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The term “baked goods” encompasses multiple food products made from ﬂour (typically wheat
ﬂour). Among them, bread has stood as a foundation in diﬀerent cultures by providing energy,
mostly from its starch fraction, while being low in fats and sugars. Nevertheless, breadcrumbs are
categorized as having a high amount of rapidly digestible starch that has been associated with poor
health outcomes, including type 2 diabetes, obesity, and cardiovascular disease, as well as other
metabolic-related health problems. In this regard, the enrichment of bread with resistant starch (RS)
ingredients is gaining prominence and can be deﬁnitively positioned as an impactful strategy to
improve human health through diet. In this Special Issue, structural factors for the resistance to
digestion and hydrothermal processing of clean label RS ingredients are reviewed by Roman et al. [1],
who expanded the deﬁnition of each RS subtype to account for recently reported novel and natural
non-digestible structures. The term baked goods also include cakes and cookies, which are rich in
fats and sugars but represent an excellent choice for indulgent consumption. While bread may be
an excellent food carrier of added nutritional and extranutritional compounds, such as proteins,
dietary ﬁbers and bioactive phytochemicals, the eﬀort to improve the nutritional properties of cakes
and cookies has focused on the elimination or reduction of fats and sugars associated with poor health
outcomes. As an example, milk fats have typically been used in cake- and cookie-making, and their
high content in calories and saturated fatty acids has encouraged food researchers and technologists to
develop fat mimetics, as discussed in this Special Issue in the review by Huang et al. [2].
Many research groups have focused on the enrichment of baked goods with other plant-based
ingredients of high nutritional value. Legume ﬂours possess a high content of proteins with an amino
acid proﬁle complementary to that of cereals. As a result, the enrichment of breads with these ﬂours
has received signiﬁcant attention over the last years, as revised in this Special Issue by Bresciani
and Martí [3]. However, the incorporation of legume ﬂours into baked goods usually results in
lower organoleptic quality and the recipe must be re-adjusted to minimize these detrimental eﬀects,
as reported by Cunha et al. [4]. The use of ingredients from oil seeds is also becoming paramount in
many recipes over the last years because they possess higher protein content than cereals and are rich
in ﬁber, omega-6 and omega-3 essential fatty acids, and natural antioxidant compounds, including
tocopherol, beta-carotene chlorogenic acid, caﬀeic acid and ﬂavonoids. As discussed in the review
written by De Lamo and Gómez [5], oil seeds can be added directly as whole seeds or as milled ﬂour.
In this Special Issue, Grasso et al. [6] considered the enrichment of cookies with defatted sunﬂower
seed ﬂour and Codina et al. [7] investigated the use of ﬂaxseed ﬂour in bread-making. As observed in
these works, the nutritional improvement of baked goods derived from the use of the aforementioned
nutrient-dense ingredients almost always worsens their physical quality. This may result in a critical
loss of consumers’ acceptance and, therefore, the unfeasible translation of nutrient-dense ingredient

Foods 2019, 8, 518; doi:10.3390/foods8100518

1

www.mdpi.com/journal/foods

Foods 2019, 8, 518

incorporation to the commercial reality. This aspect is approached by Mellette et al. [8] using cakes
made with whole ﬂour. In this regard, Belorio et al. [9] found that optimization of the physical
properties of a ﬂour, speciﬁcally in terms of particle size, dramatically impacted the physical qualities
of their baked good: cookies. In their work, the authors encourage ingredient technologists to optimize
clean and simple technologies, such as milling mechanical fractionation, to produce clean label ﬂours
with optimum physical properties and successful commercial applications.
Baked goods are also characterized as having a low protein content, although their high
consumption makes them account for a signiﬁcant fraction of the total recommended protein uptake.
Nonetheless, protein scores in cereals, which are commonly the main ingredients in baked goods,
are usually low due to a suboptimal amino acid proﬁle and low protein digestibility. Interestingly,
the overall protein digestibility is not only dependent on the protein source, but also the food processing
methodology. The review written by Joye [10] provides an in-depth evaluation of protein digestibility
as aﬀected by the typical unit operations carried out during the manufacture of baked goods.
Last but not least, this Special Issue considers the consumers’ increased awareness of the
environment and sustainable food systems. In this regard, novel processing and breeding technologies
have been reported as key contributors to reduced food waste and loss. As an example, the use of
perennial grains has been reported to result in more eﬃcient use of water, fertilizers, and soil nutrients,
although their incorporation into foods is only possible if the quality of their resultant ﬂours matches
the expectations of both manufacturers and consumers. In this Special Issue, the impact of milling and
tempering on the perennial grain intermediate wheatgrass was studied by Tyl et al. [11].
The works included in this Special Issue highlight the importance of holistically considering
the nutritional improvement of baked goods by using sustainable plant-based ingredients and
the optimization of the physical properties of such ingredients to result in successful commercial
applications. However, scientists and technologists within the realm of baking should invest in
translational research that provides a detailed understanding of food and food ingredient nano- and
micro-structures, as well as the impact of processing and the development of successful recipes.
Author Contributions: The authors contributed equally.
Conﬂicts of Interest: The authors declare no conﬂict of interest.
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Abstract: Bread is categorized as having a high amount of rapidly digested starch that may result in a
rapid increase in postprandial blood glucose and, therefore, poor health outcomes. This is mostly the
result of the complete gelatinization that starch undergoes during baking. The inclusion of resistant
starch (RS) ingredients in bread formulas is gaining prominence, especially with the current positive
health outcomes attributed to RS and the apparition of novel RS ingredients in the market. However,
many RS ingredients contain RS structures that do not resist baking and, therefore, are not suitable
to result in a meaningful RS increase in the ﬁnal product. In this review, the structural factors for
the resistance to digestion and hydrothermal processing of RS ingredients are reviewed, and the
deﬁnition of each RS subtype is expanded to account for novel non-digestible structures recently
reported. Moreover, the current in vitro digestion methods used to measure RS content are critically
discussed with a view of highlighting the importance of having a harmonized method to determine
the optimum RS type and inclusion levels for bread-making.
Keywords: high-amylose; digestion; bakery; retrogradation; glycemic response; amylose; amylopectin;
α-amylase

1. The Importance of Bread in the Human Diet
Carbohydrates are the most important source of dietary energy for humans (45–70% of total energy
intake) [1], with starch being the main structure-building macro-constituent in many foods, including
bread, pastry, breakfast cereals, rice, pasta, and snacks. White bread, with an average consumption
of about 170 g per day per person in 10 European countries, contributes to the highest proportion of
carbohydrates to the daily dietary intake [2]. Despite current ﬁndings showing dose-response relation
between consumption of whole grains and the risk of non-communicable diseases [3], white wheat
bread remains consumers’ ﬁrst choice mainly owing to its sensory attributes [4]. This event remarkably
highlights the technological challenge of the incorporation of dietary ﬁbers to make palatable breads
acceptable by consumers, that is, the type and amount of dietary ﬁber ingredients must be meticulously
selected based on their impact on bread quality [5].
Besides lacking the nutritional components from the whole grain fraction, white bread is
categorized as having a high amount of rapidly digestible starch. This is the result of starch
gelatinization produced as a consequence of the high temperatures that the dough reaches during
baking (≥70 ◦ C) at relatively high-water content (≥35%) [6,7]. In fact, a complete starch gelatinization
in white bread crumb almost always occurs [6,8,9]. In this regard, consumption of white breads, which
results in a rapid increase of the postprandial blood glucose, is associated with poor health outcomes
including type 2 diabetes, obesity, cardiovascular disease, as well as other metabolic-related health
problems [10–12].
In view of the large consumption of daily white bread and the health beneﬁts associated with
higher dietary ﬁber consumption [13], the enrichment of bread crumbs with resistant starch (RS)
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ingredients is gaining prominence (Figure 1) and can deﬁnitively be positioned as an impactful strategy
to improve human health through the diet. A literature search in the topic also revealed signiﬁcantly
more studies of RS in breads than in cakes, muﬃns, and cookies. Because the RS property can change
during baking, this review will cover the structural factors responsible for the RS digestion property
and the thermal stability of RS ingredients to manufacture breads with meaningful health outcomes.
In this review, the structural basis for the RS property of RS in breads will be revised based on recent
pivotal studies. Furthermore, the deﬁnition of RS will be discussed, addressing holistically and brieﬂy
the current analytical methods for quantifying the RS content of foods and the current regulations in
terms of food labeling and health claims. We expect that this review provides a brief overlook of the
currently commercially available RS ingredients, with special focus on those that support clean and
natural labels (i.e., RS4 will not be discussed).
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Figure 1. Literature search of the last 10 years on the topics: “resistant starch (RS) and bread”; “resistant
starch and cake”; “resistant starch and muﬃn"; and “resistant starch and cookie”. Data collected from
all databases from the Web of Science on 28 June 2019.

