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of green lentils (Brummer et al., 2015). Based on the monosaccharides
content the polysaccharides present in lentils’ cell walls have been
suggested to be mainly cellulose, arabinan or arabinogalactan types with
xylose side chains (Bhatty, 1990). Soluble polysaccharides such as
pectins could be removed during protein extraction as reflected by the
low content of galacturonic acid (Brummer et al., 2015). The chemical
composition of both batches was very similar represented by the stan-
dard deviation in Table 1, indicating that extraction method was
reproducible.

As observed in Fig. 1a, the microstructure of the unrefined fraction
agreed well with the chemical analysis showing the presence of starch
granules (in black) and insoluble materials i.e. cell wall fragments, of
different sizes. The integrity of the cell structures seemed to be unaf-
fected by the thermal treatment (95 °C, 30 min) (Fig. 1b), whereas the
starch granules were disintegrated and gelatinised.

Regarding the thermal analysis of the unrefined fraction, a peak with
a maximum at 69.9 °C (onset temperature: 62.4 °C) was detected, which
corresponds to the gelatinisation of starch (Fig. 2).

3.2. Particle size, solubility and thermal stability (DSC) of the commercial
pea protein isolate

Light microscopy (Fig. 1c) showed that the commercial pea protein
isolate (original pH 7.4) was characterised by particles of different sizes
ranging from few pm to ~200 pm, resembling typical spray dried pro-
tein particles. The lowest protein solubility was measured at pH 4.2,
closer to the pea protein isoelectric point, IEP at 4.5, and the highest
solubility at pH 7.4 (Table 2). The concentrations corresponded to 4.7 g/
100 g, 3.5 g/100 g, 2.3 g/100 g and 7.1 g/100 g of the total protein for
pH 3, pH 3.6, pH 4,2 and pH 7.4 respectively.

The thermal stability was evaluated by differential scanning calo-
rimetry. Thermal properties of globular proteins are related to their
heat-induced aggregation and gelation behaviour. No obvious denatur-
ation peak was observed for the native pea protein in solution (Fig. 2),
which could be due to the low protein concentration used, but more
likely due to the fact that the protein is denatured, supported by solu-
bility data (Table 2). It has been previously reported that commercial
pea protein isolate could be denatured as a result of the harsh conditions
used during extraction (Shand, Ya, Pietrasik, & Wanasundara, 2007).

3.3. Gel strength

The concentration of pea protein isolate required to obtain self-
standing gels was set at 13 g/100 g based on previous experiments.
Fracture properties of heat-induced pea protein gels with a PPI con-
centration of 13 g/100 g were measured at three different pH (3.0, 3.6
and 4.2), selected below the protein isoelectric point, IEP 4.5
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Fig. 2. Differential scanning calorimetry (DSC) measurements of lentil unre-
fined fraction, pea protein isolate PPI (13 wt %) and 0.3:1 unrefined fraction/
PPI dispersions. All samples were measured at pH 3 in duplicates.

Table 2

Amount of soluble protein at different pH in a
1% (w/v) PPI dispersion. The results represent
the average and standard deviation of three ex-
periments. Different letters indicate significant

differences.
pH Protein (pg/mL)
3.0 395 + 58°
3.6 293 + 47°
4.2 194 + 27°
7.4 595 + 23¢

(Withana-Gamage, Wanasundara, Pietrasik, & Shand, 2011). The effect
of pH and addition of unrefined fraction on fracture stress, fracture
strain and Young’s modulus is represented in Fig. 3.

Decreased pH resulted in an increase in fracture stress and Young’s
modulus. PPI gels at pH 4.2 were too weak to be handled and measured.
The effect of pH on fracture strain was less clear, however lower average
values were observed at pH 3.6 and 4.2 compared to pH 3. Addition of
unrefined fraction resulted in an increase of the fracture stress and
Young’s modulus independently of the pH. No significant differences
were observed in fracture strain as a function of the unrefined fraction.
Statistical analysis showed that both pH and addition of unrefined
fraction had a significant effect on gel strength and Young’s modulus,
whereas only pH had a significant effect on the fracture strain as

