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Abstract

Extruded and native wheat flours were combined \&ghrs @racilaria andgelidium)
and carrageenansc-Carrageenan andcarrageenan) to modify their paste and gel
properties. Combinations of extruded flours witldincolloids produced an increase in
the hydration properties (swelling volume and wakeiding and water binding
capacities). All hydrocolloids (particularkycarrageenan) also produced an increase in
hydration properties after combination with natil@urs. With regard to the pasting
properties of native flours combinations, all hyabtboids produced an increase in peak
viscosity (particularlygelidiumagar), but only agars decreased the onset terperait
gelatinization and increased breakdown, indicatimgjfferent mechanism of action. In
the presence of extruded flour, the incorporatidérhyrocolloids increased the cold
viscosity of flours in very different ways depenglion the hydrocolloid. Both native
and extruded flours exhibited higher G’ and G” wed and a lower ténafter the
incorporation of carrageenans, which, together tghlower dependence on frequency,
would produce stiffer and more stable pastes/d&dsed on gel properties, greatest
hardness with native and extruded flours was aekiely the incorporation of
carrageenans. In general, carrageenans, besidigcprg stiffer and more stable pastes,
gave rise to harder and clearer gels comparedasetinade with agar, for both their
combination with extruded and native wheat flouveanwhile, pastes made with
combinations of extruded flours and agar showetdrighixotropy.

Keywords: agar; carrageenans; extruded flour; wheat; rheology; pasting properties
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1 Introduction

Wheat flour is one of the most widely used ingratieéboth in the food industry and in
cooking. Besides being the key ingredient in brasad other bakery products, where its
proteins play a special role, wheat flour is usedh&ckening agent in numerous dishes.
These thickening properties are based on the dgpEcivheat starch granules to absorb
water. When starch is heated in the presence @itiemt water, it eventually loses its
crystalline structure, leading to an increase ia thscosity of starch pastes. This
phenomenon is known as pasting. Further heatingefvater-starch mixture leads to
rupture of the starch granules and a fall in pasteosity (breakdown). Finally, if a
paste is cooled, hydrogen bonds develop betweenarthyose chains, creating a new
crystalline structure that loses the absorbed wateusing a renewed increase in
viscosity, a phenomenon known as retrogradatioesé&levents constitute the basis for
the use of starch and flour in the preparation ilihds, sauces, creams and dairy
desserts, and other products.

Occasionally, the properties of native flours ag¢ suitable for their use in certain
products and they must be modified or supplememnt&t other ingredients or
additives. Hydrothermal treatments can produce rélowith different degrees of
gelatinization, with greater thickening power afteating, or with no need for heating
(Camire, Camire & Krumhar, 1990). Flours with theaest degrees of gelatinization
show notable thickening power in cold liquids. Ratarly important among
hydrothermal treatments that can be applied torsldar this purpose are drum drying
and extrusion (Doublier, Colonna & Mercier, 1986).

Carrageenans and agar, together with alginatesth&emarine hydrocolloids most
commonly used in the food industry. Carrageenams exttracted from certain red

seaweeds of the Rhodophyceae class, which have ébgensively used in the food
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industry as thickening and gelling agents (Campaw&no, da Silva & Carvalho,
2009). The structure of carrageenan is based asaadaharide backbone of alternating
3-linked B-D-galactopyranose and 4-linkegD-galactopyranose units, named G and D
units, respectively, in Knutsen’s nomenclature (tsea, Mylabodski, Larsen, & Usov,
1994). Carrageenans are defined according to tkéigoo of sulphation (S) and the
cyclization of the D units to form an anhydro ri(d). Carrageenans used in industry
include the gellingk-, 1-carrageenan and the non-gellidgcarrageenan (Tischer,
Noseda, Rilton de Freitas, Sierakowski & DuarteQ&0 The chemical structure of
carrageenan differs from thatofcarrageenan by the presence of an additional atdph
group in the 3,6-anhydrogalactosyl residue, whiclakes the molecule more
hydrophilic (Renn, 1997). The distinct textural pecties ofi- andk-carrageenan gels
reflect the differences in their structuresarrageenan gels consist of double helices
with little or no aggregation, which renders thelaxible and soft. In contrask-
carrageenan gels consist of aggregated heliceg)wloicot gel without aggregation and
the resulting gel relatively brittle and hard (Tec, et al., 2006). Agar is extracted from
seaweeds of the genefzelidium and Gracilaria and is composed of agarose and
agaropectin molecules. Agarose, responsible forg#leng properties of agar, is a
linear compound formed of alternatifigD-galactopyranose anal-L-galactopyranose
residues. Agaropectin has a similar structure buth va lower content of L-
galactopyranose residues (Armisen, 1991). Afteutsbtation in water, both agars and
carrageenans have the property of forming revergijels when they are cooled, and
they are used extensively in the food industryhaskéening and gelling agents.
Combinations of starch, or raw starchy ingredieaisl hydrocolloids have been used in
the food industry since the mid-twentieth centurprider to achieve specific textures or

