
1 of 20Sustainable Food Proteins, 2026; 4:e70055
https://doi.org/10.1002/sfp2.70055

Sustainable Food Proteins

REVIEW OPEN ACCESS

Lupin as an Alternative Source of Protein for Plant-Based 
Foods—A Review
Vahid Baeghbali1,2,3  |  Claire D. Munialo4  |  Tonna Ashim Anyasi1,2,3   |  Parag Acharya1,2,3

1Food and Markets Department, Natural Resources Institute, University of Greenwich, Kent, UK  |  2Medway Food Innovation Centre, Natural Resources 
Institute, University of Greenwich, Kent, UK  |  3Bezos Centre for Sustainable Protein, Imperial College London, London, UK  |  4Harper Food Innovation, 
Harper Adams University, Newport, UK

Correspondence: Tonna Ashim Anyasi (t.a.anyasi@greenwich.ac.uk; tonna.anyasi@gmail.com)  |  Parag Acharya (p.acharya@greenwich.ac.uk)

Received: 18 August 2025  |  Revised: 23 January 2026  |  Accepted: 28 January 2026

Keywords: alternative proteins | lupin protein | non-thermal processing | plant-based alternatives | protein functionalization | under-utilized legumes

ABSTRACT
Lupin, an underutilized legume belonging to the Fabaceae family, demonstrates a huge potential as an alternative protein source 
by contributing to food security and environmental resilience in the face of climate change. This work highlights the potential 
of lupin protein as a preferred substitute for soy protein in plant-based food applications. A critical assessment of the protein 
extraction methods for lupin and their influence on the physicochemical and nutritional properties of the extracted lupin protein 
was determined. Furthermore, the structural and physicochemical properties of lupin proteins compared to those of soybean 
were examined. Despite its high protein content and excellent amino acid profile, the poor functional properties of lupin protein 
in comparison to soy posed a major limitation for its use in food formulations. Based on this observation, the effect of novel and 
non-thermal processing on lupin protein was further determined. Findings revealed increasing utilization of lupin protein for 
novel foods, but limited success in the adoption of lupin protein in the mainstream plant protein sector, attributed largely to the 
presence of anti-nutritional factors, allergens, and inferior organoleptic qualities. Therefore, by offering process-induced im-
provement of the functional properties, a wider application of lupin protein in food products could address the protein diversity 
challenge.

1   |   Introduction

Proteins are essential macronutrients that are required for 
human growth and development. The global landscape of pro-
tein supply is dominated by vegetal sources (~60%) and others 
from animal-derived sources; nevertheless, their contribution to 
the overall protein intake at the population level differs across 
geographies (Smith et al. 2024). Global food insecurity signifies 
an urgency to fix the environmental impact of the current food 
system in which animal protein production alone is responsible 
for 14.5% of the total food-related greenhouse gas (GHG) emis-
sions and contributes to 30% biodiversity loss (Crippa et al. 2021; 
Duluins and Baret 2024). Interestingly, beef and dairy products 
account for 65% of the total global emissions from animal hus-
bandry, where major attributes are feed production, processing, 

and digestion by cows (Vellinga and de Vries 2018; von Greyerz 
et  al.  2023). Thus, with the increasing world population, the 
demand for dietary proteins from animal sources is no longer 
sustainable. There is a need for a paradigm shift that will re-
sult in a rebalancing of consumption of proteins of animal or-
igin by increasing proteins from alternative and underutilized 
plant-based sources such as lupin. Although disadvantaged due 
to its functional property limitations, lupin, with its high protein 
and fiber content of about 40% dry weight, is currently explored 
as a potential plant protein substitute (Arnoldi et  al.  2015; Lo 
et al. 2024).

The increasing consumption of plant proteins has proven to be 
one of the solutions for mitigating the emission impact of live-
stock farming (Ahmad et al.  2022). The global plant protein 
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market in 2022 was estimated to be USD 13.27 billion and is 
expected to grow to approximately USD 25.53 billion by 2030 
(Anyiam et  al.  2025). One of the commonly used proteins 
from plant origin is soy, however, there is currently an over-
dependence on soy protein within the plant-based food market 
which has also impacted biodiversity (Munialo et  al.  2025). 
Furthermore, soy protein production, particularly in South 
America, has been shown to be a significant driver of defor-
estation, especially in the Amazon rainforest, in addition to 
the pressure resulting from the competition of its use as both 
animal feed and human food (Amaral et  al.  2021; Munialo 
and Vriesekoop  2023). Thus, diversification of plant protein 
usage beyond soy by introducing some of the under-utilized 
sources such as lupin for food applications is of paramount im-
portance. However, this requires further understanding and 
possible modification of the functional properties of lupin and 
other under-utilized plant proteins as well as assessing their 
upscaling opportunities (Sim et al. 2021; Nikbakht Nasrabadi 
et  al.  2020). This work therefore explores the utilization of 
lupin protein as a sustainable and alternative plant protein 
source. Lupin protein characteristics, extraction methods, 
techno-functional properties and use in different food appli-
cations when compared to soy protein is further discussed in 
this work.

2   |   Lupin as a Sustainable Protein Source

Lupin is a legume belonging to the Fabaceae family and consists 
of four major species—Lupinus albus L. (white lupin), Lupinus 
angustifolius L. (narrow-leafed or blue lupin), Lupinus luteus L. 
(yellow or sweet lupin), and Lupinus mutabilis (Andean lupin) 
(Bader et al. 2009; Gresta et al. 2017). The global production of 
lupin is estimated around 1.01 MT with Australia, Russia, and 
Poland as the main producers as opposed to soy, which has a 
total production of 340 MT that corresponds with a total growth 
area of 123 million hectares (Shrestha et al. 2021). Over 80% of 

soy produced globally originates from the United States, Brazil, 
and Argentina combined, which are also the largest countries 
that export soy (Dreoni et al. 2022). Although the global produc-
tion of lupin is way less compared to soy, an increase in its usage 
and demand could necessitate an increased cultivation and 
subsequent use in food production and processing (Figure  1). 
Currently, only 4% of the total lupin production is used for human 
consumption and the others are used as animal feed (Abraham 
et al. 2019). Australia is one of the biggest growers of lupin and 
is responsible for 80%–85% of world production, whereas the 
European Union (EU) and the United Kingdom (UK) hold 17.6% 
of the total production (Lo et  al.  2021). However, the EU and 
UK can potentially expand their production if the extraction of 
protein fractions that pose exceptional techno-functional char-
acteristics remains viable. This will reduce the over-reliance on 
imported soybean as the main plant protein source in the UK 
and the EU.

Aside from being a good protein source, other advantages de-
rived from lupin cultivation include: (i) higher nitrogen fixation 
rate than other legumes (150–200 kg N2/ha) and positive impact 
on mobilizing soil-bound phosphate; (ii) low production cost; 
(iii) cultivation under stress conditions, therefore more adapt-
able under climate change conditions; and (iv) lack of genetic 
modification in the commercial cultivation, unlike soy (Shrestha 
et al. 2021). Additionally, environmental adaptations and qual-
ity attributes (especially low alkaloid content) can be selected 
or developed in the gene pool to address the technological chal-
lenges for the cultivation of high-quality lupin. Overall, lupin 
could be the future protein crop for Europe (Lucas et al. 2015) 
and in regions where cultivated.

