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Abstract
Fiber-enriched breads can contribute to increasing the daily fiber intake. Resistant starches (RS) are a useful resource to increase
the amount of non-digestible carbohydrates while preserving as far as possible the technological quality of white bread. The
effects of high concentrations of Hi-Maize (HM), a type 2 RS, in dough formulations were analyzed by farinograph, dynamic
rheometric assays, texture profile analysis, and 1H-NMR relaxation measurements and related to particle size and microstructural
characteristics studied by different microscopy techniques (SEM, ESEM, CLSM). Up to 30% replacement with HM was
performed. Water absorption increased and development time and stability decreased when the amount of HM increased.
Water mobility increased suggesting a change in water binding. The mechanical spectra indicated a prevalence of the solid-
like character in all samples, but the G′ (storage modulus) vs. G″ (loss modulus) plot suggested a pronounced change in the
microstructure of dough at the highest level of replacement. Dough was harder, more adhesive, and less resilient when the HM
content was increased. The use of HM in the premix formulations not only diluted the gluten content but also changed the size
particle distribution of starch granules by increasing the fraction with smaller sizes. Thus, more compact matrices were obtained
with a noticeable disruption of the gluten network at the highest level of replacement. However, an intermediate level of RS
addition (20%) still rendered a dough with satisfactory rheological properties for breadmaking.
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Introduction

Starches are one of the main sources of energy in the human diet
around the world. This vegetal component is present in the ma-
jority of foods, either as part of the ingredients of a meal or as an
additive in processed foods. The selection and/or modification of
different starches has been investigated to meet the requirements
of many industrial applications, such as high or low viscosity,
solubility in cold or hot water, high or low clarity, reduced syn-
eresis, higher or lower gelatinization temperatures, acid resistance,
as well as nutritional and healthy aspects (Singh et al. 2007).

Asp (1992) defined resistant starch (RS) as the starch and
its degradation products that resist the digestion in the small

intestine of healthy humans. Further investigations in the field
of the mechanics of enzyme resistance have led to the classi-
fication of RS into five types: RS1–RS5 (Hasjim et al. 2013;
Nugent 2005). RS1 and RS2 occur naturally in fresh foods, in
vegetal structures that hinder the action of α-amylases in the
former or the compact crystalline structure that prevents the
enzyme access to the granule in the latter. RS3 is a thermally
modified starch whose crystalline structure is enhanced by
retrogradation becoming also compact and resistant, RS4 is
a chemically modified starch, and in RS5 the amylose-lipid
complex reduces starch availability. There are also many stud-
ies about the healthy properties of RS, specifically regarding
its low glycemic index and its prebiotic effects when it acts as
dietary fiber (Alfa et al. 2017; Fuentes-Zaragoza et al. 2010;
Grabitske and Slavin 2009; Keenan et al. 2006; Scholz-
Ahrens et al. 2007; Topping et al. 2003).

Thus, the incorporation of resistant starches in foods of
good acceptance and accessibility is increasingly becoming
a good strategy aiming to the rise in dietary fiber consumption.
In fact, RS are used in many cereal food systems such as
breakfast cereals and nutrition bars (Aigster et al. 2011;
Brennan et al. 2008), gluten-free products (Korus et al.
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2009; Tsatsaragkou et al. 2015), pasta (Aravind et al. 2013;
Bustos et al. 2011), breads and baked goods (Almeida et al.
2013a, b; Baixauli et al. 2008; Yeo and Seib 2009). In addi-
tion, efforts have been made to improve the quality of breads
formulated with RS type 2 (RS2) using enzymes and emulsi-
fiers such as transglutaminase, glucose oxidase, DATEM,
SSL, and PS80 (Altuna et al. 2015, 2016; Sanchez et al.
2014). However, there is a lack of knowledge about the effect
of RS2 concentration on the microstructure of white bread
doughs.

It is known that the rheological behavior of dough is a
determinant factor during kneading, loaf shaping, leavening,
and the final loaf expansion in the oven. At the same time, the
rheological behavior of dough is closely related to its micro-
structure and the interactions among components. So, a more
thorough comprehension about the relationship between rhe-
ology and structure can contribute to improve the formulation
of premixes to obtain composite breads.

The aim of this work was to study the effect of high con-
centrations of RS2 on white bread dough formulations by
fundamental and empirical rheology and microscopic charac-
terization. The partial substitution methodology was
employed in order to evaluate doughs prepared with different
concentrations of RS2 in contrast with non-RS2 dough
(control).

Materials and Methods

Materials

Commercial wheat flour (WF) (Molino Campodónico,
Argentina), Hi-Maize260™ resistant corn starch (HM)
(Ingredion Inc., USA), and NaCl (Celusal, Argentina) were
used for the preparation of dough samples. WF alveographic
characteristics were P = 121 mmH2O, L = 85 mm, P/L = 1.42,
and W = 390 × 10−4 J. HM is a RS2, containing 60% (dry
basis) of insoluble dietary fiber in the form of resistant starch.