to improve tolerance to certain processing conagti¢heat, shear, and pH), and their
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interactions have therefore been studied extensiyBeMiller, 2011). Among the
marine hydrocolloids, interactions between the aggenans and starchy ingredients
have received most attention. Tye (1988) observatlithese interactions depend on the
type of carrageenan and type of starch (nativeetatipized). Differences between the
types of carrageenan have been also studied barghBeMiller (2002) and by Eidam,
Kulicke, Kuhn and Stute (1995), who observed thatlevk-carrageenan, like other
hydrocolloids, accelerated the gelation processarrageenan delayed it. However,
interactions between carrageenans and wheat flawe mot been investigated.
Interactions between agar and flours have alsoiveddittle attention and this has
usually been limited to the study of interactiom$ween agarose and different starches
(Mohammed, Hember, Richardson & Morris, 1998; Ealang & Lii, 1999).

Despite the particular physicochemical characteastf extruded flours and their high
potential as cold thickening agents, the propertietheir pastes/gels in combination
with hydrocolloids have never been studied, norehthey been compared with the
pastes/gels of native flours. The objective of pnesent study was to investigate the
effects of interactions between different typesagér Gracilaria and Gelidium and
carrageenans{carrageenan anecarrageenan) and wheat flours (native and extyuded
on the properties of their pastes (hydration, pgstind rheological) and gels (textural
and colorimetric) using Rapid Visco Analysis (RVAhydration measurements,

dynamic and steady shear measurements, and textdreolour analysis.

2 Materials and methods
2.1 Materials
Native wheat flour (11.73% moisture, 69.09um péetisize, 11.02% protein, 6.18%

free sugars and 5.89% damaged starch) was supplie¢thrinera Castellana (Medina
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del Campo, Valladolid, Spain). Hydrothermally maoelif wheat flour (11.20%
moisture, 99.37um particle size, 8.74% protein,8@% free sugars and 38.09%
damaged starch) was provided by Harinera Los Psd@amora, Spain), which
performed the extrusion treatment using a Buhlesf Bangle screw extruder (Buhler
S.A., Uzwil, Switzerland). The length to diametkfX) ratio for the extruder was 20:1.
Wheat flour was extruded at a maximum barrel teatpee of 160°C with a feed rate of
500kg/h. The moisture content of this flour was 1386 the screw speed was 453rpm.
The extruded product was dried by convection aitf taen ground with a compression
roller to a particle size below 200 microns. Flowvsre stored in airtight plastic
containers at 4°C until analysis.

Gelidium agar RG-ST andGracilaria agar RGM-900 were supplied by (ROKO,
Galicia, Spain).k-carrageenan Ceamgel 1860 (with potassium chloraed 1-
carrageenan Ceamvis 3383 were supplied by (Cedos#vedra, Spain)

2.2 Methods

Samples used in the different tests were prepayedddition, in order to compare a
100% flour paste/gel to one made with 100% flouthwa 7.14% and a 10.71% of
hydrocolloid addition (flour basis) for pastes argkls making respectively.
Hydrocolloid powder and flour were mixed and adg®dtly to water; the suspension
was then heated.

2.2.1. Hydration properties

Hydration properties include swelling volume (SWhater holding capacity (WHC) and
water binding capacity (WBC) (Nelson, 2001). Sweljlivolume (SV), or the volume
occupied by a known weight of the mix, was evalddtg adding 100ml of distilled
water to 59 (+0.1g) of flour with 0.357g (£0.001af) hydrocolloid and allowing it to

hydrate for 16h. Water holding capacity, definedhessamount of water retained by the
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sample without being subjected to any stress, wedsrmiined on the same suspension
used to evaluate swelling; the hydrated solid wagked after removing the excess of
water and values were expressed as grams of wategram of solid. Water binding
capacity (WBC), or the amount of water retainedthg sample after it has been
centrifuged, was measured as described in methe805@RACC, 2012), using 5g
(x0.1g) of flour mixed with 0.357g (x0.01g) of hydholloid before the addition of

distilled water. Hydration properties were analyseie.

2.2.2. Pasting properties

Pasting and paste properties of the normal andidedr flours were determined in the
presence and absence of the hydrocolloids usingpadR/isco Analyser (Model RVA-
4C, Newport Scientific Pty. Ltd., Warriewood, Augta).

