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ARTICLE INFO ABSTRACT

Keywords: Starch and protein are major components in many foods, contributing to nutritional and textural properties.
Faba Pean Understanding how the behaviour and interactions of these components contribute to different textures is
Protein important. In this study, mixed gel systems were created with different ratios of starch to protein (constant solid
izzﬁe content 12%) extracted from faba bean, a promising crop for locally produced plant-based foods in cold climate
Microstructure regions. The mixed starch-protein gels were characterised in terms of pasting, texture and microstructure. Starch-
Gelation rich mixtures showed higher water binding and water absorption than samples with higher protein content. A

tendency for more efficient hydration in starch-rich samples was confirmed by NMR. Iodine affinity appeared to
be lower for high-protein samples, particularly at higher temperatures. Mixtures with high starch content also
showed higher viscosity during pasting, higher storage modulus throughout gelation, lower tan § and lower
frequency dependence of the final gel. Characterisation by compression tests showed stronger and more elastic
gels with increasing starch content. Light microscopy revealed that starch granules were tightly packed, espe-
cially at higher starch content, with protein filling the spaces between starch granules. SEM micrographs
revealed a network structure with larger pores and thicker strands in samples with higher starch content. Overall,
increasing protein content reduced viscosity during pasting and caused softer gels, likely owing to different
gelation and hydration properties of starch and protein.

1. Introduction bean protein can both act as a gelling agent, but with different gelling

abilities and properties. In real food matrices, starch and protein are

Transitioning to more plant-based diets is suggested to have nutri-
tional and environmental benefits (Roos et al., 2020; Willett et al.,
2019). Across Europe, a trend for greater interest in plant-based foods is
emerging (Aschemann-Witzel, Gantriis, & Fraga, 2021). There are many
reasons why consumers opt for plant-based foods, including health,
sustainability and animal welfare (Aschemann-Witzel et al., 2021).
Consumers are now demanding a greater array of plant-based products
using simple ingredients with good organoleptic properties. Faba bean
already has an established market for animal feed and an emerging
market for human consumption, and is a high-protein crop that can be
grown in Northern Europe. With increased research and technological
innovation, faba bean has the potential to be used in locally produced
and sustainable plant-based foods (Multari, Stewart, & Russell, 2015).

Under appropriate processing conditions, faba bean starch and faba
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likely to be blended and interactions between the biopolymers will in-
fluence the formation and texture of the final gel. Depending on the final
food product, different gel textures and structures will be acceptable.
The gelling properties and mixability of starch and protein are among
the most important features in food formulation (Onwulata, Tunick, &
Thomas-Gahring, 2014; Schorsch, Wilkins, Jones, & Norton, 2001).
Gelatinisation is a process whereby starch granules swell and leach
out amylose during heating in excess water. According to Walstra
(2002), as the system cools a gel can develop through the formation of
microcrystallites between the amylose chains and/or as a closely packed
system of granules, with the amylose layer acting as glue between the
granules. Faba bean starch gels are reported to be strong and firm (Li
et al., 2019). Faba bean also has high final viscosity during pasting,
which has been attributed to the relatively high amylose content
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(Ambigaipalan et al., 2011; Li et al., 2019; Punia, Dhull, Sandhu, & Kaur,
2019; Zhang, Tian, Wang, Jiang, & Li, 2019) that aggregates to form a
gel network upon cooling. High amylose content has also been related to
retarded swelling of starch granules (Nilsson et al., 2022; Sasaki &
Matsuki, 1998; Tester & Morrison, 1990; Vamadevan & Bertoft, 2020).
Faba bean starch has been found to leach out more amylose than other
bean varieties with similar amylose content, contributing to a rise in
viscosity (Ambigaipalan et al., 2011; Ambigaipalan, Hoover, Donner, &
Liu, 2013). Two other factors that result in faba bean starch gels having
higher viscosity than e.g. wheat starch gels are larger size of the swollen
granules and higher prevalence of larger polymer chains (Nilsson et al.,
2022). Amylose and amylopectin molecular weight in faba bean starch is
reported to be 10-20 MDa and 60-100 MDa, respectively, and heating
the starch at a higher rate (12 °C/min vs 1.5 °C/min) to temperatures
below peak viscosity (119 °C for faba bean) has been found to produce
the most viscous gels (Nilsson et al., 2022). The temperature range for
gelatinisation of faba bean starch has been shown to be 59-75 °C
(Ambigaipalan et al., 2011; Li et al., 2019; Nilsson et al., 2022; Punia
et al., 2019; Zhang et al., 2019), with pasting commencing at around
77 °C.

Similarly to starch gelatinisation, protein gelation is an essential
process in the production of many foods. Most legumes, including faba
bean, contain mainly globular proteins (Kimura et al., 2008; Nicolai &
Chassenieux, 2019). The globular proteins in faba bean can be divided
into two major fractions, hexameric legumin-type (11S) and trimeric
vicilin-type (7S) globulins, with an approximate size of 330 and 150
kDa, respectively (Sharan et al., 2021; Warsame, O’Sullivan, & Tosi,
2018). Gelation of globular proteins occurs by complete or partial
denaturation of the protein, exposing hydrophobic residues and other
interaction sites (Zha, Rao, & Chen, 2021). The newly exposed parts of
the protein interact and aggregate to form a network if the protein
concentration is sufficiently high (Zha et al., 2021). The gelation process
and gel properties of proteins are affected by multiple factors, such as
pH, presence of salt, extraction method and protein source (Langton
et al., 2020; Ma et al., 2022; Nicolai & Chassenieux, 2019). A denatur-
ation point within the range 75-95 °C, depending on the ionic strength
of the environment, has been reported for the 7S and 11S fractions in
faba bean protein (Kimura et al., 2008). Gelation of faba bean protein
and the effects of salt, pH and extraction method have been studied
previously (Langton et al., 2020). The effect of partly replacing faba
bean protein with starch and/or fibre has been investigated previously,
resulting in an increased storage modulus of gels whilst the fracture
stress was simultaneously reduced (Johansson, Johansson, et al., 2022).

In brief, concentrated starch gels can be described as a composite
system consisting of swollen granules embedded in a three-dimensional
network of aggregated amylose chains (Yang, Irudayaraj, Otgonchimeg,
& Walsh, 2004), while globular proteins form fine-stranded gel net-
works at high repulsion or a coarse-stranded network of colloidal par-
ticles as the isoelectric point is approached (Langton et al., 2020;
Langton & Hermansson, 1992). Depending on the ratio of starch to
protein, gel formation and properties may differ, with e.g. higher protein
content in starch-protein composite gels being associated with
augmented pasting temperature and reduced gel firmness (Bravo-Ninez,
Garzon, Rosell, & Gomez, 2019; Joshi, Aldred, Panozzo, Kasapis, &
Adhikari, 2014; Ntnez-Santiago, Bello-Pérez, & Tecante, 2004; Onate
Narciso & Brennan, 2018; Onwulata et al., 2014; Ribotta, Colombo,
Leon, & Anon, 2007; Yang et al., 2004). According to Eliasson (1983),
higher protein content alters the water retention capacity of the system
because the proteins compete with starch for available water, thereby
causing an increase in pasting temperature. Protein adsorption to
granule surfaces during pasting could explain both the reduced pasting
viscosity and increased pasting temperature, as the adsorbed proteins
would restrict water diffusion and thus reduce and delay granule
swelling (Bravo-Ntnez et al., 2019; Bravo-Ntinez & Gomez, 2019; Onate
Narciso & Brennan, 2018). Joshi et al. (2014) found that the pasting
temperature increased from 73.5 °C in 100% starch systems to 82.4 °C in
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50:50 lentil starch/lentil protein systems, and attributed this to the
characteristically high denaturation temperature (118 °C) of lentil
protein isolate. The decrease in pasting viscosity with increasing protein
content may also be partly due to an overall reduction in the starch
fraction, as starch tends to form more viscous pastes. However, the
apparent viscosities of blends were reported to be higher in the corre-
sponding diluted starch systems, indicating that protein-starch in-
teractions also alter the gelatinisation and gelling properties
(Bravo-Nunez et al., 2019; Bravo-Nunez & Gomez, 2019).

