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Wheat flour doughswere processedwith soluble dietary fibres (DF) added up to 40% (w/w flour). DFweremade
of a ternary mixture of maltodextrins (MT, 3/5), pectins (PE, 1/5) and inulin (IN, 1/5). The addition of DF de-
creased the specific mechanical energy developed by the mixer, mainly because of water addition. It increased
the ratio of storage moduli and the elongational viscosity of the dough, but decreased the strain hardening
index. Energy input and rheological changes at mixing largely explained the decreases of porosity characteristic
time and stability time during fermentation. It was possible to add up to 30% DF with a moderate increase of
bread density, and 20%, with little change of crumb cellular structure. Hence, the changes of bread crumb texture
were not mainly due to bread density, but rather likely to the changes of properties of the intrinsic material.
Results obtained by addition of single fibre source, especially inulin, deviated from the main trends observed
for texture and rheological properties. These results provide a good basis to design breads with increased dietary
fibre content.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

For a healthy diet, a large daily dose of dietary fibre (≥25 g/day) is
recommended, that is far higher than the consumption observed in
most countries (Anderson et al., 2009). Dietary fibres may be classified
according to their solubility, which have significant impact on their
physiological functionality (Arcila, Weier, & Rose, 2015). Soluble fibres
cover a wide range of ingredients, from oligosaccharides to hydrocol-
loids, and are known to present prebiotic effects (Angioloni & Collar,
2008; Rosell, Santos, & Collar, 2009). These prebiotic effects may lie in
the capacity of these fibres (fructoligosaccharides, arabinoxylanes, or
resistant starches for instance) to generate active metabolites such as
butyrate and propionate, which are short chain fatty acids produced
by degradation of the fibres by the colon microbiota (de Vadder et al.,
2014). Many studies on physiological impact of dietary fibres have fo-
cused on the effect of a single source of fibres which impacts bacteria
consortia (Delzenne, Neyrinck, & Cani, 2013), but seldom address the
effect of DF blends, which could favor the bacterial diversity via the
production of awider variety ofmetabolites signals, butyrate and propi-
onate in particular.
.

Cereals products provide opportunities to develop foods that deliver
health benefits for a large population (Ishwarya & Prabhasankar, 2014).
Therefore, bread is a good target for fibre enrichment, which requires
substitution of wheat flour in the dough recipe. Besides, the physiolog-
ical effects of fibre addition in bread have already been studied (see for
instance Christensen et al., 2013). However, the accurate interpretation
of the results of such studies is not straightforward since the addition of
fibres, soluble or insoluble, modifies its structure and texture, especially
density, which, in turn,will affect the kinetics of digestion and the avail-
ability of nutrients (Saulnier, Micard, & Della Valle, 2014). In addition,
these modifications will also affect the rheological properties of dough
and its processing until final bread texture, which may be detrimental
to its sensory properties (Poutanen, Sozer, & Della Valle, 2014). There-
fore, when processing functional foods, like breads enriched in fibres,
it is essential to strive to maintain the same texture properties, a point
which is often discarded. The use of enzymatic and fermentation or
physical (extrusion) processes that can tune the solubility of fibres be-
fore incorporation to bread recipes (Arcila et al., 2015; Gomez,
Jimenez, Ruiz, & Oliete, 2011; Salmenkallio-Marttila, Katina, & Autio,
2001) may be useful in this purpose. However, there is a need to ascer-
tain the effects of soluble fibres at different stages of breadmaking
(mixing, fermenting, baking), with emphasis on dough rheological
properties and bread specific volume and texture.
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Indeed, addition of soluble fibres may lead to negative effects on
dough properties (Morris & Morris, 2012) regarding water absorption,
dough development, elasticity and stickiness,which all affect bread sen-
sory properties, especially by increasing density. Themain mechanisms
of action of soluble fibres (SF) on dough rheological properties have
been described by Courtin and Delcour (2002) in the case of water ex-
tractable arabinoxylans, with emphasis on dough behavior during pro-
cessing. Due to variable hydration properties, SF addition first requires
an adjustment of water addition during mixing (Hager et al., 2011;
Morris & Morris, 2012). Regarding dough rheological properties, the
measurements of linear viscoelastic properties (small amplitude oscilla-
tions, SAO) have shown that the increase of storagemoduluswith SF ad-
dition, mainly pentosans, could be attributed to a reinforcement of
gluten network (Santos, Monteiro, & Lopes da Silva, 2005; Wang,
Hamer, van Vliet, & Oudgenoeg, 2002), although opposite result, net-
work weakening, has been found when adding pentosan (Migliori &
Gabriele, 2010) or pectin (Angioloni & Collar, 2008). Results from
large strain rheological measurements, out of the linear viscoelastic do-
main, can be linked to process behavior. However, suchworks about the
effect of SF addition are quite seldom, either because dough containing
SF are difficult to handle, due to increased stickiness andmodified or be-
cause such measurements are less popular than SAO measurements.
Using uniaxial compression test, Cavella, Romano, Giancone, and Masi
(2008) showed that dough elongational viscosity and strain hardening
index decreased when adding up to 9% inulin, which suggest worse
gas retention performance during dough fermentation and, conse-
quently, lower final bread volume.

Specific volume (or density) is themain target property of bread and
it has been shown to increase with addition of low SF amounts. Gener-
ally, crumb texture changes (firmness, hardness), observed when
adding arabinoxylans, inulin, extruded bran, β-glucans, can be ex-
plained, at first, by density changes (Courtin & Delcour, 2002; Cavella
et al., 2008; Peressini & Sensidoni, 2009; Gomez et al., 2011; Hager et
al., 2011; Morris & Morris, 2012; Rubel, Pérez, Manrique, & Genovese,
2015). Finally, the effects of SF incorporation on dough and bread prop-
erties depend on the type of fibre, the addition level and the step of
breadmaking process studied. Actually, the effect of SF addition, at levels
larger than 10% of flour substitution, has never been studied at different
steps of the breadmaking process, likely because of negative effects on
dough properties. Moreover, as opposite effects are sometimes encoun-
tered, according to the source of fibres, it may be possible to balance
those, i.e. reducing the negative ones, by using a blend of different
sources. As mentioned earlier, this could enhance the prebiotic effect
by favoring the bacterial diversity.