Formulation of the Premixes

Premix samples were prepared by replacing WF with HM in
different proportions, with a NaCl constant level of 2% (w/w
(WF basis orWF/HMmix basis, as appropriate)). Substitution
levels ofWF for HMwere 0, 10, 20, and 30% (control, HM10,
HM20, and HM30, respectively). Premixes moisture values
were between 13.0% (control) and 11.3% (HM30).

Farinograms

The resistance of doughs to mixing was assayed in a
Brabender farinograph (Duisburg, Germany) with mixing
bowl for 300 g of flour. Wheat flour, WF with NaCl, and

mixes of WF/NaCl/HM were assessed at 30 ± 0.2°C in du-
plicate according to a modification of the constant flour
weight (variable dough weight) AACC 54-21.01 procedure
(AACC International 2000a). The modification consisted
in the addition of NaCl (2%) to wheat flour and premixes
as is described in Arp et al. (2017). In order to characterize
the mixing properties of the samples, the following param-
eters were extracted from the farinograms: water absorption
(WA), development time (DT), stability (S), and degree of
softening (DS). WA is defined as the percentage of water to
reach a consistency of 500 BU (Barabender Units); devel-
opment time is the time necessary to reach up to 500 BU;
stability is the time that dough remains at a consistency of
500 BU, and degree of softening is defined as the difference
in BU from middle curve at peak to middle curve measured
at 12 min after peak is reached. The determination was
done in duplicate.

Solvent Retention Capacity

The solvent retention capacity of WF and premixes (prepared
without NaCl) was determined according to AACC 56-11.02
procedure (AACC International 2000b). Water, sucrose (50%,
w/w), sodium carbonate (5%, w/w), and lactic acid (5%, w/w)
retention capacities (WaRC, SuRC, SCRC, and LARC, re-
spectively) were evaluated for each sample. Briefly, the meth-
od consists in the addition of each solvent (25 ml) to premixes
(5 g) which are allowed to solvate and swell (20 min). Then,
samples are centrifuged (1000×g; 15 min) and the supernatant
is discarded. The amount of solvent retained by each sample is
determined by weight (gel wt). The solvent retention capacity
(SRC) values were calculated by Eq. 1.

SRC ¼ gel wt

premix wt

� �
� 86

100−flour moisture

� �
� 100 ð1Þ

where premix wt means premix weight.
Also, the gluten performance index (GPI) was calculated as

GPI = LARC / (SuRC + SCRC) (Kweon et al. 2011). The as-
say was performed at least in duplicate.

Starch Granule Sizing by Laser Diffraction

Starch granules from HM and WF were measured with a
Mastersizer 2000E (Malvern Instruments Ltd., UK) in order
to quantify the particle size. Starch granules from WF were
previously extracted. The extraction of WF starch was done
by collecting the washing volume from dough samples during
gluten determination. The washing volume was left to dry at
room temperature by placing it as a thin layer on a plastic
support. Starches were suspended in distilled water (10%, w/
w) prior to the size measurement. Approximately 1 ml of each
suspensionwas added to the stirred water bath and then passed
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through the equipment measuring system. Refractive indexes
of 1.33 and 1.52 for water and starch, respectively, were used.
Obscuration ranged from 12 to 14% for all the measurements.
The starch granule size was evaluated in terms of the 10th
percentile (D(0.1)), the 50th percentile or median (D(0.5)),
the 90th percentile (D(0.9)), the volume moment mean
(D[4,3]), and the specific surface area, which were obtained
from the volume weighted distribution. The determination
was done at least in duplicate.

Preparation of Dough Samples

Dough samples were prepared using a planetary kneader
(Kenwood, Italy). The premixes were dry-mixed at the lowest
speed (52 rpm) in the kneader bowl for 60 s. For each premix,
the farinographic parameter WA was taken as the optimum
amount of water to be added, and the parameter DT was
employed as kneading time. Water was added at the first min-
ute of kneading, and then the speed was increased to 89 rpm
until completing the kneading time. Once kneaded, doughs
were allowed to rest for 10 min prior to any assay. For each
formulation, two independent doughs were prepared.

Moisture Content and Water Activity

Approximately 3 g of each dough sample was weighed to
0.0001 g precision for the determination of the moisture con-
tent by weight loss in a gravity convection oven (San Jor,
Argentine) at 105 °C for 24 h. All determinations were done
in triplicate for each dough replicate.

The evaluation of water activity (aw) was performed at
25 °C in an AquaLab Series 4 (Decagon Devices Inc., USA)
using plastic cups to place the samples. Pieces of dough big
enough to completely cover the plastic cup base were assessed
in triplicate for each dough replicate.

Determination of Gluten Content

Values of wet and dry gluten for WF and premixes were ob-
tained with a Glutomatic 2200 (Perten Instruments, Sweden).
The assays were performed according to Correa et al. (2010),
which involved the preparation of the dough as was described
previously outside the mixing/washing chamber of the
Glutomatic. Then, 15.0 ± 0.1 g of the dough was placed in
the Glutomatic chamber for the washing process according
to the original method. The determination was performed at
least in duplicate for each dough replicate.