3   |   Lupin Protein Characteristics

Lupin has substantial protein content of 30%–42% in the seed 
depending on the variety, and 40% in dehulled kernels which is 

FIGURE 1    |    Lupin as a sustainable protein source and soy replacement in food processing.
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very similar to the protein content of soybean (~40%) (Monteiro 
et al. 2014). Compared to soybean, lupin has low carbohydrate 
and fat content as well as a higher dietary fiber content (~28%) 
(Bähr et al. 2014). Table 1 highlights the physicochemical prop-
erties of lupin and soybean proteins describing their functional 
similarities and differences which could help to assess the po-
tential of lupin protein to substitute soy protein for the plant-
based food formulation.

Lupin protein comprises albumins, globulins and prolamins, with 
albumin and globulins occurring in the ratio of 1:9, while prol-
amins occur in minor fractions (Boukid and Pasqualone 2021). 
Globulins, which are lupin's major storage proteins, are high 
molecular weight and consist majorly of 7S β-conglutin, which 
comprises a trimeric structure with 15 subunits of 20–60 kDa 
each, forming a 170 kDa complex; and 11S α-conglutin compris-
ing a hexameric structure with both acidic and basic chains and 
a MW of 315 kDa, all constituting 80%–90% total protein. The 
minor 7S γ-conglutin (monomeric unit with a MW of 17 kDa, 
containing one large and small subunits) and 2S δ-conglutin 
(tertiary structure with a MW of 48 kDa) (Figure  2). A break-
down of the composition of globulins based on their electro-
phoretic mobility includes α-conglutin (35%–37%), β-conglutin 
(44%–45%), γ-conglutin (4%–5%), and δ-conglutin (10%–12%) 
(Arnoldi et al. 2015; Boukid and Pasqualone 2021). Structurally, 
lupin seed proteins consist of fractions of glycosylated storage 
proteins including α- and β-conglutins and, to a lesser degree, 
γ- and δ-conglutins (Faeste 2010; Boukid and Pasqualone 2021). 
The α-conglutin from the 11S globulin family and the β–conglu-
tin from the vicilin-like 7S family consist of two cupin domains: 
a large and functionally vast family of proteins. Faeste  (2010) 
further revealed that α-conglutin occurs in L. albus as a hex-
amer of disulfide-linked basic and glycosylated acidic trimers, 
having a molecular weight of 47–54 kDa and linked to a basic 
polypeptide of approximately 20 kDa. However, β–conglutin is a 
non-covalently linked heterogenous trimer comprising polypep-
tides of between 20 and 80 kDa. The γ-conglutin is a basic protein 
with homogenous tetramers comprising two different disulfide-
linked monomers of 17 and 30 kDa, with the 30 kDa monomer 
existing as the glycosylated form (Faeste  2010). Conversely, 

TABLE 1    |    Comparative characteristics of lupin and soybean protein.

Protein characteristic Soybean Lupin References

Protein structure Complex globular Globular Shrestha et al. (2021), 
Kim et al. (2020)

Protein content 40% 30%–55% Lo et al. (2021), Vogelsang-
O'Dwyer et al. (2022)

Protein fractions β-conglycinin (7S)
Glycinin (11S)
Globulin (15S)

β-conglutin (7S)
α-conglutin (11S)
γ-conglutin (2S)

Nikbakht Nasrabadi 
et al. (2020), Lo et al. (2021)

Isoelectric point 4.6 4.5 Lo et al. (2021), Kim et al. (2020)

Denaturation temperature 78.6°C–90.8°C 63°C–74°C Lo et al. (2021)

Water holding capacity 6.13 g/g 1.71 g/g Lo et al. (2021), Tan et al. (2014)

Oil holding capacity 1.51 ± 0.04 g/g 1.43 g/g Tan et al. (2014)

Emulsifying activity 47.4% ± 2.30% 61.94% Lo et al. (2021), Tan et al. (2014)

Emulsion stability 100% ± 5.5% 90% Lo et al. (2021), Tan et al. (2014)

Least gelling concentration 12% 7% Tan et al. (2014)

Molecular weight 150–200 kDa 20–100 kDa Kim et al. (2020)

Digestibility 85.2% 90% Tan et al. (2014), Bartkiene 
et al. (2018)

Zeta potential −30 mV −35 mV Lo et al. (2021)

Solubility 67.34% (pH = 12) 64%–90% (pH = 8) Tan et al. (2014), Lo et al. (2022)

FIGURE 2    |    Comparison of the molecular weight distribution of var-
ious subunits present in lupin and soy proteins.

 27719693, 2026, 1, D
ow

nloaded from
 https://aocs.onlinelibrary.w

iley.com
/doi/10.1002/sfp2.70055 by N

IC
E

, N
ational Institute for H

ealth and C
are E

xcellence, W
iley O

nline L
ibrary on [23/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



4 of 20 Sustainable Food Proteins, 2026

δ-conglutin is a 2S albumin of 14 kDa comprising two disulfide-
linked proteins of 4 and 9 kDa possessing a cysteine-rich prol-
amin formation. Comparatively, soybean protein has a complex 
globular structure, and approximately 90% is composed of β-
conglycinin (7S) and glycinin (11S). β-conglycinin usually has a 
molecular weight in the range of 150–200 kDa and is a trimeric 
protein consisting of three subunits α (68 kDa), ά (72 kDa), and 
β (52 kDa) forms in which β subunits contain only core regions 
while α and ά units have extended regions of N-terminal sites. 
The 11S glycinin has a MW of 300–380 kDa, consisting of acidic 
and basic polypeptides with six subunits (hexamer) linked with 
disulphide bonds and overlapped hexagon shape to form a void 
cylindrical shape. The shape is maintained by hydrogen and/or 
electrostatic bonding and hydrophobic interaction holding the 
structure (Kim et al. 2020).

Lupin shows low solubility around the pH equivalent to the 
isoelectric point (pI) of protein due to aggregation. The pI for 
both lupin and soy proteins is at a pH range of between 4 and 5, 
however, soy protein has a higher denaturation temperature (Td) 
compared to lupin protein, depicting superior thermal stability. 
Furthermore, the oil holding capacity for lupin protein is slightly 
lower than soy protein while the water holding capacity of lupin 
protein is almost four times lower than that of soy protein. 
Differences in the water holding capacity could be attributed to 
the type of network that these proteins form in the presence or 
absence of other gelling agents. The networks made from soy 
could have a higher ability to imbibe and hold on to more water, 
thus making soy proteins the preferred protein for applications 
that require good water holding capacity such as in the formu-
lation of meat analogues. However, lupin protein can be used in 
applications that require good ability to stabilize water–oil in-
terfaces as good emulsifiers. The foaming capacity of protein is 
the amount of interfacial area created by whipped protein. Both 
lupin and soy have a similar range of foaming capacity of 70%–
90% and 70%–80%, respectively which varies depending on the 
source and treatment conditions. The foaming capacity of lupin 
enables it to be used as a substitute for soy in food formulations 
that require a consideration of foaming ability and stability.