In this context, our aimwas to determine to which extent a blend of
soluble fibres could be added to wheat flour dough for breadmaking. In
this purpose, inulin, pectin and maltodextrins were added at various
levels to wheat flour, either single, or binary and ternary blends and
Table 1
Composition of dough formulations (/2000 g wheat flour basis, f.b.), in maltodextrins from tapi
fibres substituting flour, and MC the water content on total wet basis.

Formulation & symbol MT (g) IN (g) PE (g) DF (%

1 △ 0 0 0 0
2 ○ 0 0 80 4
3 0 80 0 4
4 □ 0 80 80 8
5 60 20 20 5
6 120 40 40 10
7 ● 240 0 0 12
8 240 0 80 16
9 ■ 240 80 0 16
10 240 80 80 20
11 300 100 100 25
12 360 120 120 30
13 480 160 160 40

a This value is the mass of DF over the mass of DF + flour.
the resulting changes of dough properties and bread texture were
assessed with rheological and imaging methods.

2. Materials and methods

2.1. Raw materials and dough compositions

French wheat flour (WF, 13%, g protein/g dry flour, dry basis, d.b.,
0.55% ash)was supplied byMoulin Girardeau (France). 3 different solu-
ble dietary fibres (DF) were tested: (1) high methoxyl pectin (PE,
UnipectineQC 100, Cargill, Germany), (2) short chain inulin (IN, Instant,
DP ≤ 10, Cargill, France) and (3) maltodextrins from tapioca starch,
named resistant starch (MT, C ActiStar 11,700, Cargill, France, about
50% crystalline with melting DSC peak at 110 °C), which all dissolved
in water, at bare eye. Fresh yeast (Springer Lesaffre, France), dried re-
fined fine salt (Salinor, France) and tap water were used in the bread
making experiments.

13 different formulations of wheat flour and DF were studied (Table
1). The control formulation consisted of 2000 g wheat flour, 1240 g tap
water, 40 g fresh yeast, 36 g salt and 0.04 g ascorbic acid. Six formula-
tions were obtained by adding a mixture of DF, composed of 60% MT,
20% IN, 20% PE (% g fibre/g total fibre content), at different levels (on
flour basis, f.b.): 5%, 10%, 20%, 25%, 30% and 40% (dough # 5, 6, 10, 11,
12, 13, respectively). This DF mixture composition is selected because
it aims to optimize microbiota diversity and fermentation processes in
the gut for the consumer's health benefit (Endo, Niioka, Kobayashi,
Tanaka, &Watanabe, 2013). Then 3 formulations resulted from the indi-
vidual addition of 4% PE, 4% IN, 12% MT, on flour weight basis (#2, 3, 7),
or combined in pairs (#4, 8, 9); both addition levels correspond to the
same amount of the fibre ingredient as in formulation containing 20%
DF (#10).

Tapwater addition was adjusted by an expert baker for each formu-
lation at the end of pre-mixing stage in view of dough behavior andme-
chanical power measurements, in agreement with the French bread
making procedure (AFNOR standard V03-716). This procedure includes
a protocol for the breadmaking process and provides an evaluation grid
of the dough quality according to six criteria: smoothing aspect, sticki-
ness, consistency, extensibility and slackening. The capacity of the ex-
pert baker to reason efficiently over a variety of production contexts
about the relations between the flour constituents, the ingredients
and the mixing process conditions with the dough quality, defined ac-
cording to these criteria, has been validated by Kansou, Chiron, Della
Valle, Ndiaye, and Roussel (2014).

2.2. Breadmaking procedure

Mixing was carried out in a spiral mixer (Diosna SP12, GmbH,
Germany). Mixing protocol consisted of 3 different steps. First, wheat
oca starch (MT), Inulin (IN) and Pectin (PE), DF the amount of added fibres, (% flour sub.)a

f. b.) Fibre (% flour sub.)a Water (% f. b.) MC (%tot. w.b.)

0.0 64.0 46.5
3.8 88.0 52.1
3.8 62.0 44.8
7.4 78.0 48.5
4.8 69.3 46.8
9.1 78.0 48
10.7 73.3 46.2
13.8 87.6 49.0
13.8 71.7 44.7
16.7 93.0 49.4
20.0 99.0 49.6
23.1 106.0 50.0
28.6 122.5 51.3
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flour and fibres weremixed at 80 rpm for 6min in order to homogenize
the drymixture. Secondly, yeast, ascorbic acid andwaterwas added and
a pre-mixing stepwas carried out at 80 rpmduring 4min. Thirdly, a tex-
turing step was performed for 7 min at 160 rpm. Salt was added 5 min
before the end of mixing step. The mechanical power supplied to the
dough and the temperature of the dough were recorded. Mixing condi-
tions were assessed according to the final temperature increase from
the initial value during texturing (ΔT, °C), and to the specificmechanical
energy (SME, kJ/kg) computed from the mechanical power, as detailed
by Shehzad et al. (2012). Experiments were carried out at least in
triplicate.

After mixing, dough fermentation was performed in a proofing cab-
inet (Panem, France) for 20min at 27 °C and under 75% relative humid-
ity (RH). Then, dough was separated into 350 g pieces. These pieces
were manually rounded, then mechanically moulded (Tregor, France)
and finally proofed in individual metallic pans, for 100 min at 27 °C
and 75% RH. Finally, dough pieces were scarified, and then baked in a
deck oven (Bongard, France) for 25min at 245 °C (hearth and vault tem-
peratures). 300mL of steamwere added before and after loading. Before
characterization, breads were cooled at room temperature for 2 h.

