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a b s t r a c t 

In this study, gels were successfully prepared at room temperature from mixtures of dry fractionated faba bean 
protein concentrate (FPC) and 𝜆-carrageenan ( 𝜆-CGN), through acidification with glucono- 𝛿-lactone (GDL). At 
neutral pH, the mixtures were shear thinning liquids, although the shear viscosity increased dramatically with 𝜆- 
CGN addition. After adding GDL, the gelling kinetics were followed through small amplitude oscillatory rheology 
for 19 hours, at which point all gels had reached a gel modulus plateau. Elastic moduli for the prepared gels 
were in the range of 1500 – 4500 Pa, dependent on FPC: 𝜆-CGN ratio and concentrations, and final pH (3.5 –
4). Rheological data further indicated the gels had properties typical of aggregated particle gels, e.g., low yield 
strains ( ∼1%). All gels showed some syneresis upon centrifugation (2000g), with the least amount of syneresis 
(15 – 20%) at the highest 𝜆-CGN concentrations (1.5 – 2%). FPC is a good emulsifier, and gelled emulsions were 
successfully prepared. Inclusion of emulsion droplets had significant impact on the gel network, with ∼40% and 
∼60% increased gel storage modulus at 20% and 30% oil, respectively. Preparing similar formulations using a 
more extensively processed commercial faba bean protein isolate was also attempted, but this resulted in poor 
gels with very high syneresis. This indicates that dry fractionation methods may be beneficial to preserve native 
protein functionality. 
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. Introduction 

Legumes are staple crops around the world, due to their ease of
rowth/low cost and good nutritional value. Their ability to fix nitro-
en lowers fertilizer demands, and makes them useful in crop rotations
o replenish soil nitrogen. The seeds of grain legumes such as various
eans, peas and lentils are good sources of protein, but are also rich in
ber, some minerals and vitamins as well as various bioactive phyto-
hemicals that may provide health benefits ( Moreno-Valdespino et al.,
020 ). 

In recent years, for both ethical and environmental reasons there has
een a growing focus on the replacement of animal derived ingredients
ith plant based alternatives ( Malek et al., 2019 ). Due to their high
rotein content and interesting functional properties, flours or protein
solates mechanically prepared from legumes (protein concentrates) or
solated by aqueous extraction and precipitation (protein isolates) may
nd use as functional food ingredients, partially or fully replacing ani-
al protein in various food products ( Singhal et al., 2016 ). 

The main proteins in legumes are water soluble albumins, and salt
oluble globulin storage proteins (7S vicilin and/or 11S legumin frac-
ions) ( Boye et al., 2010 ). These globular proteins consist of polymorphic
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ubunits bound together by primarily non-specific hydrophobic interac-
ions; vicilin is a trimer, while legumin is a hexamer ( Schwenke, 2001 ).
egume proteins are relatively high in beta-sheet structures compared
o e.g., cereal or animal protein, imparting a high structural flexibil-
ty. This aids emulsion stabilization, as the proteins undergo significant
onformational changes upon adsorbing to emulsion droplets, expos-
ng hydrophobic residues to the oil phase and forming a highly stable
nterfacial layer ( Sharif et al., 2018 ; Tang & Sun, 2011 ). Legume pro-
eins are also commonly used to provide viscosity or texture. Gelation
f globular proteins, such as legume protein is usually done through heat
enaturation. This exposes hydrophobic residues, which, if the protein
oncentration, pH and ionic strength are correct, may cause the protein
o aggregate into a gel network. Depending on the solution parameters
nd protein, the resulting gel structure may be more fine-stranded or
ore particulate ( Langton et al., 2020 ; Urbonaite et al., 2016 ). 

Commercial legume protein isolates usually contain around 90 %
rotein. However, producing these quite pure protein isolates is a rel-
tively energy intensive process based around aqueous extractions and
H manipulations, that can also lead to protein denaturation or degra-
ation ( Singhal et al., 2016 ; Vogelsang-O’Dwyer et al., 2020 ). Through
ry milling followed by air classification based on particle size/density,
022 
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 protein enriched flour or concentrate can be achieved that retains na-
ive protein functionality, while keeping energy usage low ( Vogelsang-
’Dwyer et al., 2020 ). On the negative side, dry fractionation rarely
chieves protein concentrations higher than 60–70%. The remaining dry
eight is primarily starch granules, oligosaccharides and fiber which

an affect the functionality of the protein enriched isolate. 
Legume starch granules have gelatinization temperatures around

5°C ( Zhang et al., 2019 ). However, to denature legume proteins, a
ommon step in gelation, boiling is commonly employed. As the pro-
ein enriched isolate is dispersed in water and heated above 65°C, starch
elatinization will increase the solution viscosity to a large degree, mak-
ng processing more difficult ( Jiang et al., 2020 ). If the starch con-
entration is sufficiently high, starch gelation may also occur. While
egume starch gels can have good gel strength and interesting proper-
ies ( Pelgrom et al., 2015 ; Vogelsang-O’Dwyer et al., 2020 ), they may
ot be desired. 

A legume of particular interest is the faba bean ( Vicia faba , FB). It is a
ardy legume that can be grown even in colder climates ( Duc, 1997 ). It
as a very high nitrogen fixation capacity, making it an excellent plant
or crop rotations ( Herridge et al., 2008 ). It is rich in protein, primar-
ly storage globulins (7S and 11S), with medium/high hydrophobici-
ies when compared with other legume storage proteins making them
ood emulsifiers ( Karaca et al., 2011 ; Kimura et al., 2008 ). Traditionally,
ry fractionated FB protein concentrate (FPC) has seen limited commer-
ial use, due to the presence of anti-nutrients such as vicine/convicine,
hat are not removed in dry fractionation ( Khazaei et al., 2019 ). How-
ver, new FB cultivars with strongly reduced anti-nutrient levels are
eing developed, which may open the door for more widespread use
f this highly interesting ingredient ( Khazaei et al., 2019 ; Sinha & Ku-
ar, 2018 ). 

