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Highlights

Cowpea proteins gelled at low protein concentratwen calcium was added
Cowpea proteins gelled at low temperature when wWerg previously pressurized
Calcium and high hydrostatic pressure favored hehteed interactions

Calcium & high hydrostatic pressure increased elasbdulus of cowpea protein gels

Abstract
Pretreatments with high hydrostatic pressure (HetR)alcium addition were assessed for

thermal gelation of two cowpea protein isolateig@n extraction at pHs 8.0, standard
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(A8) or 10.0, pH-shifting-modified (A10). Maximunemperature of thermal processing
and protein concentration (PC) on rheological baraguring and after gelling process
were evaluated for pretreated isolates. The mdectsf of pretreatments occurred during
heating since the proportion of heat-induced imtgwas that stabilized the matrixes
increased. Those effects were due to partial destada (induced by HHP) and increase in
Td (induced by CaG). HHP allowed gelation at temperatures (50 - 70 R@ver than
denaturation temperature and the obtaining of ggogels at the highest PC (10.5 or 12.0
0/100g). Calcium addition allowed gelation at lo®,®ut higher temperatures (80 - 95 °C)
were required. Despite both pretreatments, AlQnedhaits ability to gel at lower PC than
A8. Pressurized Al10-gels were stronger than A8-g€lalcium-added Al10-gels were
stronger than A8-gels at low PC (up to 7.5 g/10fygat high temperatures (90 - 95 °C), but
no differences were found at high PC or at low terafures. Thus, calcium-addition

canceled those differences between A8 and A1C0gatRC and at low temperatures.

Keywords: Cowpea proteins; high hydrostatic pressure; calcgeth rheology.

1. Introduction

Cowpea is cultivated mostly in West and East Afiacal some other countries in South
Asia, Southeast Asia, and South America. Cowpetem® are rich in essential dietary
amino acids, except methionine and cysteine (Harettiarachchy, Chen, & Jalaluddin,
2004). Cowpea proteins can be incorporated asdiggrts in the form of protein isolates,
which represent a product with high protein congemd low antinutritional factors content
(Peyrano, Speroni, & Avanza, 2016). Cowpea proiedhates are prepared by alkaline

extraction followed by isoelectric precipitation. simple pH-shifting during protein



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

extraction provoked structural modifications thtéieeted functional properties: The isolate
obtained by extracting proteins at pH 10 (A10) bkkd increased surface hydrophobicity
and was partially denatured, when compared todbttined with protein extraction at pH
8 (A8) (Peyrano et al., 2016).

Protein gels provide texture and allow the genenatif new foodstuff. Gel forming ability
depends on protein structure and concentrationgamgfonmental factors such as medium
composition, temperature of thermal treatment, etc.

In the first part of this work, we found that ABchA10 showed different gelling behaviors.
A10 exhibited lower critical protein concentrati@md its gels were more elastic and
stronger than those formed by A8 (Peyrano, de Lderig Speroni, & Avanza, 2019).

An interesting challenge in food product developtrisrto obtain vegetal-based foodstuff
with increased nutritional value. Though heatinghis most simple and reliable method to
make food safe and shelf stable, some new emetgictinologies are, however, being
explored to process foods at ambient temperatorasdid heat-induced losses of valuable
components such as flavors and vitamins (Sharman@ & Chism, 1998).

High hydrostatic pressure (HHP) represents an dngertechnology focused in food
preservation, but it also influences functional gedies of food components (Smith,
Mendonca, & Jung, 2009; Paottier, Villamonte, & dentballerie, 2017). The effect of HHP
on the gelling properties of globular proteins wmasessed in different strategies (Molina &
Ledward, 2003; Hugo, Pérez, Aidn, & Speroni, 20HHP gives food processors the
opportunity to process foods with cleaner ingretienand fewer additives
(Balasubramaniam & Farkas, 2008). These authors stisted that HHP and thermal

processes can be combined, applying either simadizor sequential treatments, and that
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systematic studies documenting the potential systezgor antagonistic effects are very
limited.

Queirds, Saraiva, and da Silva, (2018) revieweersgworks and stated that in general,
pretreatment with HHP decreases the minimum prateircentration necessary for heat-
induced gelation to occur. He, He, Chao, Ju, andk&l (2014) reported that HHP
treatment (200 — 600 MPa) carried out on 1 g/100ageseed protein dispersions induced
a decrease in least gelation concentration andheredase in hardness and springiness of
heat-induced gels. However, the same strategyréatetent with HHP) on 1 g/100mL
soybean proteins dispersions impaired their gehiiog ability (Wang et al., 2008).

In the case of cowpea proteins, upon HHP-inducedateation, both A8 and A10
conserved high solubility and exhibited increasadage hydrophobicity. However, the
effect on water holding capacity was different éaich isolate: HHP induced a decrease in
A8, whereas it induced an increase in A10 (Peymnal., 2016). This data suggest that
pretreatment with HHP could improve heat-induceditglbof cowpea proteins, but this
effect could be more evident for A10.

Calcium is an essential nutrient due to its impdrtlunctions in every physiological
system. Calcium consumption in vegetarian or vedais may be insufficient, thus
calcium addition to plant protein-based foodstafain important topic (Manassero, David-
Briand, Vaudagna, Anton, & Speroni, 2018). Withpes to functional properties, calcium
ions interact with negatively charged amino acididees and therefore protein-protein
interactions are affected; thus, calcium presemfiiences gelation by reinforcing the
three-dimensional matrix (Speroni, Jung, & De Laliebiz, 2010).

Protein denaturation is a requisite for gelatiomn@¢lla & Melachouris, 1976). Calcium

addition increased the temperature of heat-indwtmthturation (Td) of cowpea protein
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(Peyrano, de Lamballerie, Avanza, & Speroni, 20Thgerefore, calcium addition probably
affects the process of heat-induced gelation afeéhmroteins.