Fig. 1. Unrefined fraction obtained after lentil protein extraction, before (a) and after thermal treatment (95 °C, 30 min) and cooled down to 20 °C (b). Pea protein
isolate in water 1% (w/v) pH 7.4 (c). Scale bars correspond to 100 pm. Staining: iodine for starch (purple) and light green for proteins (green/turquoise).
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0.1 unrefined- 0.2 unrefined- 0.3 unrefined-
fraction fraction fraction

0.1 unrefined- 0.2 unrefined- 0.3 unrefined-
fraction fraction fraction

0.1 unrefined- 0.2 unefined- 0.3 unrefined-
fraction fraction fraction

apH 3.0 spH3.6 =pH4.2

Fig. 3. Fracture stress (a), fracture strain (b) and Young’s modulus (c) of 13 wt % pea protein gels (PPI) at different pH 3, 3.6 and 4.2, and with different lentil
unrefined fraction (UF) contents (0:1, 0.1:1, 0.2:1 and 0.3:1, UF: PPI). Error bars represent the average and standard deviation of at least 6 replicates. Different letters
indicate significant differences. *indicates that the gels were not self-standing and was not possible to measure them.
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reflected by p-values lower than 0.05.

3.4. Gel microstructure

Light microscopy revealed differences in the microstructure as a
function of pH as well as with the addition of the unrefined fraction
(Fig. 4 a-f). The micrographs showed that the PPI gels could be described
as a network of swollen particles clustered together. Two main protein
particle populations could be identified with sizes of approximately
10-100 pm, and smaller particles surrounding the larger particles. There
was an increase in overall gel density with decreasing pH, which was
attributed to the changes in pea protein solubility with pH (Table 2). As
the solubility increases, soluble protein released into the continuous
phase is gelled and leads to a more homogenous network at pH 3.
Addition of the unrefined fraction was visible by the presence of starch
(purple) in the mixed gels. The starch granules were swollen and

Pea protein (PPI) gels

PPI/ lentils fraction gels

pH3

pH 3.6

pH 4.2

pH3

Fig. 4. Light micrographs of heat-induced pea protein gels (13 % wt) at
different pH, and with added lentil unrefined fraction (0.3:1 UF: PPI). Scale bar
corresponds to 50 pm in all images. Staining: light green for protein and iodine
for starch (in purple). Confocal laser scanning micrographs of heat-induced pea
protein gels (13 wt %) at pH 3 without added lentil unrefined fraction and with
lentil unrefined fraction added at a ratio 0.3:1 UF/PPI. Samples were stained for
protein with Rhodamine B.
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deformed, part of the amylose leaked out from the starch granules and
was present across the gel surrounding the protein particles. Confocal
scanning laser micrographs of gels stained for protein (Fig. 4 gh),
confirmed the nature of the protein gels i.e. network of swollen particles
of different sizes (in green). As the ratio of UF to PPI increases larger
black areas (no fluorescence signal) were present in the gels, suggesting
that the unrefined fraction containing starch and cell fragments was
localised in those regions throughout the gels.

3.5. Viscoelastic properties

To study the impact that the addition of the unrefined fraction had on
the gelation mechanism, small amplitude oscillatory shear (SAOS)
measurements were performed. The storage G’ and loss moduli G’* were
recorded in situ during the thermal gelation of PPI and UF/PPI solutions
at pH 3, for the lowest and the highest UF content (Fig. 5).

The final storage modulus G’ was larger than the loss modulus G** for
all types of gels (Table 3), with tan & values between 0.18 and 0.22,
indicative of the elastic nature of the gels. The addition of the unrefined
fraction increased the storage and loss modulus of the gels, twofold for
the 0.1:1 and more than threefold for the 0.3:1 gels. The development of
G’ started with an increase during heating and continuing during the
holding step at 95 °C. At ~60 °C the G’ of the samples containing un-
refined fraction increased faster than for the only protein samples
(indicated by an arrow in Fig. 5a), and ~70 °C the maximum rate of
increase in G’ was reached. These two temperatures correspond to the
reported start and maximum gelatinisation temperature of lentil starch.
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Fig. 5. Storage modulus (G') evolution of 13 wt % pea protein isolate (PPI))
with and without the addition of lentil unrefined fraction (UF) at ratios 0.1:1
and 0.3:1 UF/PPI (a) and normalised G’ obtained using equation (1) (b).
Samples were measured in duplicated.
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Table 3

Storage modulus G ' and loss modulus G’ selected at the final point of the
thermal cycle. Pea protein (PPI) and lentil unrefined fraction (UF) at different
ratios 0:1, 0.1:1 and 0.3:1 (UF/PPI). Values represent the average and standard
deviation calculated from 2 measurements. Different letters represent significant
differences.