Carrageenans (CGNs) are linear sulfated polysaccharides extracted
rom red seaweeds ( Tuvikene, 2021 ). The three main idealized types
re 𝜅-, 𝜄- and 𝜆-CGN, with one, two and three sulfate groups per dimer,
espectively. While 𝜅- and 𝜄-CGN can form gels through cross-linking
ith certain ions, 𝜆-CGN can not. 𝜆-CGN is instead usually used as a

hickener, and can be easily dissolved in room temperature solutions,
hich is why it was chosen for this study. Also, the higher charge den-

ity of 𝜆-CGN may lead to stronger electrostatic CGN-protein interac-
ions ( Lam & Nickerson, 2014 ). Many proteins have predominantly pos-
tively charged patches even at neutral pH, allowing for attractive in-
eractions with CGN ( Gu et al., 2005 ; Liu et al., 2020a ). CGN-protein
nteractions are employed in e.g., dairy products, where interactions
etween CGN and casein can improve the product through optimizing
exture and binding moisture ( Tuvikene, 2021 ). The acid induced gela-
ion of mixtures of 𝜅-CGN and whey protein aggregates has also been ex-
lored ( Liu et al., 2020a ). As the pH is decreased below a critical point,
oth protein-protein aggregation and 𝜅-CGN electrostatic interactions
ontribute to the formation of a particulate gel network of decent me-
hanical properties ( Liu et al., 2020b ). Acid-induced gelation of whey
rotein aggregates with other polysaccharides have also been examined,
nd the conclusions seem to be that polysaccharides with higher charge
ensities promote the formation of more homogeneous microstructures
pon acidification rather than phase separation ( Liu et al., 2020a ). 

The objective of this study was to examine the functional properties
f FPC in regards to gelation. To avoid interference from starch gela-
inization, heating was avoided. Instead, the hypothesis was that gels
ould be formed at room temperature through electrostatic cross-linking
ith 𝜆-CGN by acidification with glucono- 𝛿-lactone (GDL). GDL pro-
ides a slow and gradual drop in pH, allowing for easy mixing and homo-
eneous acidification throughout the solution/gel. As FB proteins have
soelectric points in the range of 4.5 – 5.5 ( Bhatty, 1974 ; Vogelsang-
’Dwyer et al., 2020 ), net electrostatic attraction with polyanions are
xpected at pH values below this. To the authors’ knowledge there has
ot been any reported studies of acid gelation in combined FPC and
-CGN systems. 
0  

2 
Several formulations were prepared, with different concentrations of
PC, 𝜆-CGN and GDL. The amounts of GDL were set to give final pH val-
es in the range of 3.5 – 4, where the FPC and 𝜆-CGN have opposite net
harges. The mechanical properties of the systems were examined using
heology, and syneresis was quantified by centrifugation. Formulations
ith oil were also prepared, to examine if stable gelled emulsions could
e formed. Finally, the FPC was compared with a more highly processed
B protein isolate (FPI), to examine if there is any functional benefit to
he more gentle dry fractionation protein enrichment over more exten-
ive processing. 

. Materials and methods 

.1. Materials 

Two protein concentrates were obtained from faba bean ( Vicia faba

.) varieties from a screening study organized within the FoodProFu-
ure project ( Ertesvåg, 2020 ). The low tannin cultivar Tiffany was grown
n Halden, Norway (2019) and supplied by the Norwegian Institute of
ioeconomy Research (NIBIO), whereas Vertigo, grown at Vollebekk Ås,
orway (2019), was supplied by the Norwegian University of Life Sci-
nces (NMBU). 

Dried kernels were cleaned and subjected to an initial milling < 0,5
m (ZM200, Retsch GmbH, Haan, Germany). For air classification the

amples were further disintegrated in a pin mill (100 UPZ, Hosokawa
lpine, Augsburg, Germany) and subjected to separation into a fine and
 coarse fraction in an air classification system (Hosokawa Alpine, Augs-
urg, Germany) operated by moving nitrogen. From a large set of sam-
les one protein enriched fine particle fraction was select from each
ariety. The Vertigo derived protein concentrate (V-FPC) contained 69
 crude protein (N x 6.25) and 6% starch whereas and the Tiffany

rotein concentrate (T-FPC) contained 65% protein and 6% starch. V-
PC contained 1.6% sucrose and 6.9% raffinose series oligosaccharides
RSO) whereas T-FPC contained 1.9% sucrose and 6.5% RSO. All per-
entages on dry weight basis. Both protein concentrates only contained
race amounts of reducing sugars (glucose and fructose). 

A third faba bean protein concentrate was a commercial sample pro-
uced through a process including a wet extraction, containing 92%
rotein on dry basis (Hill Pharma, Faba-tein 90%), hereafter denoted as
aba bean Protein Isolate (FPI). 
𝜆-carrageenan (Viscarin® GP 109F) was generously donated by

upont (Delaware, United States). 
Corn oil, glucono- 𝛿-lactone (GDL) and sodium azide (NaN 3 ) were

urchased from Sigma-Aldrich (Germany). All water used was de-
onized water (18.2 M Ωcm, Stakpure OmniaPure, Germany), containing
.02 wt% NaN 3 as antimicrobial agent. 

.2. Preparation of gels and gelled emulsions 

An appropriate amount of water was weighed out in a bottle. Then
he protein concentrate or isolate and 𝜆-CGN were added, and the so-
ution was stirred for 1 hour until all solids were properly dissolved or
ispersed. After this, the gradual pH mediated gelation was initiated by
dding GDL powder and stirring the solution well for 2 minutes. 