2. RS Deﬁnition and Analytical Methods
Resistant starch (RS) is deﬁned as the starch portion that escapes digestion by human enzymes in
the upper part of the gastrointestinal tract, entering the large intestine where it can be partially or fully
fermented by colonic microﬂora. The main health outcomes of RS consumption can be categorized
mainly based on a modulation on the glycemic response, body weight control, and bowel health.
However, this review is not intended, by any means, to provide deep insights into the complex eﬀects
of RS consumption on speciﬁc metabolic responses and health beneﬁts, which has been previously
revised elsewhere [5,14–27].
According to its deﬁnition, RS should be predicted by physiological (in vivo) techniques [28],
such as the human ileostomy model, where ileal digesta from adults with permanent ileostomies is
analyzed for its starch content and compared with the total amount of starch ingested during the study
period [16]. However, in vivo methods are remarkably slow and tedious, and require a considerable
investment in specialized resources and expertise. Added to that, the rate and extent of starch digestion
depends on both extrinsic (e.g., chewing, hormone responses, enzyme activity, passage rate, individual
health) and intrinsic (food structure) factors, with the former providing a high variability included in
in vivo experiments. On the other hand, the variability from extrinsic factors is excluded in in vitro
methods, enabling information for understanding the mechanism of food structural changes during
the digestion time course [16].
6
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Many in vitro assays for RS determination are variations on Berry’s [29] modiﬁcation of Englyst’s
original method [30]. Starchy products “as eaten” are subjected to gastric (protease) and luminal
(pancreatic α-amylase) digestions under ﬁxed physiological conditions of temperature, pH, viscosity,
and rate of mechanical mixing similar to those in the gastrointestinal tract. RS is determined by
diﬀerence between total and digestible starch [31], with validated in vivo results using the ileostomy
model [32]. Digestion products are obtained at 20 and 120 min of incubation with α-amylase and
further converted to glucose for colorimetric [31] or chromatographic quantiﬁcation [33]. In the Englyst
test, rapid digestible starch (RDS) is the starch digested fraction within the initial 20 min digestion,
slowly digestible starch (SDS) is the digested fraction between 20 and 120 min, and RS is the remaining
portion after 120 min.
In 2002, McCleary and Monaghan [34] also developed a wide spread method to determine RS,
which was validated by both the Association of Oﬃcial Analytical Chemists [35] (AOAC Method
2002.02) and the American Association of Cereal Chemists [36] (AACC Method 32-40.01). In this
case, starchy foods are simultaneously incubated with pancreatic α-amylase and amyloglucosidase
for 16 h (vs. 3 h in the Englyst test) in order to hydrolyze and solubilize all the digestible starch. The
non-digested starch, the RS fraction, is recovered after several washes and centrifugation steps, and
the RS pellet is dissolved with potassium hydroxide prior its hydrolysis to glucose and colorimetric
determination. Several other methods were also proposed for analytical determination of RS [37–41].
RS can also be measured following the procedures used for dietary ﬁber determination. However,
attention should be paid on the methodology used because some RS sources can be underestimated.
Thus, the Prosky [42] and Lee [43] methods, as well as AOAC oﬃcial methods 985.29 (AACC 32-05.01)
and 991.43 (AACC 32-07.01), respectively, do not quantitatively measure all the RS. Because of the
initial heating step at above 90 ◦ C, thermally unstable RS fractions, such as RS2 from banana or potato,
are partially degraded. To alleviate this problem, an integrated procedure for the measurement of
total dietary ﬁber (AOAC Methods 2009.01/2011.25; AACC Methods 32-45.01/32-50.01), which fully
includes RS (in the same way as in AOAC 2002.02) and other non-digestible oligosaccharides [44,45],
was proposed. Therefore, the combination of AOAC 2009.01 and 2002.02 methods could provide
quantitative determination of total dietary ﬁber (including all the RS fractions) and RS, respectively.
However, because of the simplicity of AOAC 2002.02, this procedure is recommended if only RS is the
dietary ﬁber of interest.
RS is usually categorized following the RS classiﬁcation given by Englyst, Kingman, &
Cummings [31]; Eerlingen & Delcour [46]; and Brown et al. [47] based on the structural features
conferring its resistance. In this way, RS is usually listed into ﬁve categories, as follows. RS1: physically
entrapped, non-accessible starch in a non-digestible matrix; RS2: native granular resistant starch (B- or
C-polymorph); RS3: retrograded starch; RS4: chemically modiﬁed resistant starch; and RS5: single
amylose helix complexed with lipids. In Table 1, the structural features conferring the RS property
within each category (reported to date) are listed and categorized based on the RS classiﬁcation given
by Englyst, Kingman, & Cummings [31]; Eerlingen & Delcour [46]; and Brown et al. [47]. Although
this traditional categorization is the most used to date, it is noteworthy that it assumes RS to be a
thermodynamically deﬁned structural form (physical entities) and discards its potential kinetic nature.
If RS was simply thermodynamically deﬁned, only highly chemically-modiﬁed starches (RS4) would
be completely resistant to enzyme hydrolysis. This is a critical point in bread-making, as ﬂour/starch
fabrication and baking will strongly alter the RS type and content [6,48–50]. As an example, baking will
generally destroy RS1 and RS2, but may form RS3 and RS5, generally resulting in breads containing
RS < 2.5% (dry matter) [40]. In this section, the structural types of RS listed in Table 1 will be brieﬂy
described and linked to their eﬀects on bread physical and nutritional quality. Special attention will be
put on commercially available RS2 and RS3 clean ingredients (see Section 4 and Table 2). Resistant
maltodextrins, soluble chemically modiﬁed-dextrins derived from starch and included in the deﬁnition
of RS, are also commercially available. However, this review will only focus on RS excluding starch
degradation products that may also be resistant to digestion by pancreatic α-amylase.
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Table 1. Structural features conferring the resistant digestion property within each clean-label resistant
starch (RS) category.

Classiﬁcation

RS1

RS2

Structural Features Conferring
the RS Property within Each
Category

Detrimental Steps That
May Decrease RS
Content during
Bread-Making

Assisting Steps That
May Increase RS
Content during
Bread-Making

Intact plant tissues
Highly dense food matrices

Milling, sieving, baking
-

Conﬁned starch within a
continuous layer of certain
proteins

-

Baking and cooling
Baking of starch
materials containing
speciﬁc layer forming
proteins

Retrograded amylose

Baking (of note that high
amylose RS2 is more
heat-resistant)
-

High-density processed amylose

-

Retrograded amylopectin
Chemically substituted starches
Chemically cross-linked starches
a Resistant maltodextrins
Amorphous amylose-lipid
complexes (form I)
Crystalline amylose-lipid
complexes (form II)

Baking
-

Baking and cooling
Extrusion of high
amylose starch
ingredients
Baking and cooling
-

-

Baking and cooling

-

Baking and cooling

Starch granules with an outer
high-density shell structure

RS3

RS4

RS5

-

a

Resistant maltodextrins can be deﬁned as chemically-modiﬁed dextrins instead of chemically-modiﬁed starch. In
that case, they should be excluded from this list.