Gel composition G’ (Pa) G’ (Pa)

0:1 UF/PPI 1038 + 0.4° 201 + 5.8°
0.1:1 UF/PPL 1970 + 51° 392 + 220
0.3:1 UE/PPI 3624 + 217° 723 + 61¢

A substantial increase in the storage modulus was observed during
cooling down to 20 °C, but no remarkable changes were observed when
holding the temperature at 20 °C.

As can be seen in Fig. 5b. The gelation curves of the 0.1:1 UF/PPI and
PPI superimposed when the G’ was normalised using equation (1),
indicating that the mechanism of gel formation was similar however, the
shape of the master curve varied for the 0.3:1 UF/PPI suggesting that
with an increase unrefined fraction content the gelation differed.

4. Discussion

Proteins and starch are affected by processing parameters such as
water availability, temperature, pH, and the presence of other food
components, leading to different microstructures and texture related
properties. Regarding the commercial pea protein (13 g/100 g at pH 3)
the results showed similar gelation pattern and G’ values (~1000 Pa) to
those reported in the literature (Munialo et al., 2015). However, the
overall gel strength (0.2-0.4 kPa) and Young’s modulus (4 kPa) was
lower than in that published study (fracture stress 1-5 kPa and Young’s
modulus 40 kPa). The fracture point in the true stress/true strain curves
for all gels was not sharp, indicating a ductile nature. The functional
properties of commercial soy protein isolates (Hermansson, 1983), and
pea protein isolates (Lan et al., 2019) have been reported to differ from
those of mildly prepared isolates. In addition, less than 10 g/100 g of the
PPI was soluble at the pH investigated here, in agreement with reported
solubility of this commercial PPI showing a solubility of 5 wt % and 15
g/100 g for pH 4.2 and pH 3 respectively (Wei et al., 2020). Our results
showed that PPI particles tend to swell and aggregate leading to par-
ticulate gels, rather than a continuous protein strand network, as re-
flected in microscopy images. As the particles get closer together, they
might stick to each other as result of protein crosslinking by hydrogen
bonds, van der Waals and hydrophobic interactions.