Small Amplitude Oscillatory Test

After the kneading, doughs were covered with a plastic film to
avoid dehydration and were allowed to rest for 10min at room
temperature. For the assessment, dough was laminated (2 mm

height) and cylindrical pieces of 3 cm diameter were obtained
by means of a rounded cutter. The doughs were evaluated in a
Haake RS600 rheometer (Thermo Science, Germany)
equipped with a serrated parallel plate system of 30 mm di-
ameter. A gap of 1.5 mm between plates was used. A stress
sweep protocol was performed for the determination of the
linear viscoelastic range (LVR) of the doughs. Four cylindrical
pieces were subjected to increasing oscillation amplitudes
from 0.5 to 200 Pa at a constant frequency of 1 Hz. Once
the LVRwas determined, six cylindrical pieces for each dough
were assessed in a frequency sweep protocol from 0.005 to
100 Hz at a constant stress of 5 Pa (within the LVR) in order to
obtain the mechanical spectra. Before the beginning of each
assay, all samples were covered with liquid Vaseline oil to
avoid dough dehydration and allowed to rest for 15 min in
the measurement position for their relaxation and
thermostatization at 25 °C. The values of storage modulus
(G′), loss modulus (G″), and tangent of phase angle (tan δ)
were analyzed. Both moduli were fitted to a logarithmic line-
arized power law equation (Eqs. 2 and 3)

log G
0
ωð Þ ¼ log aþ n log ω ð2Þ

log G″ ωð Þ ¼ log bþ m log ω ð3Þ
where ω is the frequency in hertz, log a and log b are
the intercept at ω = 0 Hz, and n and m are the slopes of
the curves.

Texture Profile Analysis

For texture assay, dough samples were sheeted to 1 cm height
and cut into small cylindrical pieces by means of a stainless
steel round cutter. These pieces were covered by a film from
the moment they were cut until they were measured to avoid
sample dehydration. Dough pieces were subjected to two con-
secutive cycles of compression until 40% of their height with
a P/75 probe (75 mm diameter) in a TA.XT2i Texture
Analyzer (Stable Micro Systems, UK) that was placed in a
room at constant temperature (25 °C). The parameters of hard-
ness, consistency, cohesiveness, adhesiveness, springiness, re-
silience, and gumminess were extracted from the resulting
texture profile analysis (TPA). For each formulation, a total
of 32 dough pieces from two independent dough samples
were assessed.

1H-NMR Relaxation Measurements

Spin-spin 1H relaxation times (T2) were determined with a
low-resolution MiniSpec pc120 spectrometer (Bruker,
Germany) using Carr–Purcell–Meiboom–Gill (CPMG) se-
quence with an interpulse spacing of 200 μs. For this purpose,
doughs were prepared in duplicate, and each duplicate was
measured in three different NMR tubes. Also, each tube was
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measured in triplicate, rotating it 90° between consecutive
measurements. Tubes were prepared by placing portions of
dough and compressing it using a glass plunger.

Scanning Electron Microscopy

The fracture surface of dehydrated doughs was observed in a
Jeol JSM-6360 LV (Japan) scanning electron microscope
(SEM). The preparation of the doughs required first an immer-
sion in glutaraldehyde (2.5%, v/v) for fixation, second, a pro-
gressive dehydration of the fixated doughs with acetone aque-
ous solutions at increasing concentrations: 0, 25, 50, 75, and
100% (v/v), washing the doughs three times for 5 min with
each solution. Once the third washing with acetone 100% (v/v)
was done, samples were placed in a Baltec CPD30
(Liechtenstein) critical point dryer for the complete dehydra-
tion of the doughs. Then, samples were metallized with gold
using a Jeol Fine Coat Ion Sputter JFC1100 (Japan). The

samples were then ready for observation. Micrographs of dif-
ferent fields were acquired at 300×.

Environmental Scanning Electron Microscopy

The samples of doughs were mounted onto a support for ob-
servation in an FEI Quanta 200 environmental scanning elec-
tron microscope (ESEM), at 4.14 Torr atmospheric pressure
and 10 °C. Micrographs of different fields were acquired at
1000×. Micrographs were acquired at “Servicio de
Microscopía Electrónica y Microanálisis (SeMFi-LIMF)—
Facultad de Ingeniería, UNLP, Argentina.”

Confocal Scanning Laser Microscopy

Samples of dough sliceswere non-covalently dyedwith an aque-
ous solution of rhodamine B (0.001%, w/v), fluorescein isothio-
cyanate (FITC) (0.01% (w/v) in NaHCO3 0.005 mM and NaCl
0.01mM, pH 9) for 60min in dark conditions. Then, all samples

Fig. 1 Farinograms of the control (a) and HM30 premix (b)
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were observed with an Olympus FV1000 confocal microscope.
The excitation wavelengths were 568 and 488 nm, and the emis-
sion wavelengths were 625 and 518 nm for rhodamine B and
FITC, respectively. Micrographs were taken at 20×.