To prepare gelled emulsions, oil was added to the protein- 𝜆-CGN
ixture after the 1 hour of stirring, and the emulsion was formed by
sing a VDI12 homogenizer (VWR International, Darmstadt, Germany)
t 11500 RPM for 1 minute. Then gelation was initiated by GDL addition
s described in the previous paragraph. 

The formulations that were examined are listed in Table 1 . To exam-
ne the effect of total amount of protein + 𝜆-CGN, a range of formulations
ith either 10% or 15% solids were prepared. Above 15% solids it be-

ame challenging to properly disperse all the material. To examine the
ffect of protein: 𝜆-CGN-ratio, the amount of 𝜆-CGN was varied between
 – 2% for the 15% solids formulations, and 1 – 2% for the 10% solids
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Table 1 

Formulations used in this study. The number in parenthesis in the first column is the amount 
of protein in the formulation, calculated by FPC or FPI wt% multiplied by protein % (listed in 
Section 2.1 ). 

V-FPC wt% (protein wt%) 𝝀-CGN wt% Protein/ 𝝀-CGN ratio Water wt% GDL 

13 (8.9) 2 4.5 85 3%, 4% & 5% 

13.5 (9.3) 1.5 6.2 85 4% & 5% 

14 (9.6) 1 9.6 85 3% & 4% 

15 (10.3) 0 - 85 4% 

8 (5.5) 2 2.8 90 3% & 4% 

9 (6.2) 1 6.2 90 4% 

Other FB proteins 

T-FPC: 14.1 (9.2) 1.49 6.2 84.4 4% 

FPI: 10.6 (9.6) 1.55 6.2 87.8 3% 
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Table 2 

pH of the different V-FPC- 𝜆-CGN formulations before GDL 
addition. Measured at 25°C. Average of two measurements 
± standard deviation. Different superscript letters indicate 
statistically significant differences in mean pH values (p < 
0.05). 

Formulation pH 

13-2 6.67 ± 0.00 a,b 

13.5-1.5 6.63 ± 0.01 a,c 

14-1 6.63 ± 0.02 a,c 

15-0 6.58 ± 0.01 c 

8-2 6.73 ± 0.04 b 

9-1 6.72 ± 0.03 b 
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ormulations. More than 2% 𝜆-CGN was initially tested, but this led to
xcessive viscosity making mixing difficult. 

The formulations with other FB protein sources are formulated to
ave similar protein: 𝜆-CGN and 𝜆-CGN:water ratios as the 13.5-1.5 V-
PC- 𝜆-CGN formulation. For short, the formulations with V-FPC and 𝜆-
GN are referred to as e.g., 13-2 for the formulation with 13% V-FPC
nd 2% 𝜆-CGN, and so on. The 13.5-1.5 formulation with 4% GDL was
lso used to prepare the emulsions, with 20% and 30% corn oil. The
DL amounts listed are added in addition to the other ingredients. 

.3. Rheological measurements 

Rheological measurements were performed on a Kinexus Ultra +
heometer (Malvern Instruments, Worcestershire, UK), using cone (40
m, 4°, 144 μm truncation gap) plate geometry. Just after addition and
ixing of GDL, the solution was added to the rheometer and allowed to

quilibrate for 4 minutes before the measurements were started. Total
ime from addition of GDL to measurement start was 7 minutes for all
amples. Then the sample was measured for 19 hours, using small am-
litude oscillatory measurements (SAOS) at 1 Hz and 0.1 % strain, with
5 minutes break between each measurement point. After 19 hours, a
requency sweep was run, from 0.1 to 10 Hz at 0.1 % strain, followed by
n amplitude sweep at 1 Hz, from 0.1 to 100 % strain. All measurements
ere performed at a constant 25°C, using a solvent trap system to avoid
ny evaporation. 

Steady shear viscosity measurements were also performed with the
ame rheometer and geometry. Solutions of protein isolate and 𝜆-CGN
ere prepared as normal, but before any GDL addition they were added

o the rheometer and a shear rate sweep was performed from 0.1 to 10
 

− 1 . 

.4. Syneresis and pH measurements 

For syneresis measurement, 1.00 g solution was added to a 2.0 mL
ppendorf tube just after GDL addition. Then the tube was sealed with
arafilm and stored at 25°C and 60 RH% for 19 hours. pH in solutions
ere measured directly. Gels were gelled in 1.5 mL Eppendorf tubes,

ealed and stored at 25°C, 60 RH% until the point of pH measurement.
ll pH measurements were done using a handheld pH meter (pH Spear,
utech Instruments, Paisley, United Kingdom). 

To force syneresis, the tube was centrifuged at 2000g for 20 minutes.
he tube with contents was then weighed before and after removal of the
upernatant. Percent total syneresis was calculated by taking the change
n weight (i.e., weight of supernatant) divided by original sample weight
i.e., 1.00 g). 

.5. Emulsion characterization 

Just after emulsion formation, but before addition of GDL, a small
mount of the emulsion solution was diluted 1:10 in deionized water.
3 
ne drop of this solution was applied to a microscopy slide, and ex-
mined with optical microscopy. To measure droplet size, the diluted
olution was further diluted to half concentration with deionized water
ontaining 2 wt% sodium dodecyl sulfate (SDS) as deflocculant. Then
roplet size measurements were performed using a Mastersizer 3000
Malvern, UK). Refractive indices were set to 1.330 (water) and 1.470
dispersed phase), and particle absorption was set to 0.010. The obscu-
ation was between 8 – 12 %. 

Droplet size measurements on gelled emulsions were performed sim-
larly, except after dilution 1:10 in deionized water the solution pH was
eutralized (with NaHCO 3 ) to dissolve the gel and release the emulsion
roplets. 