Lo et  al.  (2021) demonstrated that the zeta potential for lupin 
protein showed a positive value at the acidic pH and a negative 
value for the alkaline environment, with a value of −10 mV near 
pI. Despite having more disulfide bonds and free thiol groups, 
lupin protein showed poor gelling properties with weaker, non-
elastic, and deformable gel formation compared to soy protein, 
which forms tough, firm, and resilient gel (Berghout, Boom, 
and van der Goot 2015). This was attributed to the hindered un-
folding of lupin protein preventing the formation of gel network 
due to the lack of accessibility of disulfide and free thiol groups, 
which in turn could result in lower water holding capacity (Lo 
et  al.  2021). The presence of hydrophobic amino acids on the 
protein surface plays a crucial role in the absorption of protein 
at the oil–water interface during emulsion formation (Wang 
et al. 2022). Lo et al. (2021) and Tan et al. (2014) showed that the 
emulsifying activity index (EAI) of soy protein isolate (SPI) is 
similar to that of lupin protein isolate (LPI), but the emulsifying 
stability index (ESI) of SPI was found to be higher than that of 
LPI (Table 1). This suggests that both SPI and LPI have similar 
emulsion formation capacity, but SPI can stabilize the emulsions 
for a longer period than LPI.

4   |   Extraction of Lupin Protein

The extraction of high quality protein from lupin seeds facilitate 
the development of diversified plant protein ingredients. Recent 
studies have focused on optimizing the extraction process for 
increasing the protein yield and improved functionalities with 
minimum environmental impact (Table 2). It has been observed 
that the protein recovery rates vary considerably (23%–90%) 
across different extraction techniques including extraction 
based on novel technologies (Rababah et al. 2023; Chukwuejim 
et al. 2024; Dominguez-Valencia et al. 2025; Tang et al. 2025). 
Lupin protein recovery was shown to be linked with the pre-
treatment for de-fatting and the highest recovery occurred using 
diethyl-ether to separate the fat before isolating protein (Bader, 
Bez, and Eisner 2011; Bader, Oviedo, et al. 2011).

4.1   |   Lupin Protein Extraction Methods

Alkaline extraction in combination with ultrafiltration or isoelec-
tric precipitation, remains the predominant method for isolating 
both albumin and globulin fractions of lupin protein (Aguilera 
et al. 1983; Lam et al. 2018; Domínguez et al. 2023). The under-
lying principle is to leverage pH-dependent solubility of lupin 
protein which is driven by the inter-play between protein–pro-
tein and protein-water interactions. Earlier works on alkaline 
extraction of lupin protein reported high yield (Chew et al. 2003), 
but recent attempts achieved lower protein recovery, highlight-
ing methodological inconsistencies (Albe-Slabi et  al.  2022; Lo 
et  al.  2022). However, the application of ultrasound (US) pre-
treatment in combination with alkaline extraction, reported 
increased yield of lupin protein (Aguilar-Acosta et  al.  2020; 
Navarro-Vozmediano et al. 2025). Factors such as post-extraction 
drying (freeze-, spray-, or vacuum drying) step critically impacts 
lupin protein functionality; freeze-drying without excipients may 
reduce solubility via protein aggregation (Munialo et  al.  2022; 
Domínguez et al. 2023). Micellization, or salt extraction offers a 
milder process by solubilizing globulin proteins in NaCl or KCl at 
neutral pH and salting-in at low temperature (1°C–4°C) thereby 
avoiding denaturation (Fontanari et al. 2012; Lam et al. 2018). On 
the other hand, acid extraction utilizes pH shift in combination 
with ultrafiltration, to selectively extract acid-soluble fraction of 
lupin γ-conglutin thereby achieving 84%–90% yield (Shrestha 
et al. 2021). However, this method resulted in lower extraction 
yield and compromises color parameters in other plant proteins 
(Wang and Xiong 2019), thus necessitating further evaluation for 
lupin-specific application.

While the wet process achieves purity in protein extraction, 
the major drawbacks are water and/or organic solvent usage as 
well as the requirement of an energy intensive de-watering step 
which can be circumvented by using novel extraction technol-
ogy such as dry fractionation (Pelgrom et al. 2014; Chukwuejim 
et al. 2024). The protein yield and purity in dry fractionation de-
pend on the degree of milling and the air flow rate. A study con-
ducted by Politiek et al. (2023) showed that the presence of ~8% 
oil bodies did not impede the dry fractionation of lupin flour and 
provided 54%–59% protein yield. Importantly, defatting lupin 
flour prior to dry fractionation results in changed solubility 
and flavor profiles in the extracted protein, suggesting that oil 
removal strategies require careful optimization. During wet 
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extraction, the alkaline solubilization step incorporates oil and 
other lipophilic compounds into the LPI to decrease the over-
all extraction yield, while the defatting procedure using hexane 
can lead to decreased protein solubility and off-flavor. Thus, to 
address the limitations of solvent-based extractions, supercriti-
cal carbon dioxide (SC-CO2) extraction emerged as a promising 
alternative which showed improved protein purity, higher ex-
traction yield, and reduced oil content in the LPI (Dominguez-
Valencia et al. 2025).

Tang et al. (2025) opined that by synergistically leveraging the 
cavitation effects of US with the rapid, uniform heating capa-
bilities of microwave (MW), a combined technique of 10 min 
processing could achieve enhanced extraction efficacy of lupin 
protein, thereby outperforming the time-consuming conven-
tional extraction methods. It was further suggested that lower 
power combinations of US and MW effectively improved solu-
bility of extracted lupin protein and reduced particle size, while 
higher power combinations resulted in decreased solubility 
due to protein denaturation and aggregate formation. Navarro-
Vozmediano et al. (2025) who explored high-power ultrasound 
(HPU) pretreatment as a method for reducing anti-nutritional 
factors (ANF) and fat content while enhancing protein ex-
traction efficiency, observed that the HPU pretreatment en-
hanced critical functional properties including water absorption 
index (26% improvement), foaming capacity (8% enhancement), 
and emulsifying properties (14% improvement).

4.2   |   Techno-Functional Properties of Lupin 
Protein Extracts

Lupin protein techno-functional properties are significantly in-
fluenced by the extraction process (Table 3). Observed variation 
stems from the structural modification of extracted lupin pro-
tein which imparts different surface hydrophobicity, denatur-
ation and particle size. Previous studies revealed that alkaline 
extraction–isoelectric precipitation achieves approximately 59% 
protein recovery in lupin kernel, which can be further improved 
to 69%–82% when coupled with diafiltration/ultrafiltration or 
three-phase centrifugation, with high purity of up to 91% from 
the de-oiled extract (Aguilera et  al.  1983; Chew et  al.  2003). 
However, later studies have failed to reproduce such high yield 
extraction and reported an extraction yield of protein from lupin 
flour in the range of 2%–36.4% dry weight with varied purity 
level (D'Agostina et  al.  2006; Alu'datt et  al.  2017; Domínguez 
et al. 2023). This could be attributed to the method of protein 
characterization and types of lupin varieties used in the ex-
traction process. It was observed that acidic extraction of 37% 
dry matter basis compares favorably with alkaline methods of 
40%–45% yield, while salt-induced extraction results in low yield 
of 19.8%–30.0% dry matter (Sussmann et  al.  2013; Albe-Slabi 
et al. 2022). However, the application of novel extraction technol-
ogies to lupin such as dry fractionation yields 54%–59% protein 
content (dry weight) with a 13% yield, while SC-CO2 treatment as 
well as combined US and MW significantly improved the yield 
and protein content (Politiek et  al.  2023; Dominguez-Valencia 
et al. 2025; Tang et al. 2025).