2.3. Dough characterization

2.3.1. Thermomechanical properties
Thermomechanical properties of doughs (without yeast) were

measured in a dynamic mechanical analyser (DMA, MK IV, Rheometric
Scientific, USA) with a plate-plate geometry (17 mm diameter, 3.2 mm
gap). After mixing, dough rested 20 min at ambient temperature
(≈25 °C). Then a sample of 0.90 ± 0.05 g was placed between the
plates and sealed with paraffin (Super Lube, Bohemia, USA). Experi-
ments were carried out at 1 Hz, in the compression mode at 0.1% of
strain. As checked in former studies (Rouille, Chiron, Colonna, Della
Valle, & Lourdin, 2010; Shehzad et al., 2012), this value is in the linear
viscoelastic domain, and it is assumed that any deviation from this
domain during heating can be discarded, or at least supposed to be
the same for all dough tested. After loading, samples were rested for
5 min prior to testing, and a constant static force (=10−2 N) was
applied, of negligible contribution on modulus value, to maintain
contact between plates and sample during temperature sweep. Tem-
perature was increased from 25 to 120 °C with a constant heating rate
of 3 °C/min by air heated oven. It has been previously checked that at
this rate, dough sample temperature remained close to controlled
oven temperature (Rouille et al., 2010). Values of viscoelastic moduli
(E’, E” and tanδ = E”/E’) where calculated using RSI Orchestrator soft-
ware (Rheometric Scientific, USA). Taking into account the similar
shape of DMA curves, dough behavior was assessed by the ratio
(E'max/E'min), the maximum value of storage modulus (E'max) obtained
at ≈72±3 °C, to the minimum value (E'min) obtained at ≈48±3 °C.
In spite of some changes of these temperature transitions, likely due
to different moisture and SF contents, the analysis of the results was fo-
cused on E'max/E'min). Indeed, this ratio reflected the swelling of starch
granules and the aggregation of gluten proteins, i.e. network cross-
linking. All thermomechanical essays were performed at least in
duplicate.

2.3.2. Elongational properties
Rheological measurements were carried out at large bi-elongational

strain by Lubricated Squeezing Flow test (LSF) using a traction/com-
pression machine (Instron, Type #1122, USA) with a plate-plate geom-
etry (20 mm diameter, 15 mm gap) equipped with a force sensor (0;
100 N). At the end of mixing, dough samples without yeast (≈5 g)
were placed in Teflon cylinders (14mmheight, 20mmdiameter) lubri-
cated with paraffin oil and kept at room temperature for 30 min. Then
the homogeneous sampleswere removed from the cylinders and placed
between the plates lubricated with paraffin oil. The cylindrical samples
were compressed by the upper plate, attached with a movable
crosshead, until a final height of 1 mm, at a constant speed (v = 5, 10
and 100 mm/min). The force applied to samples was recorded as func-
tion of displacement. Data were processed according to the procedure
described by van Vliet (2008). Stressσ, defined as the ratio of measured
force F to plates area was plotted against biaxial deformation εb:

εb ¼ −1=2 ln h tð Þ=h0ð Þ ð1Þ

For given deformations εb [0.1, 0.25, 0.5, 0.75, 1.0, 1.25], biaxial de-

formation rate ε
•
b was calculated:

ε
•
b ¼ −

v
2h tð Þ ð2Þ

Then stressσwas plotted against biaxial deformation rate. The aver-
age slope of those curves defined n, the flow behavior index. From the
same plot, different values of Ln(σ) as function of εb may be derived

for a given value of ε
•
b . The slope of the curve of ln(σ) versus εb,

ð∂ lnσ
∂εb

Þ
ε
•
b¼cst

defines the strain hardening index SHI. Bi-extensional, or

elongational, viscosity ηE, was calculated for each deformation εb, plot-

ted against biaxial deformation rateε
•
b andfitted by thepower law equa-

tion (Eq. (3)):

ηΕ ¼ σ=ε
•
b ¼ K � ε

•
b

� �n‐1
εbSHI ð3Þ

where K (Pa.sn) is the consistency index, n the flow behavior index (di-
mensionless), n b 1 reflecting a strain rate-thinning behavior of the
dough. All doughs were tested at least twice by LSF.

2.4. Dough fermentation follow-up

Images of a rounded dough piece (m = 25 g) during proofing in a
controlled ambience (T = 27 °C, RH = 75%) were acquired every
5 min through digital camera for 240 min, according to the procedure
described in detail by Shehzad et al. (2010). Porosity P(t), was comput-
ed from dough volume V, assuming a cylindrical symmetry. The dough
shape ratio was defined by S(t) =H/Lmax, H and Lmax being, respective-
ly, the height and the maximum width of the dough sample at a given
time. The porosity kinetics can be modeled using a Gompertz function,
as first proposed by Romano, Toraldo, Cavella, and Masi (2007):

P tð Þ ¼ a: expð− exp −
b� e
a

t−cð Þ
� �

þ d ð4Þ

where coefficient a is an approximation of the final porosity increase, b
is the maximum volume expansion growth rate, i.e., the slope at inflec-
tion point, c is the time for inflection point, and d, varying like initial po-
rosity, is such as (a + d) = P(t = +∞) with d ≪ a, and e is the Neper
number (≈2.72). During proofing, the dough slowly spreads and ex-
hibits a continuous decrease of the shape ratio S(t), reflecting a loss of
stability.When t b 90min, these kinetics can be fitted by an exponential
decay:

S tð Þ ¼ a0−c0ð Þ:exp−t=b0 þ c0 ð5Þ

where a' and c' being the stability at t=0 and t→+∞, respectively, (a'-
c') is the overall loss of dough stability, and b’ is the starting time of the
stationary phase, i.e. spreading ceaseswhen t≫ b’. To avoid any bias due
to hand rounding of the dough prior to measurement, all curves were
shifted to the same value of initial shape ratio, a’ = 0.6. Experiments
were carried out at least in duplicate.
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2.5. Bread characterization

Bread density, ρ* (g/cm3), was calculated from ratio mass/volume.
After 2 h of cooling, bread volumewasmeasured by rapeseeds displace-
ment in a volumeter (Chopin Technologies, France). Bread mass was
measured using a balance (Mettler, PC 44000, Switzerland). Final mois-
ture content of breadwasmeasured after 24 h applying the French stan-
dard NF V 03-707 for cereals and bread, by weighing precisely the
weight loss of about 20cm3 of bread, after 1h30min at 130 °C, under at-
mospheric pressure.