Breakdown viscosity has also been found to be lower for starch-
protein mixtures compared to that of the corresponding sample con-
taining only starch (Onate Narciso & Brennan, 2018; Onwulata et al.,
2014). In a study adding 10% extra protein, breakdown of starch-protein
mixed pastes was no longer detected, suggesting that the protein gel
network increased the resistance to mechanical shearing (Joshi et al.,
2014). During cooling of starch dispersions, gelation occurs as amylose
and amylopectin aggregate to form a gel network, but higher protein
content has been found to correlate with a reduction in final viscosity
(Bravo-Nunez et al., 2019; Bravo-Nunez & Gémez, 2019; Joshi et al.,
2014; Onate Narciso & Brennan, 2018; Onwulata et al., 2014; Ribotta
etal., 2007). The amylose:amylopectin ratio in starch has been shown to
have an effect on the viscosity and gel strength of composite gels, with
the reduced viscosities associated with incorporation of protein being
more pronounced for high-amylose starches (Joshi et al., 2014; Onate
Narciso & Brennan, 2018). Studies by Onate Narciso and Brennan
(2018) and Onwulata et al. (2014) revealed that proteins appeared to
prevent molecular rearrangement of amylose, resulting in weaker gels.
In contrast, the rigidity of high-amylopectin starch gel has been shown
to increase with additional protein, as the protein acts as a filler
(Onwulata et al., 2014).

Gels with higher solids content tend to be firmer and stronger, e.g.
Yang et al. (2004) found that the reducing effect of protein on gel
firmness became less marked as the solids content increased. Shim and
Mulvaney (2001) observed a similar effect in gels with 15% solids
content, where addition of whey protein isolate had a diluting effect on
corn starch (Shim & Mulvaney, 2001). As the solids content increased to
30% in that study, separate phases in the mixtures were still present but
the complex modulus (G*) increased, suggesting that the gel structure
was maintained by the higher solids content.

The aim of the present study was to evaluate gel formation and
pasting properties of different faba bean starch-protein gel mixtures. Gel
microstructures were evaluated and continuous and discrete phases in
the gels were identified. The gel structures observed were then
compared against physical and textural attributes of the gels. By un-
derstanding the role of protein and starch in composite gel systems,
products with tailored textures and functionality can be developed.

2. Materials and methods

To assess gel formation and properties, different analytical tech-
niques were applied at different stages of gel production. The key steps
in gel production are summarised, together with the analytical tech-
niques applied during the different steps of gel formation, in Fig. S1 in
Supplementary Information (SI).

2.1. Materials

The protein and starch fractions used in this study were isolated from
dehulled and finely milled faba beans (Vicia faba var. Gloria) grown in
central Sweden, harvested and dried in 2016. The beans were kindly
provided by RISE (Research Institutes of Sweden). Based on previous
characterisations by Johansson, Johansson, et al. (2022), the composi-
tion of the protein fraction was: protein 77.3%, starch 0.3%, fibre 1.0%,
fat 3.4% and ash 8%, while that of the starch fraction was: protein 0.5%,
starch 94.5%, fibre 2.2%, fat 0.3% and ash 0.2%.

Hydrochloric acid (HCl) and sodium hydroxide (NaOH) were
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purchased from Merck, ethanol from Solveco, osmium tetroxide and
glutaraldehyde from Ted Pella, ruthenium red and light green from
Sigma-Aldrich, Technovit 7100 from Kulzer and iodine from Fluka.

2.2. Extraction

Extraction of the protein and starch fractions was performed using
methodology described previously (Johansson, Nilsson, Knab, & Lang-
ton, 2022). In brief, dehulled and milled faba beans were dispersed in
de-ionised water with pH adjusted to 9. Protein was separated from
starch and fibre by centrifugation and precipitated from the supernatant
by adjusting the pH to 4. The mixture was further centrifuged and
washed once before adjusting the pH back to 7 and freeze-drying. The
pellet from the initial centrifugation was used to extract starch. First, the
pellet was re-dispersed in de-ionised water and the pH was adjusted to
9.5. The mixture was then stirred for 24 h at room temperature and left
to stand without agitation for an additional 24 h at 4 °C, followed by
centrifugation and washing until pH 7 was reached. Finally, the starch
was separated by filtering through a 70 pm nylon filter and dried at
40 °C.

2.3. Gel formation

Starch and protein flours were mixed well and then dispersed in
distilled water to obtain a final concentration of 12% (g flour/g sample)
The following starch:protein (S%P%) ratios were produced (values in
brackets are percentage starch or protein in the total sample):

S100PO: Starch 100% (12%), protein 0% (0%)
S90P10: Starch 90% (10.8%), protein 10% (1.2%)
S80P20: Starch 80% (9.6%), protein 20% (2.4%)
S70P30: Starch 70% (8.4%), protein 30% (3.6%)
S60P40: Starch 60% (7.2%), protein 40% (4.8%)
SOP100: Starch 0% (0%), protein 100% (12%)

Initial trials conducted to identify the ideal solids content for the gels
revealed that 12% solids content was a good intermediate concentra-
tion, as S60P40 samples were able to form freestanding gels and S90P10
samples did not form too viscous pastes for handling during the gel-
making process.

To make the gels, the dispersions were stirred at 500 rpm at room
temperature for 40 min and then stirred in a water bath at 65 °C for an
additional 20 min, with the aim of avoiding sedimentation of the starch
and maintaining a homogenous mixture for gelation. To produce gels of
suitable size for compression tests and microscopy, 3-mL samples were
loaded into hollow glass tubes with inner diameter 12 mm. The bottom
of each glass tube was closed with a rubber lid and the top with thread
tape punctured with a small hole to prevent pressure build-up. The
samples were heated in a water bath (DYNEO DD-1000F Refrigerated/
heating circulator, Julabo, Seelbach, Germany) from 65 to 95 °C at a rate
of 1.5 °C/min. After a 30-min holding time at 95 °C, the samples were
cooled to 25 °C at a rate of 1.5 °C/min. The gels were then left at room
temperature for approximately 30 min before being stored at 4 °C
overnight.

2.4. Hydration and water binding properties by centrifugation

Hydration and water binding properties were analysed before and
after heat treatment, following the methodology of Bravo-Ninez and
Gomez (2019) with some slight modifications. The hydration properties
were assessed by measuring water binding capacity (WBC), i.e. the
amount of water retained by samples before heating, which was deter-
mined by making 12% (w/v) flour mixture-water solutions. To ensure
complete dispersion, the samples were quickly vortexed before being
magnetically stirred for 40 min at 500 rpm. The samples were then
centrifuged at 580xg for 10 min, the excess water was removed and the
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remaining hydrated solids were weighed. WBC was calculated as grams
of water retained per gram of dry sample.

For further assessment of the water binding properties after heat
treatment, water absorption index (WAI), swelling power (SP) and water
solubility index (WSI) were determined (Bravo-Ninez & Gomez, 2019).
For analysis, 120 mg of sample (Wi) were dispersed in 1 mL of de-ionised
water and the samples were prepared in the same manner as described in
section 2.3 until cooling to 25 °C. The samples were then left to stand
overnight at 4 °C, prior to being centrifuged at 3000xg at 4 °C for 10
min. The supernatant was decanted and dried at 105 °C for 8 h, giving
the dry solids weight (Ws). The remaining pellet was also weighed (Wr).
WALI, WSI and SP were calculated using the following equations:

Water Absorption Index <§) :& 1
g Wi
WV
Water Solubility Index (l(f—og> :Wi' * 100 (2)
Wi
Swelling Power &) = . 4 3
g Wi — Ws

2.5. NMR spectroscopy

Sample preparation for nuclear magnetic resonance (NMR) spec-
troscopy followed the method described by Larsen et al. (2013) with
slight modification. For this, 50 pg of flour or flour mixtures with starch:
protein ratio 60:40 and 90:10 were weighed out and packed into 4 mm
ZrO, rotors. The moisture content in the flours was 4.0% (starch) and
6.4% (protein). Then 50 pL of D,O were inserted into the rotor using a
Hamilton Microliter® #810 syringe. To equilibrate the D2O within the
rotor, the samples were left to stand for 1 h prior to spinning at 9 kHz for
1 h to ensure proper mixing of flour and D20.

