Cl : Gly (1 : 2), [Ch]
Cl : OA (1 : 1) and [Ch]Cl : urea (1 : 2), being compared to alka-
line extraction. The extract obtained aer the alkaline extraction
was richer in protein, namely 73.1% higher than the extracts
obtained with DESs. However, the extracts with DESs presented
more essential amino acids and higher total amino acid
contents. Furthermore, the proteins extracted with [Ch]Cl : urea
showed the highest digestibility (54.2%), as conrmed by in
vitro assays.93

Envisioning the development of greener methods to extract
proteins, bioactive peptides and phenolic compounds from
pomegranate peels, Hernández-Corroto et al.94 studied pres-
surized liquid extraction (PLE) and several DESs ([Ch]Cl : urea,
[Ch]Cl : EG, [Ch]Cl : Gly, [Ch]Cl : AA, [Ch]Cl : Gluc, [Ch]Cl : Sorb,
[Ch]Cl : CA, [NaOA] : urea, being prepared in the proportion of
1 : 1 : 10, with water as the 3rd component), as alternative
solvents. Aer optimization, the DES [Ch] : AA was identied as
the best, whereas to achieve the best results, a HIFU (High
Intensity Focused Ultrasound probe) with an amplitude of 60%
should be used for 11 min. Further, the extracts were digested
with proteolytic enzymes and their antioxidant, hypocholester-
olemia, and antihypertensive capacities were evaluated. Overall,
extracts and hydrolysates with high antioxidant and hypo-
cholesterolemic properties were obtained using PLE. On the
other hand, using DESs, a high antihypertensive capacity was
observed in the hydrolysates. These results are a function of the
extract composition. The hydrolysates obtained from the DES
extracts have higher amounts of peptides, while those obtained
using PLE present higher amounts of phenolic compounds. In
the same line, Rathnasamy et al.21 developed a protease
extraction method from ginger's rhizomes, which was already
reported as a potential source of milk-coagulating cysteine
protease, using ABSs containing DESs formed by imidazole and
carbohydrates (glucose, fructose, xylose, maltose, and
sucrose).96 The phase separation was assisted by various salts
and PEG with different molecular weights.21 Aer optimizing
the protein recovery through ultrasound-assisted liquid–liquid
microextraction (UA-LLME) assisted by DESs, a maximum
recovery was achieved with a DES concentration of 25% (v/v),
a biomass concentration of 15% (w/v), an ultrasound tempera-
ture of 35 °C and an ultrasound time of 10 min.21

In summary, ILs and DESs are excellent alternative solvents
to extract proteins and enzymes from non-animal sources.
1324 | RSC Sustainability, 2023, 1, 1314–1331
Despite the advantages of ILs and DES, such as their tunability,
in most cases they need to be removed from the extract or from
the target protein. Taking this into account, considerations
relative to the environmental and economic impact of these
alternative solvents are addressed below.

Despite the high number of ILs and DES already studied in
the eld of protein extraction from biomass, in general, the
rationale for the solvent selection is not provided. The
complexity of the protein structures, with a variety of amino
acids possessing different structural features, makes nding
the most appropriate solvent challenging. To simplify this task,
computational approaches may be applied for the prediction of
the thermodynamic properties and solvation ability of ILs and
DESs.97 One possibility is the COnductor like Screening MOdel
for Real Solvents (COSMO-RS), which was successfully used to
select the best performing ILs for keratin dissolution.98,99 Liu
et al.98 used COSMO-RS to select the top-ten ILs with potential
for keratin dissolution, from more than six hundred ILs. The
authors studied the logarithmic activity coefficients (ln g) of
keratin models in ILs. Predictive s-proles, s-potentials, and
excess enthalpy were also used to analyse the keratin dissolu-
tion capability of ILs. The authors proposed imidazolium-based
ILs as having a notably high capability for dissolving keratin,
whereas ILs with tetrabutylammonium and tetrabutylphos-
phonium cations are not as effective. In addition, Qin et al.99

used COSMO-RS to predict the ln g, s-proles, s-potentials, and
excess enthalpy between human hair model compounds and
imidazolium-based ILs as the solvents. The authors screened
143 ILs; according to the results of this study, ILs with the 1-
ethyl-3-methylimidazolium cation and acetate or dieth-
ylphosphate anions have the strongest dissolving ability for
human hair. Overall, with the support of predictive approaches,
such as COSMO-RS, it should be possible to screen a large
number of ILs and DESs and predict their performance in
protein dissolution before performing trial-and-error experi-
mental assays.
Recovery and reusability of ILs and DESs