The flour-only slurry was prepared by dispersin§g3(+0.1g) of the flour in 25¢g
(x0.19g) of distilled water. When hydrocolloids wareed, the mix of flour (3.5+0.19)
and hydrocolloid powder 0.25g (£0.01g) were thotduglry blended prior to slurrying
in water. The slurries were then poured into aluammcanisters and stirred manually
using plastic paddles for 20s before pouring ime® RVA machine. The heating and
cooling cycles were programmed following generaitipg method 61.02.01 (AACC,
2012). The slurry was held at 50°C for 1 min, tiheated to 95°C and held at that
temperature for 2 min 30 s. It was subsequentlyiecbdo 50°C and held at that
temperature for 2 min, while maintaining a rotatgpeed of 160 rpm. When pasting
and paste properties of the hydrocolloids alondistilled water were performed, pastes
were cooled to 30°C and held at that temperatur@ran 30s in order to assist the

gelation process of the hydrocolloids. All measweata were performed in duplicate.
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2.2.3. Rheological measurements

Dynamic viscoelastic and steady flow propertieshef freshly prepared pastes of flour
alone and flour—hydrocolloid mixtures obtained frgmasting in the RVA were
performed using a rheometer (Haake RheoStress #rnith Fischer Scientific,
Scheverte, Germany) with a titanium parallel sedgblate geometry sensor PP60 Ti
(60 mm diameter, and 3 mm gap). The sample wagglato the rheometer which was
stabilized at 50°C and was covered with Panreaelimasoil (Panreac Quimica S.A.,
Castellar del Vallés, Spain) to avoid drying. Tlaestes were rested for 500s before the
test was started. Two dynamic viscoelastic measemésnwere made: (1) deformation
sweeps at a constant frequency (1 Hz) to deternimee maximum deformation
attainable by a sample in the linear viscoelastige, and (2) frequency sweeps over a
range of 0.01-100 Hz at a constant deformationimitie linear viscoelastic range. The
storage modulus (G’), loss modulus (G”) and laastdér (tand = G”/G’) as a function

of frequency ) were obtained.

Steady-flow tests were also performed on freshpared paste samples at 50°C to
obtain shear rate versus shear stress data. Tteevwpés programmed to increase the
shear rate from 0.06 to 50b&p curve) over 400s immediately followed by auetibn
from 500 to 0.065 over 400s (down curve). Data from the up curvéhefshear cycle
were used to characterize the flow of the pasteptesrand to estimate the power law
parameters by application of the equaiion K.y", whereos is the shear stress (Pa)is

the shear rate 3, K is the consistency coefficient (P§,sand n is the dimensionless
flow behaviour index. In addition, the area betwdka up and down curves was
calculated in order to obtain the thixotropic babav of samples. All measurements

were made in duplicate in both rheological tests.
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2.2.4 Gel preparation

Hydrocolloid gels were made using a 1L beaker, atisipg 99 (£0.1g) of hydrocolloid
and 84g (x0.1g) of flour into 600g of distilled wat Hydrocolloid solutions were
heated to boiling (95°C) on a heater plate at &teon stirring speed in order to achieve
sufficient hydration and homogenous dispersionsm@as were held at boiling
temperature for 15 min. During heating, the beakas cover with plastic film with
small orifices to avoid water loss due to evaporatiHydrocolloid solutions were
poured into cylindrical containers (35 mm interrthhmeter, 65 mm height), then
allowed to rest at room temperature for 25min aedevstored in a fridge at 4°C for 24
hours to achieve gel stabilization. Each gel wadama triplicate.

2.2.5 Gdl texture and colour

Samples ¥25g) were taken from the fridge and maintained ainr temperature
(=25°C) for 1 h prior to colour and texture measuneiméexture measurements of the
prepared gels were performed at room temperatt##8°C) using a TA.XT2i Texture
Analyzer (Stable Micro Systems Ltd., Surrey, UK)ugped with Texture Expert
version 1 software for Windows; a 5kg load was u$ad force calibration. One
compression cycle was applied using a 25mm-dianwténdrical probe (P25a) at a
constant crosshead velocity of 0.5mht® a sample depth of 10mm, followed by a
return to the original position. The force-time weithus obtained was used to calculate
the values of the texture attributes: hardness fibak force observed during the
compression cycle) and breaking strain (straireéeh the highest value of force).

Gel colour was measured using a Minolta CN-508icspphotometer (Minolta Co.,
Ltd, Osaka, Japan). Results were expressed in lad_&*b* colour space and were
obtained using standard illuminant D65 with the s2dndard observer. Colour and

texture determinations were performed in triplicate
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2.2.6 Statistical analysis

Differences between the parameters for the gele wtrdied by analysis of variance
(one-way ANOVA). Fisher’s least significant diffeee (LSD) was used to describe
means with 95% confidence intervals. The statisacalysis was performed using the
Statgraphics Plus V5.1 software (Statpoint Techgiek Inc., Warrenton, USA).