NMR spectra (carbon-13 (13C) cross-polarisation magic angle spin-
ning (CPMAS) and single-pulse excitation magic angle spinning
(SPMAS) were obtained using a Bruker Avance III 600 MHz spectrom-
eter equipped with a double-resonance 4 mm (1H&19F)/(15N-31P)
CPMAS probe. The CPMAS spectra were recorded with a contact time of
1-2 ms and a repetition delay of 2.5-5 s. The NMR measurements were
performed at a spinning frequency of 8 kHz and at three different tem-
peratures; first at 25 °C before heating, then at 85 °C and finally at 25 °C
after cooling. The maximum temperature was set to 85 °C, due to the
limits of the instrument. All samples were analysed in triplicate.

2.6. Hot-stage microscopy

Swelling of the starch granules was visualised following the method
described by Nilsson et al. (2022). Suspensions with starch-protein
mixtures of 10 mg/mL were mixed for 40 min and then 80 pL of sam-
ple were pipetted onto a cover slip and 15 pL of diluted Lugol’s stock
solution were added to dye the starch. The samples were covered with a
slightly smaller coverslip and sealed using nail polish. A tensile strength
test stage (model TST350, Linkam Scientific Instruments, Surrey, UK)
with heating capacity was attached to the light microscope (Nikon
Eclipse Ni-U microscope, Tokyo, Japan) for temperature control. The
heating rate was 5 °C/min within the range 30-95 °C. Samples were
observed under bright-field light using a Plan Fluor 10 x (0.30 N.A.)
objective. For observations under polarised light, samples were prepared
in the same manner, with the exception of iodine staining. Micrographs
were captured with a Nikon Digital Sight DS-Fi2 camera (Nikon, Tokyo,
Japan) every 12 s. Captured micrographs had a pixel size of 1.21 pm
(data size: 2560 x 1920 pixels). All micrographs acquired were analysed
and compared visually, to pinpoint the temperature at which major
changes in granules occurred.
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2.7. Effect of heating on iodine dyeing of starch

To test the effect of heating on iodine dyeing, 200 mg flour were
dispersed in 20 mL distilled water in capped heat-proof glass test tubes,
2 mL of Lugol’s solution were added to each sample and the samples
were heated in a water bath from 20 to 95 °C at 1.5 °C/min. Starting at
20 °C and at 10 °C intervals up to the final temperature (90-95 °C), the
test tubes were shaken to ensure that flour and iodine were dispersed in
the mixtures and 1-mL aliquots of each solution were collected in
separate Eppendorf tubes and immediately placed on ice to cool.
Duplicate 200 pL aliquots were then pipetted onto a 96-well plate. The
samples were shaken for 2 min and absorbance was measured at 510 nm.
Distilled water with iodine subjected to the same heat treatment was
used as a control. All samples were analysed in duplicate.

2.8. Rheology

2.8.1. Pasting (95 °C)

Pasting data were obtained using a Discovery HR-3 rheometer (TA
Instruments, New Castle, DE, USA) equipped with a Peltier pressure cell
and steel starch paddle. Starch-protein mixtures with a solids content of
12% in solution were mixed at 20 °C for 40 min at the instrument
maximum of 50 rad/s. For the remainder of the experiment the stirring
rate was set to 16.75 rad/s, which is equivalent to the standard rota-
tional rate of 160 rpm used in the rapid visco-analyser. As in the gelation
process, samples were heated to 95 °C at a heating rate of 1.5 °C/min
and kept at 95 °C for 30 min under constant stirring. Samples were
cooled to 25 °C at a cooling rate of 1.5 °C/min and then kept for 30 min
at 25 °C under constant stirring. All samples were analysed in duplicate.

2.8.2. High-temperature pasting (150 °C)

To investigate how the starch:protein ratio influenced peak viscosity,
high-temperature pasting measurements were performed. Previous
work has reported that peak viscosity of (pure) faba bean starch occurs
at 119 °C (Nilsson et al., 2022). However, initial high-temperature
pasting trials on the starch-protein mixtures in the present study
revealed that the samples needed to be heated to 150 °C to guarantee
that peak viscosity was achieved for all samples.

As in the lower-temperature pasting experiments (section 2.8.1), the
flour solutions were mixed in the instrument for 40 min at 50 rad/s at
20 °C. During the pasting analysis, the heating cycle used was 20-150-
25 °C with a heating and cooling rate of 5 °C/min and a constant stirring
rate of 16.75 rad/s. The samples were kept for 5 min at the maximum
temperature (150 °C) and 5 min at the end-set (25 °C) temperature. The
main aim of the high-temperature pasting analysis was to determine
how peak viscosity differed between the samples and identify any
behavioural pattern present depending on the starch:protein ratio. The
higher heating/cooling rate was applied to improve experimental effi-
ciency, by reducing the time required for each trial, as overall relative
pasting behaviour of the samples did not appear to change. Samples
were analysed in duplicate.

2.8.3. Oscillatory rheology

The gelation process and viscoelastic properties of the gels were
evaluated using a Discovery HR-3 rheometer (TA Instruments, New
Castle, DE, USA) equipped with a 40-mm aluminium plate. Samples
were prepared as described in section 2.3, excluding the final gelation
step in the glass tubes. Paraffin oil, covering the exposed parts of the
sample, was combined with a custom-made solvent trap to limit evap-
oration. The gelation process was monitored at 0.5% strain during a
temperature ramp consisting of heating from 65 °C to 95 °C at a rate of
1.5 °C/min and 30 min holding time at 95 °C before cooling at 1.5 °C/
min to 25 °C, followed by an additional holding time of 30 min. After the
temperature ramp, a frequency sweep was run from 0.628 to 100 rad/s
at 0.5% strain and 25 °C. Finally, an amplitude sweep was performed
from 0.01 to 100% at 1 Hz and 25 °C to determine the linear viscoelastic
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region (LVR) and ensure that all measurements were performed within
this region. The LVR was defined as the strain at which a 5% loss in
storage modulus was observed. All oscillatory rheology measurements
were performed in triplicate.

2.9. Compression tests

Gels prepared as described in section 2.3 were allowed to equilibrate
to room temperature for 1 h before being cut into cylindrical pieces with
height 14 mm and diameter 12 mm. The samples were compressed to
70% of their original height at a rate of 1 mm/s using a texture analyser
(Stable Micro Systems, TA-HDi, Surrey, UK) equipped with a 500 N load
cell and a 36 mm cylindrical aluminium probe. A trigger force of 0.05 N
was used to initiate measurement and data collection. Due to the weak
nature of the 60:40 gels, a trigger force of 0.01 N was used to reduce the
compression of these gels occurring before data collection started. To
account for changes in cross-section during compression, true stress and
true strain were calculated as described previously (Munialo, van der
Linden, & de Jongh, 2014). True fracture stress and true fracture strain
(hereafter referred to simply as fracture stress and fracture strain) were
defined as the maximum true stress and corresponding true strain at the
first clear peak before fracture. Young’s modulus was calculated as the
slope of the true stress-true strain curve during the initial 1-5% of
deformation. This specific region (1-5%) was chosen to be within the
initial linear region of the curve without including the potentially noisy
first few measurements. Compression tests were performed for each
sample, in three batches of 4-8 gels each. Statistical analysis was per-
formed on the mean value obtained for each batch.

2.10. Microstructural characterisation of gels

Gels for microscopy were prepared as described in section 2.3.
Samples for both light microscopy and scanning electron microscopy
(SEM) were prepared similarly as described previously (Johansson,
Johansson, et al., 2022).

2.10.1. Light microscopy

Gels were cut into approximately 2 x 2 x 2 mm? cubes and fixated
overnight in 2.5% glutaraldehyde and 0.1% ruthenium red. The gels
were then further fixated in 1% osmium tetroxide for 2 h, followed by
dehydration in a series of solutions with increasing ethanol concentra-
tion. Thereafter, the gels were embedded using Technovit 7100 and
sectioned (Leica Microsystems GmbH, Leica EM UC6, Wetzlar, Ger-
many) into 1 pm thick sections. The light microscope (Nikon, Eclipse
Ni-U microscope, Tokyo, Japan) was equipped with a 60 x (1.4 N.A.)
plan apochromatic objective and micrographs were captured using a
Nikon Digital Sight DS-Fi2 camera (Nikon, Tokyo, Japan) with 0.08 pm/
pixel (data size: 2560 x 1920 pixels).