To define crumb cellular structure, images of bread slices are
acquired at a macroscopic scale and analyzed by a grey level
granulometric method from mathematical morphology (Lassoued,
Babin, Della Valle, Devaux, & Réguerre, 2007). For each bread slice,
this procedure leads to granulometric curves that are finally analyzed
by Principal Component Analysis (PCA), in order to map the crumb im-
ages. For each formulation, ten vertical and central slices (11mm-thick-
ness) are selected and 3 replicates are achieved after removing the crust
area (thickness≈ 2 mm) from the image.

The amount of crustwas determined according to the image analysis
procedure described in detail by Della Valle, Chiron, Jury, Raitière, and
Réguerre (2012). From this analysis, the total and crust section area, St
and Sc were determined, and the crust index derived Ic = Sc/St. The
whole experiment was triplicated and mean values of the results were
presented.

Finally, bread crumb texture was assessed by means of compression
assays. About 16 h after cooling, bread slices, after crust removing, were
submitted to a compression using a plate-plate geometry (40 mm of
diameter) set on a universal testing machine (Instron #1122, Instron
Corporation, Canton, MA, USA). The maximum height (h0) of slices
was measured and the crosshead was moved down at a speed of
50mm/min and stopped after a distance equal to 2/3 h0. After compres-
sion, the bread was relaxed for 180 s. From the force-displacement
signal, the apparent modulus of the crumb, E⁎(kPa), was derived from
the initial slope. The critical stress σc (kPa) and the residual stress σr

(kPa) were obtained, respectively, at the first shoulder, i.e. at the end
of thefirst linear part, of the stress curve, and at the endof the relaxation
step.
2.6. Statistical analysis

The goodness of fitting of experimental data to the different models
applied was evaluated from the corresponding coefficients of determi-
nation (R2) and root mean square error (ERMS). Differences among
means were identified by one-factor analysis of variance (ANOVA),
followed by the Scheffe test and considering significant P-values ≤
0.05 (IBM SPSS Statistics 22). In addition, from the repetitions of the
Table 2
Mixing characteristics and rheological properties of dough formulations (/2000 gwheat flour ba
b4% for mixing energy and temperature, and b12% for values derived from rheological measur

Formulation & symbol Fibre (% f.b.) SME (kJ/kg) Td (°C

1 △ 0 24.4 23.1
2 ○ 4 13.5 20.1
3 4 23.4 23.0
4 □ 8 17.9 21.2
5 5 24.8 23.3
6 10 19.0 21.4
7 ● 12 20.3 22.2
8 16 20.1 21.3
9 ■ 16 17.9 21.7
10 20 16.3 20.6
11 25 16.1 20.5
12 30 15.3 20.3
13 40 15.0 20.1
experiments, standard deviations were computed and error bars were
included in the graphs presenting results.

3. Results and discussion

3.1. Water addition and mixing

As shown in Table 1, the level of water added was generally in-
creased when soluble fibre blend was added. Same trend is observed
when adding β-glucan (Hager et al., 2011). However, when inulin was
added alone (dough #3), the level of water was decreased, because
the dough softened or stuck to the bowl. Similar effect has already
been observed by Peressini and Sensidoni (2009) and Hager et al.
(2011), especially for short chain inulin. Itwas attributed to the lubricat-
ing effect of inulin oligosaccharides, as we first suggested for sugars and
wheat grain oligosaccharides (Rouille, Della Valle, Lefebvre, Sliwinski, &
vanVliet, 2005). As a consequence of water addition, the specific me-
chanical energy, SME, applied to the dough during mixing varied from
24.8 kJ/kg (#5) to 13.5 kJ/kg (#2) (Table 2). This trend, shown in Fig.
1a, did not include the dough with inulin (#3) nor that with inulin
and maltodextrin (#9). For these two doughs, lower values of SME
might be attributed to the lubricant action of inulin. Conversely, when
compared to the amount of DF added, the value of SME reached for
dough containing pectin alone (#2) was low (Fig. 1b), likely because
of the large amount of water added. All over, the formulations made
from the ternary blend of DF led to a regular decrease of SME with the
amounts of water and DF added. Similar result has been reported by
Le Bleis, Chaunier, Chiron, Della Valle, and Saulnier (2015), who ob-
served a decrease in the same range of SME values (30-15 kJ/kg)
when adding insoluble fibres (wheat bran particles). However, in our
case, we believe that this decrease should be attributed to the lubricant
action of water more than to a deficient development of the gluten net-
work. Indeed, in the latter case, the mechanisms of dough transport in
the bowl during mixing would have been changed as a consequence
of increased heterogeneity, which has not been observed in our case. Fi-
nally, a linear correlation is found between SME and the final dough
temperature Td, for all doughs (not shown, values in Table 2, R2 N 0.9).
This result confirmed that heat was transferred to the dough by viscous
dissipation of the mechanical energy.

3.2. Rheological properties

As expected, the variations of the storage modulus E’with tempera-
ture exhibited first a smooth decrease at a temperature close to 50 °C,
where it took a minimum value E'min, followed by a strong increase
until T ≈ 75 °C, where it took a maximum value E'max (Fig. 2a). The
values of E'max/E'min, are assumed to reflect the thermal sensitivity and
sis, f.b.). Figures in bold indicateminimumandmaximumvalues. Standarddeviationswere
ements.