Owing to the negligible vapor pressure of ILs and most DESs,
their separation from mixtures containing a pool of various
compounds, among which proteins, cannot be achieved by
evaporation of the solvent. On the other hand, extracted
compounds from biomass are usually non-volatile and thermo-
sensitive, resulting in a challenge to separate the target
compound from ILs and DESs.100 These circumstances usually
lead to the addition of a molecular solvent immiscible with ILs
or DESs to back-extract the target compound. Most of the ILs
and DESs studied in the extraction of added-value compounds
from biomass are miscible with water at room temperature.69

These hydrophilic ILs may be isolated as well from the aqueous
media through novel mediated phase separations, i.e., by
introducing a strong salting-out species or supercritical CO2, or
through back-extraction, adsorption, or membrane-based
techniques. Several authors showed the recovery and reuse of
ILs and DESs, without signicant impact on the extraction
yields.101–104 On the other hand, surfactant-like ILs that tend to
© 2023 The Author(s). Published by the Royal Society of Chemistry
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formmicelles in water can be separated by force eld separation
or membrane-based methods.105

Despite that in some cases IL environmental discharge does
not intentionally occurs, their recycling is considered essential
from an economical point of view for process viability. Among
the studies discussed here, Rodrigues et al.69 observed that PILs
are excellent solvents for the extraction of S. platensis phycobi-
liproteins, and one of their key benets is their ability to be
recovered and reused. Phycobiliproteins were precipitated with
ammonium sulfate and the PILs were employed in a fresh
extraction cycle. The same PILs were reused in three consecutive
cycles, during which there was a decrease in phycocyanin and
allophycocyanin yields, most likely owing to the presence of
ammonium sulphate, which was not entirely eliminated by
dialysis. Furthermore, the presence of ammonium sulphate in
the recovered PILs promoted the precipitation of the pigments.
The recovery/reuse procedure appeared to have a higher impact
on phycocyanin, drastically reducing its presence in the
successive steps. The allophycocyanin concentration decreased
from 0.80± 0.03 g L−1 (1st cycle) to 0.51± 0.02 g L−1 (3rd cycle),
while the phycoerythrin concentration remained constant
(0.33 g L−1).69 In the same line, Zhang et al.70 reported the
recovery and reuse of [C4C1im]Cl aer the extraction of phyco-
cyanin using an IL-based ABS. The IL-rich phase was rst
concentrated under reduced pressure to eliminate water before
being extracted into a dichloromethane solution. The IL can be
recovered and reused once the organic solvent has been
removed by evaporation. This work, however, did not address
the performance of the recovered IL.

Regarding DESs, reusability is still a limiting step for their
industrial application due to the lack of studies in this regard.
Although there were no reports on studies dealing with
proteins, for certain applications, such as treating lignin and
catalysis, DES recovery studies are much more
advanced.104,106,107 Several methods can be applied for the
recovery of DESs, such as evaporation/distillation, the addition
of anti-solvents, membrane ltration, crystallization, SLE, LLE,
density separation, and supercritical uid extraction.106

In terms of applications of both ILs and DESs, evaporation/
distillation is the most commonly applied method; however,
the fastest and simplest method is the one that involves the
addition of an anti-solvent.106
Environmental and economic considerations of ILs and DESs

ILs are appealing solvents as they have shown various advan-
tages in a plethora of chemical and biological processes. To be
used as green solvents, technoeconomic analysis and life-cycle
assessment of the investigated ILs and processes must be per-
formed. A recent life-cycle assessment study by de Jesus et al.108

highlighted signicant issues about the [C4C1im][BF4] toxicity,
recovery and biodegradability. The studied IL presented
unsatisfactory outcomes in terms of synthesis and biodegrad-
ability when compared to hexane, tetrahydrofuran, cyclopentyl
methyl ether and 2-methyltetrahydrofuran. The production of
[C4C1im][BF4] uses hazardous organic solvents and produces
large volumes of organic waste and contaminants, while
© 2023 The Author(s). Published by the Royal Society of Chemistry
requiring a signicant amount of energy. In addition, [C4C1im]
[BF4] was shown to be the least biodegradable solvent from the
studied set of solvents. However, in terms of recovery, it per-
formed better than hexane, tetrahydrofuran, cyclopentyl methyl
ether and 2-methyltetrahydrofuran. Overall, the life-cycle
assessment study revealed that when compared to other
solvents, [C4C1im][BF4] had both advantages and
disadvantages.