The digital images obtainedwere analyzedwith ImageJ 1.49p
software (National Institutes of Health, USA) in order to quantify
the complexity of the protein matrix. For this purpose, rhoda-
mine B channel micrographs were selected due to a more suit-
able representation of the protein network than the one acquired
with the FITC channel. An FFT filtering process was applied to
images for shading and smoothing correction of artifacts. Then,
the Otsu’s algorithm was used to binarize structures. The Fractal
Box Count tool was used for counting the number (N) of r-size
boxes needed to fill the structures. The fractal dimension (FD) of
the matrix was then calculated using the following equation:

N rð Þ ¼ k � r−FD ð4Þ
where k is a constant.

Statistical Analysis

The one-way ANOVA and Fisher LSD tests for determination
of statistically different means at a level of 0.05 were per-
formed on OriginPro 8 SR0 v8.0724 (USA). The Pearson’s
correlation analysis was done employing the Statgraphics
Centurion XV v15.2.06 software (StatPoint Inc.) at 95% con-
fidence level.

Results and Discussion

Solvent Retention Capacity, Mixing Properties,
and Gluten Values of Wheat Flour and Premixes

Representative farinograms of the control and HM30 sam-
ples are shown in Fig. 1. In general, qualitative and quan-
titative differences were found in the farinograms of the
control and mixes with HM. The ones corresponding to
samples with HM showed a pronounced peak of consis-
tency at the beginning of the curve that was not present in
the control sample. This peak would be related to rapid
water absorption by starch granules, so samples with more
relative amount of starch (mixes with HM) presented a
more pronounced peak. The same effect was previously
observed in mixes of wheat flour and chemically modified
resistant starch (Arp et al. 2017). Table 1 lists the
farinographic parameters of WF and premixes. The pa-
rameters extracted from farinograms showed that when
NaCl (2%, w/w) is added to WF, a reduction in WA and
DS and a marked increase in S occurs. This effect has
been associated with an increase of cross-linking in the
gluten network when NaCl is present (Ukai et al. 2008).

Table 2 Solvent retention
capacity (SRC) and gluten
determination of premixes

WF HM10 HM20 HM30

WaRCa 66.9 ± 0.6 a 68.0 ± 1.0 b 68.5 ± 0.9 b 70.2 ± 0.2 c

SuRCa 110.4 ± 2.3 c 107.0 ± 2.0 b 103.6 ± 2.2 a 101.7 ± 1.3 a

SCRCa 82.1 ± 0.9 a 81.3 ± 0.6 a 81.6 ± 0.7 a 82.0 ± 0.5 a

LARCa 107.3 ± 1.4 d 100.4 ± 1.5 c 90.6 ± 0.8 b 86.0 ± 0.60 a

GPI 0.557 ± 0.010 d 0.533 ± 0.007 c 0.489 ± 0.006 b 0.468 ± 0.005 a

Wet gluten (WG)b 21.4 ± 0.4 d 19.8 ± 0.6 c 17.2 ± 0.5 b 16.1 ± 0.5 a

Dry gluten (DG)b 7.2 ± 0.1 d 6.7 ± 0.4 c 5.8 ± 0.2 b 5.5 ± 0.3 a

WG/DG 3.0 ± 0.1 3.0 ± 0.2 3.0 ± 0.1 2.9 ± 0.2

WG-DGb 14.2 ± 0.6 13.1 ± 0.7 11.4 ± 0.7 10.6 ± 0.6

Different letters in the same row indicate statistical differences

WaRC, water retention capacity; SuRC, sucrose retention capacity; SCRC, sodium carbonate retention capacity;
LARC, lactic acid retention capacity; GPI, gluten performance index
aValues expressed as % w/w (dry basis). Samples prepared without NaCl. Mean values ± standard deviation
(p < 0.05; n = 2)
bValues expressed as % w/w. Mean values ± standard deviation (p < 0.05; n = 8)

Table 1 Farinographic parameters for wheat flour (WF) and premixes
with different levels of substitution

WA (ml) DT (min) S (min) DS (BU)

WF 58.8 ± 0.3 b 9.8 ± 1.3 b 21.0 ± 0.9 c 32 ± 6 a

Control 55.4 ± 0.8 a 9.8 ± 1.4 b 30.0 ± 3.2 d 19 ± 8 a

HM10 58.2 ± 0.2 b 8.6 ± 1.6 ab 22.3 ± 1.7 c 30 ± 1 a

HM20 60.3 ± 0.3 c 6.8 ± 0.2 a 15.8 ± 1.7 b 57 ± 13 b

HM30 63.1 ± 0.4 d 6.7 ± 0.2 a 12.2 ± 0.4 a 85 ± 11 c

Mean values ± standard deviation. Different letters in the same column
indicate statistical differences (p < 0.05; n = 2)

Control, HM10, HM20, and HM30, premixes with substitution levels of
WF for resistant starch of 0, 10, 20, and 30%, respectively; WA, water
absorption; DT, development time; S, stability; DS, degree of softening;
BU, Brabender units
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Fig. 2 Small amplitude oscillatory rheology of doughs. a Mechanical spectra showing G′, G″, and tan δ; b G’ vs. G″ plot
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When increasing levels of HM were added, a progressive
increase in WA was observed.