Taking into account that heat-induced protein gatatequires denaturation and ordered
aggregation, and that a denaturing pretreatmenheraddition of CaGlprobably affect
those phenomena, the aim of this work was to aealye effects of those factors on the
gelling ability of A8 and A10 in terms of rheologidoehavior. Moreover, it is interesting to
analyze whether these effects cancel the diffesebeéwveen A8 and A10 that were found
in the first part of this work. This knowledge wdubllow a better control of gel

characteristics and would promote the use of covgpeiins as food ingredient.

2. Materials and methods

2.1 Materials

Cowpea seeds variety Cuarentén were provided bgcEst Experimental EI Sombrero
Corrientes (Instituto Nacional de Tecnologia Agmpeia-INTA). Shrunken, discolored
and insect-infested seeds were eliminated. Seeds sum-dried and stored in a hermetic
vessel at 10 °C until use.

2.2 Preparation of cowpea protein isolate

The cowpea protein isolate were prepared accotdifgyrano et al. (2019). Cowpea seeds
were ground and defatted. The defatted flour wapatsed in distilled water (10 g/100mL)
and pH was adjusted to 8.0 or 10.0 for proteinaetion using 2 mol/L NaOH. Isoelectric
precipitation (pH 4.5), further dispersion at pH @nd freeze-drying were carried out. The
isolates obtained were called A8 or A10 accordmghieir pH of extraction. The protein

content of A8 and Al10, determined by the Kjeldaldtimod (N x 6.25, AOAC, Official
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methods of analysis, 1990) were 82.2 and 83.2 g/18(0.), respectively (Peyrano et al.,
2017).

2.3 Cowpea protein isolates dispersions

Aqueous (bi-distilled water) dispersions of A8 aitl0 with protein contents of 5.5, 7.5,
9.0, 10.5 or 12.0 g/100g were prepared at pH 7.ha@mn temperature by mixing in a
magnetic stirrer during 30 min.

2.3.1 High hydrostatic pressure pretreatments

The aqueous dispersions of A8 and A10 were vaclackgged in polyamide/polyethylene
bags (La Bovida, Paris, France) and were subjeotd@®0 or 600 £ 5 MPa for 5 minin a 3
L high pressure pilot unit (ACB, Nantes, Francelipped with a water jacket and a
temperature regulator device (Julabo, Seelbachm@ey). The target pressure was reached
at 3.4 MPa/s and released almost instantaneouslg. tdmperature of the transmitting
medium (water) in the vessel was kept at 20 + 5ldfing pressure processing.

2.3.2 Calcium addition

Calcium was added at a constant ratio of 0.002@adL /g protein from a stock solution
(2 mol/L) of CaC}-2H,0O (Sigma, Saint Louis, USA). For example: 0.015/imolf CaCl
for 7.5 g/100g protein dispersion. Volumes of stedhkution of calcium were added to
protein dispersions prepared in bi-distilled watgiter calcium addition, the dispersions
were stirred for 30 min at room temperature.

2.4 Small deformation rheology

Thermal gelation of A8 and A10 was followed by sih@#formation rheology with an
AR1000 rheometer (TA Instruments New Castle, Dd5A) equipped with a cone/plate
geometry probe (40 mm diameter, 4° angle and 123Qam. Measurements were carried

out at a constant strain of 1%, which corresponibediscoelastic linear region, and a
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frequency of 1 Hz. In order to avoid water evaporgta layer of paraffin oil was applied
around the sample. The thermal cycle consisted beating stage from 20 °C to the
maximal temperature at a heating rate of 20 °C/faltipwed by an isothermal step of 20
min at the maximal temperature (plateau stage)aacabling stage to 20 °C at 20 °C/min.
Time of heating varied as a function of maximal pemature from 1.5 min (50 °C) to 3.8
min (95 °C). For some samples, once the thermdeayas finished, a frequency sweep
between 0.1 and 10.0 Hz was carried out at 1% dhefioon.

2.4.1 Effect of protein concentration

Thermal cycles as described in section 2.4 withimaktemperature of 90 °C (heating and
cooling rates of 20 °C/min) were applied to HHPtmrated or calcium-added A8 and A10
dispersions at different protein concentrations; 3.5, 9.0, 10.5 or 12.0 g/100g.

2.4.2 Effect of maximal temperature

Thermal cycles as described in section 2.4 withimaktemperatures of 50, 60, 70, 80, 90
or 95 °C (heating and cooling rates were 20 °C/mnneje applied to HHP-pretreated or
calcium-added A8 and A10 dispersions at 10.5 g/100g

2.4.3 Thermal gelation parameters

Thermal gelation of cowpea protein isolates wasatttarized through the elastic modulus
(G"), the viscous modulus (G”) and the tangentltd phase angle (ta) at 1 Hz. Critical
protein concentration (CPC) and critical tempemat{€T) were defined as the minimum
concentration or minimum temperature of plateawtdth tand was equal to or lower than
0.3 at the end of plateau and at the end of codtage (20 °C). The interest of evaluate
these parameters in both moments of the thermde agcrelated to the gel use for
texturized hot or cold food systems. The onsetaifvork formation was defined as the

temperature during heating stage or the time dusiateau at which G’ was equal to G”
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(crossover point, & Picout & Ross-Murphy, 2003). The point that indezhthe existence
of a gel was defined as the temperature duringrgeatage or time during plateau from
which tané was lower than 0.3 (%, Peyrano et al., 2019)). To evaluate the propontib
structure formed during cooling stage, the quoti@nwas calculated as the ratio between
G’ reached at the end of thermal cycle and G’ reddt the beginning of the cooling stage.
2.4.4 Concentration dependence of G’

The relationship between elastic modulus and pratencentration of a gel is given by the
power-law, G’ = a & (Clark & Ross-Murphy, 1985; Renkema & Van Vlie(2). The
post-critical behavior was analyzed by replacinigyGhe reduced concentrationg)C Cr =

C / CPC, were C = protein concentration (g/100gd &PC the critical protein
concentration (g/100g). Sincez@dicates the relative distance from CPC, the pdaw

as a function of g allows comparison with systems with different CRdm, Kim,
Gunasekaran, Park, & Yoon, 2013). The expohants obtained from the plot log G’ vs.
log Gr.