.6. Statistics 

Statistical analyses were performed using IBM SPSS 26 (Armonk,
SA). To compare means, one-way analysis of variance (ANOVA) was
erformed, with Tukey HSD post-hoc test for multiple pairwise compar-
sons. 

. Results and discussion 

Several formulations were prepared with different ratios of V-FPC to
-CGN, and different amounts of GDL to achieve different final pH val-
es. It was found that going above 2% 𝜆-CGN increased solution viscos-
ty to an impractical point for the currently used preparation procedure,
o this was set as a limit. 

.1. FPC- 𝜆-CGN solutions before GDL addition 

The pH of all the solutions before GDL addition was measured as
escribed in Section 2.4 , and the results are listed in Table 2 . It can be
een that the V-FPC had little effect on pH, only causing a slight decrease
ith increasing amount. 

Shear viscosity was measured for the different formulations before
ddition of GDL, as described in Section 2.3 , and the results are shown in
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Fig. 1. Shear viscosity measured for different percentages of V-FPC and 𝜆-CGN 

in water, before acidification with GDL. Each point is an average of 4 – 6 runs, 
with standard deviation shown as error bars. ∗ 0-2 is 2 parts 𝜆-CGN in 85 parts 
water, i.e., same 𝜆-CGN-water ratio as in 13-2. 
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ig. 1 . All solutions displayed shear thinning behavior, which is typical
or polymer solutions; as shear is increased, the polymer chains untangle
nd orient themselves along the direction of shear, leading to a decrease
n shear viscosity. 

The ability of a biopolymer to impart viscosity correlates to some
egree with the molecular volume the polymer occupies in the solution
 Picout & Ross-Murphy, 2003 ). This explains why the V-FPC by itself
15-0) imparted very little viscosity, as the majority of the native FB
roteins have a compact globular structure ( Kimura et al., 2008 ). In ad-
ition, some of the protein remains undissolved at neutral pH ( do Carmo
t al., 2020 ; Vogelsang-O’Dwyer et al., 2020 ). 𝜆-CGN, on the other hand
s highly hydrophilic and soluble with an extended conformation in
queous solution, explaining the large increase in viscosity with its ad-
ition. However, the combination of V-FPC and 𝜆-CGN resulted in sig-
ificantly higher viscosity than 𝜆-CGN by itself, indicating the presence
f some V-FPC- 𝜆-CGN interactions even at neutral pH. The isoelectric
oint of FB protein has been reported to be in the range of pH 4.5 – 5.5
 Bhatty, 1974 ; Langton et al., 2020 ; Vogelsang-O’Dwyer et al., 2020 ).
owever, despite the net negative charge at pH > pI the proteins may

till contain domains of predominantly positive charge that may inter-
ct with the sulfate groups of 𝜆-CGN, forming larger structures than can
mpart higher viscosity. These structures are likely transient and break
own as shear rate is increased, explaining the much higher level of
hear thinning for the V-FPC + 𝜆-CGN formulations compared to 𝜆-CGN
lone. Phase separation of mixtures of globular proteins and CGN at
eutral pH (pH > protein pI) due to depletion flocculation has also been
eported ( Baussay et al., 2006 ). This could also lead to some aggrega-
ion and structure formation. However, no major phase separation or
recipitation was observed and all solutions appeared macroscopically
omogeneous. 

It was also seen that while the solution with only 𝜆-CGN followed
he Cox-Merz rule, i.e., 𝜂∗ = 𝜂 at comparable time scales, the solutions
ontaining V-FPC did not, instead showing 𝜂∗ > 𝜂. This further indicates
he presence of shear sensitive weak structures at neutral pH ( Ikeda &
ishinari, 2001 ). High levels of shear thinning can make proper ho-
ogeneous mixing of a solution more challenging, as the mass away

rom the impeller at the edges of the mixing tank tend to become more
tagnant ( Ameur & Bouzit, 2012 ). However, choosing the proper mixer
esign will reduce this problem. 

.2. Gelling kinetics and gel properties of FB protein- 𝜆-CGN gels 

Gelling kinetics were examined by measuring the development in
el moduli over 19 hours after addition of GDL, using SAOS rheology
s described in Section 2.3 . The storage modulus (G’) and loss modulus
4 
G’’) over time for all the formulations are shown in Fig. 2 and the final
H values, gel moduli and phase angles are listed in Table 3 . 

From Fig. 2 it can be seen that for all the systems the storage modu-
us increased fairly rapidly initially and over time approached a plateau
alue. The formulation without 𝜆-CGN (15-0) had a similarly shaped
urve, but the storage modulus was almost two orders of magnitude
elow the systems with 𝜆-CGN. As the pH drops towards the protein
soelectric point, the net charge of the protein, and thus also the protein-
rotein electrostatic repulsion, is reduced. As a result, more short-ranged
ttractive interactions start dominating, leading to protein aggregation.
t has indeed been shown that FB protein solubility is highly pH depen-
ent. While the solubility is fairly good at neutral or slightly alkaline pH
alues, the solubility quickly drops as the pH is reduced closer to the pro-
ein isoelectric point ( do Carmo et al., 2020 ; Vogelsang-O’Dwyer et al.,
020 ). Precipitation of globular legume proteins through reducing the
olution pH to a value close to the isoelectric point (e.g., 4.5 – 5.5)
s commonly employed in the production of legume protein isolates,
nown as isoelectric precipitation ( Johnston et al., 2015 ). The lack of
n initial lag phase in the gelling kinetics curves is due to a rapid ini-
ial drop in pH from the GDL. The change in pH over time after adding
DL was measured for the 15-0 formulation, and after 7 minutes (i.e.,

he time between GDL addition and the first SAOS measurement point)
as already at ∼5.4, within the isoelectric point range for faba bean
roteins. After this the pH kept dropping at a gradually decreasing rate,
eaching 4.8 after 20 minutes, 4.5 after 1 hour, 4.2 after 2 hours and
.0 after 5 hours. After ∼9 hours, the pH was within ± 0.01 of the final
H value. 