On the other hand, the stabilizing effect of NaCl grad-
ually reverted when increasing amounts of HM were used,
as shown by the decreasing values of S and increasing
values of DS. Finally, a reduction of DT was observed
when HM was used, especially for high levels of replace-
ment. These changes can be mainly attributed to a dilution
effect on gluten network due to the addition of the starch.
The consequent diminution in gluten proportion and net-
work quality is reflected in dough behavior during
kneading. Several authors have reported this effect in dif-
ferent systems containing non-wheat flours or starches
(Dhingra and Jood, 2004; Sabanis and Tzia 2009; Bigne
et al. 2016).

The SRC and gluten values of the control sample and
mixes are given in Table 2. The SRC test is a solvation assay
based on the enhanced swelling behavior of individual poly-
mer networks of wheat flour in selected solvents. This test is
used to predict the functional contribution of gluten, damaged
starch, and arabinoxylans to overall flour water absorption.
The gluten performance index (GPI) was calculated from
SRC values. GPI has been proposed as a better predictor of
the overall performance of flour glutenins (Kweon et al.
2011). An increase in water absorption (WaRC) with the in-
crease in the amount of HM was observed, while LARC (re-
lated to glutenins hydration) and SuRC (related to fiber water
absorption) decreased. Concomitantly, GPI showed a progres-
sive reduction. These effects can be associated with gluten
proteins and pentosans dilution when WF is replaced by
HM. However, the value of SCRC (associated with damaged
starch) did not exhibit any significant changes between
samples.

Table 2 shows that wet and dry gluten values decreased
with HM concentration, as expected due to the dilution effect,
which causes a concomitant decrease in the amount of water
found in wet gluten (WG-DG). However, the WG/DG ratio
remains constant in all samples (ca. three times their own dry
weight). This would suggest that the water absorption capacity

of gluten proteins would not be significantly affected by the
substitution with HM.

Rheology of Doughs

The LVR and the mechanical spectra of doughs were obtain-
ed. In the case of LVR experiments, it was found that all
samples were independent of both the storage and loss moduli
with the shear stress until values near 7 Pa. In all cases, the
curve for G′ was higher than the one for G″ in the entire shear
range, and both presented a progressive displacement to
higher values at increasing levels of replacement (data not
shown).

The mechanical spectra were obtained at a constant shear
stress of 5 Pa (within the LVR) and are shown in Fig. 2a.
Storage moduli were always above the respective loss moduli,
thus indicating a predominance of the solid-like character.

G′ could be adjusted to Eq. 2 in the entire range of frequen-
cies (r2 ≥ 0.9776). In the case of G″, the adjustment to the
power law (Eq. 3) was performed in the ω ≥ 1 Hz range of
frequency (r2 ≥ 0.9324), due to the non-linear behavior ob-
served at lower frequencies. The parameters obtained are
listed in Table 3. A decrease in the slope was seen for G′ at
increasing concentration of HM, as well as a displacement of
the curve at higher values, as can be deducted by the increase
in log a. The decrease in the slope with increasing quantities of
fiber was previously reported by Ahmed et al. (2013), and this
behavior has been related to the higher solid-like properties of
dough, since samples with a zero slope in the power law
model are considered as true gels. For G″, only HM30 shifted
to higher values, as indicated by log b. No differences were
found in the slope for G″.

A G′ vs. G″ plot was also built in order to analyze micro-
structural differences between samples (Fig. 2b). The curves
for the control, HM10, and HM20 overlap, which is indicative
of similar microstructural characteristics, as reported by
Ahmed et al. (2013) and Salinas et al. (2015). However,
HM30 presented a displacement to higher values of both G′
and G″ and its plot was not overlapped with the others. This

Table 3 Regression parameters for mechanical spectra and G′ vs. G″ plot (Fig. 2a, b)

G′ vs. ω G″ vs. ω G′ vs. G″

log (a (Pa)) n (Pa Hz−1) log (b (Pa)) m (Pa Hz−1) Intercept Slope

Control 4.07 ± 0.06 a 0.217 ± 0.004 d 3.55 ± 0.06 a 0.320 ± 0.009 a 1.4 ± 0.1 a 0.74 ± 0.03 c

HM10 4.12 ± 0.04 ab 0.200 ± 0.005 c 3.55 ± 0.04 a 0.313 ± 0.007 a 1.5 ± 0.2 a 0.73 ± 0.04 c

HM20 4.17 ± 0.04 b 0.182 ± 0.004 b 3.55 ± 0.04 a 0.313 ± 0.005 a 1.8 ± 0.1 b 0.66 ± 0.02 b

HM30 4.38 ± 0.05 c 0.157 ± 0.003 a 3.68 ± 0.04 b 0.310 ± 0.014 a 2.3 ± 0.1 c 0.57 ± 0.03 a

Mean ± standard deviation. Different letters in the same column indicate statistical differences (p < 0.05, n = 6)

ω, frequency; log a and log b, intercepts at ω = 0 Hz; n andm, respective slopes; Control, HM10, HM20, and HM30, premixes with substitution levels of
WF for resistant starch of 0, 10, 20, and 30%, respectively
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behavior would indicate that the HM30 dough matrix has
different microstructural characteristics. The curves were also
fitted to the linearized power law using the values ofG′ andG″
at ω ≥ 1 Hz (r2 ≥ 0.9523) (Table 3). The intercept and slope
values suggest that both HM20 and HM30 present differences
in matrix microstructure with respect to the control and
HM10, the effect being more marked in HM30.