Alkaline extraction with isoelectric precipitation yield globu-
lins, while ultrafiltration retains albumin (Shrestha et al. 2021; 

Albe-Slabi et  al.  2022). Although globulin is receiving more 
interest in plant protein isolates than albumins, albumins pos-
sess better foaming capacity owing to their less aggregated state 
and smaller size (Yang and Sagis 2021). Kohajdová et al. (2011) 
showed that lupin foam was quite similar in microstructure 
and texture when compared to the uncooked egg white foam, 
thus underscoring the importance of retaining albumins in 
LPI especially when exploring plant-based eggs. Lima-Cabello 
et  al.  (2016) observed that γ-conglutin, a minor globulin pro-
tein fraction (~4%–5% w/w) in lupin, has shown promise for 
controlling blood glucose levels needed to reduce the risk for 
type II diabetes. Unlike α- and β-conglutin fractions of lupin, 
γ-conglutin is acid soluble with a pH of 7.9–8.2, heat stable, and 
exhibits unique emulsifying properties. However, yield, pu-
rity, and scalability of extraction are still major challenges to 
overcome in the extraction of γ-conglutin lupin fraction (Mane 
et al.  2018). Lupin conglutin (α-, β-, γ-) are potential allergens 
with cross-reactivity to peanuts (Lucas et  al.  2015). While su-
percritical fluid extraction and acidic extraction alter protein 
secondary structures, their impact on allergenicity is unknown 
(Albe-Slabi et al. 2022; Tang et al. 2025).

Solubility and foaming are important physicochemical proper-
ties as many food product formulations involve dispersion and 
emulsion. Alkaline extraction of lupin protein using isoelec-
tric precipitation demonstrated low foaming capacity whereas 
ultrafiltration and dry fractionation resulted in extracts with 
high foaming capacity (Wong et al. 2013; Pelgrom et al. 2014). 
Micellization showed improved characteristics in lupin protein 
solubility when compared to alkaline extraction and this has 
been attributed to pH and ionic strength (Shrestha et al. 2021). 
Politiek et  al.  (2023) stated that micellization and SC-CO2 de-
oiling improve foaming by reducing protein aggregation and 
optimizing air-water interface affinity. The foaming stability 
of lupin protein is similar to chickpea protein but inferior to 
broad bean (Alu'datt et  al.  2017), whereas the foaming capac-
ity is dependent on the extraction method (Lo et al. 2021), pH 
(Rodríguez-Ambriz et al. 2005), and the lupin variety (El-Adawy 
et al. 2001).

5   |   Lupin Protein Modification Using 
Non-Thermal Techniques

High-pressure homogenization (HPH) and US treatments are 
emerging as non-thermal process technologies used in altering 
the functional properties of plant protein. Lupin protein modifi-
cation using sustainable processing methods can be harnessed 
to improve its techno-functional properties, thereby overcoming 
the current limitation of lupin protein usage as a food ingredient.

5.1   |   High-Pressure Homogenization

HPH has shown to modify the structure and functionality of 
lupin protein by generating short-duration dynamic pressure 
(~10−4 s) combined with cavitation, shear stress, and turbu-
lence which cause particle size reduction and induce confor-
mational changes through protein unfolding (Lo et al. 2024). 
In the study conducted by Lo et al. (2024), application of HPH 
within low pressure range of 25–100 MPa at pH 5 and 9 was 
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shown to reduce the particle size of lupin protein by up to 
10-fold, but at higher pressures of 200 MPa, the particle size 
reduction was less pronounced. Chapleau and de Lamballerie-
Anton (2003) who studied the aggregation properties of lupin 
protein due to high-pressure processing using 200–600 MPa 
at pH 7.0, observed a structural modification of the lupin pro-
tein at a pressure > 400 MPa via aggregation of 11S globulin 
fraction and denaturation of 7S globulin fraction. Such hy-
drophobic interactions due to exposed hydrophobic sites upon 
HPH resulted in increased protein interfacial concentration 
and therefore emulsion stability as well as decreased cream-
ing index and flocculation because non-covalent interactions 
within protein aggregates are disrupted by HPH (Keuleyan 
et al. 2023).

Bader, Bez, and Eisner  (2011) and Bader, Oviedo, et  al.  (2011) 
observed that the HPH dependent change in the functional 
property of lupin protein is linked to the lupin variety due to dif-
ferences in protein fraction. There was no observed increase in 
the solubility of HPH treated L. angustifolius; however, L. albus 
showed a 5% increase in protein solubility upon HPH treatment 
and this was attributed to different dispersion behavior due to a 
range of particle aggregation. The emulsifying capacities (EC) of 
L. angustifolius and L. albus were not at all affected by HPH at 
a lower level of pressure (50–100 MPa), but there was a signifi-
cant impact for L. angustifolius at the higher pressure (150 MPa) 
with enhanced EC due to the higher surface activity of protein, 
which improves the efficacy in the formation of interfacial lay-
ers (Bader, Bez, and Eisner  2011; Bader, Oviedo, et  al.  2011). 
Additionally, the protein isolate of L. albus showed higher gel 
formation capacity compared to that of L. angustifolius upon 
high-pressure treatment, and the firmness and cohesion of gel 
using L. albus increased by a factor of four compared to the un-
treated samples.

Apart from particle size reduction, HPH was also shown to im-
prove solubility and enhance viscosity and gelling properties of 
lupin protein when passed through multiple homogenization 
cycles (Lo et al. 2024). At 50 MPa, after 10 homogenization cy-
cles, the particle size of lupin protein was reduced by ~89% and 
91% at pH 5 and 9 respectively but was almost unchanged. Zeta 
potential indicates no significant alteration of surface charge of 
the protein particles as a function of HPH. The reduced particle 
size impacted the solubility of lupin protein, which was found 
to increase by 20%–40% particularly under lower pressures of 
25–50 MPa at pH 5 and 9. However, prolonged homogenization 
at higher pressures of 100–200 MPa led to a decrease in solubility 
due to protein re-aggregation via enhanced hydrophobic interac-
tions and disulfide bond induced protein–protein cross-linking. 
Viscoelastic properties of lupin protein upon HPH treatment 
at both pH 5 and 9 were observed and supported by enhanced 
loss modulus, with highest viscosity of ~100 Pa.s achieved at 
200 MPa after 10 passes (Lo et al. 2024).

5.2   |   Ultrasonication

Ultrasonication is another non-thermal technique which can be 
used in functional modification of plant proteins using low fre-
quency (16–100 KHz) and high intensity (10–1000 W/cm2) me-
chanical waves, thereby creating a high energy cavitation zone 

impact which changes the protein microstructure in the solu-
tion. Lo et al. (2021) reported that low-frequency US treatment 
of LPIs which demonstrated higher solubility and enhanced 
gelling properties in alkaline pH. Cavitation generated from US 
disrupts lupin protein aggregates and breaks non-covalent in-
teractions thereby altering secondary structure which increases 
the random coil and facilitates improved water interaction, thus 
enhancing solubility (Jadhav et al. 2024; Riquelme et al. 2025). 
However, with the extended US treatment of 15 min at pH 9, the 
particle size of LPI was further reduced to < 1 μm but there was 
no significant change in solubility (Lo et al. 2022). It was fur-
ther observed that the difference in zeta potential between US 
treated and untreated lupin protein at pH 9 was not significant, 
implying no perceptible change in lupin's surface characteris-
tics. Improved gelling properties have also been observed with 
US treated lupin. A fourier transform infrared spectroscopy 
analysis of US treated lupin revealed reductions in α-helix and 
β-sheet, indicating partial unfolding with the microstructure 
analysis showing approximately 80% reduction in size of the 
lupin protein aggregate (Riquelme et al. 2025).