2.5 Statistical Analysis

Each treatment was performed at least in triplicetdues were expressed as average +
standard error. Factorial analysis of variance (AM) was used to determine the
influence of the different factors: pH of proteirtm@action during isolation, pretreatments
(HHP or calcium addition), protein concentrationt@mperature of plateau. A Fisher LSD
test with a confidence interval of 95% was useddmpare means. The statistical analysis

was performed using the Infostat software.

3. Results and discussion

3.1 Rheological behavior during and after thermal gcle
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3.1.1 HHP pretreatment

At the beginning of cycle, G’ and G” of HHP-presited samples were higher than those of
untreated ones (comparing with data from Peyranal.e2019). Even though the values
were low (ca. 15 Pa), they reflected the existemican HHP-induced matrix, with G’
higher than G” (Figure la). Thus, HHP-induced daration led to the formation of a
more structured matrix in cowpea protein dispersioks temperature increased, moduli
decreased down to 53.6 = 0.8 °C (similar to uné@atamples) and then increased up to
86.9 £ 0.9 °C, which represents an increase of 1R.8vith respect to untreated samples
described by Peyrano et al. (2019). Interestingperoni et al. (2009) working with HHP-
pretreated soybean proteins, observed a decredbe temperature of partial maxima of
moduli. When cooling stage started, a sudden iseréa moduli occurred (Figure 1c), as
also seen in unpressurized samples.

Once cycles were completed, frequency sweeps veered out; G' was higher than G" in
the whole range of frequencies and moduli increasild increasing frequency with a
slight slope (Figure 1e). Thus, matrixes correspdntb gels (Clark & Ross-Murphy,
1987).

3.1.2 Calcium addition

In calcium-added samples, G” was higher than Gthat beginning of cycle and moduli
also decreased with heating down to 52.1 + 0.4ntCdjfferences with untreated samples).
Notably, G’ and G” increased with different ratedaduring different time until reaching
the partial maxima. Thus, the partial maximum in &curred at 65.9 + 1.4 °C (i.e. 8 °C
less than in control samples), whereas the maxinmur®’ occurred at 74.7 + 0.1 °C
(without differences with control samples). Therefoafter calcium addition, the partial

maxima of G’ and G” were no longer simultaneousg(@fe 1b). Moduli continued to
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increase during plateau in cycles with maximal terafures equal to or higher than 80 °C
(but not in cycles with lower temperatures of pdafe During cooling stage a sudden
increase in moduli was verified (Figure 1d), asenbsd in samples without calcium

addition. For samples heated at 50, 60 or 70 °€,inbrease in G’ during cooling was

barely greater than that of G”.

As for HHP-pretreated samples, frequency sweeps weried out on calcium-added gels;
and a similar behavior was observed (Figure 1f).

3.2 Effect of protein concentration

3.2.1 Critical protein concentration (CPC)

3.2.1.1 HHP pretreatment

Pretreatment at 400 or 600 MPa induced increas€3Pi@ when compared to untreated
samples (from 9.0 to 10.5 g/100g for A8 and frof . 9.0 g/100g for A10). The CPC
were the same for each isolate when evaluated at 20 °C, but the viscoelasticity of the
gels obtained at each CPC was different at 90&a@s(very close to 0.3) from that at 20 °C
(tand was close to 0.2, Table 1).

Zhu, Lin, Ramaswamy, Yu, and Zhang, (2017) witle dfocan protein and (Peyrano et al.,
2016) with cowpea proteins reported decreasesast lgelation concentration after HHP
treatments; the magnitude of the effect was highrepressure levels such as 200, 300 and
400 MPa than for 500 or 600 MPa. Unlike the presemtk, in that of Zhu et al., (2017)
and in our previous work, protein concentration Wwag100mL during HHP treatment. The
protein species formed at lower concentration waoudtl have blocked all their reactive
sites; while at higher concentrations the proteimaild have the opportunity to interact
with each other during HHP treatment, leaving fét@ssavailable for interactions during

the subsequent heat treatment. Thus, HHP treatmethe range 5.5-12.0 g/100g would
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generate aggregates with low flexibility and/or lowmber of available reactive sites. The
decreased flexibility could in turn be partiallyedtio disulfide bonds induced by HHP
(Peyrano et al., 2016).

3.2.1.2 Calcium addition

Calcium-added samples exhibited lower CPC thanrcbsamples (7.5 and 5.5 g/100g for
A8 and A10, respectively). As for pretreatment wWitHP, no differences were detected in
CPC between 90 and 20 °C for each isolate. Howstiereffect on viscoelasticity was
different: tand at 90 °C was close to 0.10, lower than that at@@close to 0.20, Table 1).
Calcium neutralized part of the surface charge rotgins (thus decreased electrostatic
repulsion) and established bridges that were adoledher kinds of interactions (Piccini,
Scilingo, & Speroni, 2019); therefore, a viscoatasbatrix was formed at lower protein
concentration.