3. Natural RS Ingredients in Bread-Making and Structural Basis of Their Resistant Digestion
3.1. Physical Barriers Comprising Plant Cell Walls and/or the Food Matrix (RS1)
The resistant digestion property of RS can be the result of its conﬁnement within the intact plant
cell (surrounded by the plant cell wall) and/or the food matrix. Overall, the role of cell walls in limiting
starch digestion is based on three mechanisms [51–57]: (1) the diﬃculty for amylase to permeate
through the cell wall; (2) the limitation of starch gelatinization during cooking; and (3) the binding of
α-amylase by cellulose and other cell wall components. Whole or partly milled grains or seeds with
intact cell walls are clear examples of physically conﬁned starch within cell walls. Milling should be
performed carefully to avoid the loss of RS1, as the tissue matrix (cell wall and protein network) could
be damaged [57,58]. The eﬀects can be minimized with coarse milling or selection of large particles
after mechanical fractionation [57,59]. Nonetheless, large particles are not always suitable and the
selection of plant materials with thicker and less permeable cell walls, such as legume ﬂours [52,54] or
cereal ﬂours from hard endosperm [57], could increase the content of starch that escapes digestion
entirely, even after cooking.
The presence of whole or partly milled grains and seeds has been reported to decrease the glycemic
index of breads [60,61]. However, the use of intact kernels (or broken kernels) will always impact
signiﬁcantly the bread physical and sensory properties. Therefore, food technologists should bear in
mind that white bread is the most consumed bread type nowadays [4]. There is little doubt about
the health beneﬁts associated with a higher consumption of whole grains [3]. However, to what
extent can the particle size of intact grains be reduced to result in breads with lower starch digestion
(glycemic response)? Interestingly, Edwards et al. [55] demonstrated that fully cooked and gelatinized
porridges, made with 2 mm wheat ﬂour particles, resulted in signiﬁcantly lower blood glucose, insulin,
C-peptide, and glucose-dependent insulinotropic polypeptide concentrations than porridges made
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with <0.2 mm particles. In fact, they showed that the structural integrity of coarse wheat particles
was retained during gastroileal transit using a randomized crossover trial in nine healthy ileostomy
participants. However, ﬂours for bread-making are usually smaller than 250 μm and complimentary
studies should be performed with smaller variations in particle size. Martinez, Calvino, Rosell, &
Gomez [62] observed that among <250 μm ﬂour particles, a diﬀerential of 100 μm (coarser) can result in
a lower rate and extent of starch digestion, even after full gelatinization through high-shear extrusion.
Nevertheless, their eﬀect after incorporation into breads has received little attention. Only de la Hera et
al. [63] observed that breads made with coarser rice ﬂour (132–200 μm) presented higher RS than those
made with ﬁne ﬂours (<132 μm). On the other hand, Protonotariou, Mandala, and Rosell [64] did not
observe diﬀerences in the amount of RS between breads made with whole wheat ﬂours with particle
size ranging from 57 to 120 μm. Remarkedly, these two studies included the RS values of bread samples
after freeze-drying and milling. Even if freeze-dried crumb samples were corrected for moisture and
sieved to discard particle size eﬀects, this approach for sample preparation still disregards potential
changes in the permeability of the intact plant cell and/or the food matrix. In any case, diﬀerences in RS
were small and human intervention studies should be performed to conﬁrm or discard the use of coarse
ﬂours feasible for bread-making for better postprandial metabolism. Added to that, it should be noted
that the amount of ungelatinized starch is dramatically higher in bread crust than in bread crumb [6],
and hence the eﬀects of varying particle size could be completely diﬀerent between crumbs and crusts.
In this sense, de la Hera et al. [63] and Protonotariou, Mandala, & Rosell [64] investigated the RS
content in bread slices containing the crust portion, so the question of whether particle size diﬀerences
in the range of 100 μm aﬀect RS in bread crumb, the major fraction of a bread slice, remains unclear.
Besides plant cell walls, storage proteins from certain plants, such as those from wheat (glutenin
and gliadin), maize (zein), and sorghum (kaﬁrin), have the ability to form disulphide bonds that
result in a continuous layer around starch granules upon cooking, and in a slowdown of starch
digestion [65,66]. In any case, the eﬀect of network-forming proteins on the resulting RS (or glycemic
response) after baking has received little attention. Only Berti et al. [67] and Jenkins et al. [68] showed
lower postprandial glucose levels of gluten-containing breads compared with gluten-free breads,
which was attributed to the presence of a protein network encapsulating the starch. Jenkins et al. [68]
also proved that the addition of gluten to gluten-free breads did not reduce the glycemic response,
suggesting that the protective eﬀect of the protein present in the wheat is the result of the natural
junctions between protein and starch, and is lost once the protein–starch network is disrupted. On the
other hand, zein and kaﬁrin, presumably owing to their relative hydrophobicity and disulphide bond
cross-linking [69], are isolated in protein bodies in the endosperm cells of the mature grain [70]. The
localization of storage proteins in protein bodies, unlike what occurs in wheat, prevents the formation
of a continuous matrix around the starch granules within the cells. For zein and kaﬁrin to be functional
in doughs, the protein bodies must be disrupted during dough mixing and the proteins freed. However,
disruption of the protein bodies has only been observed to occur during high shear extrusion [71] or
roller ﬂaking [72].
3.2. Granular Surface Properties (Granular Resistant Starch, RS2)
Starch usually gelatinizes in the range of 54 to 76 ◦ C at ≥20% water [73]. Therefore, considering
that, even for those breads made with the lowest possible hydration level (reﬁned dough bread, also
known as candeal bread), the moisture content in the crumb is above 35% throughout baking (where a
temperature above 70 ◦ C is reached [7]), an extensive (mostly complete) starch gelatinization (Figure 2)
is expected to occur [6]. On the contrary, the fast evaporation of water from the crust owing to its high
surface temperature impairs the full gelatinization of the starch [6]. In this way, it is possible to ﬁnd
from 56% to 70% (or even higher) of the starch in the crust ungelatinized (Figure 2), depending on the
type of bread [6,9]. Restriction of swelling and gelatinization can also be achieved by the interplay of
starch with other ingredients in the formula, including lipids, protein, ﬁbers, and sugars [74]. In any

9

Foods 2019, 8, 267

case, the presence of starch granules inherently resistant to digestion (RS2) could increase the ﬁnal
content of RS in breads coming from their crust portion [9].

Figure 2. Micrographs of crumb (left) and crust (right) sections of breads containing 20% of RS2 banana
starch. Detailed magniﬁcation (20 μm) denotes the presence of some granules in the gelatinized crumb.