The increase in fracture stress and Young’s modulus (Fig. 3) as the
concentration of UF increased was mainly attributed to the increase total
solids and, in particular to the presence of starch. Starch gelatinisation is
a complex process including structural changes leading to swelling of
the granules, leaching and loss of granular integrity. The micrographs
(Fig. 4) revealed that starch granules were disintegrated in the mixed
gels, as a result of the thermal treatment. Previous studies reported that
starch affected the textural properties of heat-induced protein gels, both
increasing the firmness of lentil protein gels (Joshi, Aldred, Panozzo,
Kasapis, & Adhikari, 2014) and decreasing the hardness of soy protein
gels (Yu, Ren, Zhao, Cui, & Liu, 2020). The development of viscoelastic
properties during the thermal cycle (Fig. 5a), combined with DSC results
(Fig. 2), indicated that the increase in viscoelastic moduli of PPI/UF gels
was related to the presence of starch. Research on mixed systems of
starch and proteins has concentrated on dairy and soy proteins (Aguilera
& Baffico, 1997; Bertolini, Creamer, Eppink, & Boland, 2005; Dang,
Loisel, Desrumaux, & Doublier, 2009; J.-Y. Li, Yeh, & Fan, 2007; Nayak
et al., 2004; Yu et al., 2020). Those studies showed that the effect of the
starch on gelation and thermal stability are related to the water uptake
by starch granules and proteins, and that the starch concentration
determined which of the components, i.e. protein or starch, formed a
continuous phase (J.-Y. Li et al., 2007). Absorption of water and swelling
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of starch granules could increase the local protein concentration in the
surrounding solution (Aguilera & Rojas, 1997), leading to an increase in
the viscoelastic moduli, in strength and in the Young’s modulus of pea
protein gels (Munialo et al., 2015). The temperature at which an in-
crease in G’ was observed during heating of the mixed gels corresponded
to the starch gelatinisation temperature measured by DSC (Fig. 2), as
well as previously reported gelatinisation temperature of lentil starch
(Joshi et al., 2013). DSC showed a slight increase in the transition
temperature for the mixed systems as compared to only unrefined
fraction, for the PPI/UF fraction the onset was 67.0 C and the peak
maximum at 73.3 C. A similar increase has been observed for gelatini-
sation of corn starch in the presence of soy protein and is hypothesised to
be related to the reduced water availability for the starch (S. Li, Wei,
Fang, Zhang, & Zhang, 2014). The sharp increase in G’ during cooling of
the mixed gels (Fig. 5a) is believed to be the result of reassociation and
network formation of amylose molecules, which leaked from the starch
granules surrounding the protein particles, as seen in Fig. 4. The gels
became weaker with increasing pH (Fig. 3a), a reduction in gel strength
has been attributed to decreased connectivity between protein aggre-
gates (Munialoet al., 2015; Weijers, van de Velde, Stijnman, van de
Pijpekamp, & Visschers, 2006). As the pH decreased, the network
became denser (Fig. 4), this has been previously shown for pea protein
gels an attributed to a change from a coarse network with heterogeneous
pores size to a finer pea protein network (Munialo et al., 2014). In our
study, due to the limited amount of protein soluble and available for the
formation of a protein-strand network, is also possible that as the pH
increases to values close to the IEP, and the solubility of the protein
decreases, the network is more open and heterogenous introducing
weaker points that can easier yield under stress.

The change in microstructure with pH could also explain the higher
fracture strain at pH 3. It has previously been shown that for pea protein
gels (Munialo et al., 2015) and soy protein gels (Renkema, Gruppen, &
Van Vliet, 2002) a change in porosity with pH led to an increased brit-
tleness. In addition to the effect due to the starch content, the presence of
insoluble cell wall polysaccharides (Table 1 and Fig. 1), mainly cellu-
lose, in the unrefined fraction could be playing a role as structural re-
inforcements leading to increase gel strength. As compared to starch,
less is known of the impact of insoluble fibres on gelation of plant pro-
teins. In recent years, several studies have shown that insoluble cell wall
polysaccharides i.e dietary fibre, are effective in improving the gelling
properties of protein due to the formation of a stable network structure
(J. Peng et al., 2019; Ullah et al., 2019). The effect and mechanism of
adding wheat bran cellulose to soy protein gels have been recently
investigated (Xiao et al., 2020) showing an increased in gel strength. In
our study insoluble cell wall polysaccharides are present as cell struc-
tures of different size (Fig. 1), and although the starch and the insoluble
cell wall polysaccharides were not separated, the results showed that
presence of the latter is not detrimental for the functionality and rein-
forcement of the gels, and it could even have a nutritional benefit as they
are considered dietary fibre which are related to health benefits.

5. Conclusion

We have shown that an unrefined fraction obtained as a by-product
of protein extraction from green lentils was rich in starch and insoluble
cell wall polysaccharides. This unrefined fraction could be added to pea
protein gels to induce changes in their rheological and textural prop-
erties. Heat-induced gels were characterised by a network of swollen
particles of approximately 10-100 pm in size. The addition of the un-
refined fraction led to a mixed network in which starch was gelatinised
and distributed throughout the gels. We propose that i) starch is the
main responsible for changes in gels viscoelasticity, as suggested by DSC
and rheological measurements, and ii) the insoluble cell wall fragments
in the unrefined fraction act as a filler in the gels, reinforcing the
structure and leading to an increase in gel strength. The ductile and
weak nature of the gels suggests that these ingredients could be further
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functionalised during food manufacturing. Our results indicate that
extraction and purification steps of side streams from legumes might not
always be required to utilise them as food ingredients. Indeed, unrefined
fractions containing starch and cell wall components tuned the func-
tional properties of protein-based gels, opening the possibility to
develop new textures for plant-based foods.
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