3.2.2 Elastic modulus, tahand O

3.2.2.1 HHP pretreatment

Pretreatment with HHP decreased or induced no éamghe values of G’ at protein
concentrations lower than or equal to CPC. Howeateprotein concentrations higher than
CPC, treatment at 400 MPa provoked an increase, iat@e end of plateau (90 °C) and at
the end of cycle (20 °C) in both isolates. Aftezattment at 600 MPa, the behavior of A8
was different from that of A10; for A8 the values@ were lower than those of control
samples whereas for A10 the G’ values were highan those of control samples, but
indistinguishable or lower than those of sampleated at 400 MPa (Figure 2a and 2b).
The degree of denaturation of cowpea proteins wpsmdent on pressure level, 86 or 97 %
for 400 or 600 MPa, respectively (Peyrano et &17). Disulfide bonds possibly limited

the flexibility of unfolded polypeptides and gentexh compact aggregates (which would
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have restricted ability to establish inter-aggregatosslinking at the lowest protein
concentrations assayed); this effect could havatgrenagnitude at 600 MPa. The balance
between degree of denaturation, number of disullidéges, surface hydrophobicity and
level of compaction of the aggregates achievedO& MIPa possibly generated protein
species with enhanced ability to interact with teelmes at high protein concentrations,
thus elasticity of gels was improved. These resals in accordance with those of
Cheecharoen, Kijroongrojana, and Benjakul (2014} thorked with shrimp protein gels
and found that a treatment at 400 MPa (but notgiteh levels) improved elasticity of heat-
induced gels. On the other hand, at 600 MPa thesnba would impair thermal-induced
gelation in A8 and was not advantageous with resjee400 MPa in A10. Interestingly, in
a previous work (Peyrano et al., 2016) we foundosjfip effects of a 600 MPa treatment on
water holding capacity: a decrease for A8, butrameiase for A10, which could also be
projected in gelling ability.

G’ was analyzed as a function ok,Ghe exponeni increased significantly (p<0.05) upon
HHP (Table 2). This fact indicates that HHP-pretimeant made cowpea proteins more
dependent on protein concentration for gel forrmatldigh values of exponebtindicate a
low ability to interact (Renkema, Knabben, & Vane¥] 2001), which would explain the
increase in CPC, which in turn could be due toampact structure of the HHP-induced
aggregates. Speroni et al., (2009) suggested lieastructure of HHP-treated soybean
proteins (10 g/100g) was the limiting factor to aldfng and re-association during the
subsequent heat treatment, which avoided the fawsmaf a strong network.

The tand decreased in pressurized samples with proteinecdration higher than CPC.

This effect was more pronounced at the end of alatban at the end of cooling stage,
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which suggests that in pressurized cowpea protheet-induced interactions favored more
elasticity than viscosity (Table 1).

HHP treatment made ratio Q more dependent on praticentration, the highest values
occurred at CPC and the lower values at the highreséin concentrations (Table 1). This
fact reinforces the idea about HHP-treated cowpeteims behaved differently at different
concentrations, with more hydrophobic interacti@tshigh protein concentration. Thus,
compact HHP-induced aggregates would establistethmsractions when they were close
to each other.

3.2.2.2 Calcium addition

Calcium addition increased G’ in dispersions withtpin concentration equal to or higher
than CPC, without differences between calcium-ads®adnd A10 (Figure 2c and 2d). The
relative increase in G’ induced by calcium washa tange between 10 and 799 fold. The
highest relative increases occurred at the lowegem concentrations, whereas the lowest
relative increases appeared at the highest onés.b&havior suggests that at high protein
concentrations a competition between different $ypleinteractions would occur. Probably
calcium was more effective in establish interaddia low protein concentration because
coulombic attraction with negatively charged ressl@are established at greater distances
than other types of interactions such as hydrogem$, since a solvent-separated mode of
interaction was described for these species (Chuttighes, & Walsh, 2015). At the
highest protein concentrations, protein-proteierattions would be favored by proximity,
thus the effect of calcium had no as much magnitude

For calcium-added dispersions, the values of G& dsnction of G fitted to power law
with values of exponer lower than those of control samples (Table 2)ciDat bridges

and other interactions that calcium-favored madepea proteins more able to form gels,
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which was reflected as a decrease in expoheiRafe and Razavi, (2013) reported that
calcium addition td3-lactoglobulin reinforced gel matrix due to elestitic interactions
with the negatively charged and unfolded molecules.

Calcium decreased tah of gels at 90 °C (the ranges of tarwere 0.11-0.18 without
calcium addition (Peyrano et al., 2019) and 0.@®Qvith calcium addition (Table 1). This
fact suggests that calcium promoted heat-inducegtdations (such as hydrophobic ones)
that in turn reinforced more elasticity than visopsThis result may be related with that
shown in Figure 1b: elastic and viscous moduli weiféerently affected by heating in
calcium-added samples. The decrease inbtaras more conspicuous in A8 than in A10.
Thus, after calcium addition, no differences weetedted between A8 and A10 regarding
viscoelasticity. After the cooling stage, no diffieces were detected neither between A8
and A10, nor between calcium-added and control szsn@able 1 and Peyrano et al.,
2019). Calcium presence canceled differences betw8eand A10 in terms of tahin gels
obtained at 90 °C. Possibly, once proteins wereldatl by heat, the number of available
calcium-binding sites was the same in A8 and Al10 (fifferences in polypeptide
composition were detected between A8 and Al1l0, Peyret al., 2016). Therefore,
differences in ability to establish hydrophobiceiratctions were masked at high protein and
calcium concentrations.