The low gel moduli values for the 15-0 system show that 𝜆-CGN-
nteractions were essential to hold the aggregated protein together to
orm a pronounced gel. The final pH values of the systems were in the
ange of 3.5–4, as shown in Table 3 , all below the isoelectric point of
B protein. At this point, the FB protein is predominantly positively
harged, allowing for extensive electrostatic cross-linking between pro-
eins or protein aggregates by the negatively charged 𝜆-CGN. 

The formulations with 14% V-FPC and 1% 𝜆-CGN displayed slightly
ifferent gelling kinetics curve shapes, with a gradual increase up to a
ertain point, followed by a small decrease in moduli. This was the for-
ulation with the lowest concentration of 𝜆-CGN relative to V-FPC. As

he pH decreased, the net positive charge of the proteins may have be-
ome too high relative to the 𝜆-CGN negative charge, facilitating, e.g.,
ormation of protein- 𝜆-CGN complexes instead of interprotein cross-
inking. This may also explain why the 14-1 with 4% GDL had lower
oduli values than the same formulation with 3% GDL. 

For the 13.5-1.5 and 13-2 gels, more GDL, and thus lower final pH
eemed to increase the resulting gel modulus, although the effect was
nly statistically significant for the 13-2 system, between 3% and 4%
DL. The higher amount of 𝜆-CGN in these systems may balance better
ith the amount of positive charge on the protein in regards to network

ormation. It seems the ratio between positive protein charges and neg-
tive 𝜆-CGN charges is important, and the moduli of the resulting gels
an to some degree be tuned by changing the V-FPC: 𝜆-CGN ratio and
he final pH. The importance of the ratio between protein and anionic
olysaccharide has also been previously described for other similar sys-
ems, such as acid-induced whey protein- 𝜅-CGN gels ( Liu et al., 2020a ).

For each sample, after the 19 hours of gelling kinetics measurements,
 frequency sweep was run, as described in Section 2.3 . The results are
ummarized in Fig. 3 . 

As can be seen from the figure, all systems displayed some frequency
ependence. An ideal «true gel» has a relaxation time approaching in-
nity, which results in constant gel moduli values independent of fre-
uency. The frequency dependence in this case indicates shorter relax-
tion time, and is typical of gel networks of a more aggregated particle
ature rather than homogeneous fine stranded gel networks. 

In addition, while G’ > G’’ at all frequencies for all samples, the dif-
erence is only approximately one order of magnitude (less for the 15-0
ormulation). The 8-2 gels are slightly less frequency dependent than
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Fig. 2. Development in storage modulus (G’) and loss modulus (G’’) over 19 hours after addition of GDL for the various formulations. Measured at 1 Hz frequency 
and 0.1% strain. Filled symbols indicate G’ values, while empty symbols indicate G’’ values. Points are average of two runs with standard deviation shown as error 
bars. 

Fig. 3. Frequency sweep results for all formulations after 19 hours of gelling. Performed at 0.1 – 10 Hz, and 0.1% strain. Left: G’ values, right: G’’ values. Each point 
is the average value of two runs, with standard deviation shown as error bars. 

Table 3 

Parameters of the different formulations, approximately 19 hours after GDL addition. Av- 
erage of four values (pH) or two values (rest) ± standard deviation. Different superscript 
letters in the same column indicate statistically significant values (p < 0.05). 

Formulation GDL % pH G’ (Pa) G’’ (Pa) Phase angle (°) 

13- 
2 

3 3.97 ± 0.03 2775 ± 4 a 293 ± 19 a,b 6.03 ± 0.38 a,b,c,d 

4 3.85 ± 0.03 3834 ± 92 b 374 ± 41 b,c 6.31 ± 0.29 a,b,c,d 

5 3.70 ± 0.01 4035 ± 496 b 417 ± 58 c,d 5.90 ± 0.09 a,b,c 

13.5- 
1.5 

4 3.87 ± 0.02 4198 ± 6 b 476 ± 8 d,e 6.47 ± 0.12 b,c,d 

5 3.72 ± 0.01 4513 ± 71 b 530 ± 20 e 6.69 ± 0.14 c,d 

14- 
1 

3 4.05 ± 0.02 2296 ± 92 a,c 272 ± 12 a 6.75 ± 0.04 c,d 

4 3.85 ± 0.04 1940 ± 161 c,d 252 ± 14 a 7.41 ± 0.20 d 

15-0 4 3.88 ± 0.01 60 ± 32 e 14 ± 7 f 13.6 ± 0.9 e 

8- 
2 

3 3.78 ± 0.02 1660 ± 199 c,d 144 ± 11 g 4.97 ± 0.22 a 

4 3.55 ± 0.00 1490 ± 158 d 135 ± 9 g 5.21 ± 0.21 a,b 

9-1 4 3.64 ± 0.05 2841 ± 105 a 312 ± 6 a,b 6.27 ± 0.35 a,b,c,d 

5 
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Fig. 4. Amplitude sweeps of the various formulations after 19 hours of gelling. Strain was increased from 0.01 – 100 %, at a constant frequency of 1 Hz. Storage 
modulus (G’) shown to the left, loss modulus (G’’) shown to the right. Same legend for both figures. Each point is the average value of two runs, with standard 
deviation shown as error bars. 
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Fig. 5. Syneresis for the different formulations. Measured 20 hours after GDL 
addition. Each bar is the average of 3 – 4 measurements, with standard deviation 
shown as error bars. Columns labeled with different lower case letters represent 
significantly different values (p < 0.05). 
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he other gels, and also have the largest difference between G’ and G’’
alues. The 8-2 gels have the highest ratio of 𝜆-CGN to V-FPC, which
ay cause some differences in gel network formation. 