6   |   Lupin Protein and Food Product Quality

A right balance of the physicochemical properties, nutritional 
profile and improved organoleptic attributes could help food 
manufacturers to adequately replace animal protein for lupin 
protein-based food formulations. Thus, functional characteri-
zation of lupin protein is important not only for the quality as-
sessment of ingredients but also for identifying the appropriate 
product application (Abreu et al. 2023).

6.1   |   Protein Quality

Among legumes, lupin species are reported to contain one of the 
highest protein levels and a great amino acid profile, with its 
amino acid score comparable to that of soy and higher than that 
of faba beans and pea protein (Boukid and Pasqualone  2021). 
Lupin protein has a higher amount of lysine and leucine (par-
ticularly L. mutabilis), but is low in methionine and cysteine 
when compared to other legume species. Estimated values of 
indispensable amino acids such as threonine, valine, and tryp-
tophan were seen to be lower than that of soy (Boukid and 
Pasqualone  2021). Monteiro et  al.  (2014) reported a deficiency 
of all indispensable amino acids, except tryptophan, in L. albus 
and L. angustifolius. However, L. luteus possesses the highest 
concentration of indispensable amino acids when compared to 
other lupines (Boukid and Pasqualone 2021). Lupin species do 
not meet the WHO/FAO/UNU requirements for threonine and 
valine, but tryptophan and lysine in L. luteus contain amounts 
that meet the FAO/WHO requirements. Largely, the total indis-
pensable amino acids of lupin species are lower than the 36 g/16 
gN requirements of FAO/WHO, estimated based on the nine 
indispensable amino acids (Boukid and Pasqualone 2021). The 
mean digestible indispensable amino acid score (DIAAS) for 
lupin protein has been shown to be 68, which is higher than pro-
teins from rice (47), oat (57), and fava bean (55); and comparable 
to pea protein (70), but lower than soy protein (91) (Herreman 
et al. 2020). In vitro studies reveal that lupin protein digestibility 
ranges from 72% to 84%, influenced by factors such as extraction 
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pH and thermal processing (Albe-Slabi et al. 2022; Chukwuejim 
and Aluko 2025). Lupin protein has also shown various health 
benefits, including reduction in blood glucose level and cho-
lesterol, in addition to having a lower glycaemic index (Lucas 
et al. 2015). Due to the low level of ANF such as lectins and pro-
tease inhibitors, lupin protein has over 70% digestibility (David 
et al. 2024; Aghababaei et al. 2025).

6.2   |   Flavor and Sensory Properties

Plant proteins are characterized by volatile compounds and off 
flavors which somewhat enhance or hinder their acceptability 
among consumers. A total of 26 aroma-active compounds has 
been reported for lupin flour (Bader et al. 2009) while 37 volatile 
compounds having 22 odorants were reported for lupin isolate 
(Schindler et al. 2011; Wanniarachchi et al. 2025). Among the 
odorants detected in lupin isolate are butan-2-one, heptan-1-ol, 
4-methylpentan-2-ol, hexan-2-ol, 3-methylbutanal, octan-2-one, 
3-methylbutan-2-ol, hexan-1-ol, and 2-methylpentan-2-ol, with 
most of these compounds either by-products of lipid oxidation 
or Strecker degradation of amino acids (Schindler et  al.  2011; 
Wanniarachchi et  al.  2025). Some of these volatiles and their 
aroma descriptors are summarized in Figure  3. Although the 
aroma profile of lupin flour of L. angustifolius was found to be 
characterized by grassy-green, fatty, and hay-like attributes, the 
LPI exhibited a very weak aroma profile with a slight hay-like 
odor (Bader et  al.  2009). Furthermore, hexanal was reported 
to be responsible for the green and beany off-odor notes aroma 
in untreated LPI (Schindler et  al.  2011). Aroma formation in-
volves complex reactions, and the flavor release depends on 
the presence of other compounds within the matrix, and this 
can impact the flavor of the final product (Wang et  al.  2025). 

For example, carbohydrate is known to influence flavor re-
tention via formation of inclusion complex (Wang et al. 2022). 
Therefore, the starch content in LPI could play a role in flavor 
release during processing using methods such as High moisture 
extrusion (HME) which are commonly employed in the formu-
lation of meat substitutes. When lupin is used in the fabrication 
of meat alternatives, the desired savory and meaty flavors can 
be achieved through the Maillard reaction (Chang et al. 2019). 
However, lower level of sulfur containing amino acids such as 
methionine and cysteine in lupin protein can potentially limit 
Maillard flavor formation.

Lupin protein faces the challenge of understanding how the 
composition of protein isolate drives the sensory characteris-
tics as well as the effect of the lupin protein-based food ma-
trix on the flavor release properties. The beany, off flavor of 
lupin protein is attributed to the conversion of polyunsaturated 
fatty acids to aldehydes and ketones (Bader et al. 2009). Chang 
et  al.  (2019) demonstrated that lipoxygenase-catalyzed oxida-
tion is one of the major pathways for generating off flavors in 
plant proteins. Barallat-Pérez et  al.  (2024) showed in-mouth 
protein-aroma interaction for LPI and the highest lingering 
effect by volatiles like nonanal for perceived off-flavor inten-
sity. Furthermore, alkaloids in lupin impart a bitter taste and 
the enzymatic hydrolysis of LPI, specifically the degradation 
of α- and β-conglutin by alcalase, has been shown to increase 
the bitterness (Schlegel, Sontheimer, et al. 2019). Pertaining to 
the off-flavor issues, thermal extrusion cooking is one of the 
most widely employed techniques for texturized plant proteins, 
which, besides creating the anisotropic fibrous meat-like struc-
ture, also enables the evaporation of off-flavor compounds and 
therefore improvement of the sensory appeal (Wang et al. 2022). 
Similarly, lactic acid fermentation has been shown to reduce the 

FIGURE 3    |    Flavor volatiles and their aroma descriptors present in lupin. Adapted from Bader et al. (2009).
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beany off-flavor in lupin protein extracts (Schlegel, Leidigkeit, 
et al. 2019; Wanniarachchi et al. 2025).