The ratio Q was ca. 5, without differences betwiselates or protein concentrations (Table
1). The only effect was a decrease in A10 with eespo non-added samples at 7.5 and 9.0
0/100g. This fact suggests that calcium increadeel proportion of heat-induced
interactions in those samples. Speroni et al., @@G&ported that calcium addition to
soybean proteins promoted the establishment ofadtiens during heating stage and

plateau.
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3.3 Effect of maximal temperature of cycle

3.3.1 Critical temperature (CT)

3.3.1.1 HHP pretreatment

The CT (temperature at which tdrwas equal to or lower than 0.3) of pressurizedaA8
A10 were lower than those of unpressurized samg@es:C (400 MPa) and 50 °C (600
MPa) at the end of plateau and at the end of wbydée (CT was 70 °C for unpressurized
samples (Peyrano et al., 2019; Table 3). This resdlicates that HHP induced the
exposure of reactive sites that were involved imkdges at temperatures at which
hydrophobic interactions begin to be favored. Ipressurized samples, those sites were
buried until heat-induced unfolding exposed thehyst interactions started at higher
temperatures. In pressurized dispersions, at SB0dC the matrixes exhibited a level of
cross-linking enough for the tahto be lower than 0.3. The HHP-induced denaturation
allowed the start of gelation at temperatures mimiher than Td. A decrease in
temperature of gelation was also reported for Hi¢gted soybean proteins (Speroni et al.,
2010).

Pt0.3 of pressurized samples was analyzed as didontemperature, the increase in
temperature of plateau from 50 to 80 °C resulted decrease in the time needed to reach a
value of tand equal to 0.3. Otherwise, at higher temperatureglateau, such as 95 °C,
Pt0.3 was high (Table 3). Possibly, hydrophobierattions were not as favored at 95 °C
as in the 60 — 80 °C range (Myers, 1990). Intemghtj for unpressurized samples, the
decrease in Pt0.3 occurred up to 95 °C (Peyrarad.,e019). These different behaviors
reveal the kinetic dependence and the prerequiditdenaturation for gelation. When
proteins were previously denatured, the shorte&BRiccurred at 70 and 80 °C for most

samples (Table 3).
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3.3.1.2 Calcium addition

The CT of calcium-added samples was 80 °C for sulates and for both moments of the
thermal cycle (Table 4). However, at lower tempaed (50 — 70 °C) thecB (tand = 1)
was achieved during plateau (Table 4). Notablynam-added samples thed”was only
achieved in cycles with maximal temperatures of°@0or higher. Taken together, these
results suggest that calcium established new ictierss such as calcium bridges that
reinforced the matrix at temperatures as low a®660 °C, despite the low degree of
denaturation (Td of calcium-added A8 and A10 wele48and 81.7 °C, respectively,
Peyrano et al., 2017). However, for obtaining awigh a specific viscoelasticity (tah<
0.3), calcium-added A10 samples needed a highgrdeature than non-added samples (80
vs. 70 °C, respectively), which can be explainedh®yincrease in Td. In the case of A8,
the non-added samples had a CT of 80 °C.

The Pt0.3 was reached in less than 1 min (in the 88 °C range) for the most of calcium-
added samples, with the exception of A8 at 80 “iclwneeded more time (Table 4).

3.3.2 Elastic modulus, tahand O

3.3.2.1 HHP pretreatment

At the end of the plateau, for both isolates, pament with 400 or 600 MPa induced
increases in G’ in cycles with temperatures upQd@, i.e. temperatures lower than Td. At
80 °C, the increase was significant (p<0.05) for &@y after treatment at 600 MPa,

whereas for A10, the increase was significant (psPafter either 400 or 600 MPa. At 90

or 95 °C an increase in G’ was detected only fof Atter treatment at 400 MPa (Figure
3a). That is, at highest temperatures, the impreverdue to HHP was more limited and
seemed to be more specific for A10.At the end efdycle, pretreatment with both pressure

levels provoked increases in G’ in cycles with tengpures up to 70 °C, for both isolates.
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Noteworthy, A10 in the cycle at 70 °C with a pratreent at 600 MPa formed gels with G’
of 4280 + 85 Pa, which represents a very high vafu8’ obtained at a temperature lower
than Td (Figure 3b). In cycles with maximal tempera of 90 °C, HHP pretreatment only
improved Al10, while at 95 °C, no significant effeaft pretreatment was detected in the
most of samples, but for A10 pretreatment at 60@Iv#3ulted in a decrease of G’ (Figure
3b). These results indicate that pretreatment whkhP was advantageous for increasing G’
in dispersions at 10.5 g/100g. The magnitude & #ffect was dependent on temperature
and type of isolate. For both isolates, treatmésb@ MPa increased G’ in cycles at 70 and
80 °C, with an effect of higher magnitude on Al®.addition, for A10 treatment at 400
MPa also increased G’ in cycles at 90 and 95 °( Adating of pre-denatured proteins
possibly allowed the formation of a more orderedtrinasince polypeptides had the
opportunity of reordering. Sun and Arntfield, (20J@roposed that when denaturation is
simultaneous to aggregation the interactions mayabhdomly established and the matrix
less elastic.

Samples of A8 and A10 pretreated at 400 MPa exdhihe lowest values of tanat 70
and 80 °C at the end of the plateau and at theoénlde cooling stage (Table 3). These
values were lower than those of unpressurized szsriplthe case of A8 (compared with
data from Peyrano et al., 2019). With pretreatm®n600 MPa, decreases were only
detected at the end of plateau (at 70 and 80 °@8pand at 90 °C for A10, Table 3).

The ratio Q of pressurized samples was functioemiperature of plateau; up to 80 °C, the
value was 3.2 £ 0.1 (averaging both isolates). ®&aAd 95 °C, A8 exhibited an increase (Q
was ca. 9), while A10 exhibited an increase of gnahagnitude at 95 °C (Q was ca. 5.7,
Table 3). Unpressurized samples had Q values of .3 up to 90 °C and also increased

at 95 °C (Peyrano et al., 2019). These phenomeggestithat HHP treatment increased the
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contribution of hydrophobic interactions in cowpggbtein gels; this effect had higher

magnitude when heating was carried out up to 8QtQip to 90 °C for A10). In the range

90 — 95 °C, hydrophobic interactions are not s@fag (Myers, 1990). The higher surface
hydrophobicity of pressurized samples (comparedh wittreated isolates, Peyrano et al.,
2016) would be responsible for these behaviors.ifitreased contribution of hydrophobic

interactions at 70 and 80 °C would favor more @agtthan viscosity, which was reflected

as a decrease in tarat those temperatures.