RS2 has been found in ungelatinized tubers, particularly in potato, as well as in starchy fruits,
such as green banana, both in vitro [31] and in vivo [32,75]. High-amylose starch is also a source of RS2.
High-amylose starch, which is found mainly in maize, is obtained by mutation of the amylose-extender
(ae) gene and the gene encoding starch branching-enzyme I [15]. Thus, this starch presents longer
branch chains of intermediate material and higher amylose content [76]. RS2 starches are present in
starch granules containing the B-type crystalline allomorph. Although diﬀerences in the crystalline
structure help explain the higher resistance to amylolytic enzymes of potato, high amylose, and banana
starches, crystallinity itself does not fully explain the resistance of these starches. At a superior level
of starch structure, A-polymorphic starches are reported to have pores (0.1 to 0.3 μm diameter) and
channels (0.007 to 0.1 μm diameter) through which α-amylase (around 3 nm radius) could diﬀuse [77].
On the contrary, larger “blocklets” at the periphery of B-type polymorphic starch granules result in the
absence of pores and channels [78], which could signiﬁcantly limit the enzyme digestion, and possibly
be the primary determinants for the RS property [25,79].
In general, the addition of RS2 ingredients may result only in a moderate increase of RS in the ﬁnal
bread, as gelatinization will destroy their semi-crystalline granular structure. This moderate increase
will be the result of remaining ungelatinized granules in the crust, which represents a signiﬁcant, but
lower portion of the bread slice. As an example, Roman, Gomez, et al. [9] observed an RS increase
from 0.26 to 5.66% in the crust with the replacement of the main starchy ingredient by native banana
starch, but no signiﬁcant RS increase was observed in the crumb portion. On the contrary, native
high amylose is the only RS2 source that resists gelatinization, making this starch more suitable for
hydrothermally-processed foods. In fact, complete gelatinization of these mutant starches is only
achieved at temperatures higher than 120 ◦ C [5,80,81]. In addition, once gelatinized, high amylose
starches can form high amounts of RS3 [82]. Thus, several types of resistant starch, namely, RS2, RS3,
and RS5, can coexist in the ﬁnal bread.
3.3. Dispersed Starch Molecules Forming Resistant Starch upon Cooling and Storage (RS3)
After gelatinization, which results from baking, dispersed starch molecules begin to re-associate
upon cooling, forming tightly packed structures stabilized by hydrogen bonding that are more resistant
to digestion [83]. The resistance of retrograded amylose to α-amylase digestion was demonstrated
both in vitro and in vivo long ago [84], which was termed as RS3. The amount of RS3 produced
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from retrograded amylose is dependent on the amylose ratio and its chain length [18,85]. Similar to
RS2, the enzyme resistance of RS3 has been associated with the formation of a highly thermostable
B-type crystalline structure. Thus, the increased crystallinity is expected to result in fewer available
α-glucan chains to which α-amylase can bind and thus reduce the susceptibility of retrograded starch to
digestion [82]. Nonetheless, crystallinity itself does not fully explain the resistance of RS3, as previously
mentioned with RS2. Amorphous material in enzyme-resistant fractions has been found, conﬁrming
that the resistance is not simply based on a speciﬁc crystalline structure that is fully undigested [86].
Cairns et al. [87] and Gidley et al. [88] suggested that the resistance to digestion is also the result of other
double helices not involved in crystals. More recently, extrusion processing of high amylose starch was
shown to result in non-crystalline dense packing of amylose chains upon cooling, which exhibited
signiﬁcantly higher RS content than the cooked counterpart [82,89,90]. Furthermore, the content of RS
in extruded high amylose starch was similar to that in a granular native state [82]. We believe that
the increase in amorphous RS during extrusion could be the result of the molecular fragmentation
of amylose and amylopectin chains during extrusion, which could improve molecular mobility and
amorphous molecular packing at submicron length scale. In fact, recently, evidence of shear-induced
amylose scission during extrusion has been reported [91].
In contrast to amylose, the branched structure of amylopectin is less prone to retrograde, needing
a longer time for the formation of double helical structures [91]. Retrograded amylopectin has been
linked to the formation of slowly digestible starch (SDS), and hence to a reduction in the rate of
starch digestion [92,93]. Starch with a slow digestion rate has been proposed to partially pass to
the large intestine as RS, where it functions as a source to bacterial fermentation [84]. In this way,
although RS3 has been generally attributed to the formation of resistant crystalline structures from
amylose double helices, some old and recent evidence suggests that retrograded amylopectin should
be included as another form of RS3 [84]. In fact, Englyst and Macfarlane [94] already proposed a
further classiﬁcation of RS3 into two subcategories, that is, RS3a and RS3b, comprising retrograded
amylopectin and amylose, respectively. In terms of amylopectin, slowly digestible starch structures
involving amylopectin have been attributed to the following: (1) high proportions of long chains [93,95];
(2) chains with longer average length [9,92,93]; and/or (3) lower molecular sizes through processes
such as acid-hydrolysis or high shear cooking extrusion [9,91,93]. In contrast to RS3 from amylose
retrogradation, which is thermally stable (melting of amylose-amylose double helices occurring at
~150–160 ◦ C), double helices or aggregates of double helices involving amylopectin melt at signiﬁcantly
lower temperature (~55 ◦ C) [9,96,97] and, therefore, attention should be paid when using in breads
that will be re-heated.
3.4. Introduction of Chemical Structures (Chemically Modiﬁed Resistant Starch, RS4)
Starch resistance can also be created by the inclusion of chemical structures along starch chains.
The resistance to digestion of chemically modiﬁed resistant starch (RS4) is dependent on the type and
extent of the chemical modiﬁcation, mostly consisting of dextrinization, etheriﬁcation, esteriﬁcation,
oxidation, and/or cross-linking [58].
The mechanisms responsible for the enzymatic resistance of RS4 have been revised elsewhere [98].
It is originated principally by two diﬀerent mechanisms: (1) the introduction of bulky functional
groups (e.g., oxidation, etheriﬁcation, or esteriﬁcation with hydroxypropyl, acetyl, and octenyl succinic
anhydride groups, among others) and (2) starch cross-linking (typically with phosphate groups).
In the former category, large and bulky side functional groups are added by substitution along the
α-1,4 D-glucan chains to hinder the enzymatic attack, which also makes adjacent glycosidic bonds
inaccessible to the enzymes. As for the latter, the presence of cross-linked starch chains (reaction with
two or more hydroxyl groups) inhibits granular swelling, preserves granular integrity (preventing
enzyme access), and creates steric hindrance, making amylase unable to properly bind to starch.
Furthermore, some of the abovementioned chemical modiﬁcations can bring about RS ingredients
with up to 68–79% RS. Nonetheless, these chemical methods are characterized by long reaction times
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(up to 24 h) and environmental concerns (use of excess reagents that need to be properly removed
and disposed of). Therefore, this type of modiﬁcation seems less appropriate nowadays in view
of the current health and wellness megatrends, which are orientated to clean and natural (free of
chemicals) labels.
RS4 from diﬀerent starch sources are a widely commercialized RS ingredient, although little
information exists from the manufacturer about the nature and level of these modiﬁcations.
Multinational companies providing RS4 from potato, tapioca, wheat, and/or high-amylose maize
include Ingredion [99], Roquette [100], MGP Ingredients [101], and Cargill [102]. Ingredion provides
RS4 from high-amylose maize starch and potato starch known as Versaﬁbe 2470 and 1490, respectively.
Roquette oﬀers a line of modiﬁed starches under the name “CLEARGUM” comprising acetylated,
diphosphate, and octenyl succinic anhydride (OSA) starches. MGP ingredients oﬀers a phosphorylated
cross-linked starch under Fibersym brand name. Cargill also oﬀers a range of stabilized RS4 starches
(C PolarTex, C StabiTex, C Tex), subjected to diﬀerent chemical modiﬁcations (hydroxypropylated,
acetylated, phosphorylated starch, and so on). Several research works have focused on the inﬂuence of
these chemically modiﬁed RS starches in RS content, glycemic index, and quality of breads [103–111].
Chemically modiﬁed starches preserve their RS property during conventional food hydrothermal
processing and, therefore, can signiﬁcantly increase the RS content in bread. Nonetheless, based on
consumers’ demands for clean labeled products, these investigations will not be discussed in the
present review.
3.5. Lipid Complexed Resistant Starch (RS5)
Amylose can form inclusion complexes with lipids, and these complexes have been shown to
be more resistant to digestion [112]. Amylose–lipid complexes naturally exist in some starch sources
(principally high amylose starches) [113]. Nonetheless, they can also be formed upon hydrothermal
treatments, such as baking, in the presence of exogenous or endogenous lipids (monoglycerides,
fatty acids, lysophospholipids, and surfactants) [114]. The stability and resistance to digestion is also
dependent on the type of lipid (i.e., carbon unit length and unsaturation) complexed [114–116].
Two forms of complexes can be distinguished depending on their thermostability: Type I
amylose–lipid complexes that melt at about 95–105 ◦ C (less ordered structures), and Type II (V-type