2.10.2. Scanning electron microscopy

For SEM, samples were prepared as for light microscopy up to
dehydration in ethanol. After dehydration, the samples were critical
point-dried (Quorum Technologies Ltd, K850 Critical Point Dryer, East
Sussex, UK), fractured and sputter-coated with gold (Cressington Sci-
entific Instruments, Sputtercoater-108 auto, Watford, UK). Samples
were then examined in the SEM device (Hitachi, FlexSEM 1000IL, Tokyo,
Japan) at 5 kV and micrographs were digitally recorded at two different
magnifications (9.92 and 4.96 nm/pixel, data size: 2560 x 1920 pixels).

2.11. Statistical analyses

Data on hydration and water binding properties, rheological mea-
surements and results of compression tests were analysed by analysis of
variance (ANOVA) and pairwise comparison (Tukey) with a significance
level of 95% (p < 0.05), using R studio (Version 1.2.5033, RStudio Inc.,
MA, USA). After evaluation of the residuals, G/, end of LVR, n-values and
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fracture stress values were log-transformed to obtain normally distrib-
uted residuals before statistical analysis (ANOVA and pairwise com-
parison (Tukey)). Similarly, the inverse of tan & values was used in
statistical analysis. Pearson correlation coefficients were calculated to
gain an overall understanding of parameters affected by the starch:
protein ratio and to determine whether correlations between the pa-
rameters were significant.

3. Results and discussion
3.1. Hydration and water binding properties

The water binding capacity (WBC) increased with increasing starch
content (Table 1). A negative WBC was observed for the sample con-
taining only protein (SOP100), presumably because the protein dis-
solved in the water and was decanted with the supernatant.

The water absorption index (WAI) values of all samples increased
dramatically after heat treatment but the gels with higher starch content
still had higher water absorption, indicating that starch had a higher
affinity for water than protein. The swelling power (SP) value also
increased with increasing starch content and the correlation between
WAI and SP was high (r = 0.86; p = 0.002). The swelling power of starch
granules has previously been found to correlate with amylopectin con-
tent and faster heating rate (Nilsson et al., 2022; Tester & Morrison,
1990).

The WSI value of the samples increased with increasing protein
content. The supernatant from both the hydration and gelation analysis
was much clearer for the composite mixtures with higher starch content,
corresponding to lower WSI.

3.2. NMR results

The 3C-CPMAS NMR spectra at 25 °C of powder of starch, protein
and a 50:50 starch-protein mixture are shown in Fig. 1, with assignments
of the C1 to C6 resonances of the glucose-repeating unit in the starch
indicated on top of the spectra. Assignments of the major protein signals
are also shown.

Hydration often leads to large changes in the molecular mobility of
starch. 13C solid-state NMR has been used in a number of studies to
follow hydration of the polysaccharide (Garbow & Schaefer, 1991;
Larsen, Blennow, & Engelsen, 2008; Larsen et al., 2013; Morgan, Fur-
neaux, & Larsen, 1995; Tang & Hills, 2003; Zhu, 2017). Two types of 3¢
NMR spectroscopy, CPMAS and SPMAS, were used to monitor hydration
in this study. Cross-polarisation (CP) depends on heteronuclear dipolar
couplings between the 'H and '3C nuclei and if these couplings are
averaged because of rapid molecular motion due to hydration, then CP
will not occur. NMR signals from mobile components can be observed
instead by a single pulse NMR experiment as performed in the
solution-state. The CPMAS signals are interpreted as “rigid” carbons and
SPMAS signals as “mobile” carbons. Thus, in CPMAS spectra, resonances

Table 1

Hydration and water binding properties of the starch-protein (S%P%) mixtures.
Values shown are mean + 1 st.dev. Different superscript letters indicate signif-
icant differences (p < 0.05).

Water binding Water absorption ~ Water Swelling
capacity (WBC) index (WAI) solubility index power (SP)
(WSID)
S100P0 1.4 + 0.0 11.7 + 0.4° 2.5+ 0.1f 12.0 + 0.4°
S90P10 1.2 £ 0.0° 10.3 £ 0.2° 5.7 + 0.4 10.9 + 0.2°
S80P20 1.1 £ 0.0° 9.5 £ 0.0° 12,5 + 0.5¢ 10.8 +
0.03"
S70P30 0.9 £ 0.1¢ 8.1 +0.1¢ 20.0 + 0.6° 10.2 + 0.1>
c
S60P40 0.8 + 0.0° 7.0 £0.3° 29.7 + 2.6" 9.9 +0.1¢
SOP100  —0.4 + 0.1f 2.5+ 0.2 73.6 + 1.8 9.6 + 0.4
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Fig. 1. Nuclear magnetic resonance '°C-CPMAS spectra of powder of (top)
50:50 (w/w) starch-protein mixture, (middle) protein and (bottom) starch.

from carbons originating from immobile regions are enhanced, while in
SPMAS spectra carbon resonances from immobile and mobile regions
are enhanced.

Addition of water to starch resulted in attenuation of signal in-
tensities in the amorphous region. After addition of water, the signals
around 80-84 ppm, corresponding to C4, almost completely dis-
appeared (Figs. 1 and 2). This is consistent with previous findings and
derives from hydration-induced mobilisation of the amorphous starch,
leading to reduced cross-polarisation efficiency. Hydration also resulted
in an increase in spectral resolution for the ordered polysaccharide, due
to reduced conformational distribution and substantial decreases in the
signals from the amorphous region. The signals in the SPMAS spectra
were sharp and the spectra were similar, although with broader reso-
nances, to the solution-state spectra of soluble starch (Fig. 2). The in-
crease in temperature to 85 °C led to a strong decrease in signal to noise
ratio in the CPMAS spectra, but to a significant increase in spectral
resolution in the SPMAS spectra. This indicates, as shown previously by
others, that gelatinisation reduced the amount of immobile fraction of
starch. Lowering the temperature back to 25 °C led to NMR spectra
similar to those obtained before the temperature increase.

Addition of water to the S90P10 and S60P40 samples gave CPMAS
and SPMAS spectra for starch that were similar to those obtained for
starch alone (Figs. 2 and 3). However, closer inspection showed some
small differences between the S90P10 and S60P40 samples, e.g. the C4
resonances at 80-84 ppm were not completely eliminated in the CPMAS
spectra of the S60P40 samples at 25 °C. Narrower lines in the SPMAS
NMR spectra are indicative of more efficient hydration and higher
mobility. Thus, the narrower line width of the resonance in the SPMAS
spectra of the S90P10 samples (60-90 Hz) compared with the S60P40
samples (130-140 Hz) suggests that hydration of starch was slightly
more efficient in the SO0P10 samples at 25 °C.

The differences between the S90P10 and S60P40 samples became
more clear upon heating to 85 °C. The S90P10 samples showed results
similar to that of pure starch, with a clear decrease in the signal to noise
ratio in the CPMAS spectra and a significant increase in spectral reso-
lution in the SPMAS spectra (Fig. 3). In contrast, only a slight decrease in
the signal to noise ratio in the CPMAS spectra was observed for the
S60P40 samples upon heating. Furthermore, the increase in spectral
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Fig. 2. Nuclear magnetic resonance '>C CPMAS spectra (left) and SPMAS spectra (right) of hydrated starch (top) at 25 °C after heating to and cooling from 85 °C,
(middle) at 85 °C and (bottom) at 25 °C. CPMAS signals interpreted as “rigid” carbons and SPMAS signals as “mobile” carbons.
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Fig. 3. Nuclear magnetic resonance 13¢c cpmAS spectra (left) and 13c spmMAS spectra (right) of (top to bottom) the samples S60P40 at 85 °C, S90P10 at 85 °C, 60S40P

at 25 °C and 90S10P at 25 °C. *Background signal.

resolution was less pronounced for the S60P40 samples compared to the
S90P10 samples. This indicates that the amount of immobile fraction
was reduced less upon heating when more protein was present in the
system. Le. the hydration of starch seemed to be hampered by the
addition of protein, which in turn could potentially influence the
physiochemical properties of the starch. It is possible that, due to the
relatively high solid to liquid ratio used for NMR experiments, the
observed difference is simply a result of the protein absorbing water and
reducing the water availability for the starch. However, further studies
would be needed to clarify the mechanism behind this effect.