3. Resultsand discussion

3.1. Hydration properties

The hydration properties of the flours and of thmiixtures with hydrocolloids are
shown in table 1. In general, extruded flours ameirtcombinations showed a higher
WHC, SV and WBC,; the differences were significamt &ll combinations except those
with i1-carrageenan. Camire et al. (1990) proposed tlatupture of starch granule
integrity that occurs during gelatinization in tBgtrusion process, leads to a poorly
ordered molecular phase with hydroxyl groups madelable to bind water molecules.
This mechanism would explain the higher WHC, SV amiBC of mixtures of
hydrocolloids and extruded flours.

In general, hydrocolloids increased the WHC, SV WiBIC of non-treated flours, and
this increase was greater with carrageenans th#m agar, particularly with-type
carrageenan. A number of authors have already wi$drigher SV values in starch-
carrageenan-water pastes (Tecante & Doublier, 198&hawipharat, Suphantharika &
BeMiller, 2008). According to Christianson, Hoddg@sborne and Detroy (1981), the
addition of hydrocolloids can considerably incredlse shear forces exerted on the
swollen granules in the shaking phase comparedtivtiiorces present in starch—water
suspensions. This can enhance water uptake (imogeswelling), granule breakdown

and the amount of material exuded into the contisyzhase.

10
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In the case of agar, significant differences of WiBC values were only observed with
non-treated flour, with highest values being ol#dinwith agar fromgracilaria
seaweeds. When combined with extruded flours, aghmot modify the hydration
properties of the flours, whereas carrageenansased WHC but not WBC, and only
carrageenan increased SV.

The different effect of the hydrocolloids on thedgtion properties reflects different
interactions between each hydrocolloid and therfland this in turn depends on the

chemical structure of the hydrocolloids added.

3.2. Pasting properties

The RVA curves of different flour-hydrocolloid comnlations are shown in figure 1. In
figure 1b (native flour-hydrocolloid combinationg)can be seen that there was no
change in the interaction between the flour and ligdrocolloid until a certain
temperature was reached, and the viscosity of ¢tingbmations increased in a number
of different ways. As hydrocolloids alone (withatihie presence of flour) showed no
significant thickening power on the medium untileith solutions were cooled, as
observed in figure la, changes observed in thangagproperties of flours must be
interpreted based on the different interactions tiake place between the starch
granules and the hydrocolloid. Both agars produddll in the onset temperature of
gelatinization and an increase in peak viscosi¥) (@d breakdown (BR); the increase
in the latter two parameters was more marked in dase ofgelidium agar than
gracilaria agar. Shi and BeMiller (2002) and Liu and Eskin98Pdetected a decrease
in the onset temperature of gelatinization, measurg RVA when studying the
interaction between different starches and hydioid, despite the fact that there were

no changes in the gelatinization temperature medshy DSC; it could therefore be
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deduced that these hydrocolloids do not affectatieglability of water required by the
starch granules for the gelatinization processctmn On the other hand, Christianson
et al (1981) proposed that this fall in the tempamnecessary to initiate the increase in
viscosity was due to associations between solddilleached starch (primarily
amylose) molecules and hydrocolloid molecules tieateloped before granule pasting,
a finding supported by Eidam et al. (1995) and&sti BeMiller (2002).

After reaching the PV, pastes presented a falheirtviscosity due to rupture of the
starch granules, known as breakdown (BR); this mvage pronounced in combinations
of flour and agar than in preparations of flour reoor in combination with
carrageenans. The higher PV and lower BR would @iighe hypothesis that agars
enhance granule swelling, leading to much higheref® within the granules and further
granule disintegration, permitting greater dissolubf the polymeric starch molecules.
In the case of carrageenans, an increase in thet ohsiscosity was observed with the
first increase in the gradient of the curve, big thcrease was slow compared with the
agar combinations. As in the case of agar, carrayeealso increased PV, but the time
to reach that peak was longer; there were no madierences between the two
carrageenans studied. These findings do not canuidh results reported by Tye
(1988), who detected a synergic effect betweerclstandi-carrageenan but did not
between starch andcarrageenan. Nonetheless, it should be statedh&atomposition
of thek-carrageenan used in our study included a potassaltnwhich induces gelation
(Tecante & Doublier, 1999). Those same authors @igweciated an increase in the PV
after the incorporation of carrageenans; this wagated to increased swelling of the
starch granules in the presence of carrageenarss.innease in the time to peak
viscosity in the samples with carrageenans couldu®eto the formation of hydrogen