By being able to tailor the IL structures and their physico-
chemical properties, the corresponding environmental and
health impacts can be adjusted. Many biodegradable and low-
toxic ILs have been proposed in the literature, primarily
cholinium-based ILs and protic ILs.109,110 Some imidazolium,
piperidinium, and pyridinium ILs may also be considered as
readily degradable.111 Biodegradation can be designed through
the functionalization of the IL structures. In brief, adding ether,
carboxyl, and hydroxyl functional groups to the alkyl chain may
enhance the decomposition mechanism of the initial IL struc-
tures and contribute also to lower toxicities.112 However, the
benet of hydrophilic functionalization cannot be applicable to
all IL structures. The functionalization of imidazolium-based
ILs with ester or amine groups did not improve their biode-
gradability.113 Therefore, caution must be taken into account
when dening the properties of ILs according to their molecular
structure.

The risk of ILs reaching the environment is not absent, and
caution is required when using them. Potential reasons for this
may be attributed to the contamination of the target product,
leakage by drainage sources, or leakage by solvent disposal.114

Although limited quantities of released ILs will interact with the
environment, it is interesting to research and consider how
each IL will interact with the environment and the possible
effects on it.115 For ILs to be listed as “green” alternatives to
VOCs, environmental criteria such as biocompatibility, bio-
accumulation, toxicity and biodegradability need to be
addressed.116 It is, therefore, essential to understand the paths
of biodegradation that the ILs undergo as they decompose.117,118

Metabolites released in the biodegradation process may be
more toxic and bioaccumulative in the environment than the
parent IL.119 The assessment of the formation, toxicity and
stability of metabolites is therefore highly recommended. Since
the rst reported investigation of the impact of ILs on the
environment, numerous toxicity and biodegradability studies
have been reported, addressing the need of re-designing ILs for
lower toxicity and improved biodegradability.120–123

To date, the group of ILs which have found wide application
belongs to the commonly known second generation of ILs –

halogen-free and stable in the presence of air and moisture,
usually prepared by alkylation of a nitrogen-bearing compound
yielding a rst-generation halogenated IL, followed by the
exchange of halide with a different anion (metathesis).124,125

Changes in the structure of second-generation ILs led to the
development of task-specic ILs – third-generation ILs.126,127

These were followed by a fourth generation which is even more
biodegradable, easily prepared, based on renewable resources,
and less toxic.128 Thus, anions derived from proteins, amino
acids, and fatty acids, among others, combined with cations
RSC Sustainability, 2023, 1, 1314–1331 | 1325
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such as cholinium and glycine-betaine have been
investigated.129,130

The relatively claimed high cost of ILs makes these alterna-
tive solvents less attractive to be used in the extraction of
proteins from biomass. However, this picture strongly depends
on the IL used and the starting material for its synthesis, and on
the ability to recover and reuse the solvent by a cost-effective
method. For a better understanding of which ILs and
processes are more affordable, technoeconomic assessments
should be performed. Fig. 4 summarizes the results of a techno-
economic study performed by Rana et al.,131 addressing a range
of main considerations that need to be resolved in order to
make IL-based biomass pretreatment processes a functional
truth:

(1) decrease in IL price and volume;
(2) increase in solid load during IL pretreatment, as techno-

economic analysis suggests that higher solid loads lower both
the capital expenditure and the operational expense of the
process;

(3) production of biocompatible ILs or novel IL-tolerant
enzyme mixtures and reducing enzyme costs;

(4) design of a successful IL recovery and product recovery
technology;

(5) development of an integrated method for pretreatment,
downstream processing and recovery.