The assessments of water binding properties (Table 1) showed that
WBC, WAI and SP of the mixtures increased as starch content increased,
which may be because of increased starch content but also, as indicated

by the NMR results, because of differences in hydration efficiency be-
tween the starch and protein. Addition of gluten (Eliasson, 1983), soy
(Ribotta et al., 2007) and whey (Onate Narciso & Brennan, 2018) pro-
tein has been shown to delay diffusion of water into starch due to its
presence on the surface of starch granules. The decrease in hydration
efficiency with increasing content of faba bean protein may have been
the result of limited water diffusion.

3.3. Hot stage microscopy

Micrographs of the different starch-protein samples at 30, 67, 73 and
90 °C are shown in Fig. 4. At 30 °C, the colour intensity, size and shape of
the starch granules were similar for all samples. As the temperature
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Fig. 4. Micrographs of samples S100P0 (A-D), S90P10 (E-H), S80P20 (I-L), S70P30 (M-P), S60P40 (Q-T) and SOP100 (U-X) under hot-stage microscopy at a
temperature of 30 °C (first column A-U), 67 °C (second column B-V), 73 °C (third column C-W) and 90 °C (fourth column D-X). Scale bar = 100 pm. The starch
granules were stained purple/blue by iodine, with the colour intensity decreasing for each sample as the temperature increased. The yellow circles for samples
S60P40 and SOP100 indicate areas where starch granules had completely lost their colour. The grey circle, as seen in figure X, indicate air bubbles.

increased the starch granules began to swell, with swelling initiating at
around 63 °C and the most pronounced swelling at 70 °C. There was a
gradual increase in granule size as the temperature increased to 67 °C,
73 °C and 90 °C (Fig. 4). The gradual increase in the size of the starch
granules during heating is also evident in Fig. S2 in SI. From the granule
size distribution, the protein-rich sample S60P40 appeared to have the
smallest granules at both 30 and 67 °C, which may tie in with the NMR
observation that mixture S60P40 showed slightly less efficient starch
hydration. There was a tendency for the largest starch granules to be
found in samples S90P10 and S80P20, indicating that addition of pro-
tein may have had a small effect in delaying granule swelling. However,
this tendency was very weak overall, with no distinct difference between
the populations, making it challenging to draw any direct conclusions on

whether starch swelling was delayed by the presence of protein.
Furthermore, faba bean starch has a relatively high amylose content
compared to mony other starches (Nilsson et al., 2022). High amylose
content has previously been related to retarded swelling of starch
granules (Nilsson et al., 2022; Sasaki & Matsuki, 1998; Vamadevan &
Bertoft, 2020). It is possible that the effect of amylose on granule
swelling was affected by the presence of protein and difference in starch
content between samples.

Examination under polarised light revealed that samples with starch
content >60% completely lost their birefringence at temperatures
similar to that at which swelling occurred (around 70 °C). In the sample
with no added protein (SOP100), birefringence was completely lost
already at around 63 °C. Starch birefringence under polarised light is
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caused by radial alignment of the crystalline amylopectin and is lost as
the granules swell and lose their crystalline structure (Ambigaipalan
et al., 2011; Li et al., 2019).

As the granules swelled, they became lighter and less intensely col-
oured. The loss of colour under progressive heating was more noticeable
for the samples with higher protein content, indicating that the protein
somehow interfered with or altered iodine dyeing of the starch, or that it
interacted with the starch, inhibiting the formation of starch-iodine
complexes. A possible explanation is that iodine formerly bound to
and staining the starch granules bound to the protein instead at higher
temperatures. At 95 °C, the S60P40 sample had completely lost its
colour, with some of the starch granules in this sample losing their
colour already at 90 °C (Fig. 4T). Areas where the starch granules in
samples SOP100 and S60P40 lost their colour completely are indicated
with yellow circles in the micrographs in Fig. 4. For the samples with
starch content >70%, complete loss of colour of all granules was not
observed. Samples S1I00P0 and S90P10 retained their colour relatively
well throughout the heating (Fig. 4D and H). For sample SOP100
(Fig. 4U-X), where no starch was added to the mixture, any starch
present was residual starch from protein isolation, which started to lose
colour at 57 °C and lost its colour completely at around 60 °C in all
micrographs.

3.4. Iodine binding capacity during heating

Fig. 5A shows the colouration of iodine staining in the different
samples at different temperature intervals from 20 to 95 °C, while
Fig. 5B shows the corresponding absorbance measured at 510 nm. For
samples S90P10, S80P20, S70P30 and S60P40, the absorbance and
observed colour intensity of the iodine staining decreased as the tem-
perature of the mixture increased. As already observed in the hot-stage
micrographs, the loss of colour was more prominent in the samples with
higher protein content, with complete loss of colouration occurring at
lower temperatures (50 °C for S60P40, 60 °C for S70P30, 70 °C for
S80P20 and 80 °C for S90P10). For the pure starch sample S100PO, the
measured absorbance remained constant up to and including 60 °C,
while at 70 °C the absorbance peaked before decreasing. In a previous
study, we found that gelatinisation of faba bean starch extracted from
the same batch of raw beans occurred between 67 and 73 °C (Nilsson
et al., 2022), so increased granule size might explain the observed peak
in absorbance. As the temperature continued to increase measured
absorbance decreased but, unlike in the other samples, there was no
complete loss of colour for sample S100PO.

To verify that the loss in colour in the protein-rich samples was not
due solely to the lower concentration of starch, a new sample S60P0 was
prepared containing the same quantity of starch as the S60P40 sample
but without any added protein (i.e. the overall solids content was lower).
Sample S60P0 showed similar behaviour to the pure starch sample

A

S100P0 OJO’ :

20 30 40 50 60 70 80 90 95
Temperature (°C)
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S100PO, with iodine colouration better maintained and not completely
lost at higher temperatures. Hence, the loss in colour was not simply a
consequence of the reduced starch content in the mixed samples.

Unheated starch in contact with iodine turns into a characteristic
blue-black colour, as the iodine forms complexes inside the long helical
chains of linear amylose. The highly branched amylopectin, with much
shorter but more numerous chains, turns into a reddish-brown colour
upon contact with iodine (Hollo & Szejtli, 1958; Huber & Bemiller,
2017). Loss of colour of starch-iodine mixtures upon heating is a
well-known phenomenon believed to be caused by the complex
decomposing at elevated temperatures (Fonslick & Khan, 1989). The
starch-iodine reaction has an exothermic equilibrium, with the iodine
colouration recovering upon cooling. However, for the starch-protein
mixtures in this study, the discolouration caused by heating did not
recover after the samples were cooled, indicating that some interaction
between protein-iodine and/or protein-starch prevented the reaction
from returning to its original equilibrium. There was also no recovery of
colour for the pure starch sample when tested at a lower iodine con-
centration (200 pL Lugol’s solution instead of 2 mL) (Fig. S3 in SI). On
adding iodine to the cooled samples, the mixtures turned blue-black
again.

One possible explanation for the observed loss of colour is that the
protein in the samples had a higher affinity for iodine than the starch,
resulting in less iodine binding to starch in the presence of protein. The
lower iodine concentration tested here resulted in loss of colour upon
heating that was relatively similar to that seen for S60P40 (Fig. S3).
Other possible explanations are complex formation between the starch
and protein or protein adsorption on the surface of starch granules,
preventing the iodine from binding to amylose. Encapsulation of corn
starch granules by whey protein has been reported (Yang, Zhong, Goff,
& Li, 2019). The iodine dyeing intensity may also be reduced if the
amylose spiral cavity is occupied by guest molecules, thus hindering
amylose-iodine complex formation. Further tests involving mixing the
starch and Lugol’s solution before addition of protein, compared with
mixing the starch and protein before addition of Lugol’s solution,
resulted in a delay in observed colour loss as the temperature increased
(Fig. S3). This indicates that competition for iodine is the more likely
explanation for the observed loss of colour, with iodine previously
complexed with starch instead bonding with the protein as the complex
decomposed because of heating, and remaining bound to protein and no
longer available to form a complex with starch again after cooling,
resulting in the cooled mixture remaining discoloured. However, further
studies are needed to fully identify the mechanism behind the observed
loss in colour.