3.3.2.2 Calcium addition

For calcium-added dispersions, low values of G’evdetected in cycles with maximal
temperature up to 70 °C. When temperature of platezs equal to or higher than 80 °C,
the values of G’ showed a considerable increaggi(€i4), which seemed to be related to
being close to (80 °C) or having exceeded (90 and®) the Td. In the presence of
calcium, the optimal temperature for increasingw@s shifted to 90 °C (which allowed a
complete degree of denaturation). At the end optheeau, no differences between A8 and
A10 were detected at any temperature (Figure 4ia@r@as at the end of cooling stage, A10
exhibited higher values than A8 for cycles with @& temperatures at 90 and 95 °C
(Figure 4b). However, the differences in G’ valbesween A8 and A10 gels (90 or 95 °C)
were smaller than those detected without calciunttiah (Peyrano et al., 2019). These
results indicate that calcium presence cancelethéatowest temperatures) or reduced (at
the highest temperatures) the differences in eiasthetween A8 and A10 gels.

At each temperature at which gel was formed (86 °@®) tandé at the end of plateau was
ca. 0.10 (Table 4). This fact suggests that calgomoted interactions that favored more
elasticity than viscosity during heating, resultinghe lowest values of tahfound in the

present work. Temperature of plateau exhibited igaoificant effect (p> 0.05) on tab,
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neither at the end of plateau nor at the end ofcth@ing stage, in calcium-added gels
(Table 4).

Q value of calcium-added gels was 4.9 * 0.4 (witltbfierences between A8 and A10 nor
differences in the range 80 - 95 °C; Table 4). fDaicincreased the proportion of heat-
favored interactions at 95 °C (Q had been 13.17ahdor A8 and 10, respectively for non-

added samples at 95 °C, Peyrano et al., 2019).

4. Conclusions

Both pretreatments (HHP and calcium addition) efloed rheological behavior during
gelation of A8 and A10. The main effects occurradiy heating stage and plateau
because HHP and calcium favored heat-induced itters; these effects seemed to be due
to partial denaturation (HHP) and increase in TdQg).

HHP-pretreatment would generate compact (and dyanoéoldable by heating) aggregates
that at high protein concentration (10.5 — 12.0094) would have increased ability to
interact throw heat-induced interactions (suchyakdphobic ones) leading to more elastic
gels (compared to gels obtained from unpressucp&gea proteins). These modifications
also allowed gelation at temperatures such as ®@n@ 70 °C, that were lower than Td,)
and would make cowpea proteins useful to textunaeserving foodstuff. Pressure level
was a significant factor: pretreatments at 600 N#ehto the highest increases in G’ for
cycles with maximal temperature up to 80 °C, whemg@treatments at 400 MPa led to the
highest increases for cycles with maximal tempeeaggual to 90 °C. Pretreatment with
HHP allows obtaining gels at lower temperatures Hretefore protecting thermolabile

compounds.
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Calcium addition allowed obtaining gels at low c@approtein concentration, but higher
temperatures were required. Although calcium esstaddi interactions that needed no
protein unfolding, the strongest gels were formdthwhermal treatments at 90 °C, at
which complete denaturation was achieved. The &sffeiccalcium on rheological behavior
were due to increase in Td and to the additioneef imteractions to the matrix.

The highest temperature tested (95 °C) was notrddgaous (for obtaining strong gels)
either for calcium-added samples nor for the pnézsd ones. Besides, despite both types
of pretreatments, A10 retained its ability to gelidt lower protein concentration than AS8.
Pressurized A10 samples generated stronger gelgteasurized A8 samples. In calcium-
added samples, A10 gels were stronger than A8 anksv protein concentrations (up to
7.5 g/100g) or at high temperatures (90 and 95 B@)no differences were found between
isolates at high protein concentrations or at l@mperatures. Thus, HHP conserved
differences between A8 and Al10, whereas calciunitiaddcanceled those differences at
high protein concentrations and at low temperatures

The understanding of the effects of HHP and calanilinenable better control of texture in

foodstuff that contains pretreated cowpea proteins.
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Table 1:tand and the ratio Q for different protein concentrati@f cowpea protein isolates (A8 and A10) disparisipretreated with

high hydrostatic pressure (HHP) or with calciumiadd.

HHP-pretreatment

Protein
(9/100 g)

A8 55
7.5
9.0
10.5
12.0
A10 55
7.5
9.0
10.5

12.0

Calcium addition

400 MPa 600 MPa
tan 8 -90 °C tan 8 - 20 °C Q tand-90°C tanéd-20°C Q tan8-90 °C tand-20 °C Q
5.50 = 0.46a 6.43 £0.43a 0.9+0.1d 4.44428. 4.00+0.11a 7.9 £ 0.3bcd 0.48 £ 0.01a 0.85.8a 12.8 £1.0a
1.29 +0.25b 1.06 £0.23b 12.6 + 3.3ab 3.7620a 0.95 +0.02b 7.5 +2.5cd 0.09 + 0.00b* @:1P00b* 49+0.1b
0.67 +£0.18b 0.68 £0.35b 13.2+2.3ab 1.6514b 0.70 £ 0.00b 9.9 £ 0.5ab 0.09 £ 0.00b 0.2008b 53+£0.2b
0.30 + 0.00cd* 0.17 £ 0.01d* 9.3+0.6b 0£30.01c* 0.19 £ 0.00c* 4.7 +0.4cd 0.09+0.00b 2@®+ 0.00b 45+0.2b
0.12 +0.20d 0.15 £ 0.00e 4.3+0.9c 0.11000 0.15 + 0.00e 3.6 £0.4de ND ND ND
6.71+2.12a 1.76 £0.37b 1.0+0.0d 3.95488. 4.50+0.42a 1.1+0.1f 0.08 + 0.00b* 0.17.600* 44 +0.1b
0.63 +0.06b 0.58 +0.12d 10.0+0.1b 1.4584P 2.01 £0.90a 3.9+0.1de 0.08 £ 0.00b 0.2M06b 44+0.2b
0.27 £ 0.01c* 0.19 £ 0.01c* 17.3+0.2a 0.20.84c* 0.20 +£0.00c* 10.2 + 1.5ab 0.09£0.00b 200+ 0.00b 4.2+0.5b
0.10 £ 0.00d 0.17 £0.01d 9.6 +0.2b 0.08a04 0.16 £ 0.00de 3.8 £0.0de 0.09 + 0.00b 0.2M6b 7.0+2.5b
0.10 +0.02d 0.17 £ 0.00d 3.4+0.1c 0.080€4 0.18 +0.00d 29+0.3e ND ND ND