) K (kPa sn) n SHI (Pa) E'max/E'min

7.6 0.29 2.05 14.5
6.8 0.22 1.98 11.7
10.2 0.40 2.07 18.2
13.6 0.30 1.88 8.0
6.4 0.25 2.18 15.9
6.1 0.26 2.25 13.0
6.9 0.27 1.75 15.0
13.7 0.30 1.79 10.6
5.2 0.22 2.05 13.8
11.3 0.34 1.80 12.1
10.4 0.28 1.65 10.0
10.1 0.27 1.58 7.5
17.5 0.36 1.25 5.5



Fig. 1. Variations of specific mechanical energy during dough mixing with (a) water
content and (b) with the amount of fibres added for the formulations described in Table
1. Correlations (r2 = 0.93 and 0.94, respectively) are drawn for control dough (△) and
doughs containing ternary blend of fibres ( , 5; , 10; , 20; , 25; , 30; , 40% on
flour basis). Binary blends are indicated by □ (PE/IN), (PE/MT) and ■ (IN/MT) and
single ingredient formulation are indicated by ○ (PE), (IN),● (MT).

Fig. 2. Dynamic Thermomechanical Analysis (DMA) of doughs: (a) typical variations of
storage modulus E’ with temperature for control dough (#1, ——), with SF addition 12%
MT (#7,\\\\), 25% (#11, ), and 40% ternary blend (#13,\\); (b) moduli ratio E'max/
E'min, with dough moisture content. Correlation curves (r2 = 0.9) is drawn only for
control dough and doughs containing ternary blend of fibres (triangle symbols, same
legend as indicated for Fig.1, and also in Tables 1 & 2).
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the behavior of the dough. They decreased from 18.2 for the dough con-
taining only inulin (#3) to 5.5, for the dough containing the largest
amount of DF (#13) (Table 2). These variations aremarked by an overall
decrease of thermal sensitivity when large amounts of DF added
(Fig. 2b). Since the value of E'max rather remained constant, this trend
is thought to be due to the increase of E'min value, because of the thick-
ening of the liquid phase. It is in agreement with the commonly ob-
served trends, either for soluble pentosans from wheat (Santos et al.,
2005), or long chains inulin (Cavella et al., 2008). Nevertheless, it should
be recalled that a decrease of modulus has been found by Hager et al.
(2011) and Rubel et al., (2015) when adding inulin. Likely the size of
the oligosaccharides chains used may explain this apparent contradic-
tion. Supramolecular organization (crystallinity) may also be inferred
for the effect of added maltodextins as suggested for type IV resistant
starches by Haralampu (2000).

The biaxial extension measurements performed at different strain
values (0.1 b _εb b 1.25) for the 13 dough formulations, confirmed that
the variations of elongational viscosity (ηE) could be adjusted by the
power law, function of strain rate _εb indicated in Eq. (3), as illustrated
by flow curve segments presented in Fig. 3a. For strain values εb =
0.75, the values.

of consistency index (K) varied between 5.2 kPa·sn (#9) and
17.5 kPa.sn (#13) whereas the flow index values (n) varied in a narrow
interval (0.22 to 0.4) and the strain hardening index values (SHI), de-
rived for _εb = 10−2 s−1, varied between 1.25 and 2.25 (Table 2).
These values were in the interval of values reported in the literature
for various processing conditions and compositions (Launay &
Michon, 2008; Turbin-Orger, Shehzad, Chaunier, Chiron, & Della
Valle, 2016; van Vliet, 2008). The values of K were generally lower
than those found by Le Bleis et al. (2015) for dough enriched with
insolube fibres (wheat bran). A concomitant increase of K and de-
crease of SHI was observed when moisture content, and the amount
of ternary blend added, increased (Fig. 3 b, c). This trend was also ob-
served for other fibres except when adding pectins alone (#2, O).
Clearly, these opposite trends cannot be interpreted by the action
of a charge in a suspension, unlike for (solid) bran particles in
dough (Le Bleis et al., 2015). To our knowledge, these results have
never been observed before, except SHI decrease already found for
the addition of long chain inulin (Cavella et al., 2008) and also qual-
itatively by Wang et al. (2002) in the case of water extractable pen-
tosans (WEP). At first glance, it could be attributed to dilution
effects of the gluten network by increased water amount. However



Fig. 3. Elongational properties of doughs measured by LSF: (a) typical variations of
elongational viscosity with strain rate at constant strain values εb = 0.25(dotted lines)
and εb = 1 (cont. line) for control dough (#1,△), with SF addition 12% MT (#7,●), 25%
(#11, ), and 40% ternary blend (#13, ); variations with dough moisture content of
(b) consistency index K and (c) strain-hardening index SHI. Correlation curves (r2 =
0.76 and 0.82, respectively) are drawn only for control dough and doughs containing
ternary blend of fibres (triangle symbols, same legend as indicated for Fig. 1, and also in
Tables 1 & 2).