crystalline structures) melting at about 110–120 ◦ C [117,118].
Although there are no commercially available sources of RS5 in the market, amylose–lipid
complexes can also reform upon baking, provided there are lipids in the formula. In this regard, most
gluten-free breads, which are mostly made with maize starch and rice ﬂour, incorporate some source
of lipid/fat in the formula, to enhance the crumb softness and juiciness, as it tends to be excessively
dry [119]. Meanwhile, wheat ﬂour lipids represent 2.0% to 2.5% of the ﬂour and exogenous lipids are
often added to reduce hardness or staling [120]. Therefore, the presence of a certain amount of RS5 in
breads is expected.
It is worth noting the ~50% reduction of postprandial blood glucose and insulin levels of breads
containing 60% (ﬂour basis) of a developed RS5 containing ingredient compared with the control white
bread [121]. These authors produced an ingredient containing both RS3 and RS5 by debranching high
amylose VII maize starch with isoamylase followed by complexation with palmitic acid. Interestingly,
they showed that the debranching treatment increased the amount of linear chains, which could either
retrograde or form complex with lipids more eﬀectively (RS: 52.7%) than the native high-amylose
starch molecules (RS: 35.4%) upon baking.
4. Eﬀects of RS in Physicochemical Characteristics of the Breads
Although bread-making varies widely around the world, the four basic ingredients are ﬂour/starch
(normally from cereals and tubers), water, yeast, and salt. Processing conditions include kneading,
prooﬁng, and baking. Inclusion of RS ingredients in the formula is usually given by replacement levels
of the starchy material by the RS ingredient. Most investigations approached the RS enrichment of
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breads using commercial RS2 and RS3 ingredients, but only some studies included the RS content in
the ﬁnal product. This is critical as baking will critically alter the type and amount of RS. For this
reason, in Table 2, only those studies in which RS was assessed in the ﬁnal product were included.
High amylose starches, usually from maize, in both granular (RS2) and retrograded (RS3) form,
are among the most used commercial RS ingredients in bread-making. They are widely available from
many companies including Ingredion, Roquette, Cerestar, and SunOpta Ingredients. Tapioca rich in
retrograded amylose (RS3) has also been investigated, which can be purchased from Cargill. RS2 from
green banana starch or ﬂour has also been evaluated in bread. The demand for banana starch/ﬂour
(RS2) is on the rise, and companies like Chiquita (Costa Rica), Livekuna (Canada), International
Agriculture Group (United States), and Natural Evolution (Australia) commercialize a wide range
of banana starch/ﬂour ingredients with elevated RS content (~40–50%). On the one hand, it must
be brought into attention that, converse to RS2 from high-amylose maize and RS3, RS2 from green
bananas is not heat-stable and will not resist baking, that is, there will be a signiﬁcant fraction of
RS that will be lost during baking [9,122]. It is noteworthy that banana RS2 decreases with ripening
owing to its conversion into reducing sugars by endogenous α-amylase [123]. This enzyme has been
reported to present an optimal activity between 8 ◦ C and 38 ◦ C, starting to be denatured at 38 ◦ C
and being fully denatured after 5 min at 100 ◦ C [124]. Therefore, the drying step will be critical for
its inactivation and the preservation of RS2 in banana ﬂours. Speciﬁcally, Pico et al. [125] showed
how oven-dried banana ﬂours at 40 ◦ C for 24 h exhibited an insoluble dietary ﬁber content of 26.8%,
which was signiﬁcantly lower than the same ﬂours obtained through freeze-drying (43.3%). On the
other hand, albeit banana RS is lost during baking, banana starch has been reported to have a suitable
molecular structure to result in structurally-driven slowly digestible starch in bread crumb after baking
through retrogradation [9], part of which could reach the colon as RS3 (RS3b). This occurrence has
been reported to improve through shear-induced fragmentation of amylopectin molecules through
high shear extrusion [91], which was attributed by the authors to smaller amylopectin fragments being
more mobile and more prone to interact through retrogradation.
The targeted amount of RS ingredient during formulation depends on the starch being used and
the desired RS level in the bread. Normally, percentages of replacement have been reported within
5–30%, which resulted in breads with ﬁnal RS content being dependent on the method of analysis.
The RS content in both ingredients and breads was, in some cases, quantiﬁed by the AOAC Method
2002.02 and modiﬁcations of the Englyst procedure. However, AOAC oﬃcial methods 985.29 and
991.43 were also used, which can lead to underestimations of the RS content (Section 2). Therefore,
it is unfortunate that the RS content of diﬀerent RS ingredients and breads is not comparable nor
harmonized. It is expected that the CODEX deﬁnition of dietary ﬁber [126], and its adaptation by many
worldwide authorities, brings about a unique method of analysis whose adoption enables harmonized
information about the RS content in diﬀerent commercial RS ingredients and RS-containing foods. This
would also answer existing uncertainties in the association of RS consumption through breads with
positive health outcomes. It is very important to mention that the clear majority of studies did not
report information about the day RS was analyzed (i.e. time after baking), which masks information
about the structural basis of the RS in breads, especially of those containing RS3, which increases over
time through retrogradation [48,93,127–129]. Another masking factor is the fact that the nature of the
sample for RS analysis is unknown and not reported in most studies, that is, whether crumb, crust, or
the whole slice was analyzed (Table 2). This is particularly important considering the diﬀerences in the
degree of gelatinization between crumb and crust (Figure 2) [6].
The incorporation of RS ingredients into bread formula also brings about diﬀerences in the
physicochemical and organoleptic properties of the bread (Table 2). The ﬂavor, mouth-feel, appearance,
and texture are examples of important quality factors to bear in mind for good consumers’ acceptance.
As reported in Table 2, formulation of breads with increasing levels of RS2 and RS3 sources, in general,
has detrimental eﬀect on volume, hardness, cohesiveness, and crust color. On the basis of Table 2,
approximately a 20% replacement of wheat ﬂour by RS ingredients seems to be adequate to keep
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bread ﬁnal quality, although lower speciﬁc volume and harder and/or less cohesive crumbs were
generally observed. Paler crusts are visible in some studies owing to the whitish color of starch
and the reduction in protein content available for Maillard reaction, while the color of the crumb
seems less aﬀected. Meanwhile, the incorporation of banana ﬂour led to both darker crumb and
crust [9]. Diﬀerences in crumb cell size distribution and decreased gluten network formation have also
been reported [127,130–132] On the other hand, consumers’ perception generally reﬂected similar or
unaﬀected sensory evaluation, which may be because of the bland ﬂavor of most RS sources. In this
regard, Almeida et al. [133] studied the eﬀects of adding diﬀerent dietary ﬁber sources and concluded
that RS2 (high amylose maize) was a more “inert” ﬁber source in relation to bread quality characteristics.
RS2 was found to have lower water holding capacity than other dietary ﬁbers, and thus less impact on
dough rheology, resulting in breads with superior quality [134].
In addition, other than the nature of RS ingredients, processing conditions may also inﬂuence
the formation of RS in bread. Baking under low-temperature and a long-time period signiﬁcantly
resulted in higher amounts of RS in bread than in those baked under higher-temperature and shorter
time [48,49,135,136]. Similarly, higher addition of water in the formula has also been reported to
increase RS in the bread. The higher the water content in the dough, the more starch can be gelatinized,
resulting in increased starch retrogradation (RS3) during cooling of gelatinized starch [136]. RS3 in
wheat bread has been reported to be greater for refrigeration than ambient or frozen temperatures [129],
so for certain starches, refrigeration temperatures may boost their RS property in breads.
In some studies, the amount of water added to each formulation was adjusted based on the water
binding capacity of starches as determined by farinographic analysis or elastic modulus [127,130,131,137–139].
In general, these RS rich ingredients have higher water absorption capacity than wheat ﬂour or
gluten-free ﬂours used for bread making, especially if RS3, in non-granular form, is used [130,139].
Therefore, if water content is not properly adjusted, especially in gluten-containing breads, higher water
absorption by RS ingredients in the dough can result in detriment of the gluten network [131,140]. Low
water availability causes non-optimal repartition of water among dough components and may lead to
ﬁnal breads with detrimental quality characteristics in terms of speciﬁc volume, textural attributes,
and appearance [141]. It is important to highlight that despite water adjustment in the formula, the
speciﬁc volume always decreased when high levels of RS ingredients were added into the formulation
of gluten-containing breads. This could be explained by the extent of gluten protein dilution [142]
and a hindrance eﬀect on the gluten network development by the non-gelatinized high maize starch
granules [130]. Conversely, in gluten-free breads, no diﬀerences or even an improvement in bread
volume with RS inclusion were observed in some studies [9,136,143].
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3.9% n.a.
5.9% n.a.
11.1% n.a.