A8 and A10 differed in pH of protein extraction thg isolation (pHs 8 and 10, respectively). Thermle withplateau stage at 90
°C for 20 min, heating and cooling rate was 20 “@/mifferent letters in a column indicate signét difference (p < 0.05). Critical
protein concentratiortj.tané —90°C was G”/G’ at the end of the plateau. §an20 °C was G”/G’ at the end of the thermal cyce

was the ratio between G” reached at the end ainéhlezycle and G” reached at the beginning of tieding stage. ND: not determined
Calcium was added at a constant ratio of 0.002@a}L /g protein.



Table 2: Exponentb obtained by plotting log G” vs. logr@f cowpea protein isolates (A8 and A10) dispersioretreated with high

hydrostatic pressure or with calcium addition.

b (90 °C) b (20 °C)
A8 8.73+1.08 8.32 +0.81
A8-400 MPa  21.96 +2.26 16.10 + 0.64
A8-600 MPa  21.51+0.34 13.81 + 0.07
Ca-added A8  5.83+0.08 5.58 + 0.87
A10 7.91+0.51 6.72 £ 0.65
A10-400 MPa  15.31 +2.33 11.81 +1.98
A10-600 MPa ~ 14.99 + 2.53 10.57 +1.93
Ca-added A10  5.23 +0.64 5.70 + 0.52

A8 and A10 differed in pH of protein extraction thg isolation (pHs 8 and 10, respectively). Thermale withplateau stage at 90
°C for 20 min, heating and cooling rate was 20 °i@/fmhe exponent b was calculated at the end aé@la(90 °C) and at the end of
thermal cycle (20 °C). € reduced protein concentration = protein concétna/ critical protein concentration. High hydratt
pressure pretreatment was at 400 or 600 MPa. @alsias added at a constant ratio of 0.002 mol garotein.



Table 3: Thermal gelation parameters at different tempeestof plateau of cowpea protein isolates

(A8 and A10) dispersions pretreated with high hgtatic pressure.

MPa (°C) Pio.3 (Min) tan & - plateau tan é - 20°C Q
A8 400 50 o0 0.32+£0.03b 0.31 £0.00b 3.2 £0.0fg

60 8.94 + 0.08de 0.15 + 0.01fg* 0.16 + 0.00ghi* 3.0.1fgh
70 2.26 £ 0.11fg 0.09 + 0.00h 0.14 + 0.00i 3.0agh
80 2.41 +0.38fg 0.09 £ 0.00h 0.14 £ 0.00i 2.7a0.
90 19.66 £ 0.34a 0.30 £ 0.00bc 0.17 + 0.01fg 9Beb
95 15.07 £ 2.0b 0.21 + 0.03de 0.17 + 0.01fg 7.171

600 50 16.98 + 0.30b 0.27 £ 0.01cd* 0.24+0.00c* .7 20.1h
60 7.52 £ 0.46e 0.13 = 0.00g 0.15 + 0.00hi 3.0H0.
70 3.09 + 0.33fg 0.09 + 0.00h 0.18 + 0.01ef 2.82gb
80 3.68 + 0.40fg 0.08 + 0.00h 0.20 + 0.00de 3.44d
90 4.28 £ 0.31f 0.31+£0.01b 0.19 £ 0.00de 4.74€10.
95 17.22 £ 0.36ab 0.22 £0.01de 0.17 £ 0.00fg H03ab

A10 400 50 o0 0.59 = 0.04a 0.47 £ 0.00a 3.5+ 0.1efg

60 11.78 £ 1.26¢ 0.17 £ 0.00ef* 0.18 £ 0.00ef* 8.8.1efg
70 3.56 + 0.61fg 0.10 + 0.00h 0.14 + 0.00i 3.3af0.
80 2.06 + 0.10g 0.09 + 0.01h 0.16 + 0.01gh 3.019h.
90 4.08 £ 0.21f 0.10 £ 0.00h 0.17 £ 0.01fg 9.6 2.
95 8.42 £ 2.82de 0.16 + 0.00ef 0.18 £ 0.01ef 516ked

600 50 15.29 + 0.30b 0.24 + 0.00d* 0.20 + 0.00d* 3 20.1i
60 6.83 £ 0.24e 0.13 + 0.00g 0.15 + 0.01hi 3.52efy
70 2.51 + 0.50fg 0.18 £ 0.00e 0.19 + 0.00de 3.83eD
80 1.73 £0.52¢g 0.15 + 0.00f 0.16 £ 0.00ghi 4.32cde
90 2.08 + 0.95fg 0.08 + 0.00h 0.16 + 0.00ghi 3@ aef
95 10.2 +0.08cd 0.14 £ 0.01fg 0.17 £ 0.00fg 50.6cd

A8 and A10 differed in pH of protein extraction thg isolation (pHs 8 and 10, respectively).
Protein dispersions were at 10.5 g/100g. Thermelecyith plateau stage at different temperatures
for 20 min, heating and cooling rate was 20 °C/n@ritical Temperature (*). {#; was the time,
since the beginning of plateau, at which éanas 0.3x: the Ry 3was not reached. tan- plateau
was G”/G’ at the end of the plateau. tar- 20 °C was G”/G’ at the end of the thermal cydle
was the ratio between G” reached at the end afntiderycle and G” reached at the beginning of the
cooling stage. Different letters in a column indecasignificant difference (p < 0.05).