6.3   |   Allergenicity

Despite its high protein content, the commercialization and ac-
ceptability of LPIs are impacted by the presence of allergens. 
Therefore, there is need for strategies to minimize or elimi-
nate the risk of allergic reactions following the consumption 
of products made from lupin protein. Lupin is increasingly 
incorporated into plant-based foods, but its proteins can trig-
ger IgE-mediated hypersensitivity that ranges from mild reac-
tions to severe systemic anaphylaxis in sensitized individuals 
(European Food Safety Authority 2006; Czubinski et al. 2017; 
Hashemi et al. 2023). Lupin allergic reactions and sensitization 
prevalence globally is yet to be documented, but its prevalence 
in Europe is estimated to be around 0.3%–8% (Lima-Cabello 
et al. 2019; Boukid and Pasqualone 2021). Prevalence of lupin 
allergen varies depending on dietary habits and geographi-
cal regions (Verma et al. 2013; Faeste 2010; Villa et al. 2020). 
Gunal-Koroglu et al. (2025) revealed that allergies occur when 
the immune system misinterprets protein as harmful, thus trig-
gering IgE-mediated reactions that extend from mild to severe. 
Protein structure, cross-reactivity, processing methods and 
gut microbiota have all been implicated as factors influencing 
allergenicity. Although physical, chemical and enzymatic pro-
cessing techniques exert varying effects on the allergenicity of 
legumes, the path of exposure such as inhalation, skin contact 
or through the gastrointestinal tract, can influence allergenic-
ity (Risha et al. 2024).

The molecular weight of protein binding IgE of lupin aller-
gens is reported to be within the range of 13–66 kDa (Holden 
et al. 2008; Faeste 2010; Czubiński et al. 2016). The entire lupin 
conglutin subunits are considered as potential allergens and 
β-conglutin has been reported as the major allergen (Boukid 
and Pasqualone  2021). In relation to their structural charac-
teristics, the presence of epitopes recognized by the immune 
system influences the allergenicity of proteins from alterna-
tive sources (Huang et  al.  2024; Gunal-Koroglu et  al.  2025). 
These epitopes occur as continuous or conformational amino 
acid sequences, with the continuous amino acid sequence epi-
topes retaining their allergen potency upon processing, while 
the conformational epitopes become susceptible to processing 
(Zhou et al. 2021; Geng et al. 2023; Gunal-Koroglu et al. 2025). 
Furthermore, proteins possessing tightly packed structures, 
disulfide bonds or glycosylation are more impervious to en-
zymatic hydrolysis, thereby increasing allergenicity (Gunal-
Koroglu et al. 2025). Goggin et al.  (2008) showed β–conglutin 
as the major lupin allergen (Lup-1), while Dooper et al. (2007), 
further reported α-conglutin (Lup-2) as highly allergenic with 
cross-reactivity activities. Currently, three allergens from dif-
ferent lupin species have been accepted by the World Health 
Organization/International Union of Immunological Societies 
(IUIS)  (n.d.) Allergen Nomenclature Sub-Committee due to 
differences in protein content, composition and structure. The 
identified allergens include Lup an 1, a β–conglutin major al-
lergen found in L. angustifolius, Lup an 3, a non-specific lipid 
transfer protein minor allergen found in L. angustifolius and 
Lup a 5, a profilin found in L. albus (Jappe et al. 2021; Risha 

et al. 2024). Other identified minor fractions as revealed from 
the Allergome database include the pathogenesis related-10 pro-
teins Lup a 4 and Lup I 4 (Allergome 2023; Beyer et al. 2024).

Occurrence of allergic reactions has been reported upon inhaling 
and prolonged exposure to lupin seeds and products (Hashemi 
et al. 2023). Patients with peanut allergies have shown to be of 
higher risk to lupin allergy due to some cross-reactivity (Ballabio 
et al. 2010; Hashemi et al. 2023). Cross reactivity is known to 
occur in individuals with peanut sensitivity due to the presence 
of lupin α- and β-conglutin proteins implicated for allergic re-
actions in patients allergic to peanut (Czubinski et  al.  2017). 
Furthermore, cross reactivity has been associated between 
lupin and other legumes because of the presence of identical epi-
topes within different proteins due to their three-dimensional 
or primary structure (Czubinski et al. 2017). Cross-reactions is 
seen to exist with proteins of molecular weights of 21, 35, 43–45, 
55, and 65 kDa (Leduc et al. 2002; Czubinski et al. 2017). Cross-
reactivity also occurs because lupin β-conglutin fraction demon-
strates high sequence homology with the main peanut allergen 
Ara h 1 (Guarneri et al. 2005; Czubinski et al. 2017). Czubinski 
et al. (2017) described the symptoms of hypersensitivity to lupin 
proteins as urticaria, rhinitis, redness of mucous membranes, 
swelling of face, cough, breathing difficulty and systemic ana-
phylaxis in extreme cases. The dose range for these symptoms 
has been reported to be from 265 to 1000 mg of lupin proteins 
(Faeste  2010; Czubiński et  al.  2016; Czubinski et  al.  2017). 
Accordingly, the European Food Safety Authority recognized 
lupin as a food allergen in 2004, while in 2006, lupin and its 
products were included in European regulations (Directive 
2006/142/EC) for its declaration in food labelling when used 
as a food ingredient (European Parliament and Council 2006; 
Faeste  2010; Boukid and Pasqualone  2021). In 2007, the EU 
Regulation No. 1169/2011 included lupin in 2007 among prod-
ucts leading to allergies and which must be declared on food 
labels (European Parliament and Council  2011; Boukid and 
Pasqualone 2021). Outside Europe, Australia and New Zealand 
have similarly regulated lupin as an allergen through the Food 
Standards Code, following a formal risk assessment and ap-
proval process (FSANZ 2017; Australian Government 2024).

Food processing methods including heat treatments as well 
as the effect of food matrix have been shown to affect lupin 
allergenicity differently (Aguilera  2019; Villa et  al.  2020). 
Processing can enhance or mitigate allergen potency through 
modification of protein structures or by exposure of concealed 
epitopes (Dong et al. 2024; Gunal-Koroglu et al. 2025). It was 
observed that lupin proteins are stable during processing 
(Capraro et al. 2008; Jappe and Vieths 2010; Beyer et al. 2024). 
However, thermal processes such as baking, oven cooking 
and autoclaving were seen to mitigate the immunoreactivity 
of lupin proteins (Villa et al. 2020; Beyer et al. 2024). Thermal 
processing alters the integrity of the protein epitopes thereby 
affecting the immunoreactivity (Jiménez-Saiz et  al.  2015; 
Bavaro et al. 2018; Hashemi et al. 2023). Aside the use of ther-
mal treatments, other methods of mitigating the allergenic 
potential of lupin proteins is the use enzymatic hydrolysis. 
Schlegel, Sontheimer, et al.  (2019) revealed that alcalase, pa-
pain and pepsin proteases were effective in degrading both 
α- and β-conglutin. Bavaro et al. (2018) opined that a character-
istic of allergen proteins is their ability to resist the proteolytic 
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processes within the gastrointestinal track, undergoing par-
tial acidic and enzymatic hydrolysis on arrival at the intestinal 
mucosa and inducing sensitization when absorbed. Hashemi 
et  al.  (2023) further revealed that there was observed resis-
tance of some protein fractions towards pepsin activity as well 
as responses to commercial antibodies especially the fractions 
associated with α-conglutin (20 kDa) and γ-conglutin (17 kDa) 
upon gastric digestion of lupin flour. Protein fractions includ-
ing γ-conglutin has been shown to be resistant to pancreatin 
and trypsin enzymatic hydrolysis of lupin globulins (Hashemi 
et al. 2023). Czubiński et al.  (2016) demonstrated that its in-
sensitivity to enzymatic action might be due to the formation 
of complexes with flavonoids as well as the limited number 
of cleavage sites for trypsin. Processing forms such as ther-
mal processing that results in denaturation, aggregation and 
chemical modifications, may affect hydrolysis during diges-
tion. Czubinski et al.  (2017) revealed that β-conglutin might 
undergo rearrangement during digestion thereby forming new 
allergens especially in individuals who have not demonstrated 
allergic symptoms before lupin consumption.