In addition to the frequency sweep, an oscillatory amplitude sweep
as also run on the samples after 19 hours of gelling, as described in
ection 2.3 . 

From Fig. 4 it can be seen that all formulations started deviating
rom the initial linear viscoelastic (LVE) region around 1 % strain. This
ndicates a fairly weak network structure that can only withstand small
mounts of shear deformation before starting to fracture. In addition,
fter the LVE region, the G’’ values decreased at a similar gradual rate
s the G’ values, with G’ > G’’ up to the highest strains, with no clear
rittle failure. Low yield stresses are typical for gel networks consist-
ng of aggregated particles ( Chen & Dickinson, 1999 ; Picout & Ross-
urphy, 2003 ). Due to the inhomogeneous nature of such gels, defor-
ation stress may be concentrated at certain weak points of the network

eading to an early network failure. In addition, the presence of signif-
cant amounts of larger solid particles from the V-FPC such as starch
ranules and insoluble fiber introduces further structural flaws into the
etwork. From Fig. 4 it can be seen that the 8-2 formulations, despite
aving the lowest initial moduli of all systems (except 15-0), had the
ongest linear region and slowest moduli reduction afterwards. This sys-
em had the highest 𝜆-CGN:V-FPC ratio, and the lowest total amount
f V-FPC. This may have led to the formation of a less dense network,
xplaining the relatively low G’, but perhaps also a more homogeneous
etwork due to an excess of 𝜆-CGN to form electrostatic linkages. A more
omogeneous network may have less weak links, explaining the slightly
ncreased extent of the LVE region. 

.3. Syneresis 

Forced syneresis for the different formulations was measured as de-
cribed in Section 2.4 , and the results are summarized in Fig. 5 . 

From Fig. 5 , it can be seen that all gels here displayed some level
f (forced) syneresis. Due to the relatively inhomogeneous nature of
article gels, there will be large pores throughout the gel with poor wa-
er holding capacity ( Urbonaite et al., 2016 ). When force is applied to
he gel (in this case centrifugation), the water in the large pores will
e squeezed out ( Mizrahi, 2010 ). The syneresis liquid for most systems
as transparent (not turbid) and had low viscosity (water-like), indi-

ating good network connectivity and little loss of protein and 𝜆-CGN.
n exception was the 8-2 formulations, where the syneresis appeared
lightly viscous. This system had the highest amount of 𝜆-CGN relative
o protein. It may be suggested that the amount of protein may have
een insufficient to bind all the 𝜆-CGN to the network, leading to some
xcess unbound or poorly bound 𝜆-CGN getting lost with the syneresis
 Liu et al., 2020b ). 
6 
The parameter with highest effect on the amount of syneresis was
he 𝜆-CGN concentration. The highest syneresis was seen for the sys-
em without 𝜆-CGN (15-0). The 9-1 system displayed the second highest
yneresis, despite relatively high gel moduli values. However, this sys-
em had the lowest 𝜆-CGN:water ratio of the 𝜆-CGN-containing systems.
he lowest syneresis was seen for the 13-2, 13.5-1.5 and 8-2 systems,
hich had the highest 𝜆-CGN concentrations. 𝜆-CGN is an extended
iopolymer with high charge density and a large molecular volume. This
akes it an efficient water binding agent, explaining its positive effect

n syneresis ( Mizrahi, 2010 ). Higher levels of 𝜆-CGN may also lead to the
ormation of a more homogeneous network with smaller pore size, due
o the potential for more numerous electrostatic connections between
roteins. However, only the 8-2 gels displayed significant differences
n rheological frequency and strain response, as shown in the previous
ection, indicating some changes in network structure. The rheological
ifferences for the 8-2 system may also be due to the excess unbound
-CGN, indicated by the slightly viscous syneresis, as discussed in the
revious paragraph. 

For food gels, minimizing syneresis is usually desired, as expulsion
f liquid during storage, handling or mastication can have a negative
mpact on the sensory quality of food products ( Mizrahi, 2010 ). To fur-
her reduce syneresis in this system, increasing both V-FPC and 𝜆-CGN
oncentration might have a positive effect. Increasing only 𝜆-CGN might
ead to excess unbound 𝜆-CGN, that would be expulsed along with the
ater, as seen for the 8-2 system. Increasing both would most likely lead

o the formation of a more dense particle network with smaller pores,
ore resistant to syneresis. However, it could also lead to excessively
igh viscosities that could cause issues during manufacturing. 
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Fig. 6. Photomicrographs of FB protein emulsions. Prepared with 13.5% V-FPC and 1.5% 𝜆-CGN in the water phase, then emulsified with 20% (left) or 30% (middle) 
corn oil. Diluted 1:10 in deionized water at neutral pH before microscopy. Right is the 30% corn oil emulsion after three weeks of storage as a gelled emulsion, 
dissolved by neutralization and mixing with deflocculant (SDS). 

Table 4 

Droplet size characteristics for the V-FPC emulsions with 20 and 30% corn oil. 
Each value is the average of two replicates with each five measurements ± stan- 
dard deviation. 

Oil 
wt% 

Droplet size initial (μm) Droplet size after 3 weeks as gelled emulsion (μm) 
D[4,3] D[3,2] D[4,3] D[3,2] 

20 11.6 ± 0.2 4.1 ± 0.0 11.9 ± 0.1 4.5 ± 0.1 
30 9.3 ± 0.1 3.5 ± 0.0 10.7 ± 0.1 4.4 ± 0.1 

3
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.4. FPC- 𝜆-CGN gelled emulsion properties 

Emulsions were prepared using the system with 13.5 % V-FPC and
.5 % 𝜆-CGN, gelled with 4 % GDL. This system provided good gel prop-
rties and relatively low syneresis, as described in the previous sections.
t above 1.5% 𝜆-CGN the solution became too viscous to homogenize
roperly with the current setup. 