Table 4: Thermal gelation parameters at different tempeeatof plateau of calcium-added cowpea
protein isolates (A8 and A10) dispersions.

°C)

A8 50

60

70

80

90

95

A10 50

60

70

80

90

95

Pco (°C or min) Pio.3 (mMin) tan 6 - plateau tané - 20 °C Q

2.28 + 0.12a (min) © 0.36+0.16 b 0.86 +0.03 a 129+36¢C
0.37 £ 0.03b (min) © 0.38+0.06 b 0.53+0.02b 74.1+10.7 ab
0.00 £ 0.00c (min) 0 0.78+0.05a 0.44+0.01c 51.7+£10Db
72.25 £ 2.25A (°C) 294 +0.4la 0.11+0.01c* .18+0.01d* 3.8+05d
70.80 £ 0.20A (°C) 0.65 + 0.10b 0.09+0.00c 190t 0.00 d 49+0.1d
70.30 £ 0.30A (°C) 0.50 £ 0.15b 0.09+0.00c 190+ 0.00 d 5.2+0.2d
2.30 + 0.26a (min) 0 0.34+0.14b 0.88+0.05a 15.0+14c
0.32 £ 0.02b (min) 0 0.88+0.36 a 0.54+£0.01b 76.0x16a
0.00 + 0.00c (min) © 0.73+0.25 ab 0.54+0.05b 62.4+11.5ab
70.40 £ 0.40A (°C) 0.17+0.17b 0.11+£0.01c* .2D+0.03d* 3.9+£0.2d
70.55 £ 0.25A (°C) 0.26 £ 0.01b 0.08 +0.00 ¢ 200t 0.00d 44+0.2d
70.60 £ 0.10A (°C) 0.47 £0.12b 0.08 £0.00 c 170+ 0.01d 54+0.4d

A8 and A10 differed in pH of protein extraction thg isolation (pHs 8 and 10, respectively).
Protein dispersions were at 7.5 g/100g with 0.018m®@aCk. Thermal cycle wittplateau stage at
different temperatures for 20 min, heating and iogptate was 20 °C/min. Critical Temperature
(*). Pco was the crossover point (G" = G') that occurredird) heating stage (°C) or during
plateau (min). B3 was the time, since the beginning of plateau, ldthvtand was 0.3x: the Ry 3
was not reached. tah— plateau was G”/G’ at the end of the plateau. tar 20 °C was G”/G’ at
the end of the thermal cycle. Q was the ratio betw@” reached at the end of thermal cycle and G”
reached at the beginning of the cooling stage.eb®fit letters in a column indicate significant
difference (p < 0.05).
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Figure 1: Elastic (G",m) and viscous (G 1) moduli and temperaturd) as a function of
time, thermal cycle with plateau at 90 °C for 20nmieating and cooling rate was 20
°C/min. Heating stagea(andb). Whole thermal cyclec(and d). Frequency sweep at the
end of thermal cyclee(andf). 10.5 g/100g A10 dispersion pretreated at 600 k&Pa and
€). 7.5 g/100g A10 dispersion with calcium additi@015 mol/L of CaG) (b, d andf).
A8 and A10 differed in pH of protein extraction thg isolation (pHs 8 and 10,

respectively).
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Figure 2: Elastic modulus (G") as a function of protein concation for A8 and A10
dispersions pretreated with HH& gndb), or with calcium additior(c andd). Thermal cycle
with plateau at 90 °C for 20 min, heating and augpliate was 20 °C/min. G” at the end of
the plateau g and c). G* at the end of the thermal cycle &nd d). Critical protein
concentration (CPC). A8 and A10 differed in pH abtein extraction during isolation (pHs
8 and 10, respectively). Each pretreatment waopadd at least in triplicate. Panalsnd

b: 0.1 MPa: black; 400 MPa: grey: 600 MPa: lightygrA8 white diagonal pattern, A10
no-pattern. Panels and d: non-added: black; Ca-added: light grey; A8: whrertical

pattern; A10: no-pattern.
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Figure 3: Elastic modulus (G") as a function of temperatufelateau of A8 and A10
dispersions at 10.5 g/100g. Thermal cycle withteau stage at different temperature for 20
min, heating and cooling rate was 20 °C/min. Gthatend of the plateau stagg.(G" at
the end of the thermal cycl®)( A8 and A10 differed in pH of protein extractioliring
isolation (pHs 8 and 10, respectively). Each pegtnent was performed at least in
triplicate. 0.1 MPa: black; 400 MPa: grey: 600 MRkght grey; A8 white diagonal pattern,

A10 no-pattern.
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Figure 4: Elastic modulus (G") as a function of temperatureplateau of A8 and A10
dispersions at 7.5 g/100g with calcium additior®{8. mol/L). Thermal cycle witplateau
stage at different temperature for 20 min, heading cooling rate was 20 °C/min. G” at the
end of the plateau staga)(G" at the end of the thermal cyct®.(A8 and A10 differed in
pH of protein extraction during isolation (pHs 8dat0, respectively). Each pretreatment
was performed at least in triplicate. A8: whitetieal pattern; A10: no-pattern.
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Highlights

Cowpea proteins gelled at low protein concentration when cal cium was added
Cowpea proteins gelled at low temperature when they were previously pressurized
Calcium and high hydrostatic pressure favored heat-induced interactions

Calcium & high hydrostatic pressure increased el astic modulus of cowpea protein gels
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