3.5. Pasting

Fig. 6 shows the pasting curves of the starch-protein mixtures during
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Fig. 5. (A) Image of iodine-stained starch-protein (S%:P%) mixtures at different temperatures and (B) corresponding absorbance measured at 510 nm.
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Fig. 6. Pasting curves of the starch-protein (S%P%) mixtures on heating to (A) maximum temperature 95 °C and (B) maximum temperature 150 °C.

heating to 95 °C and 150 °C. Although the shape of the curves differed,
both graphs show that apparent pasting viscosities increased with higher
starch content. This was observed from the thickness of the pastes
already during analysis in the laboratory. At both temperatures, the
SOP100 sample had the lowest final viscosity and did not form a gel in
the pressure cell. Samples S60P40 and S70P30 formed viscous soft gels,
while samples with starch content >80% formed cohesive gels. Another
observation from the pasting analyses was that pasting was initiated at
lower temperatures when the sample contained more starch.

In the pasting curves for heating to 95 °C (Fig. 6A), pasting
commenced at around 73.2 °C for sample S100P0. For sample S90P10,
the pasting temperature increased to 78.3 °C and for sample S60P40 it
was 89.9 °C. For the pure protein sample SOP100, the pasting temper-
ature could not be determined, as no pasting occurred. An absence of
peak viscosity was observed during pasting experiments with heating to
95 °C. This is in line with previous results on faba bean starch and could
possibly be related to the high amylose content which could help
maintain the granular integrity (Hoover, Hughes, Chung, & Liu, 2010;
Nilsson et al., 2022). Samples with a starch content of >70% showed a
plateau during the holding time after the initial viscosity increase in the
cooling phase (Fig. 6, Fig. S4 in SI). For sample S60P40, the viscosity
increased steadily throughout the experiment. Increased protein content
in the samples delayed the onset time for the second increase in viscosity
in the samples. The second onset temperature, when the viscosity
increased again during the cooling phase in the pasting analysis, was
31.6 °C for sample S70P30 and 42.1 °C for sample S100P0. From these
results, it is not possible to conclude whether the difference in pasting
temperature between the starch-rich and protein-rich samples was a
result of the two components interacting or an effect of the starch-rich
gels having overall higher viscosity.

Heating the samples to 150 °C was sufficient to achieve peak vis-
cosity, followed by breakdown of the paste (Fig. 6B). The final viscosities
in the 150 °C measurements were much lower than those in the 95 °C
measurements (Table S1 in SI). The lower final viscosities in the high-
temperature pasting analysis were presumably because of substantial
granule breakdown on heating to 150 °C compared with 95 °C (Nilsson
et al.,, 2022). However, the difference in heating/cooling rates and
holding time at 25 °C limited comparison of the results of the different
pasting experiments.

As the protein content increased, the temperature at which peak
viscosity occurred also increased and the peak viscosity decreased
(Fig. 6B, Table S1). The peak viscosity was highest (1.11 Pa s) for the
pure starch sample S100P0 and was reached at 121 °C, while for sample
S60P40 peak viscosity was 0.11 Pa s and was reached at 145 °C.
Moreover, the breakdown viscosity of the samples increased with
increasing starch content, most likely due to the higher peak viscosities
of the more starch-rich samples. However, well-maintained viscosity

during the heating and cooling may also suggest molecular entangle-
ment between starch and/or protein molecules in the paste (Onwulata
et al., 2014).

3.6. Oscillatory rheology

Storage modulus (G’) was monitored during gel formation (Fig. 7).
The increase in G’ seen during initial heating seemed to occur earlier as
the starch content increased. At a starch content of 80% (of total flour
added) or higher, the gels showed a peak in G’ during heating and
changes during cooling more similar to those in the pure starch gels. At
lower starch contents, the peak observed during heating was not visible,
and the changes in G’ were more similar to those in the pure protein gels.

The loss modulus (G’”) showed a similar pattern to G’ (Fig. S5 in SI).
Except in the pure protein gels, G was lower than G’ throughout the
whole gelation process. In the pure protein gels, G’ exceeded G’ during
the initial part of the measurement, before gelation of the sample
occurred. G/, G, tan & and end of LVR of the final gels are summarised in
Fig. 7B-E and Table S2 in SL

Both G’ and G’ decreased with increasing protein content. Tan & of
the final gels increased with increasing protein content, indicating less
solid-like behaviour of the gels. Except for the pure protein gels, the
amplitude sweep showed a decrease in LVR with increasing protein
content. Large deformation properties, such as the structural breakdown
occurring at high amplitudes during an amplitude sweep, may be
affected by inhomogeneities and structural defects (Dille, Draget, &
Hattrem, 2015; Munialo et al., 2014). Hence, the reduced LVR for the
mixed systems could be related to inhomogeneities in the gel network
created by either the starch, the protein or both. The amplitude sweep
also showed a more distinct breaking point at the end of LVR with
increasing starch content (Fig. S6 in SI), indicating more clear and brittle
fracturing of the starch-rich gels. In contrast, the samples with higher
protein content showed a more gradual decay in G’ as the strain
increased, indicating more creamy behaviour.

The changes in G’ during gelation showed a relatively similar pattern
to those of the pasting curves at 95 °C. However, the peak observed
during heating of the starch-rich samples in the oscillatory measure-
ments (highlighted with arrows in Fig. 7A) was not observed during
pasting at 95 °C, which may be attributable to the continuous shearing
occurring for the pasting measurements potentially being more disrup-
tive for gel formation. The differences between pasting and oscillatory
rheology data observed in the initial part of the measurements, as well as
any potential differences between the pure protein gels, should be
interpreted with caution, due to the erratic data obtained at low torques.

The changes in G’ observed for the pure protein gel were similar, but
lower in absolute terms, to those previously reported for faba bean
protein at higher protein concentrations (Johansson, Johansson, et al.,
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Fig. 7. (A) Storage modulus during temperature ramp for the different starch-protein (S%P%) composites. (B-D) Storage modulus, loss modulus and tan & obtained
from the final time point of the temperature ramp in A. (E) End of the linear viscoelastic region (LVR) measured on the final gels after the temperature ramp. Error
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2022; Langton et al., 2020). As the starch content in the mixtures here
increased, G’ also increased and a gradual shift towards the behaviour of
the pure starch sample was observed (Fig. 7A). A similar increase in G/
throughout the gelation process has been observed previously for faba
bean starch-protein systems, although at higher total solids content and
lower proportions of starch (Johanssonet al., 2022a).

An increase in G’ with increasing starch:protein ratio has previously
been reported for lentil starch:lentil protein gels (Joshi et al., 2014).
However, the opposite has been observed for potato protein:potato
starch gels, with an increase in the proportion of starch reducing the G/
value of the gels (Zhang, Mu, & Sun, 2017). These results indicate that
the properties and behaviour of starch-protein gel systems depend on
the source and properties of the starch and protein used.

A study by Muhrbeck and Eliasson (1991) on the rheological prop-
erties of starch-protein mixtures from different sources revealed that the
transition temperature and gelation rate of the two components were
critical for the behaviour of the mixed system. In brief, it was shown
here, that if the starch gelled before the protein, the rheological prop-
erties of the mixed gel system could be predicted by simple addition of
the modulus values of its individual components. If the protein gelled
before the starch, the system showed higher modulus values than pre-
dicted by simple addition of its components. The faba bean starch used
in the present study has a gelatinisation temperature below the dena-
turation temperature of the protein (75-95 °C) (Kimura et al., 2008),
and can be assumed to gel first. This assumption was supported by
laboratory observations that gels with a higher fraction of starch were
noticeably more viscous after the pre-heating step at 65 °C. Hence, the
decrease in G’ in the gels as the starch content decreased seems to be in
line with observations by Muhrbeck and Eliasson (1991), i.e. that
increased protein concentration leads to lower G’ of the mixed system,
since protein forms weaker gels than starch, and that G’ of the mixed
system can be predicted by adding together the modulus values for its
individual components.