To examine whether homogenization itself could affect gel proper-
ies, due to e.g., reductions in particle sizes or increased protein solubi-
ization, a sample with the same composition was homogenized without
il present and measured in the same ways. 

As shown in Table 4 , emulsification with the V-FPC produced
roplets with average diameters of a few micrometers. The insoluble
articles, such as starch granules, are unlikely to affect the emulsion
roplets directly, due to lack of surface activity ( Sridharan et al., 2020 ).
owever, they will likely scatter some light during the droplet size mea-

urements, meaning the measured emulsion droplet sizes are not com-
letely exact. However, by manual comparison with the photomicro-
raphs shown in Fig. 6 (left and middle), the measured values seem rea-
onable. Fig. 6 (left and middle) also shows that there is only sporadic
occulation at neutral pH before GDL addition. The slightly smaller
easured droplet sizes for the formulation with 30% oil may in part be
ue to the dilution of larger particles such as starch granules with addi-
ion of more oil. It was also observed that addition of more oil increased
he viscosity during homogenization, due to more emulsion droplet in-
eractions. A higher viscosity means more shear forces imparted on the
olution at the same homogenization shear rate, which may result in
maller droplets formed. 

To remeasure the droplet size after 3 weeks, the gels were dispersed
n water, the pH was neutralized and 2% SDS was added as a defloccu-
ant. While this caused the gels to dissolve, significant emulsion floccu-
ation remained, as shown in Fig. 6 (right). Increasing the pH further,
dding more SDS, or agitating the solution for longer did not disin-
egrate the flocculates. This indicates that irreversible flocculation be-
ween emulsion droplets occur in the gelled emulsions. When globular
egume proteins adsorb to emulsion interfaces, they undergo conforma-
ional changes eventually forming an extended viscoelastic film at the
nterface ( Tang & Sun, 2011 ). If the droplets are flocculated as the pro-
ein undergoes the conformational changes, the formed viscoelastic film
7 
ight be able to irreversibly bridge droplets together through, e.g., hy-
rophobic interactions. 

The increase in droplet size as measured after three weeks is likely
rimarily due to this irreversible flocculation, and the droplets appear
table against coalescence. Strong flocculation may impact the diges-
ion of the emulsions, as it could hinder enzyme access to the interfaces
idden in the flocculates. However, it is possible that gastrointestinal
actors, such as proteolytic enzymes, could deflocculate the systems. 

Due to the significant amount of insoluble particulate matter in the
-FPC, it was hypothesized that homogenization itself could affect the
roperties of the system through changing the particle size distribution.
owever, the homogenized formulation without oil did not show any

ignificant differences from the same formulation without homogeniza-
ion. 

Introducing emulsion droplets into the system led to an increase in
el moduli, as shown in Fig. 7 . If there is a direct connection between
he dispersed phase and the continuous network, the droplets will con-
ribute their modulus to the composite gel. This is known as the active
ller effect, and the result can be either an increase or a decrease in the
elled emulsion modulus with increasing emulsion fraction, depending
n whether the droplet modulus is above or below the continuous net-
ork modulus, respectively ( Dickinson & Chen, 1999 ). The modulus of
mulsion droplets can be approximated with the droplet Laplace pres-
ure, defined as interfacial tension times two divided by droplet radius
 van Vliet, 1988 ). Estimating an interfacial tension of 5 – 10 mN/m
ased on literature ( Félix et al., 2019 ), and a droplet radius of 2 – 5 μm,
he emulsion droplet modulus here would be in the range of 2 – 10 kPa,
ompared to 4.2 kPa for the gel without oil. This means that while the
maller droplets could contribute positively, the larger droplets might
ontribute negatively to the composite modulus. However, this theory
ssumes the emulsion droplets are evenly distributed throughout the
ystem ( van der Poel, 1958 ). If droplets flocculate together, the result
an be a significantly higher G’ than theory predicts ( Chen & Dickin-
on, 1999 ; Hattrem et al., 2015 ). 

As previously mentioned, and shown in Fig. 6 (right), significant irre-
ersible flocculation remained after dissolving the gelled emulsions after
hree weeks. This shows that droplet aggregation indeed occurred in the
elled emulsions. It is also possible that the conformational changes in
he globular proteins as they adsorb to emulsion droplets could expose
ore charged residues outwards into the aqueous phase, optimizing 𝜆-
GN interactions and improving the network ( Sharif et al., 2018 ; Tang
 Sun, 2011 ). 

As seen in Fig. 7 (bottom), the inclusion of oil droplets did not have
ny large impact on moduli frequency dependence or the extent of the
VE region by strain. For more homogeneous fine-stranded gels, intro-
uction of emulsion droplets may reduce the yield strain, due to in-
roduction of inhomogeneities into the gel ( Sala, van Vliet, Stuart, van
ken, & van de Velde, 2009 ). However, in this case the gel is already a
elatively inhomogeneous particulate gel. 
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Fig. 7. Rheological data for the homogenized sample without oil, and the two emulsions. Top: Gelling kinetics during 19 hours, G’ values (left) and G’’ values (right). 
Bottom left: frequency sweep from 0.1 – 10 Hz at 0.1% strain. Bottom right: amplitude sweep from 0.01 – 100% strain at 1 Hz. 