Fig. 4.Dough behavior during fermentation: (a) variations of porosity characteristic time c
with dough temperature at the end of mixing Td, with inserted examples of porosity
kinetics for dough #1 (control, △), #7 (12% MT, ●), #11 (25% fibres, ) and #13 (40%
fibres, ), dotted line standing for the results from Turbin-Orger et al. (2016) and (b)
variations of stability characteristic time b’ with dough consistency K with inserted
examples of stability kinetics for dough #1 (control, △), #7 (12% MT, ●), #11 (25%
fibres, ) and #13 (40% fibres, ). Correlation curves (r2 = 0.62 (a), 0.89 (b)) are
drawn for control dough and doughs containing ternary blend of fibres (triangle
symbols, same legend as indicated for Fig. 1, see also in Tables 1 & 2).
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the increase of consistency (Fig. 3b) rather suggests that a thickening
of the liquid phase by soluble fibres might counteract the dilution by
water.
3.3. Dough behavior during proofing

The kinetics of porosity and stability of dough during fermentation
were determined at macroscopic scale by 2D image follow-up. The po-
rosity curves had a sigmoid shape with a final value (a + d at t =
240 min) between 0.7 and 0.8 (see insert in Fig. 4a). These curves
were well fitted by the Gompertz model (Eq. (2), R2 N 0.99), for all
dough formulations. The relative standard deviation of porosity param-
eters (a, b, c, d) was b8%. Given this uncertainty, the porosity increase
(a) remained constant =0.72 ± 0.04 except for dough #13 (a = 0.63)
which has the largest DF (Table 3). A decrease of dough expansion dur-
ing fermentation has also been found for larger levels (7 to 10% of flour
substitution) of long chain inulin addition (Cavella et al., 2008; Peressini
& Sensidoni, 2009). The time for inflection point (coefficient c), or po-
rosity characteristic time, varied between 30±1min for thedough con-
taining only maltodextrins (#7) and an average value of 49 ± 3min for
doughs containing high amounts of ternary blend (#11, 12). These
values were lower than those found by Le Bleis et al. (2015) for dough
enriched with wheat bran, likely because of the larger viscosity of



Table 3
Characteristic coefficients of dough fermentation kinetics defined by Eqs. (2) & (3). Figures in bold indicate minimum and maximum values. Standard deviations were b8% for porosity
coefficients and b10% for stability coefficients.

Formulation & symbol Fibre (% f.b.) Porosity Stability

a b (103 min−1) c (min) d b’ (min) c’

1 △ 0 0.73 7.7 35 0.1 16 0.42
2 ○ 4 0.76 7.1 41 0.07 12 0.46
3 4 0.745 11.5 35 0 15 0.42
4 □ 8 0.73 6.1 34 0.13 11 0.49
5 5 0.74 6.7 33 0.12 19 0.47
6 10 0.73 6.3 37 0.12 18 0.44
7 ● 12 0.67 7.6 30 0.11 26 0.445
8 16 0.74 6.7 40 0.07 13 0.51
9 ■ 16 0.71 9.5 39 0.03 33 0.43
10 20 0.76 8 38 0.03 9 0.53
11 25 0.76 7.2 49 0.03 9 0.52
12 30 0.73 7.1 49 0.02 7 0.54
13 40 0.63 6.5 42 0.06 6 0.525
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these latter doughs, as indicated by K values. However they were larger
than those found by Turbin-Orger et al. (2016) who managed to
obtain large variations of SME and, consequently, of dough tempera-
ture at the end of mixing. Although Td varied in a much narrower
interval in our case (3 °C), we found a similar decreasing trend for
the variations of porosity characteristic time with Td (Fig. 4a). This
trend was explained by the yeast activation and gas production,
due to larger dough temperature at the start of fermentation. To
avoid this influence of dough temperature on the porosity increase
of dough with SF addition, it would be necessary to process dough
in a mixing system with temperature control in order to obtain var-
iations of dough final temperature b3 °C. In line, the scattering of the
data might be due to two main mechanisms: (1) larger amount of
maltodextrins (#7), partly containing sugars, might have increased
gas production and speeded up dough expansion, hence leading to
lower c values, in line with the findings of Romano et al. (2007) on
the influence of yeast activity on porosity kinetics, (2) dough con-
taining larger amounts of ternary blend (especially #11, 12), having
larger viscosity, displayed larger values of c: a high elongational viscos-
ity decreases the growth of gas bubbles, hence slowing down dough
expansion.

Dough spreading during proofing was reflected by the continuous
decrease of the shape ratio S(t), whichwaswell fitted by an exponential
decay (Eq. (3), R2 N 0.9), for t ≤ 90min (see insert in Fig. 4b). The relative
standard deviation of stability coefficients (b’, c’) was b10%. The
asymptotic value, or final stability, c’, varied in a narrow range,
from 0.42 to 0.53, compared with the values found earlier by addi-
tion of fat and sucrose, adding bran or modifying mixing conditions,
(Le Bleis et al., 2015; Shehzad et al., 2010; Turbin-Orger et al., 2016).
This comparison shows that dough containing soluble fibres did not
spread much. Conversely, the starting time of the stationary phase
(b') varied between 6 min (#13) and 33 min (#9) (Table 3), which
suggests that these doughs rapidly ceased to spread, or stabilized. Ex-
tensive spreading or loss of stability is clearly undesirable and is often
associated with internal collapse due to gas cell coalescence, as
found by Turbin-Orger et al. (2015), who showed that fermented
dough could be envisioned as a three phases medium, in which gas
bubbles are finally separated by liquid films. Hence, the negative
correlation of the characteristic time of stability with elongational
viscosity reflects the resistance of dough to bubble coalescence, im-
proving dough stability (Fig. 4b). Clearly, at longer fermentation
times (t N c N b’), the dough cellular structure could be stabilized by
liquid films, the viscosity of which would be increased by the presence
of polysaccharides contained in soluble fibres. This is particularly illus-
trated by the lower values of b’ obtained for dough containing pectins
(#2, 4, 8).
3.4. Bread texture

3.4.1. Density, crust and cellular structure of breads
DF did not change somuch the density of bread crumb, the values of

which remained in the interval 0.21–0.25 g·cm−3, except for bread con-
taining only maltodextrins and inulin (#9; 0.3 g·cm−3) and bread with
largest DF (#13, 0.39 g·cm−3) (Table 4). These results are in agreement
with Peressini and Sensidoni (2009) who reported an increase of densi-
ty up to 0.33 g·cm−3, with addition of larger amounts of long chain in-
ulin (N7% of flour substitution). The density of the crumb was linearly
correlated to the one of bread (R2 = 0.82, graph not shown) and the
lack of fit might be attributed to the differences observed on crust, as
discussed in the following. The moisture content of the crumb varied
between 45% and 51% (wb) and was highly correlated to the one of
the dough (R2 = 0.95, not shown).