The gels were further characterised by a frequency sweep (Fig. 8).
The dependence of G’ on frequency was evaluated by calculating the
relaxation exponent (n) after fitting the data to a power law equation, G’
= So", where S and n are constants and o is the angular frequency
(Chambon & Winter 1987; Tanger, Miiller, Andlinger, & Kulozik, 2022;
Winter & Chambon, 1986). A purely elastic material is
frequency-independent, with n 0 (Alting, Hamer, De Kruif, &
Visschers, 2003), and gel networks formed by mainly chemical cross-
links will have a relaxation exponent close to zero (Tanger et al., 2022).
A gel network formed by mainly secondary bonds (e.g. hydrogen
bonding and hydrophobic interactions) will have a slightly higher fre-
quency dependence (Tanger et al., 2022). A small contribution from the
viscous component (G**) is typical for food gels. This contribution results
in a frequency dependence of G’ reflecting relaxation of the viscous
components (Alting et al., 2003).
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In this study, G was higher than G” for all samples over the full
frequency range analysed (Fig. 8A and B), indicating mainly elastic
deformations (Zhang et al., 2017). The n-values of the gels indicated that
interactions within the gel network were mainly of a physical nature.
The n-values increased with increasing protein content. This increased
frequency dependence is in agreement with the increase in tan §,
reflecting the more viscous behaviour of the protein-rich gels, indicating
weaker gel structure (Vogelsang-O’Dwyer et al., 2020).

The G’ values indicated stronger frequency dependence compared
with G/, as evidenced by the higher n-values (Table 2). Overall, similar
trends were observed for n-values calculated for both G’ and G’’. As
found for G, both similar and opposing trends in n-values with
increasing starch:protein ratio have been observed for other starch-
protein sources (Gui et al., 2022; Joshi et al., 2014; Zhang et al.,
2017). However, it could be noted that for all these cases, the gels with
the highest G’ gave the lowest n-values. This is in line with the lower
frequency dependence typically observed for stronger and less fluid like
gels (Vogelsang-O’Dwyer et al., 2020).

3.7. Compression tests

Compression tests were used to investigate the textural properties of
the gels. All characteristics evaluated (fracture stress, fracture strain,
Young’s modulus) showed a decrease with increasing protein content
(Fig. 9, Table S3). The gels with 60% starch and 40% protein (S60P40)
were not completely homogenous, with more solid-like behaviour to-
wards the lower part of the gel due to partial sedimentation of the starch,
so the middle part of these gels was used for compression tests. The gels
containing only protein were not self-standing and could therefore not
be analysed by compression tests.

Fracture stress, fracture strain and Young’s modulus decreased with
increasing protein content. The fracture and fracture point were more
distinct for the gels with higher starch content, showing a clear drop in
force as the gels fractured (Fig. S7 in SI). The gels with higher protein

Table 2

n-values (mean =+ 1 st.dev.) for the different starch-protein (S%P%) gels. Values
obtained after fitting frequency sweep data (storage (G') and loss modulus (G’*))
to the equation: Storage/loss modulus = S*®", where S and n are constants and ®
is the angular frequency. Different superscript letters indicate significant dif-
ferences within columns (p < 0.05).

Sample n (G) n (G”)

S100PO 0.016 + 0.000? 0.197 + 0.004
S90P10 0.019 £ 0.001% 0.198 + 0.003*
S80P20 0.024 + 0.001° 0.200 =+ 0.005%
S70P30 0.038 £ 0.001°¢ 0.234 £ 0.023*
S60P40 0.069 =+ 0.002¢ 0.249 + 0.032?
SOP100 0.134 + 0.022¢ 0.291 + 0.054%

1000 1
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Fig. 8. (A) Storage modulus and (B) loss modulus as a function of frequency for the different starch-protein (S%P%) gels.
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Fig. 9. (A) Fracture stress, (B) fracture strain and (C) Young’s modulus of the different starch-protein (S%P%) gels analysed by compression tests. Error bars
represent +1 st.dev. *Sample did not form self-standing gels and could not be measured.

content showed more ductile behaviour and less clear fracture. The starch did not break into separate pieces and showed more paste-like
more distinct fracture of the starch-rich gels was also observed visually behaviour upon fracture.
during compression tests, where starch-rich samples (>80% starch) As expected, the Young’s modulus and fracture strain values from

fractured into well-defined/separate pieces, whereas gels with <70% compression tests showed similar trends to those observed for G' and

Fig. 10. Light microscopy micrographs of the starch-protein (S%P%) gels. (A) S100PO, (B) S90P10, (C) S80P20, (D) S70P30, (E) S60P40 and (F) SOP100. Scale bar =
50 pm.
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LVR during oscillatory rheology measurements. The more clear and
distinct fracture observed during compression of starch-rich gels
(Fig. S7) was in agreement with the clearer drop in G’ at higher strains
observed in the strain sweep (Fig. S6).

Previous studies on faba bean starch-protein gels have reported
lower fracture stress and fracture strain with increasing starch content
(Johansson, Johansson, et al., 2022). However, those gels contained
mainly protein, with a maximum starch:protein ratio of 35:65, and had a
higher solids content (20%) than in this study (12%). Firmer gel con-
sistency with increasing starch:protein ratio has previously been re-
ported for lentil starch:lentil protein gels (Joshi et al., 2014).

3.8. Microstructural characterisation of gels

3.8.1. Light microscopy

Gel microstructure was characterised by light microscopy with pro-
tein stained in blue/green and starch in brown/purple (Fig. 10). The
micrographs indicated that starch-rich gels were more densely packed
with starch, which could explain the observed firmness of starch-rich
gels during compression tests, higher elastic modulus in oscillatory
rheology and higher viscosity development in pasting analysis. The
protein fraction was more evident in gels with higher protein content.
The starch granules appeared to be the continuous phase for all gels with
starch content >70%. For the S60P40 gel samples, the continuous phase
was more difficult to define (Fig. 10E), with the starch and protein
potentially forming two separate bicontinuous networks.

For the gels with higher protein content, the leaked amylose seemed
to aggregate into more amylose-dense regions (darker blue spots) within
the protein network (Fig. 11). Amylose aggregates within a continuous
protein network have been observed previously in mixed faba bean
protein:starch gels with higher protein content (protein >65%) and
solids content (20%) (Johansson, Johansson, et al., 2022). For the gels
with starch content >90%, the amylose seemed to form a gradually finer
network, rather than the larger aggregates observed in the gels with
higher protein content (Fig. 11). This amylose aggregation into clusters
rather than a network could relate to the observed reduction in storage
modulus, fracture stress and fracture strain with increasing protein
content. Aggregation of amylose has been shown to occur in other mixed
systems (starch-emulsifier), indicating that it is due to phase separation
rather than amylose-protein complex formation (Richardson, Kidman,
Langton, & Hermansson, 2004). The phase separation occurring
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©

Food Hydrocolloids 138 (2023) 108494

between the amylose and protein might be related to differences in their
hydrophobicity. Most plant proteins, including the majority of faba bean
proteins, are globular proteins and tend to become more hydrophobic
upon denaturation (Kim, Wang, & Selomulya, 2020). However, upon
denaturation, the protein gel network will also start to form and mobility
within the system will be reduced. Hence, any phase separation occur-
ring before gelation might be permanently captured within the gelled
structure (Yang, Liu, Ashton, Gorczyca, & Kasapis, 2013).

Previous studies have suggested that protein in mixture gels may
perturb starch network formation, thereby weakening the gel (Bravo--
Ntnez et al., 2019; Bravo-Nunez & Gomez, 2019; Joshi et al., 2014;
Onate Narciso & Brennan, 2018; Onwulata et al., 2014). The compres-
sion test results here showed a strong correlation between high starch
content and increased firmness, which could be explained by higher
protein content disrupting the starch gel network and producing a het-
erogeneous and weaker gel. The sequence of gel formation has been
found to influence the microstructure of lentil starch-protein mixed gels,
with the starch becoming more viscous than the protein at lower tem-
peratures (Joshi et al., 2014). Similar behaviour could be expected for
faba bean gels, as faba bean starch has a lower gelatinisation tempera-
ture than the denaturation temperature of faba bean protein.

3.8.2. SEM

Gel microstructure characterisation by SEM revealed that gels with
>80% starch had regions with a more porous network structure than
gels with less starch (Fig. 12, Fig. S8 in SI). In general, the continuous
network of these gels showed a structure more similar to the pure starch
gels, while the network of gels with <70% starch showed a denser
structure more similar to that of the pure protein gels. Examples of re-
gions with porous and dense network structures are highlighted with
arrows in Fig. 12. For gels containing starch, starch granules and cavities
where starch granules had been present were evident throughout the
structure. In general, a denser and finer network structure was observed
around these cavities.