Fig. 8. Rheological data for the formulations with T-FPC and FPI. Top: Gelling kinetics during 19 hours for T-FPC (left) and FPI (right). Bottom left: frequency sweep 
from 0.1 – 10 Hz at 0.1% strain. Bottom right: amplitude sweep from 0.01 – 100% strain at 1 Hz. 

3

 

p  

f  

l  

g
 

p  

w  

i  

w  

m  

t  

i  

c  

o  

m  

c  

2  

d  

l  
.5. Similar formulations prepared with other FB protein isolates 

As a comparison, formulations were prepared using two other FB
rotein concentrates/isolates. The formulations were equivalent to the
ormulation with 13.5% V-FPC and 1.5% 𝜆-CGN, adjusted to have simi-
ar protein: 𝜆-CGN ratio as well as similar 𝜆-CGN:water ratio. Both were
elled with 4% GDL. The exact formulations are listed in Table 1 . 

The FPI formulation resulted in a gel with fairly poor mechanical
roperties, as shown in Fig. 8 and Table 5 . The gelling kinetics curves
ere somewhat different in shape to the FPC formulations, with a small

nitial lag period and no clear plateau after 19 hours. Also, the moduli
8 
ere lower, and G’ was only 5 times higher than G’’. The formulation
ade with the FPI also displayed very high levels of syneresis when cen-

rifuged. The expulsed liquid had significant viscosity, indicating signif-
cant syneretic loss of 𝜆-CGN (and possibly protein) due to poor network
onnectivity. To achieve a protein concentration as high as 90%, vari-
us wet precipitation methods may be employed. These however com-
only lead to some protein denaturation and degradation, with signifi-

ant changes to native protein functionality ( Vogelsang-O’Dwyer et al.,
020 ). As protein is denatured, hydrophobic residues may be exposed
ue to disruption of the quaternary and lower structures of the globu-
ar proteins, reducing protein solubility and making the protein more
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Table 5 

Various properties for the gels prepared with FPI and T-FPC instead of V-FPC. 
Values for V-FPC formulation with 13.5% V-FPC, 1.5% 𝜆-CGN and 4% GDL in- 
cluded for comparison. 

FPI T-FPC V-FPC (13.5-1.5) 

Before GDL: 
Initial pH 6.93 ± 0.01 ∗ ∗ 6.64 ± 0.02 6.63 ± 0.01 
19 hours after GDL addition: 
pH 3.81 ± 0.01 3.89 ± 0.03 3.87 ± 0.02 
G’ 955 ± 152 ∗ ∗ 3723 ± 700 4198 ± 6 
G’’ 209 ± 15 ∗ ∗ 464 ± 90 476 ± 8 
Syneresis 61.8 ± 2.7% 

∗ ∗ 21.4 ± 1.7% 

∗ 14.4 ± 1.9% 

∗ , ∗ ∗ = statistically significant difference ( ∗ p < 0.05, ∗ ∗ p < 0.01) from the equiv- 
alent formulation with V-FPC (rightmost column). 
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usceptible to aggregation as interprotein electrostatic repulsion is re-
uced upon pH reduction. In addition, some highly soluble albumin pro-
eins are typically lost in production of high concentration protein iso-
ates, changing the total protein composition ( Vogelsang-O’Dwyer et al.,
020 ). Overall, these effects may reduce the interaction potential with
-CGN, explaining the low gel moduli and viscous syneresis for the FPI
ormulation. However, it is important to note that only one FPI formula-
ion was examined. It is possible that better FPI gels could be achieved
hrough FPI- 𝜆-CGN ratio or pH optimizations. 

The T-FPC on the other hand showed very similar properties to the
-FPC in regards to acid induced gelling with 𝜆-CGN. As opposed to the
-FPC, the T-FPC is from a low-tannin FB cultivar. Some tannins can in-

eract with and precipitate proteins, which can reduce protein digestibil-
ty and bioavailability. However, as shown here, using dry fractionated
PC from a different strain has little impact on the measured functional
roperties presented in this study. The only statistically significant dif-
erence, a slightly higher syneresis may be due to slight batch differences
rom the small scale milling and fractionation procedure, such as protein
oncentration, amount of insoluble particles and particle size. 

This again shows that dry fractionation may preserve some interest-
ng native protein functionality, and that this functionality may be lost
f other processing methods are employed. It would be of interest to
xamine if there is a processing method sufficiently gentle to produce
 FPI with the functionality to form strong gels with 𝜆-CGN preserved,
hile also removing the anti-nutrient factors that are present in FB. This
ay be a requisite for the practical use of this gelling method, until anti-
utrient reduced FB cultivars are more widely available ( Khazaei et al.,
019 ). 

. Conclusions 

Dry fractionated FPC in combination with 𝜆-CGN formed gels of de-
ent mechanical properties upon acidification with GDL. The storage
odulus values after 19 hours were in the range of 1500 – 4500 Pa,
epending on the FPC- 𝜆-CGN ratio and concentration, as well as the fi-
al pH (in the range of 3.5 – 4.0). The gels had properties typical of
articulate gels, including syneresis and low yield strain. Syneresis was
educed with increasing 𝜆-CGN concentration. 

Inclusion of emulsion droplets led to a strengthening of the gel net-
ork, likely due to emulsion droplet aggregation. At 30% oil, the gels

eached a storage modulus of 6500 Pa, more than a 50% increase from
he gel without oil. The gelled emulsions had good emulsion storage
tability for at least 3 weeks. 

Similar formulations prepared with a processed FPI of higher protein
oncentration resulted in weak gels with very high syneresis, possibly
ue to less 𝜆-CGN binding. This shows that some interesting native pro-
ein functionality may be lost upon aqueous processing towards protein
solates. Processing based on milling dry fractionation only, which is
he method with the smallest environmental footprint, should be the
ethod of choice for gel systems described in this present context. 
9 
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