7   |   Application of Lupin Protein in Novel Foods

Typically, proteins can have a wide range of applications in food 
formulation such as gelling agents, emulsifiers, nutrient supple-
ments, encapsulates, additives, among others. The utilization of 
lupin protein in food formulation has emerged as a significant 
area of innovation and its successful application requires careful 
attention to down-stream processing.

7.1   |   Lupin Protein-Based Emulsifier

The amphiphilic property of protein reduces the interfacial 
tension to stabilize the interface of water in oil or oil in water 
emulsion and plant protein-based emulsifiers can significantly 
affect the texture, mouthfeel, and viscosity of food products. 
However, native plant proteins impart emulsion instability due 
to poor surface hydrophilicity and therefore various process 
modifications of plant proteins have been performed to use as 
natural emulsifiers (Nikbakht Nasrabadi et al. 2020; Akharume 
et al. 2021; Ma et al. 2022). Ma et al. (2024) investigated the in-
terfacial and foaming properties of LPIs at different pH values 
and found that LPI under acidic pH adsorbed faster at the air-
water interface due to smaller particle size and higher surface 
hydrophobicity, resulting in higher foam overrun and stability. 
The study also revealed that LPI at acidic pH formed stiffer and 
more solid-like interfaces, leading to better foam stability com-
pared to LPI at neutral pH.

It has been shown that processing can significantly affect the 
emulsifying property of lupin protein, with Bader, Bez, and 
Eisner  (2011) and Bader, Oviedo, et  al.  (2011) revealing that 
HPH assisted in improving the emulsifying property of lupin 
protein. There was a significant reduction in the oil droplet 
size of the emulsion, which enhanced the emulsion stability, 
thereby enabling less creaming index. Lo et  al.  (2024) ob-
served that the creaming index of lupin protein was shown 
to decrease by 6.9% due to HPH treatment. Besides lowering 
the creaming index, the pressure from HPH processing also 

causes a decrease in hydrophobic interaction of lupin protein, 
thereby saturating the surface of droplets to form a stable 
emulsion. Lo et al.  (2024) and Keuleyan et al.  (2023) further 
revealed that the flocculation index of HPH-treated lupin 
protein decreased almost 2.5-fold compared to the untreated 
lupin protein due to the increased electrostatic repulsion. 
Chukwuejim and Aluko (2024) who compared the emulsify-
ing properties of blue lupin (L. angustifolius), white lupin (L. 
albus), and soybean protein isolates, reported that pH exerted 
an influence on the solubility of LPIs, with the lowest solu-
bility recorded at pH 4–5. Emulsions stabilized by LPIs exhib-
ited smaller oil droplet sizes at pH 7 and 9, indicating better 
emulsification properties. The study also highlighted that oil 
droplet coalescence was not the most prominent mechanism 
of emulsion instability for lupin isolates at acidic pH; instead, 
bridging flocculation was more significant, with the highest 
flocculation index at pH 5. These findings suggest that LPIs 
have strong potential as plant-based emulsifiers, particularly 
at neutral and alkaline pH levels. It indicates that LPI can be 
effectively used as a plant-based clean-label additive in foam-
based food products, especially in acidic environments.

7.2   |   Lupin Protein for Plant-Based Meat 
and Dairy Alternatives

Extrusion is currently the most widely applied plant protein 
texturization process in the production of plant-based meat 
alternatives. HME of a blend of LPI and protein concentrate 
(Table  4) showed high fiber meat-like microstructure with in-
creasing temperature and screw speed along with decreasing 
moisture content (Palanisamy, Franke, et al. 2019; Ramos-Diaz 
et  al.  2023). Another study on HME of the mixture of lupin 
protein and spirulina flour demonstrated the effect on texture, 
cooking yield, antioxidant properties, and nutritional profile of 
the meat analogue (Palanisamy, Töpfl, et  al.  2019). Currently 
marketed meat alternative products containing lupin protein 
include plant-based sausage from Austrian vegan food com-
pany Velivery Ltd., processed by leveraging high protein con-
tent, natural binding properties, and firm-to-bite texture. Other 
companies like INVEJA have developed sustainable ingredient 
solutions, including lupin protein concentrates for various food 
applications.

Due to the low glycaemic index and high protein content com-
pared to proteins from cereal and nuts, lupin protein-based 
products can be healthy alternatives. The ability of lupin pro-
tein to form stable emulsions and provide desirable mouthfeel 
characteristics could make it an attractive ingredient for dairy 
alternative applications. However, a comparison of different 
legume-based beverages including pea, chickpea and lupin 
as an alternative to dairy-based beverages demonstrated that 
despite the high protein content of lupin protein-based bever-
age, the chickpea protein-based beverage was shown to have 
a better taste and color (Lopes et al.  2020). A study on milk 
alternatives prepared from homogenized blue and white lupin 
protein at high pressure showed increased protein solubility 
(Vogelsang-O'Dwyer et  al.  2022). Another study by Duarte, 
Mota, et  al.  (2022) demonstrated that controlling processing 
conditions plays a critical role in lupin protein, thereby im-
proving its health benefits such as lowering anti-nutritional 
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level, enhancing protein digestion and bio-accessibility of 
micronutrients.

The combination of lupin and oat proteins in the development 
of yoghurt demonstrated a dairy-like creaminess and superior 
nutritional benefits when fermented with specific probiotic com-
binations such as Lactobacillus plantarum and Bifidobacterium 
(Dhakal et al. 2025). Such dairy-free cheese caters to the need of 
vegans and lactose intolerant populations. Elsamani et al. (2014) 
who investigated the effect of nutrition, microbial and sensory 
qualities of white cheese alternatives using concentrations of 
25%, 50%, and 75% lupin protein, revealed that incorporation of 
a lupin-based milk alternative for cheese making could enhance 
the nutritional quality in terms of protein content. The study fur-
ther showed improved taste, texture, flavor, and overall accept-
ability at a concentration of 25%. Furthermore, Asres et al. (2022) 
who compared the physicochemical and sensory properties of ice 
cream prepared by combining lupin protein with milk protein, 
demonstrated that ice cream using lupin protein exhibited better 
resistance against melting as well as enhanced overrun (84.05%) 
compared to the full dairy-based ice cream (83%). However, the 
crude fat content responsible for rich flavor, texture, and mouth-
feel was found to be slightly lower in the vegan ice cream contain-
ing lupin (6.6%) compared to that of dairy ice cream (6.8%).