The price of IL differs considerably depending on the
product and the seller ($1.00–800 per kg). However, if ILs are
seen as components of an industrial process, it is necessary to
investigate and evaluate the cost and environmental effect of
the synthetic route of ILs (at the production scale). For instance,
Chen et al.132 studied biomass pretreatment using triethy-
lammonium hydrogen sulfate ([HNEt3][HSO4]). The synthesis of
this recent IL needs only a basic stoichiometric mixture of two
cheap starting materials: triethylamine and sulphuric acid (no
more than $2.00 per kg in ton). This is a clear example that low-
cost ILs can be produced and used. Finally, it is important to
highlight that most studies dealing with the extraction and
purication of proteins from biomass deal with aqueous solu-
tions of ILs instead of pure ILs, decreasing the process cost.
Fig. 4 Key issues that must be addressed to turn IL-based processes
more sustainable.
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As for the ILs, DESs must be evaluated in terms of biocom-
patibility, bioaccumulation, toxicity and biodegradability. The
ecotoxicity of cholinium-based DESs and organic acids was
evaluated by de Morais et al.133 It was veried that they present
moderate toxicity, dependent on the acid concentration.
Furthermore, the authors concluded that the studied DESs are
more toxic than the corresponding ILs.133 Therefore, caution
must be considered when applying general considerations as
DESs are greener than ILs. It depends on their chemical struc-
tures of the ILs and DES being compared. In the eld of DESs,
the lack of studies concerning their environmental impact is
even more pronounced than with ILs, and studies in this regard
are urgently needed.

DESs are usually considered more economically advanta-
geous since they can be prepared from molecules present in
nature or derived from those molecules (for example, choline,
urea, glycerol, and lactic acid among others). However, caution
is needed since most of the time the individual components
used to prepare DESs are synthesized and not recovered from
natural sources. One of the main advantages of DESs is their
easiness of preparation since no reaction is required as it
happens with ILs: however, their individual components may
need to be synthesised. Finally, DESs are always a mixture,
which may turn their recovery and reuse more difficult and
expensive. Overall, based on the exposure, a deeper under-
standing and new developments in ILs/DES are required to
demonstrate if they could become sustainable alternatives for
the recovery of non-animal proteins, which is further discussed
in the following section.
Analysis of strengths, weaknesses, opportunities and threats
(SWOT) of ILs and DESs as alternative solvents

The strengths, weaknesses, opportunities and threats (SWOT)
approach gives a good image of the applicability of extraction
procedures with ILs and DESs. It also provides the best quality
evidence for the scalability of alternative solvents in industry. A
SWOT analysis on the application of ILs and DESs as alternative
solvents for the extraction of proteins from biomass is provided
in Fig. 5.

Alternative solvent research in the eld of biorenery
became a hot topic in 2007.134,135 Alternative solvents such as ILs
and DESs can be nely tuned for a specic purpose, such as
biomass protein extraction, for which they have already shown
tremendous capacity. For instance, utilizing ILs can boost feed
clarication, and biomolecule concentration and separation in
integrated processes.26 Processes comprising liquid–liquid
extractions and immobilized IL separations have been reported
as having a high atom economy and other green creden-
tials.136,137 An attractive attribute of ILs, when employed as ABS
constituents, is the possibility of developing production–sepa-
ration–preservation processes, which can be extended to DESs,
while opening the door for viable industrial applications.138 The
use of novel bio-based solvents may bring new opportunities in
separation processes, avoiding hazardous and harmful
conventional solvents. Using well-designed ILs and DESs with
better extraction performance (e.g. extraction efficiency and
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SWOT analysis on the application of alternative solvents for the extraction of proteins from biomass.
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selectivity) would allow the development of more sustainable
processes. Still, there is the need for proof-of-concept integrated
systems employing these alternative solvents, as well as stan-
dardized methods and comparison data. Moreover, a new trend
of exploring the use of high pressure in extraction processes
with ILs has already been established, but not yet extensively
studied for proteins.73 However, there is potential for the
widespread adoption of high-pressure extraction methods for
proteins, along with innovative SLE techniques like MAE, UAE,
and ABS, and by incorporating alternative solvents such as ILs
and DESs.

Among the challenges of sustainable extraction are most
certainly the growing prices of starting materials, along with
uncertainties about the future evolution of the market, political,
and legal environment, all of which must be considered when
envisioning a bio-economy.