The crust index derived from the ratio of surface areas, determined
by image analysis of bread slice, varied from 0.004 (# 13) to 0.086 ±
0.01 (#3). This maximum value corresponds to an average crust thick-
ness of 2 mm. For ternary blends, crust index tends to decrease with
pan bread density (Fig. 5a). Indeed crust is formed during baking
when the external layer of dough reaches low moisture content, and
its temperature increases beyond 100 °C. So, this general decreasing
trend may be explained by the larger moisture content of the breads
having a larger DF content (see also Fig.1a).Moreover, the larger density
of these doughs could decrease the internal heat transfer, and then slow
down the formation of crust during baking (Della Valle et al., 2012).
Conversely, the larger Ic values of doughs containing inulin and
maltodextrins (# 3, 7, 9) do not follow this general trend. This result
might be related to lower moisture content andmore intense browning
reactions due to short chain glucans.

The cellular structure was mainly governed by the density. For ex-
ample, crumb #1 had a rather uniform and smooth grain (Fig. 6a). By
contrast, sample #13, with largest DF, gave a smaller bread volume, in
agreement with large density value, and it had a coarser and more het-
erogeneous cell structure, as shown by larger cells and thicker walls. In
comparison, other samples, with intermediate DF, exhibited little varia-
tions in cell sizes and cellwall thickness, in linewith density values close
to the one of control bread (#1). Granulometric curves obtained from
bread images were submitted to principal component analysis (PCA)
and bread crumbs were compared on a similarity map (Fig. 6b). The
first principal component, accounting for 92% of total granulometry var-
iance, mainly underlined the regular increase of differences in average
cell size and cell wall thickness for breads with increasing DF content,
but without marked increase of cellular heterogeneity, except for #13,
thus confirming images observation. This result is somewhat different
from the one obtained with the addition of insoluble fibres (bran



Table 4
Texture properties of pan breads enrichedwith solublefibres. Figures in bold indicateminimumandmaximumvalues. Standarddeviationswere b7% for density values, 25% for crust index
and 15% for mechanical properties.*

Formulation & symbol Fibre (% f. b.) Density, moisture and crust Mechanical properties

bread (g·cm−3) crumb (g·cm−3) MC (tb, %) Ic (−) E* (kPa) σc (kPa) σr (kPa)

1 △ 0 0.215ª,b 0.210ª 46.0a,b,c 0.054b,c,d,e 5.80ª,b 0.50ª,b 2.00a

2 ○ 4 0.205ª,b 0.235ª,b,c 50.9e 0.022ª,b 5.25ª,b 0.40ª,b 1.60ª
3 4 0.240b,c,d 0.260c 44.5ª 0.086e 22.55c 1.45e 4.40c

4 □ 8 0.215ª 0.210ª 48.6c,d,e 0.028ª,b,c 7.15ª,b 0.45ª,b 1.40ª
5 5 0.213ª 0.240ª,b,c 46.3ª,b,c 0.022ª,b 11.50b 0.85c,d 3.25b

6 10 0.223ª,b 0.240ª,b,c 47.9b,c,d 0.017ª,b 11.35b 0.80c,d 2.95b

7 ● 12 0.235ª,b,c 0.240ª,b,c 45.3ª,b 0.064c,d,e 8.70ª,b 0.70b,c 3.55b,c

8 16 0.235ª,b 0.225ª,b 49.8d,e 0.036ª,b,c,d 7.65ª,b 0.55ª,b,c 1.95ª
9 ■ 16 0.291c,d 0.300d 45.1ª,b 0.074d,e 27.20c 1.85f 7.65d

10 20 0.238ª,b 0.220ª,b 49.7d,e 0.019ª,b 7.10ª,b 0.45ª,b 1.75ª
11 25 0.258ª,b,c 0.225ª,b 50.0d,e 0.023ª,b,c 4.75ª 0.40ª 1.45ª
12 30 0.292d 0.250b,c 50.3d,e 0.012ª 6.00a,b 0.45ª,b 1.65ª
13 40 0.398e 0.385e 51.4d,e 0.004ª 11.72b 1.00d 3.90b,c

*Data are presented as mean values ± standard deviation. Data value of each parameter with different superscript letters in columns are significantly different Scheffe test; p ≤ 0.05.
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particles), that leads tomore uniformbutmuch coarser crumbs (Le Bleis
et al., 2015). However, in both cases, the change of cellular structure
seemed to be only governed by the increase of density.
Fig. 5. Bread characteristics: (a) variations of crust index of pan bread with density,
correlation curve (r2 = 0.79) is drawn for control dough and doughs containing ternary
blend of fibres (triangle symbols), and (b), variations of crumb modulus E* with density
ρ* = dotted line represents the trend indicated by open solid foam model (exponent n
= 2, Eq. (6)). Same symbols as indicated for Fig. 1 (see also in Tables 1 & 2).
3.4.2. Crumb mechanical properties
Results from compression–relaxation test led to various texture