bonds between the carrageenans and the starch guolyralecules within swollen
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granules (Liu, Eskin & Cui, 2003), assuming the rogdlloid molecules could
penetrate into the granules, a phenomenon for wthiele is some evidence (Savary,
Handschin, Conde-Petit, Cayot, & Doublier, 2008)e Viscosity of carrageenan pastes
in our study was higher than non-treated sampldélecombinations with agars, both
while the temperature was held at 95°C and durmegdooling stage. Those results
could also be due to the interactions among preteiich as gluten and carrageenans, as
several authors reported (Huebner & Wall , 1979¢rLeet al, 2000). Meanwhile,
Ribotta, Ausar, Beltramo and Ledén (2005) demorstiahat carrageenan isoforms
could form hydrophilic complexes with gluten protei and the capacity of the
complexation appeared to be related to the densiitghe anionic group in the
hydrocolloid. Additionally, Wang, Zhao, Yang andadg (2006) reported that those
electrostatic interactions could involve lysine aatminal NH in gluten protein, thus
not only starch granules could interact with hyattmids but also the protein fraction
of wheat flours.

The curves of the agar combinations during thesgest were very similar to the non-
treated flour curves, though the viscosity was sehad higher in the case gelidium
combinations. These final viscosity increases englesence of carrageenans have been
observed previously by Lai et al., (1999) and Hyatennedy, Li, Xu and Xie, (2007),
who concluded that interactions between the hydimidoand the starch polymers
(especially amylose) created bonds forming a né¢wath crosslinking. Applegvist
and Debet (1997) stated thatandk-carrageenan protected starch systems against shear
stress, which would explain the decrease in BR.tReropossible explanation of this
decrease in BR in the carrageenan combinations dvtnel the increase in the
hydrocolloid concentration in the continuous phasehe starch granules absorb water

and swell, simultaneously increasing the viscosftyhe paste (BeMiller, 2011). In the
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case of carrageenans, retrogradation could be teffelooth by the increase in the
effective concentration of starch molecules (prilgaamylose) resulting from the
immobilization of water by the hydrocolloid moleesl (Yoshimura, Takata &
Nishinari, 1988), and by the associative interanxgibetween carrageenan and gluten.
As general conclusions, it may be considered thatsaand carrageenans have different
mechanisms of action on pasting properties. Agamuldv create bonds with
solubilized/leached (primarily amylose) moleculesth a lower onset temperature of
gelatinization, and no increase in amylose retr@gian in comparison with controls.
Furthermore, the presence of agar would assistisgelf the granule, as indicated by
the increase in PV and BR. The carrageenans, ootliee hand, would not create bonds
with solubilized/leached (primarily amylose) mol&xs) evidenced by the absence both
of a decrease in the onset temperature of gelatioiz and of final viscosity.
Additionally, carrageenans would interact with glutprotein and would foster the
water immobilization, resulting in an increase loé teffective concentration of starch
molecules (primarily amylose), which would favoatrogradation.

Figure 1c shows the results with extruded flour+legdlloid combinations. These flours
showed a much greater cold thickening power thantreated flours, but the viscosity
of pastes decreased with increasing temperaturéhanel was no significant increase in
viscosity during the cooling stage. The incorpamatiof the different hydrocolloids
increased the viscosity of flours without heatihgptigh distinct mechanismGelidium
and gracilaria agars increased the viscosity in a similar wayhwelidium having a
greater effect. In the case of carrageenans, orotiher hand, whilec-carrageenan
produced a marked increase in the initial stagdpvied by a sharp decline;
carrageenan produced a less intense increasedositis and its effect was delayed.

This increase could be secondary to the concemtrati hydrocolloid in the continuous

14
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phase as a result of the higher water absorptigracity of the extruded flour
components without increasing the temperature (kezt{ Oliete & Gomez, 2013).
Differences between the different hydrocolloidslddae due to their capacity to form a
network that immobilizes the water, increasing Wscosity of the continuous phase
and the effective concentration of amylose (Savaryal.,, 2008); this could be
particularly important in the case efcarrageenan in the presence of potassama
(Therkelsen, 1993). Meanwhile, interactions amohgeg proteins with carrageenan
could be even higher in presence of extruded flainge extrusion forces the unfolding
and aggregation of proteins (Martinez, Calvifio, élo& Gomez, 2014), which could
boost additional electrostatic interactions. In tbeling stage, all hydrocolloids behave
in a similar way, slightly increasing the viscostextruded flour pastes, showing the

same trend as the majority of fluids as temperadeczeases.

3.3. Steady shear rheological properties

The results of steady shear rheology are showabletl. For the range of shear rates
used in this study, the power law model accuralelscribed the flow behaviour of each
paste. All the pastes showed n < 1, thus exhibghegar-thinning behaviour.