8   |   Lupin Protein Life Cycle Assessment

The typical commodity production of current plant protein 
extracts or isolates incurs processes which involve energy and 
solvent-intensive steps. Currently, there is a scarcity of liter-
ature on the effect of extraction methods on energy or solvent 
consumption, thus hindering sustainability evaluations which 
limits any conclusion about upscaling feasibility in a sustainable 
way. A life cycle assessment (LCA) comparing conventional al-
kaline extraction with green, emerging technologies such as dry 
fractionation, SC-CO2 and US is therefore critical. In establish-
ing lupin as a serious alternative to other protein sources, Lucas 
et al. (2015) suggested that sustainability impacts as a key value-
chain characteristic should be considered while combining 
LCA methods and participatory impact assessment techniques 
in a complimentary manner to assess the lupin supply chain. 
Rebolledo-Leiva et al. (2022) who applied the LCA methodology 
to determine the environmental impacts and economic implica-
tions of introducing lupin cultivation into winter wheat-based 
rotation systems in Spain, observed that the environmental 
performance of organic rotations with lupin is generally less im-
pactful when compared to conventional systems without lupin. 
Lie-Piang et al. (2021) who performed an attributional LCA to 
compare the environmental impact of four different refining 
processes for protein-rich fractions from lupin and yellow pea, 
showed that reducing the degree of refining of lupin and yellow 
pea substantially lowers global warming potential, human car-
cinogenic toxicity, fossil resource scarcity and water consump-
tion. However, drying remains the largest contributor to all 
impact categories. Vogelsang-O'Dwyer et  al.  (2020) examined 
the environmental impact of lupin and white LPIs conducted as 
an attributional cradle-to-gate assessment LCA. Their findings 
revealed that lupin isolates demonstrate considerably better per-
formance in most categories when compared with traditional 
cow's whole milk powder.P
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The social life cycle assessment (sLCA) was used by Varela-Ortega 
et  al.  (2022) to compare the socio-economic impacts of legume-
based food prototypes and conventional animal-based products 
across their life cycle. Socio-economic challenges such as lower 
farm-level net margin and profitability as well as worse protein 
affordability for consumers were observed for legume-based pro-
totypes including lupin-based meat alternative, when compared 
to animal equivalents. Fernandez-Ríos et  al.  (2024) developed 
a new complex nutrient profile model, the quality Nutrient Rich 
Food 1.10.2′ (qNRF1.10.2) which combines various essential nu-
trients and DIAAS protein quality scoring system to efficiently 
evaluate the environmental implications of protein-rich foods 
through LCA. This method highlights lupin seeds as a vegetable 
food that reports low environmental impact as a function of their 
nutrient density and as among those having the best environmen-
tal performances when compared against other alternative and 
conventional protein sources. Berghout, Pelgrom, et al. (2015) who 
evaluated the sustainability of fractionation processes by consider-
ing the combination of dry and aqueous fractionation and skipping 
the final drying step, revealed that dry fractionation of lupin seeds 
is the most efficient method from an environmental perspective as 
it adds no water and requires no water to be evaporated.

9   |   Challenges and Future Prospects

Published data on comparative analyses of the techno-
functional properties between dry and wet isolates of lupin 
protein are scarce. A shift towards functionality-driven fraction-
ation of lupin biomass could enable total raw material utiliza-
tion, thereby supporting circular-economy principles. The lupin 
protein's inferior functional properties compared to soy protein 
constitute a challenge to lupin protein adoption. Thus, under-
standing the effect of novel food processing on the modification 
of the physicochemical and sensory properties of lupin protein 
would certainly assist to better design lupin protein-based food 
products. Non-thermal technologies such as US and HPH have 
shown impact on the microstructure modification and change in 
the techno-functional properties of lupin protein. However, this 
warrants further research into assessing the molecular basis of 
change in the physicochemical, microstructural and nutritional 
properties of lupin protein and how it affects the product prop-
erties. Furthermore, protein texturization leveraging HME re-
mains understudied for lupin protein compared to mainstream 
soy and pea proteins. While water feed and screw speed signifi-
cantly influence extrudate texture and digestibility, mechanistic 
insights into anisotropic structure formation are limited. To the 
best of our knowledge, there is hardly any study about under-
standing the novel texturization processes like shear cells or 
electrospinning applied so far to lupin protein.

A major challenge of plant-based dairy-free cheese is to mimic the 
melting behavior and stretchability of the dairy cheese. Research 
is therefore needed to assess whether foaming properties of lupin 
protein can be exploited to create specific microstructure which 
may help to improve the quality of plant-based cheese. Moreover, 
the beany off-flavor of legume protein limits the acceptability of 
pulse-based beverages and therefore further research is required 
in improving the sensory acceptability of lupin-based milk alter-
native especially with its low fatty acid profile when compared to 
other pulses like soy. On the other hand, protein digestibility is 

known to determine the quality of dietary protein, and in vitro 
studies reveal lupin protein digestibility ranges from 72% to 
84% (Albe-Slabi et  al.  2022; Chukwuejim and Aluko  2025). 
However, significant knowledge gaps still exist regarding pro-
tein digestibility across different extraction methods; how it is 
affected by other downstream processing such as extrusion, as 
well as bioavailability of lupin protein when compared to soy 
and animal proteins. Moreover, systematic studies on reducing 
anti-nutrients such as phytates and polyphenols through novel 
extraction methods are also needed to gain further scientific in-
sights on how to improve the overall nutritional quality of lupin 
protein. Addressing these research priorities will therefore har-
ness green technologies for developing sustainable lupin protein 
ingredients which should contribute to building resilient and 
future-fit global protein supply chains.

10   |   Conclusions

Diversifying the current plant protein portfolio from environ-
mental and biodiversity perspectives and an over reliance on soy 
is critical, and lupin could therefore play an important role as a 
sustainable protein source for the future food systems. With high 
protein content (30%–42%), essential amino acids, dietary fiber, 
and having low calorific starches, lupin offers strong nutritional 
credentials somewhat comparable to soybean. However, the 
presence of anti-nutrients, allergens, and the inferior organolep-
tic qualities of lupin proteins pose a challenge to the consumers' 
acceptance. The functional qualities of extracted lupin protein 
are significantly affected by the protein extraction process. It 
was observed that systematically altering pre-treatment of wet 
extraction conditions could be crucial for maximizing yield. 
Besides, novel extraction techniques including dry fraction-
ation, SC-CO2 extraction, and combined US-MW approaches 
demonstrate promise for improving protein yield and sustain-
ability compared to conventional alkaline extraction. Earlier 
works using non-thermal processing technologies such as HPH 
and ultrasonication demonstrated some efficacy in enhancing 
the techno-functional properties of lupin protein via micro-
structural modifications. Nevertheless, in-depth research is still 
required to understand ways of controlling the microstructural 
change via non-thermal process which could enable lupin pro-
tein to overcome its techno-functional limitations.

With improved techno-functionalities, applications of lupin pro-
tein in mainstream plant-based meat and dairy alternatives as 
well as for emulsified products could have commercial poten-
tial, particularly in partially replacing soy protein in formula-
tion. However, the path towards widespread adoption of lupin 
protein in the food industry necessitates overcoming identified 
technical and market-related hurdles. Further systematic re-
search towards sustainable extraction of lupin protein devoid 
of anti-nutrients, developing functional fraction approaches 
and leveraging AI for process optimisation are crucial for max-
imizing functional efficacy. Detailed LCAs for both protein ex-
traction and other down-stream processing for lupin protein are 
scarce and improving the sensory properties via fermentation 
and applying flavor masking strategies would be critical. Future 
research will certainly facilitate developing functionally modi-
fied lupin protein ingredients to enable more mainstream food 
applications.
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