properties as reported in Table 4. The modulus of crumb E*, related to
its firmness, varied from 5.25 k Pa for the bread containing PE (#2), to
27.2 k Pa for crumb containing MT and IN (#9) whereas the control
bread had a low E* value (5.8 kPa) and the bread containing the larger
DF (#13) led to a crumb with intermediate value of modulus E* =
11.7 kPa. The relative standard deviation for these variables was
±12%. Values found for the critical and residual stresses, σc and σr, var-
ied in the same ratio, andwere highly correlated to E* values (R2=0.84
and 0.87, respectively). This result indicated that modulus values can
well characterize the texture of these crumbs. Values measured for E*
were slightly larger than those reported by Guessasma, Chaunier,
Della Valle, and Lourdin (2011) (E* = 4–16 kPa) for breads of lower
density (ρ* ≤ 0.2 g·cm−3). Crumbmodulus tended to increasewithden-
sity, but this result cannot be predicted by the model of cellular solids:
E* ~ ρ*n (Gibson & Ashby, 1997), as shown by the lack of correlation in
Fig. 5b. The theoretical value of n is 2 for open foams, but lower values
(1 ≤ n ≤ 1.75) have been found for bread crumbs, by Zghal and
Sapirstein (2002). Divergence from the model of cellular solids may be
due to differences in (1) cellular structure and (2) the intrinsic proper-
ties of the crumb material. Difference in cellular structure is unlikely,
since, as discussed before, image analysis did not reveal strong differ-
ences in crumb grain (see Fig. 6b). So it might be rather imparted to
the crumbmaterial. Indeed, Fig. 5b shows that the discrepancy is largely
due to crumbs containing inulin only (#3, ●), and its blend with
maltodextrins (# 9, ■). The influence of the cell wall material could be
taken into account in the more accurate formulation of the cellular
solids model for open solid foam (Gibson & Ashby, 1997):

E�=Es ≈ ρ�=ρsð Þn ð6Þ

where Es is the intrinsic modulus of the crumbmaterial, which depends
on its composition and inner structure. Unfortunately, values of Es are
presently unknown, especially for crumb materials containing SF. In-
deed, larger Es value for crumbs containing inulin (#3), and its blend
with maltodextrin (#9), would improve the fitting with relation (Eq.
(6)). This hypothesis is worth to be worked on because it suggests a re-
inforcement of the mechanical properties of the wall material. It is in
line with the values of consistency, which were found higher than ex-
pected for dough containing inulin (Fig. 2b). So it remains a perspective
for further investigation on dough at microscopic level.

4. Main findings and conclusions

A ternary blend containing 3/5 tapioca maltodextrins, 1/5 pectins
and 1/5 inulin was tested in order to determine to which extent soluble



Fig. 6. Cellular structure of bread crumb illustrated by (a) images of bread slices (from right to left: #1, 6, 10, 12, 13) and (b) similarity map of crumb images granulometry after image
analysis, each ellipse featuring a set of slices, indicated by a number, come from the same bread; x axis (principal component 1) explains 92% of total granulometry variance.
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fibres could be added to wheat flour dough for breadmaking. By adding
up to 40% of this blend, with adjusted water addition during mixing, a
wide range of dough rheological properties was covered and general
trends were observed for dough enriched with the ternary blend. Al-
though the separate addition of single soluble fibre, mainly inulin, led
to results which could escape to these general trends, these trends are
worth to be recalled here, from both practical and scientific viewpoints.

First, the addition of water, increased with the amount of added sol-
uble fibres, decreased energy requirements during mixing, and hence
final dough temperature.We also showed that themain effect of soluble
fibre addition was to increase dough elongational viscosity, and to de-
crease strain hardening index, in relation with the amount of water
added. Small deformation studies (DMA) suggest that this increase of
dough viscosity could be due to the increase of dough liquid phase vis-
cosity rather than to direct interactions of polysaccharide components
with gluten network. Except for largest fibre addition (DF N 30%), a
large porosity increase of the dough was obtained during fermentation.
This increase was delayed for dough expansion having larger fibre con-
tent, likely because of lower final dough temperature after mixing. Con-
versely, the stability of the dough was improved by adding soluble
fibres, for all compositions, whatever the fibre origin, a result which
could be imparted to the increased viscosity of liquid films separating
gas bubbles. Finally, the texture changes of bread enriched with the sol-
uble fibres were well taken into account by the variations of elastic
modulus E*. However, the variations of E* values with density were
not in agreementwith the open solid foammodel. This discrepancy sug-
gested that texture changes were not only governed by the density, but
likely involved a change of crumb cell walls properties, mainly in the
presence of inulin.
Finally, this work shows that it is possible to process breads having
large content of soluble with density and texture closed to those of con-
trol bread, provided that the level of added ternary blend of fibres is less
or equal to 30%, i.e. 23% of wheat flour substitution, or 15% on overall
breadmass. Given the importance of breaddensity and texture on nutri-
tional properties, this result opens prospects for nutritional studies and,
in the longer term, for the design of breads with improved nutritional
properties on targeted human populations. In addition, from a practical
point of view, the knowledge of the rheological properties will be help-
ful to assess the main effects of the addition of soluble dietary fibres on
dough and bread properties.
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Nomenclature
a, b, c, d Parameters of the Gompertz model for porosity P
a’, b’, c’ Parameters of the exponential decay for stability
DF Amount of soluble dietary fibres added to the wheat flour

(% flour)
E⁎, Es Apparent and intrinsic modulus of bread crumb and cell wall

material, respectively (Pa)
E'max, E'min Maximum and minimum values of dough stor-
age modulus measured by DMA (Pa)

Ic Crust index of bread, determined by image analysis
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IN, MT, PE Inulin, Maltodextrin, Pectin, soluble fibres added
to wheat flour

K, n Consistency and flow indices of dough elongational viscosity
(Pa·sn, -)

MC Moisture content of dough, crumb, or bread, on a total wet
basis (%)

P(t) Dough porosity (-)
RH Relative Humidity
S(t) Dough shape ratio (-)
SHI Strain Hardening Index of dough (Pa)
SME Specific mechanical energy at mixing (kJ/kg)
Td Dough temperature at the end of mixing (°C)
ΔT Temperature rise during mixing = (Tt-Tf) (°C)
εb, _εb biaxial elongational strain (-),strain rate (biaxial) (s−1)
ηE Elongational viscosity (Pa·s)
ρ*, ρs Density of crumb and gas-free dough (g·cm−3)
σc, σr Critical and residual stress for crumb during compression and

at the end of relaxation (Pa)
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