Signicant advancements have been made in alternative
solvent development in the last 20 years.139,140 Depending on
their chemical structure, these solvents are accessible on a wide
scale and may be envisioned for industrial applications.
Conclusions

Given their potential and renewable nature, biomass and
related residues have progressively been more utilized
throughout the last few decades. In this eld, non-animal
protein products have gained more attention as a result of
increased public awareness and concerns about climate change.
However, these proteins are still predominantly extracted from
biomass using VOCs and lengthy processes. Therefore, in order
to achieve some of the United Nations Sustainable Development
© 2023 The Author(s). Published by the Royal Society of Chemistry
Goals (SDGs), there is a need of developing cost-effective
extraction and purication processes for proteins from vege-
table sources.

In this review, we focused on alternative solvents, namely ILs
and DES, for the extraction and separation of non-animal
proteins with potential application in the food, cosmetic and
pharmaceutical industries. This work compiled pieces of
evidence on the implementation of ILs and DESs, and their
aqueous solutions, in protein extraction and separation from
algae, plants (e.g. aloe vera and holy basil), cereals (e.g. wheat
and oat), fruits (e.g. papaya, pineapple, pomegranate, and sea-
buckthorn berries), and vegetables (e.g. spinach, radish, and
ginger). Several IL- and DES-based approaches were discussed,
namely SLE, UAE, MAE and ABS. Overall, ILs and DESs can be
tailored to improve the extraction of these proteins and they can
compete with traditional VOCs. However, for these alternative
solvents to be labelled as “green” solvents, more studies are
needed, particularly regarding their toxicity and biodegrad-
ability, as well as in their recovery and reuse to decrease the
environmental impact and costs of the developed processes. In
light of the mentioned requirements, it is recommended that
future research prioritizes technoeconomic analysis and life-
cycle assessment. This should aim to enhance the accessi-
bility of data, deepen the understanding regarding their envi-
ronmental impact and toxicity, encourage sustainable design
practices, explore options for end-of-life management, and
tackle potential regulatory issues. Undertaking these efforts will
certainly contribute to a more thorough and precise evaluation
of ILs and DESs, while facilitating well-informed decision-
making concerning their sustainable use in the long run. In
addition to this, predictive models, such as COSMO-RS, can
RSC Sustainability, 2023, 1, 1314–1331 | 1327
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push forward the research in this eld, while minimizing trial-
and-error experimental assays.

To promote the practical implementation of ILs and DESs,
the participation of several sectors of society is essential:
academia to progress the development of greener ILs/DESs and
processes; the industry that from now on has even more
responsibility for the environment and if partnerships between
industry and academia exist, it can be a protable situation for
both; the politics, responsible for legislation that determines
how the future bioreneries can operate; and lastly, the citizens
because proteins from vegetable sources should be the
preferred choice over animal-derived ones.

Overall, with this review, we demonstrate the potential that
non-animal biomass offers for protein production, exposing the
current obstacles and opportunities, while highlighting the
need to expand related studies.
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56 S. C. Silvério, O. Rodŕıguez, A. P. M. Tavares, J. A. Teixeira
and E. A. Macedo, J. Mol. Catal. B: Enzym., 2013, 87, 37–43.

57 A. M. Ferreira and M. G. Freire, Bol. – Soc. Port. Quim., 2015,
139, 23.

58 Y.-K. Chang, P.-L. Show, J. C.-W. Lan, J.-C. Tsai and
C.-R. Huang, Bioresour. Technol., 2018, 270, 320–327.
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Bioresour. Technol., 2008, 99, 7723–7729.

76 Z. Tan, F. Li, X. Xu and J. Xing, Desalination, 2012, 286, 389–
393.

77 H. Zhiyong, Y. Yuan and Y. Lv, Food Sci., 2003, (8), 135–137.
78 S. Dreyer, P. Salim and U. Kragl, Biochem. Eng. J., 2009, 46,

176–185.
RSC Sustainability, 2023, 1, 1314–1331 | 1329

https://doi.org/10.1007/s13399-021-01972-2
https://doi.org/10.1007/s13399-021-01972-2
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3su00062a


RSC Sustainability Critical Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
Q

ad
o 

D
ir

ri
 2

02
3.

 D
ow

nl
oa

de
d 

on
 0

7/
11

/2
02

5 
3:

28
:0

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
79 A. Grudniewska, E. M. de Melo, A. Chan, R. Gniłka,
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