Genovese (2012) described the filler-matrix composite
model in which particles (the filler), modeled as viscoelastic
spheres, fill a continuous, isotropic, and viscoelastic matrix.
The rheologic effect of the filler in this system is the reinforce-
ment of the elastic modulus, since particles act as a solid load,
and the increase of the viscous modulus due to dissipation
processes by friction between particles. This “solid load ef-
fect” can be clearly observed in Fig. 2a where greater G′
values are obtained at higher replacements with HM in all
the frequency range. Particularly, the HM30 dough exhibits
the highest increment in solid behavior, probably because the
matrix structure has drastically changed, as was also sug-
gested by the farinograph results obtained in the present work.
At this replacement level, the gluten network seems greatly
affected.

Furthermore, based on the above conception the different
behavior ofG″ at low and high frequencies could be explained
by the greater interactions among the dough components. At
low frequencies, the rheology is governed mainly by the
particle-particle interactions. Under these conditions, the fric-
tion between particles would be responsible for an additional
dissipation of energy that would lead to the increase in loss
modulus at increasing levels of filler (HM). Instead, at higher
frequencies the particle-matrix interactions are dominant
(Rueda et al. 2016). This could explain the scarce difference
inG″ curves among the control, HM10, and HM20. However,
since HM30 is a highly filled matrix, the friction phenomena
in this sample would be enhanced, leading to the shift of G″
over all the frequency range with respect to the less filled ones.

The filler-matrix composite model could then explain the
marked increase in G′, the behavior at different frequencies of

G″, and the microstructural changes observed for HM30 with
respect to the other samples.

Texture Profile Analysis

The texture profile of the doughs was analyzed (Table 4). An
increase in hardness and consistency was found when HM
was used at substitution levels higher than 20%. This is in
agreement with the increase in G′ and could be related to the
increased number of solid particles in the dough (starch

Table 4 TPA parameters of
doughs Control HM10 HM20 HM30

Hardness (N) 1.3 ± 0.2 a 1.4 ± 0.3 a 1.6 ± 0.4 b 2.0 ± 0.3 c

Consistency (N s) 8.4 ± 0.9 a 8.2 ± 1.2 a 9.1 ± 1.3 b 9.9 ± 1.1 c

Cohesiveness (−) 0.75 ± 0.02 b 0.74 ± 0.02 a 0.74 ± 0.02 a 0.74 ± 0.02 a

Adhesiveness (N s) 3.5 ± 0.5 a 3.6 ± 0.6 a 4.5 ± 0.7 b 4.5 ± 0.6 b

Springiness (−) 0.92 ± 0.01 a 0.91 ± 0.01 a 0.91 ± 0.02 a 0.94 ± 0.01 b

Resilience (−) 0.076 ± 0.009 d 0.070 ± 0.008 c 0.061 ± 0.008 b 0.054 ± 0.009 a

Gumminess (N) 1.0 ± 0.2 a 1.0 ± 0.2 a 1.2 ± 0.3 b 1.5 ± 0.3 c

Mean values ± standard deviation. Different letters in the same row indicate statistical differences (p < 0.05, n =
32)

Control, HM10, HM20, and HM30, premixes with substitution levels of WF for resistant starch of 0, 10, 20, and
30%, respectively

Fig. 3 Particle size distributions. a Percent volume for WF and HM; b
percent volume for WF and premixes. Distributions for premixes were
calculated theoretically using the WF and HM profiles. Arrows indicate
the direction of the change in the peaks
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granules). Dough adhesiveness also increased when levels of
20 and 30% of HM were employed, probably because the
decrease in protein amount and poorer development of gluten
network led to less bound water. Though the values for

cohesiveness and springiness showed statistical differences,
they were all very similar. On the other hand, the values for
resilience decreased progressively with the increase in HM
concentration, indicating a diminished instant elasticity

Fig. 4 SEM and ESEMmicrographs of doughs. a SEMmicrograph of control at 300×; b ESEMmicrograph of control at 1000×; c SEMmicrograph of
HM30 at 300×; d ESEM micrograph of HM30 at 1000×

Table 5 Particle size parameters
D[4,3] (μm) Percentiles Specific surface

area (m2/m3)
D(0.1) (μm) D(0.5) (μm) D(0.9) (μm)

WF 30.5 ± 0.4 3.646 ± 0.025 20.56 ± 0.07 46.00 ± 1.13 0.677 ± 0.004

HM 14.7 ± 0.1 4.263 ± 0.004 10.95 ± 0.01 22.98 ± 0.05 0.969 ± 0.000

HM10a 28.9 ± 0.4 3.708 ± 0.025 19.60 ± 0.07 43.70 ± 1.14 0.706 ± 0.004

HM20a 27.3 ± 0.4 3.769 ± 0.026 18.64 ± 0.07 41.40 ± 1.15 0.735 ± 0.004

HM30a 25.8 ± 0.4 3.831 ± 0.026 17.68 ± 0.07 39.09 ± 1.18 0.765 ± 0.004

D[4,3], volume moment mean; D(0.1), D(0.5), and D(0.9), 10th percentile, 50th percentile or median, and 90th
percentile; Control, HM10, HM20, and HM30, premixes with substitution levels of WF for resistant starch of 0,
10, 20, and 30%, respectively
a Values for the premixes were obtained theoretically
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probably due to the lesser amount of gluten. Finally, gummi-
ness values showed the same behavior as hardness since this
parameter is calculated as hardness × cohesiveness.