The K values were higher in native flours than kireded flours. . In the case of
hydrocolloids, an increase in K was only observeth vgracilaria agar andi-
carrageenan with non-treated flour, indicating ghbr consistency. Techawipharat et
al., (2008) also reported a higher K value in pastgh 1-carrageenan. Regarding the n
value, there was no clear trend and we can onkg $keat combinations of extruded
flours with carrageenans showed higher values tharsame flours with agar. Finally,
we observed an increase in the thixotropic areaximuded flours when they were

combined with agars, whereas carrageenans had ppesite effect, decreasing
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thixotropy both with extruded and with non-treatiolurs, although the differences
were not significant in the case of extruded floulrs conclusion, depending on
requirements, pastes made with combinations oludgtt flours and agar could be a
good option due to their greater thixotropy, whaduld be beneficial when making of
sauces such as ketchup (Sahin & Ozdemir, 2004),reske pastes made with
combinations of carrageenans (particularbarrageenan) and native or extruded flours
could be suitable for their low thixotropy and higbnsistency. As it was commented
earlier, (section 3.2), agar and carrageenans thiffeeent mechanisms of action. While
carrageenans may interact with gluten proteins @Veinal., 2005) and increase the
amylose concentration in the continuous phase duthé immobilization of water
molecules by the hydrocolloid (Yoshimura et al.,.889 agars may interact with
solubilized/leached (primarily amylose) moleculesl @romote swelling of the granule,
which could explain the different rheological belwav among agars and carrageenans.
In addition, the greater water holding capacitytlod gelatinized starch of extruded
flours (Martinez et al., 2013) could contributeatfiuidizing of pastes in the presence of

stress.

3.4. Dynamic rheological properties

Table 2 shows the dynamic rheological values. licades higher values were found for
G’ compared to G”, which indicates that all pasées elastic and develop distinct solid
properties. Furthermore, it must be remembered dtzath pastes, even when cooled,
are in a metastable, non-equilibrium state (Biliessl& Zawistowski, 1990) and, as a
result, they will undergo further aggregation aradtipl crystallization during storage
and thus become firmer pastes/gels. The additidrydfocolloid to a starch paste or gel

thus makes an already complex system even morelermp
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All hydrocolloids except-carrageenan increased G’ in non-treated floursreds in
extruded flours, this effect was only observed ambinations with carrageenans. All
hydrocolloids excepk-carrageenan increased G” in the case of nonddefiburs. In
the case of extruded flours, with lower G” thamroeated flours, only carrageenans
achieved a significant increase in this value. duation in the tad value was observed
both with native and with extruded flours when theurs were combined with
carrageenans (this did not occur with agars) ansl ¢bincides with the increase
observed in G’ and G”. Therefore, carrageenansemsed G’ and G” in extruded
flours and decreased t@aboth in extruded and in non-treated flours. Lad &an (2003)
have previously reported an increase in the elasticponent of the sample (G’) and a
decrease in tdy they attributed this to a network formation aftee addition ofk-
carrageenan. In table 2, it can also be seen #Hreageenans decreased the “a” value,
both in non-treated and extruded flours, with tlkeeption ofi-type in combination
with non-treated flours, while agars did not modifys parameter. Regarding the “b”
parameter, no clear effect was observed excepa fibecrease in this parameter in the
case of non-treated flours combined wikhcarrageenans. The incorporation of
hydrocolloids also reduced the “c” parameter im@ked flours, with the exception of
gelidium agar. In non-treated flours, however, with lowef Values, this effect was
only observed withk-carrageenan. Consequently, carrageenans, ancuberty -
carrageenan, provoked a decrease in the dependéribe modulus on frequency,
which would produce pastes/gels with greater stgliian flours without hydrocolloid
or agar-flour combinations.

As has already been discussed, carrageenans besid#sveloping links with amylose,
could increase its concentration (Yoshimura at #888); this, together with the

possible association with gluten proteins and tmeatoon of crosslinking and
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entanglement of hydrocolloid molecules, would cimite to increase the stiffness and
stability of samples against shear stress. In aoptiagars only increased elastic (G’)
and viscous (G”) modulus in non-treated flour gastAs indicated in section 3.2, agars
may develop interactions with solubilized/leacheatinfarily amylose) molecules,
which could increase the viscosity and elasticitpastes. Nonetheless, starch granules
(Camire et al., 1990) and amylose chains (Mercidfefllet, 1975) in flours that have
undergone extrusion would fragment as a consequehdtlke high shear stress and
temperatures, and linking between amylose molecaitel agars would therefore be

different, and the elastic and viscosity componehtiese pastes could be maintained.