Modiﬁed
Englyst et al.
[31]

0.0%/4.4%
bb, db
7.7%/10.2%
bb, db

Modiﬁed
Englyst et al.
[31]

AOAC
2002.02

0.0%/4.4%
bb, db
8.4%/11.0%
bb, db
1.2% bb, db
4.1% bb, db
8.1% bb, db
10.1% bb, db

Decreased volume for 30% level
Increased hardness for 30% level
Paler crust color for 20% and 30% levels

Decreased speciﬁc volume
Decreased hardness
No sensory diﬀerences

Decreased speciﬁc volume
Decreased hardness
No sensory diﬀerences

Speciﬁc volume and texture were not modiﬁed
Same cell density
Similar sensory evaluation
SDS fraction was also increased
eGI decreased from 83 to 72

Modiﬁed
AOAC
2002.02

5.5% bb, db
11.3% bb, db

[139]

[127]

[127]

[143]

[143]

Speciﬁc volume and texture were not modiﬁed
Decreased cell density
Similar sensory evaluation
SDS fraction was also increased
eGI decreased from 85 to 71

4.3% bb, db
12.0% bb, db

Modiﬁed
AOAC
2002.02

[142]

Decreased volume
Increased hardness with 15% level
Lighter crust
Staling dependent on the level of replacement

[137]

[130]

Increased hardness
Decreased cohesiveness and resilience
Decreased volume with 30% level
Lighter crust
Decreased number of cells in the crumb
Decreased Cinf and estimated GI
Increased consumer acceptability (20% level)

Reduced in vitro glycemic index (RS3 > RS2)

Refs.

Eﬀects on Bread Quality

Englyst et al.
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Table 2. In vitro studies on commercially available RS2 and RS3 sources as ingredients to increase RS content in wheat- and gluten-free breads.
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Higher staling for 10% level
Increasing RS with storage and substitution
Darker bread color
Improved volume, reduced hardness, and
improved sensory acceptance (native banana)
Increased SDS fraction in crumb with native
and extruded banana

[138]

[138]

[139]

[139]

Refs.

Decreased volume
Reduced initial hardness (20% level)
Reduced hardening (48 h)

Decreased volume
Similar initial hardness (20% level)
Reduced hardening (48 h)

Decreased volume for 30% level
Increased hardness for 30%
Paler crust color above 30%

Decreased volume 20% and 30% levels
Increased hardness for 20% and 30% levels
Paler crust color for 30%

Eﬀects on Bread Quality

SDS = slowly digestible starch; AOAC = Association of Oﬃcial Analytical Chemists; IDF = insoluble dietary ﬁber; TDF = total dietary ﬁber; GI = glycemic index; GF = gluten-free;
n.a. = not available; HA = high amylose; bb = bread basis; cb = crumb basis; ct = crust basis; db = dry basis. a RS3 was prepared with RS from HA maize starch (Amylomaize, N400)
subjected to debranching and/or three autoclaving-cooling cycles. b Wheat ﬂour (24%) was replaced by 20% of RS2 or RS3 source and 4% gluten. c Maize starch was replaced by HA
maize starch. Water level was not modiﬁed in the formula. d Potato starch was replaced by tapioca starch. Water level was increased in the formula. e TDF and RS in breads after baking
and during storage were determined using the total dietary ﬁber assay kit. The RS in bread was calculated as the amount of non-digestible carbohydrate minus DF that already existed in
the ﬂours. f Banana starch (Native RS2) was extruded under high-shear extrusion to obtain pregelatinized starch (RS3).

50.1% RS2

Green plantain
ﬂour, Chiquita

RS3 > 50%
Manufacturer

Tapioca starch,
ActiStar 11700,
Cargill

42.2% RS2

RS > 60%
Manufacturer

HA maize starch,
Hi-Maize 260,
Ingredion

Green banana
starch, Natural
Evolution

45% RS3

HA maize starch
CrystaLean,
SunOpta
ingredients

6.7% TDF

46.5% RS3

HA maize starch,
Novelose330,
Ingredion

HA wheat ﬂour,
Okumoto Flour
milling

RS Content

Ingredient

Table 2. Cont.
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5. Current Legislation of RS Ingredients and Products in the Food Industry
RS generally meets the criteria to be deﬁned as “dietary ﬁber” by the comprehensive dietary ﬁber
deﬁnition adopted by the CODEX Alimentarius Commission [126]. However, isolated or synthetic RS
ingredients require the American Food and Drug Administration (FDA) [144] or European Union (EU)
approval [145] after assessments of scientiﬁc evidence relating RS to physiological beneﬁts. Under that
proposed outline, “isolated” (pure RS2) or “synthetic” (RS3, RS4 and RS5) RS sources would remain
outside this deﬁnition. Nonetheless, in June 2018, the FDA [144] released a review of the scientiﬁc
evidence on the physiological eﬀects of certain non-digestible carbohydrates, which decided to include
isolated RS2 ingredients, such as raw green banana, potato, and high amylose starches, in the deﬁnition
of dietary ﬁber. According to this categorization, in Europe (2 kcal/g), Australia (2 kcal/g), and USA
(0 kcal/g), RS has a lower energy value compared with other non-ﬁber carbohydrates (4 kcal/g) [23,146].
The European Commission [147] also allows manufactures to voluntarily claim foods as a “source of
ﬁber” if it contains at least 3 g of ﬁber per 100 g, and as “high in ﬁber” if it contains at least 6 g of ﬁber
per 100 g.
Current regulations also identify the potential physiological beneﬁts of RS. The European Food
and Safety Authority (EFSA) approved the health claim, “Replacing digestible starch with resistant
starch induces a lower blood glucose rise after a meal”. However, this claim can be only used when
the ﬁnal RS content in the food is at least 14% of the total starch [148]. On the other hand, from
2016, the FDA [144] has allowed manufacturers to use the claim related to high amylose maize RS,
“High-amylose maize resistant starch, a type of ﬁber, may reduce the risk of type 2 diabetes, although
FDA has concluded that there is limited scientiﬁc evidence for this claim”. So far, to the best of our
knowledge, there is no other RS source with an authorized health claim in the United States.
6. Conclusions
The development of breads rich in RS and acceptable quality attributes could have a positive
impact on the modulation of the glycemic response, the control of body weight, and the improvement
of bowel health of bread consumers. The growing evidence of the positive health outcomes attributed
to RS is leading to the apparition of novel RS ingredients in the market for bread-making, whose
incorporation may seem the most logical and easy strategy to increase the RS content in breads.
However, it must be noted that not all RS ingredients preserve the RS property during baking. It is
thus paramount to understand the structural basis for their resistance to digestion and hydrothermal
processing, which is often disregarded. This review concludes that high amylose starches, both native
(RS2) and processed (RS3), are the most suitable RS ingredients for bread making in terms of RS
preservation during baking and a lower detrimental impact on bread texture. However, their level of
inclusion must be carefully selected. Another issue that this review addresses is the lack of harmony
in RS values, which is the result of using diﬀerent in vitro methods, some of which do not account
for all types of RS structures. This outlook is changing though, as AOAC Method 2002.02 or any
of its extensions, such as AOAC Methods 2009.01/2011.25, are adopted by many researchers from
diﬀerent nationalities.
Author Contributions: Conceptualization, L.R. and M.M.M.; Writing—original draft, L.R. and M.M.M.;
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Abstract: Milk fats and related dairy products are multi-functional ingredients in bakeries. Bakeries
are critical local industries in Western countries, and milk fats represent the most important dietary
lipids in countries such as New Zealand. Milk fats perform many roles in bakery products, including
dough strengthening, textural softeners, ﬁlling fats, coating lipids, laminating fats, and ﬂavor
improvers. This review reports how milk fats interact with the ingredients of main bakery products.
It also elaborates on recent studies on how to modulate the quality and digestibility of baked goods
by designing a new type of fat mimetic, in order to make calorie- and saturated fat-reduced bakery
products. It provides a quick reference for both retailers and industrial manufacturers of milk
fat-based bakery products.
Keywords: milk lipids; bakery products; fat replacer; shortening; baking activity