Water Content and Water Mobility

Due to the increase in farinographic water absorption, the
doughs presented a progressive and significant increase in
moisture content with the increasing concentrations of HM
from 43.63 ± 0.07% to 45.12 ± 0.44% for the control and
HM30, respectively (wet basis). However, aw values did not
show statistical differences among samples (mean aw =
0.9790 ± 0.0068).

1H-NMR assays can be used to evaluate the molecular
mobility of the system. Decay curves obtained by 1H-NMR
were analyzed using an exponential model

y ¼ ∑n
i¼0Ai � e −x=T2ið Þ ð5Þ

where y is the intensity of the signal of protons in the sample
(in volts), Ai represents the proportion of

1H in the T2i state (in
volts), and T2i is the transversal relaxation time (in millisec-
onds). All curves fitted very well (r2 > 0.97857) in Eq. 5 with
one term (n = 1). Since the number of terms is related to the
populations of protons with different mobility, these results
mean that it was not possible to distinguish more than one
population of protons in these samples, which was in agree-
ment with Correa et al. (2014). The doughs showed that A
increased progressively from 0.49 ± 0.02 to 0.60 ± 0.01 V
when HM replacement increased from 0 to 30%, which could
be related to the increasing moisture content. In relation to T2,
all samples with HM exhibited higher values than the control
(8.9 ± 0.5 ms), but there were no differences among samples
with HM (9.6 ± 0.7 ms). In general, the values of A and T2
would indicate that samples with HM had more protons with
higher mobility. Doona and Baik (2007) studied the spin-spin
relaxation times and their dependence on the sample moisture
content of wheat doughs and wheat dough model systems
prepared with a mixture of water, wheat gluten and wheat
starch. They reported two distinguishable populations of pro-
tons. The first one, small and located at T2 = 0.1 ms, did not
show a strong dependence on the moisture content, the second
one being moisture dependent and with T2 between 3 and
10 ms according to the increasing water content. The behavior
of the only proton population found in the present study is in
accordance with the second population observed by Doona
and Baik (2007).

In conclusion, mixes of wheat flour and HM exhibited
doughs with higher moisture and water mobility.

Microstructural Analysis

Particle Size Profile

The volume weighted distributions for WF and HM starches
are depicted in Fig. 3a. These distributions showed a
tetramodal pattern for WF starch (peaks at 1.10, 3.31, 22.91,
and 158.49μm) and a trimodal pattern for HM starch (peaks at
1.44, 11.48, and 79.43 μm). The characteristic parameters of
the size distribution analysis: D[4,3], D(0.1), D(0.5), and
D(0.9) and specific surface area are summarized in Table 5.
The volumemoment meanD[4,3] shows that HM starch gran-
ules were smaller than wheat flour starch granules. In the same
sense, the D(0.9) percentile value indicated that with a maxi-
mum diameter of 22.98 μm, 90% of the sample volume is
obtained, while in the case of wheat flour the maximum starch
diameter below which 50% of the sample volume exists was
20.56 μm. Thus, the percentile values showed that for HM
most of the starch granules diameters were between 4.26 and
22.98 μm, while for wheat flour they were between 3.65 and
46.0 μm. These results led to a higher specific surface area for
HM than for WF granules.

The WF starch pattern distribution obtained here is in
agreement with the results previously reported by Xu et al.
(2016) for starches from different wheat cultivars.

Using the volume distribution of WF and HM starches, the
corresponding theoretical distribution for the premixes was
calculated taking into account the respective proportions of
WF and HM. This theoretical volume distribution (Fig. 3b)
suggests that the substitution of WF for HM would lead to a
progressive displacement of the main peaks to lower sizes and
also to a decrease in the peaks at 3.31, 22.91, and 158.49 μm,
with a small increment in the peak at 1.10 μm.

As expected, in the premixes the substitution of wheat flour
by HM would produce a narrow volume distribution, a lower
D[4,3] and an increase of specific surface area (Table 5). Thus,
the principal effect of the use of HM in the premix formula-
tions would be the increase in the number of starch granules
with smaller sizes. This effect could partially explain the in-
crease in the farinographic water absorption values obtained at
increasing levels of HM due to the higher exposed surface
area of the starch, which would bind more water.