3.5. Colour and textural propertiesof gels

The colour and texture results of the hydrocollbads-water gels are shown in table 3.
With respect to colour, all gels were darker (lowalues ofL*) when elaborated with
extruded flours, with the exception of gels obtdimath gelidiumagar. Gels made with
carrageenans were lighter than agar gels whenvtieey made with non-treated flours.
However, the differences were smaller between #te made with treated flours and no
significant trend was observed, though tpecilaria gels were darker and the
carrageenan gels lighter. Regarding te parameter, the values were lower in
carrageenan gels with non-treated flours thanenathar gels with these flours; the gels
obtained with extruded flours showed no significdifterences. Nor were there any
significant differences in th@* values between the carrageenan gels made with
extruded flours and with non-treated flour, butngigantly highera* values were
obtained when agar gel were combined with nongdefiburs. Flour type had a greater
effect on theb* parameter, with higher values being observed witin-treated flour

gels. Of the hydrocolloids;carrageenan gels achieved the highest valuesinhbiie
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case of gels of hydrocolloids with non-treated flosignificant differences were only
observed withgelidium agar. Extruded flours showed a darker colour dudaillard
reactions that occur during the extrusion proc€ssr(ire et al. 1990), which could have
an influence on the colour of gels obtained. Initanil the greater proportion of
damaged and gelatinized starch in extruded floMartfnez et al., 2013) would favour
the accumulation of solutes in the continuous phasereasing the luminosity of
samples. In general, differences between the distiydrocolloids were small, with the
exception of the lighter colours (hidlf) of the gels elaborated with carrageenans and
non-treated flours. Thus, although it seems thatflbur colour dominates the final
colour of gels, the different molecular structureks the hydrocolloids and their
interactions with flour components could also hare influence on the colour of
pastes/gels.

Gels containingc-carrageenan were harder, whether using extrudmdsflor native
flours. In the case of extruded flours gels, néedédnces in hardness were observed with
the other hydrocolloids, but in the case of nomtted flours, tha-carrageenan gels
were softer, followed bygelidiumagar gels. Regarding the breaking strain, thevaati
flour-carrageenan combination gels together with ilative control sample presented
higher values, but no clear trend was observedarcombinations with extruded flours.
Lafargue, Lourdin and Doublier (2007) showed how a@ldition ofc-carrageenan (with
potassium) produced an increase in the hardnes®dified pea starch gel. In contrast,
Eidam et al. (1995) reported greater gel strenfidr the incorporation ofcarrageenan
than if k-carrageenan was used, contrary to the findingbeopresent study. However,
those authors used pukecarrageenan without potassium ions, which increhge
gelling power of carrageenan (Therkelsen, 1993)vemald explain the greater hardness

of thek-carrageenan gels used in our study.
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Despite the fact that seaweed agars, particulgracilaria agar, showed a greater
gelling power than carrageenans when used alomater (figure la), the hardness of
their gels in combination with flour was lower thahserved withc-carrageenan-flour
gels. Therefore, the nature of the interaction betwthe hydrocolloid and the flour
starch is a key factor in the hardness of flourtbgdlloid-water gels. Lai et al., (1999)
and Huang et al., (2007) concluded that hydroodi&tarch (particularly amylose)
interactions resulted in the formation of a netwarkd/or crosslinking, which could
explain gel hardness. Nonetheless, consideringnypethesis that carrageenans do not
interact with solubilized/leached starch moleculd® greater hardness of these gels
may also be due to the associations among carrageemd gluten proteins (Wang et
al., 2005) and the increase in the concentratiommylose in the continuous phase

resulting from water immobilization by the hydrdead (Yoshimura et al., 1988).

4 Conclusions

Native and extruded wheat flour-hydrocolloid pagiels exhibit different properties
depending on the type of hydrocolloid. Results sstgd that agars and carrageenans
have different mechanisms of action on pasting gntogs. Agars could create bonds
with solubilized/leached (primarily amylose) mol&s) with a lower onset temperature
of gelatinization, and no increase in amylose gradation in comparison with
controls. Furthermore, the presence of agar coskis@aswelling of the granule, as
indicated by the increase in PV and BR. The camages, on the other hand, could
create associations with gluten proteins and coulot create bonds with
solubilized/leached (primarily amylose) moleculegidenced by the absence both of a
decrease in the onset temperature of gelatinizatnohof final viscosity. In the case of

extruded flours, marked differences are also olesem flour viscosity without heating

20



490

491

492

493

494

495

496

497

after the incorporation of distinct hydrocolloidBurthermore, results showed that
carrageenans, besides producing stiffer and mat#espastes, gave rise to harder and
clearer gels compared to those made with agar,fbotheir combination with extruded
and native wheat flours, thus carrageenans couldui@ble for product stability.
Meanwhile, pastes made with combinations of exuauturs and agar could be a good
option due to their greater thixotropy, which coldd beneficial when making of

sauces.
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Figure Captions

Figure 1. Pasting properties of hydrocolloids without flour (hydrocolloids alone), native
wheat flour with hydrocolloids and extruded wheat flour with hydrocolloids. Flours
without hydrocolloids (black line), k-carrageenan (continuous dark red line), I-
carrageenan (discontinuous dark red line), gelidium agar (continuous blue line),

gracilaria agar (discontinuous blue line). Temperature profile (dotted red line).
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Table 1: Individua effects of flour-hydrocolloid combinations on hydration and steady

flow properties.