1. Introduction
Milk contributes approximately one third of human dietary lipid intake [1]. Milk lipids consist
of protein and also neutral lipids (triacylglycerols(TAG), monoacylglycerols (MAG), diacylglycerols
(DAG), free fatty acids (FFA)) and polar lipids (phospholipids) [2,3]. Milk fats and related dairy products,
such as butter, anhydrous milk fats (AMF), cream, cultured milk fats, and cheese (matrix of milk
lipids and proteins), have been incorporated into both extruded and baked products, including breads,
cakes and biscuits [4,5].
There are several reviews on bread lipids functionalities [6], bakery fat replacers [7],
bakery lipids [8], lipid shortenings [9], bakery emulsiﬁers [10], bread functional ingredients and
textural improvers [11], milk lipids in the food system [12], and bread emulsiﬁers [13]. However,
thus far, there has been no review on how milk fats perform their functions in bakery products.
Therefore, this review aims to summarize milk fat applications in the bakery industry, and to update
results on using milk fats to enhance the quality and nutritional value of baked goods. It also reports
on the recent trends in relation to the health concerns of milk fats in baked products, and new ideas to
reduce bakery energy density and saturated fatty acids (SFA).
2. Structure, Composition and Occurrence
2.1. Molecular Structure, Composition and Occurrence
Bovine milk lipids are comprised of 97.5% TAG, 0.36% DAG, 0.027% MAG, 0.027% FFA, and 0.6%
phospholipids [14]. There are also some minor lipid classes present in milk, for instance, sterols,
carotenoids, lipophilic vitamins, and ﬂavor compounds [2].
Foods 2019, 8, 383; doi:10.3390/foods8090383
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The triacylglycerol molecule consists of a glycerol backbone and three fatty acids esteriﬁed at
the positions of sn-1, sn-2, and sn-3. Two subclasses of phospholipids are glycerophospholipids
and sphingolipids. Glycerophospholipids consist of a glycerol moiety with two fatty acids
esteriﬁed at the positions of sn-1 and sn-2 and a hydroxyl group at sn-3 position, linked to a
phosphate group and a hydrophilic residue. The structural details of the hydrophilic residue
determine the types of glycerophospholipids, namely phosphatidylcholine (PC), phosphatidylserine
(PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidyl-glycerol (PG),
and phosphatidic acid (PA) [3]. Sphingolipid consists of sphingosine backbone (ceramide,
2-amino-4-octadecene-1,3-diol), linked to a fatty acid through an amide bond and a polar head.
Sphingomyelin (SM) is the predominant subclass of sphingolipids, having a phosphocholine head
group. A minor constituent of sphingolipids in milk is glycosphingolipid, of which the polar group is
comprised of carbohydrate groups (glucose, galactcose, and lactose) [15].
In intact raw bovine milk, lipids (3.3–4.6% [2]) are present in the form of milk fat globules (MFG),
with an average diameter of 0.1–20 μm and are enveloped by a tri-layered phospholipid membrane [16].
The triple-layer membrane consists of a surface-active inner monolayer enveloping TAG in the center
and an outer bilayer in contact with the aqueous phase of the milk. The milk fat globule membrane
(MFGM) is composed of polar lipids, proteins, glycoproteins, enzymes and minor neutral lipids [17].
2.2. Fatty Acid Proﬁle
The most abundant milk fatty acids are palmitic (26.3–30.4%), oleic (28.7–29.8%),
stearic (10.1–14.6%), and myristic (8.7–7.9%) acids [14]. Anhydrous milk fats (AMF), known by
the US Department of Agriculture (USDA) as 1003, consist of palmitic acid (27.7%), oleic acid (26.5%),
stearic acid (12.8%), and myristic acid (10.6%) [2]. Due to a high content of stearic and palmitic fatty
acids (melting points at 69.3 ◦ C and 62.9 ◦ C, respectively), milk fats are solid at ambient temperature.
Conjugated linoleic acids (CLAs) are isomers of linoleic acids (0.8–2.5%) with the predominant CLAs
being cis-9 and trans-11 CLAs (73–94%) [14].
SFA and monounsaturated fatty acids account for 62.2% and 28.9% (w/w) of the total fatty
acids (FA) in the anhydrous butter oil of United States Department of Agriculture (USDA 1003),
respectively, whereas long-chain FAs (LCFAs, C13–C21) accounts for 83.9% of the total FA, compared to
medium-chain FA (MCFAs, C6–C12, 8.8%) and short-chain FA (SCFAs, C2–C5, 3.4%) [2]. Unlike LCFAs,
SCFAs and MCFAs are absorbed intact as non-esteriﬁed fatty acids into the portal bloodstream and
metabolized rapidly in the liver [18]. Via gastrointestinal digestion, medium-chain TAG is decomposed
into glycerol and MCFAs, which reduces total cholesterol in serum by boosting hepatic synthesis of
bile acid [19]. The SFA degrees of main shortening lipids are shown in Table 1 [2]. Lipids of dairy
products can be separated by the Folch extraction [20], the Bligh method [21], the Röse–Gottlieb
extraction [22], or dichloromethane [23]. Total lipid (TL) content of samples may be measured using
gravimetric determination, a Gerber–van Gulik butyrometer, infrared spectrometry in a Milkoscan FT2
apparatus [22], or gas chromatography [24].
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Table 1. Composition of shortening lipids.
USDA
Code
4582
4506
4669
4585
4037
4615
4002
1056
1145
1003
1017
4513
4663
4701

Shortenings

Total Lipids (g)

SFA (g)

MUFA (g)

PUFA (g)

TFA (g)

SFA:UFA

Canola oil
Sunﬂower oil
Soybean oil
Margarine
Rice bran oil
Composite shortening
Lard
Cultured sour cream
Butter
Anhydrous butter oil
Cheese cream
Palm kernel oil
Hydrogenated palm kernel
oil (ﬁlling fat)
Fully hydrogenated soy oil

100.00
100.00
100.00
80.32
100.00
99.97
100.00
19.35
81.11
99.48
34.44
100.00

7.37
10.30
15.25
14.20
19.70
24.98
39.20
10.14
50.49
61.92
20.21
81.50

63.28
19.50
22.73
30.29
39.30
41.19
45.10
4.59
23.43
28.73
8.91
11.40

28.14
65.70
57.33
24.17
35.00
28.10
11.20
0.80
3.01
3.69
1.48
1.60

0.40
0.68
14.95
13.16
0.80
1.17
-

0.08
0.12
0.19
0.26
0.27
0.36
0.70
1.88
1.91
1.91
1.95
6.27

100.00

88.21

5.71

-

4.66

15.46

100.00

93.97

1.34

0.38

1.15

54.50

Notes: Saturated fatty acids (SFA), mono-, poly-unsaturated fatty acids (MUFA/PUFA), and trans- fatty acids (TFA)
of shortening lipids per 100 g adapted from US Department of Agriculture (USDA) Database v.3.9.5.3 [2].