In the LM micrographs, starch was the most visible and dominant
component of all samples except the pure protein gels. Despite this, the
microstructure of S70P30 and S60P40 gels showed a greater resem-
blance to the pure protein gels when observed by SEM. The gels with
>30% protein largely lacked the less dense and more fibrous and
stranded structure observed in the starch-rich gels. This was possibly
due to the fracturing of samples performed before analysis to expose the

Fig. 11. Magnified views of the micrographs in Fig. 10. (A) S100P0, (B) S90P10, (C) S80P20, (D) S70P30, (E) S60P40 and (F) SOP100. Scale bar = 25 pm. Data size:

975 x 731 pixels.
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Fig. 12. Scanning electron microscopy (SEM) micrographs of the starch-protein (S%P%) gels. Examples of regions with porous or dense network structures are
highlighted with arrows. (A) S100P0, (B) S90P10, (C) S80P20, (D) S70P30, (E) S60P40 and (F) SOP100. Scale bar: 10 pm.

inner part of the fixed gel, with fractures propagating mainly through
the weakest regions of the structure. Since the protein-rich regions were
likely to be weaker than the network formed by the starch, fracturing
was more likely to occur through these regions. This could explain why
the samples with >30% protein showed such high similarity to the pure
protein gels despite their high starch content and why the starch was
clearly evident in the LM micrographs of corresponding gel samples.

3.9. Overadll trends and correlations

Overall, the results showed that gel morphology/structure and
properties were highly dependent on the starch:protein ratio in the
mixture. A comprehensive overview of the relationships between
morphology/structure and properties of starch-protein mixtures is pro-
vided by Zhang et al. (2021). To summarise, higher protein content in
the faba bean starch-protein samples resulted in lower pasting viscos-
ities, less firm gels and a more compact and less fibrous gel structure,
with the starch appearing to aggregate into clusters. Hydration was also
less efficient for the high-protein mixtures. These effects became more
pronounced as the protein content of the samples increased.

Apparent viscosity and firmness were strongly positively correlated
for high-starch samples, e.g. there was a strong correlation (r = 0.98, p
< 0.001) between peak pasting viscosity and elastic modulus in the
rheological temperature ramp. Gels with a higher proportion of protein
were also more frequency-dependent, which indicates a weakened gel
structure (Joshi et al., 2014).

More efficient hydration and higher iodine absorbance were also
positively correlated with higher paste viscosity and firmer gel (r = 0.97;
p < 0.001 for the correlation between WAI and peak viscosity, r = 0.85;
p = 0.003 for that between WAI and elastic modulus). The less efficient
hydration properties of the gels containing protein could have affected
the distribution of water within the starch-protein matrix and affected
molecular interactions. A lower water holding capacity, as observed for
the gels containing protein, can lead to lower textural stability (Boye,
Zare, & Pletch, 2010). Proteins competing with starch for water may
limit granule swelling by restricting water absorption, thereby reducing
apparent viscosity (Eliasson, 1983; Onate Narciso & Brennan, 2018;
Ribotta et al., 2007). As indicated by the hot-stage microscopy micro-
graphs (see Fig. 4 and Fig. S2), there was a tendency for slightly less
intense swelling in the high-protein samples. The NMR results (Fig. 3)
confirmed that hydration was slightly less efficient for sample S60P40

14

compared with S90P10. Slower absorption of water may also lead to
delayed pasting because of retarded swelling of the starch granules
causing less granule contact.

The more prevalent iodine colour loss associated with higher protein
content (see Figs. 4 and 5) indicates that the protein formed a complex
with the starch or bound the iodine, rendering it unavailable to form
complexes with the starch. If protein-starch complexes are formed,
consequences could be delayed granule hydration and swelling and a
reduction or perturbation in starch-starch network development.

Another plausible explanation for higher protein content resulting in
reduced paste viscosity (Fig. 6) and less firm gels (Fig. 9) is dilution of
the starch by the protein, as starch often has better gelling properties,
forming stronger gels, than protein (Bravo-Ntnez et al., 2019; Bravo--
Ninez & Gomez, 2019). The LM micrographs (Figs. 10 and 11) showed
that starch granules were more tightly packed in the high-starch gels.
However, viscosity differences exceeded actual starch dilution, sug-
gesting that the protein somehow interfered with viscosity development
of the starch.

In the SEM micrographs (Fig. 12), the starch-rich gels displayed re-
gions with a more porous and fibrous network. The oscillating frequency
results, with higher calculated n-value for samples with higher protein
content, indicated greater presence of secondary bonds (Tanger et al.,
2022), which in turn could lead to denser network structure because of
less bonding between the starch chains. Starch gel matrices consist of
swollen granules, entangled polymer chains and non-covalent in-
teractions (Larrea-Wachtendorff, Del Grosso, & Ferrari, 2022; Walstra,
2002). Ribotta et al. (2007) concluded that soy protein can interact
readily with amylose and exposed branches of amylopectin through
non-covalent bonding, especially hydrogen bonds, causing further gel
matrix weakening.

Proteins may act as an inert filler, hindering realignment of the
starch chains during gelation. An effect of protein addition in altering
microstructure and reducing viscosity and/or gel strength has been re-
ported for numerous starch-protein mixtures, such as wheat starch-soy
protein (Ribotta et al., 2007), starch-dairy (Yang et al., 2004) and
various starch-plant/animal-based proteins (Bravo-Ninez et al., 2019;
Bravo-Ninez & Gomez, 2019). A previous study analysing the same
starch as used in this study revealed that the amylose content was 32.2%
(Nilsson et al., 2022). The effect of protein in decreasing viscosity and
gel strength has been shown to be greater for amylose-rich starches, as
the proteins are more likely to interfere with re-ordering of the amylose
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(Bravo-Nunez et al., 2019; Joshi et al., 2014; Onate Narciso & Brennan,
2018). Amylose re-ordering into clusters, rather than developing into a
network, in the presence of emulsifiers has also been found to have a
weakening effect (Richardson, Kidman, et al., 2004; Richardson, Sun,
Langton, & Hermansson, 2004). As observed from the LM micrographs
(Figs. 10 and 11), similar re-ordering into clusters rather than a network
seemed to occur for the gels in this study as the protein content
increased.

The overall effect on pasting and gel structure matrix is also
dependent on the type of protein incorporated (Zhang et al., 2021). The
pure protein mixtures (SOP100) in this study formed very weak gels, as
indicated by the rheological results (Figs. 6 and 7), compression results
(Fig. 9) and LM micrographs (Figs. 10 and 11), so the protein in the
mixed systems likely did not create any strong network contributing to
the overall strength of the mixed systems. The lowest gelling concen-
tration of faba bean protein is reported to be around 13-14% (Fernan-
dez-Quintela, Macarulla, del Barrio, & Martinez, 1997; Langton et al.,
2020), which is higher than in the mixtures here (12% solids).

4. Conclusions

A decrease in the proportion of starch in faba bean starch-gel mix-
tures, while keeping the solids content (starch + protein) constant,
resulted in lower measured viscosities during pasting. Gels with
decreased starch content (and increasing protein content) also showed a
decrease in storage modulus, fracture stress, fracture strain and Young’s
modulus. The water binding and hydration properties of the starch-
protein mixtures improved with higher starch content, suggesting that
water binding and gel rheological values may be related. Changes in
textural and rheological properties appeared to occur gradually over the
starch:protein ratios tested. Light microscopy indicated that starch was
the continuous phase, consisting of swollen granules, for gels with starch
content >70% of total solids and that starch and protein potentially
formed two bicontinuous networks at a starch content of 60%. Scanning
electron microscopy revealed a more porous starch network, with
thicker strands than in the protein network. In general terms, it can be
stated that the textural properties, and in turn also the mouthfeel and
perception, of starch-protein gels depend largely on the starch to protein
ratio in the system. To produce a stable and brittle gel a higher starch
content may be desirable, while to produce a softer and perhaps pour-
able gel a higher proportion of protein may be preferred. However, if the
solids content in the gels (12%) had exceeded the lowest gelling con-
centration of faba bean protein (14%), their properties may have been
different.
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