WHC

Swelling

WBC

K (Pas") n Thixotropic

@9  (mLig) (9/9) aea
Native flour 5.95a 115.00a 0.73a 60.10b 0.326ab 0.27b
NFgelidium 13.368 136.22a 1.32c 54.26b 0.456¢cde 0.17ab
NFgracilaria 10.69a 145.453 1.10b 85.98c 0.332abc 0.02a
NFi-carrageenan 68.74c 811.11e 4,98¢f 93.55¢ 0.314ab 0.05a
NF x-carrageenan  32.42b 310.00b 1.94d 51.35b 0.434bcde 0.00a
Extruded flour 37.34b 480.00c 4.,93¢f 4,423 0.420abcd 0.26b
EFgelidium 42.22b  410.00bc 4.94¢f 12.26a 0.405abc 0.66¢
EFgracilaria 42.87b 435.72c 4.98¢f 21.63a 0.306a 0.82c
EF-carrageenan 64.74c 600.00d 5.03f 3.073 0.555¢ 0.15ab
EF k-carrageenan 56.66c  491.35cd 4.89€¢ 5.20a 0.537de 0.16ab

Flour type: extruded flour (EF), native flour (NF).

WHC, water holding capacity; WBC, water binding capacity; K, consistency

coefficient; n, flow behaviour index.

Vaues followed by different letters within each column indicate significant differences

(P<0.05).



Table 2: Individual effects of flour-hydrocolloimbinations on oscillatory tests.

G’ (Pa) a G” (Pa) b tand c
Native floul 171.9¢ 0.172b 472t 0.295b¢  0.274al 0.127b
NFgelidium 556.1¢ 0.118al 105.9cc 0.252al 0.196al 0.130b
NFgracilariz 740.6¢ 0.108al 125.9d 0.234al 0.171¢ 0.122b

NFw-carrageenc 342bcc  0.176bi 89.3« 0.251al 0.279al 0.079t
NF k-carrageenc 1128.8  0.070: 48.4t 0.089: 0.13¢ 0.015:

Extruded flou 25.7¢ 0.201« 9.2¢ 0.454cc  0.423ct  0.236¢
EFgelidium 38.3¢ 0.250« 17.3¢ 0.483¢ 0.519¢ 0.217d
EFagracilari: 81.7¢ 0.216¢ 30.5al 0.396bct  0.382bi  0.173ct

EF-carrageenc 452.2¢ 0.100al 111.8ct 0.366bct  0.102: 0.160«
EF x-carrageens 260ab:  0.114al 48.4t 0.288bt 0.192al  0.164cq

Flour type: extruded flour (EF), native flour (NF).

G’, storage modulus at 1Hz; G”, loss modulus az1tard, loss factor; a, dependence
of G’ on frequency; b, dependence of G” on frequenc dependence of taron
frequency.

Values followed by different letters within eachwon indicate significant differences
(P<0.05).



1 Table3: Individua effects of flour-hydrocolloid gels on colour and textural properties.

Hardness  Breaking

L* ar b*
(N) Strain(mm)
NF Control 70.75f -0.44de 7.56f 2.18ab 4.97c
NFgelidium 64.95ah -0.49de 5.19d 7.19c 1.64a
NFaracilaria 65.54hc -0.40e 5.79de 11.18d 1.93ab

NF-carrageenan 71.02f -0.68cd 6.13¢ 2.88ab 4.82c
NF k-carraoeenan 70.00e  -0.93abc 5.68de 18.19¢ 3.75bhc

EH Control 66.18cd -0.86abc 2.53c 1.66a 4.29bc
EHoelidium 65.56bc -1.08a 1.49b 2.76ab 491c
EHgracilaria 64.34a -0.99ab 1.07ab 4.03b 4.31bc
EHi-carrageenan 66.68d  -0.82bc 3.27c 2.ab 4.92¢
EH x-carrageenan  65.38b  -1.01ab 0.65a 22.73f 3.20b
2
3 Hour type: extruded flour (EF), native flour (NF).

4  Vauesfollowed by different letters within each column indicate significant differences

(62}

(P<0.05)
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Highlights

Native and extruded wheat flour-hydrocolloid pastes/gels were studied

The addition of hydrocolloids to extruded flours significantly increased cold viscosity
Agar pastes showed greater consistency and higher thixotropy

Carrageenan pastes exhibited greater stiffness and stability

Carrageenan gels exhibited greater hardness than agar gels