Dough Microscopy

Images of the doughs were acquired with SEM and ESEM
microscopes at 300× and 1000×, respectively (Fig. 4). SEM
revealed the presence of a well-developed gluten network with
starch granules embedded in the control dough (Fig. 4a).
Besides, the control sample exhibited gluten strands and

�Fig. 5 CSLMmicrographs of doughs. aControl in FITC and rhodamin B
channels; b Control in rhodamin B channel; c HM10 in FITC and
rhodamin B channels; d HM10 in rhodamin B channel; e HM30 in
FITC and rhodamin B channels; and f HM30 in rhodamin B channel.
All micrographs were taken at 20×
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gluten films. On the other hand, ESEM micrographs of this
sample (Fig. 4b) showed a predominant presence of starch
granules, although they could be seen embedded in a structure
associated with the gluten matrix. In ESEM microscopy, sam-
ples are not dehydrated for the observation. So, the structures
identified as gluten appeared as smooth, soft and transparent
lamellae.

In HM30 SEM and ESEM images, a higher proportion of
smaller starch granules were observed, but a well-formed glu-
ten network was not evident (Fig. 4c, d). The greater number
of starch granules of smaller size (see “Particle Size Profile”)
would lead to a better packing capacity of the solid particles,
since the interstitial spaces between the larger starch granules
are filled by the smaller ones, as reported by other authors
(Rueda et al. 2016), forming a more compact structure.

Confocal scanning laser microscopy (CSLM) images of
doughs dyed with FITC and rhodamine B at 20× were obtain-
ed (Fig. 5). The micrographs showed that samples had differ-
ent arrangements of the gluten network, which can be seen in
more detail in the micrographs of the rhodamine B channel
(Fig. 5b–f). The control and HM10 doughs exhibited well
cross-linked and orientated networks (Fig. 5a–d). However,
the protein arrangement shown in HM30 sample was discon-
tinuous, indicating a poorly developed network (Fig. 5e, f).
The high concentration of smaller starch granules and the
decrease in the amount of gluten proteins, due to the gluten
dilution effect, would be responsible for a hindered develop-
ment of the network. Conformational differences in the gluten
arrangement of the samples could be quantitatively analyzed
by extracting the fractal dimension (FD) parameter from Eq.
4. FD reflects the complexity of a matrix; a decrease in this
parameter in HM dough would reveal the lesser development
of the gluten network. It is noticeable that FD decreased sig-
nificantly with the use of HM. The FD values obtained were
1.50 ± 0.07, 1.35 ± 0.09, 1.21 ± 0.09, and 1.28 ± 0.12 for the
control, HM10, HM20, and HM30, respectively. However, no
statistical differences were found between HM20 and HM30.

These microstructural modifications could in part explain
the changes observed in the small amplitude rheology assays
for HM30 and would be in agreement with the filler-matrix
composite model.

Correlations

The Pearson’s correlation analysis was performed in order to
find significant relationships among the parameters obtained
by the different assays. A positive correlation was found be-
tween the farinographic parameter WA and both the 1H-NMR
parameter A and the SRC parameter WaRC, while the SRC
values related to the glutenin content of the samples, LARC
and GPI, correlated negatively with them. Besides, a negative
correlation was found between WA and wet and dry gluten,

showing that in the HM doughs the higher absorption of water
was strongly ruled by the increased starchy fraction (Table 6).

As expected, the values of farinographic parameters DT
and S had a strong and positive correlation with both the wet
and the dry gluten values. In addition, the fractal dimension
parameter FD correlated positively with DT. This suggests
that a lesser amount of gluten in HM doughs would develop
in less time and in a less complex way. This would be con-
firmed by the positive correlation between LARC and GPI
with respect to the DT, S and wet and dry gluten values.
Additionally, hardness positively correlated with WA,
WaRC, and A, while the slope (n) of the modeled curves for
G′ correlated negatively with these three parameters. Thus, the
increasing population of the starch particles would lead to
higher water absorption and mobility, and an increment of
the solid-like behavior of doughs (Table 6).

Conclusions

All the premixes formulated with HM led to the production of
doughs with good handling characteristics, which would be
able to go through a breadmaking process. The effect of the
replacement ofWF by HM on the premixes changed the water
requirements for the formation of the doughs. Moreover, the
use of increasing HM concentrations, with the consequent
decrease in the gluten content, leads not only to an increase
of water absorption but also to an increase in the hardness and
the elastic behavior of the doughs. These effects were espe-
cially marked at higher levels of replacement. Nevertheless,
HM20 dough presented appropriate rheological characteris-
tics. So, this level of replacement would be adequate for
obtaining fiber-enriched breads.

The mechanisms involved in the changes of the dough
characteristics would be related to the gluten dilution effect
and the modification of the starch particle size profiles of
the doughs, both produced by the replacement methodolo-
gy. As the starch granules from HM have a smaller particle
size distribution and can fill the interstitial spaces between
the larger granules of WF, a more compact matrix is ob-
tained. However, these mechanisms would not explain the
particular rheological and microstructural effects observed
for HM30. The filler-matrix composite model would pro-
vide an approach to the characterization of this sample
even though the gluten does not form an isotropic network.
Further experiments must be done to confirm the useful-
ness of this model for these systems.
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