2.3. Melting Properties and Solid Fat Index (SFI)
The SFI proﬁle of milk fat crystal powder can be measured by pulsed nuclear magnetic resonance
(p-NMR) with thermostatic incubation, and diﬀerential scanning calorimetry (DSC) can be used
to determine the fat melting point [4]. The SFIs of major lipids in bakery products are illustrated
in Figure 1 [25]. The SFI proﬁle of milk butter is very similar to that of general use margarine,
all-purpose shortening, and cake lipids, and thus, milk butter is interchangeable with other shortenings.
Cocoa butter can be used for coating bakery products, whereas milk fats are too soft for coating.
Even as a cookie ﬁller, milk fats are not ﬁrm enough and need to be formulated with other lipids. To
achieve optimum bakery activity, bakery lipids should have 20% SFI at 25 ◦ C and a minimum of 5%
SFI at 40 ◦ C [26]. For instance, a blend of stearin fraction of palm-based DAG and palm mid-fraction
(50:50 w/w; SFI at 30% and 10% for 25 ◦ C and 40 ◦ C, respectively; polymorphic form β’ + β; slip melting
point 55.4 ± 0.12 ◦ C) makes a better bakery shortening than sunﬂower oil and palm oil [26]. An SFI
proﬁle of less than 15–20% at the dough temperature is too soft to make a shortening. However, fats
that are too hard produce adverse eﬀects, for instance, shortening with an SFI of ca. 47.5% at 20 ◦ C
produces less acceptable biscuits than shortening with an SFI of ca. 22.5% at 20 ◦ C [27].
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Figure 1. Solid fat index (SFI) proﬁle of typical shortenings for bakery products. Notes: The SFI data
was adapted from [25].
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2.4. Crystalline Polymorphism
Aside from SFI, polymorphic forms of milk fat crystals are also a factor in controlling the bakery
activity of lipids [4] Lipids exist in three major polymorphic forms, α, β’, and β, and their stability
ascends in the order of α < β’ < β. Lipid crystal α is usually undesirable due to its instability. The β
crystal (large plate-like) is stable, but coarse and sandy, whereas β’ form is desired in baked goods
since it is ﬁne, needle-shaped, and stable. Enzymatic inter-esteriﬁcation can rearrange fatty acids on
the TAG backbone, creating tightly packed, small β’ crystals, which produce more desirable bakery
activity than composite blends [28]. Milk fats, together with other natural edible lipids such as tallow,
palm oil, cottonseed oil, and high erucic acid rapeseed oil possess the β’ polymorph, whereas crystals
of soybean oil, sunﬂower oil, coconut oil, palm kernel oil, and lard are usually present in the β
polymorph. Crystalline forms may transform into a more stable form as time and temperature
change [29]. The crystalline polymorphism can be determined by using an x-ray diﬀractometer
(XRD) [30]. Characteristic peaks of the acylglycerol emulsiﬁer-shortening blend at 4.15 Å and 4.6 Å are
from α and β forms, respectively, whereas the β’ form demonstrates three signals at 3.8 Å, 4.2 Å and
4.3 Å. In addition, sub-β and sub-β’ forms may cause peaks at 4.5 Å and 4.0 Å, respectively [31].
3. Milk Fats for Bakery Products
3.1. Milk Fats and Related Dairy Products
Milk fats and related dairy products include butter, anhydrous milk fat, ghee, and cheese
(combination of milk lipids and proteins) [32]. Milk butter is the predominant milk fat product
used in the bakery industry, comprised of 81.11% milk lipids and 16.17% moisture, approximately
(USDA 1145 in Table 2 [2]). In native milk, the enveloped fat globules are dispersed in the serum [33].
During churning, the membrane is disrupted and those milk fat globules aggregate to form butter,
separating out from serum (buttermilk) [34]. Cultured lactic butter is more popular in Europe than in
the USA, whereas sweet cream butter is more prevalent in the UK and USA than in other countries [35].
Salted butter (1.6–1.7% salt) has a 4-fold shelf life in refrigeration than unsalted butter due to reduced
water activity [32]. Ghee is clariﬁed milk fats from butter or cream, with an enriched ﬂavor [36]. A milk
butter blend with vegetable oil (e.g., corn oil, canola oil) reduces the overall SFA. Being hydrogenated
from vegetable oils (e.g., soybean and palm oil) or animal fats (e.g., beef tallow) to raise the SFI and
melting point, margarine is a cheaper substitute for milk butter in the bakery industry [37]. To avoid
TFAs resulted from hydrogenation, inter-esteriﬁcation of vegetable oils (soybean oil, palm stearin,
coconut stearin; 20:50:30, w/w/w) by Lipozyme RM IM produces optimized SFI and crystals of β’
polymorphic form, which are equally as eﬀective as commercial margarines [38].
Table 2. Proximate nutritional information of main milk lipid products.
USDA Code

Milk Fats

Water (g)

Energy (kJ)

Protein (g)

Lipids (g)

Ash (g)

Carbohydrate (g)

1017
1005
1009
1053
1056
1145
1003

Cheese
Cheese
Cheddar cheese
Cream
Cultured sour cream
Butter
Anhydrous butter oil

52.62
41.11
36.37
57.71
73.07
16.17
0.24

1466
1553
1684
1424
830
2999
3665

6.15
23.24
22.87
2.84
2.44
0.85
0.28

34.44
29.68
33.31
36.08
19.35
81.11
99.48

1.27
1.85
3.71
0.53
0.51
0.09
-

5.52
2.79
3.37
2.84
4.63
0.06
-

Notes: The nutritional data was adapted from US Department of Agriculture (USDA) Database v.3.9.5.3 [2].

AMF contains 99.48% lipids and 0.24% moisture, respectively (Table 2 [2]). According to the
Codex/CFR Alimentary, AMF and butter oil must be comprised of no less than 99.8% and 99.6% lipids,
respectively, without additives [32]. The AMF is produced by vacuum drying and removal of nonfat
solids from pasteurized cream. First, cream (40% lipids) is concentrated to 70–80% milk fats, and after
phase inversion, the milk fats are further dried to no more than 0.1% moisture [32]. The AMF can be
produced from both butter and cream [33], and butter oil is made out of butter [32]. For cost-saving,
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substitution of 30% AMF by hydrogenated vegetable oils (e.g., soya or coconut oil) has been formulated
into the shortening of bakery products in Asian countries such as Japan [25]. AMF has a broad melting
and crystallization range, fully crystalizing at −40 ◦ C and completely melting at 38–40 ◦ C. Thus AMF
can be fractionated into low (<10 ◦ C), middle (10–20 ◦ C), high (>20 ◦ C), and very high (>50 ◦ C for
confectionery) melting fractions [39].
Cheese is produced from milk by inoculation with bacteria and separation of the resulting
semi-solid curd (33–55% lipids for origin cream cheese, 0.5–16.5% lipids for reduced-fat cheese) from
the liquid whey, leading to less-perishable products than milk [40]. Among the most commonly
used bakery ﬂavors, cheddar and parmesan cheeses have been used to impart ﬂavor in biscuits or
crackers [41]. Aside from ﬂavor enrichment, cheese can also be used as a bakery coating or ﬁlling
lipids [42]. A typical cheddar cheese contains 33.31% lipids (Table 2 [2]). Gas chromatography
analysis of enzymatically-modiﬁed white cheese for bakery ﬂavor revealed 58 volatile compounds of
seven chemical classes including alcohols (12), aldehydes (8), ketones (10), esters (8), acids (11) and
hydrocarbons (9), among which most compounds were produced by metabolism of carbohydrates,
milk fats and amino acids [42]. Keﬁr cheese culture fermentation yielded volatile compounds,
for instance, diacetyl (i.e., major buttery aroma), acetaldehyde, ethanol, and acetone by metabolism
of probiotic bacteria (e.g., lactic acid bacteria, L. acidophilus, Biﬁdobacterium spp.) and yeasts
(e.g., Saccharomyces spp. and Kluyveromyces spp.) [43]. Bacterial metabolism produces diacetyl,
for instance, by Lactococcus lactis subsp. [44].
Sour cream, a critical bakery ﬂavor improver, is produced by the moderate-temperature
fermentation of cream, and it can also be made by the treatment of acid-producing bacterial cultures
on pasteurized cream. Compared to cream, sour cream (typical lipid content 19.35% in Table 2 [2]) is
thicker and more acidic, with a longer shelf-life [45].
Furthermore, milk fats are often consumed together with biscuits and breads (e.g., as ﬁllers) [46].
Milk fat products such as butter and AMF are sometimes manufactured as ﬂaked or powdered forms
by spray chilling or spray drying, which are easy to disperse [29]. The typical composition of milk fats
and related dairy products are illustrated in Table 2 [2].
3.2. Functional Roles of Milk Fats in Bakery Products: Baking Activity
Milk fats have been used to perform multifunctional roles in bakery products, for instance, as
mouthfeel and ﬂavor improvers, texture improvers, dough conditioners, and anti-staling agents [29].
In addition, milk fats can fulﬁl a wide variety of functions such as laminating and ﬁlling fats, coating
or topping lipids, spray oil, and imparting ﬂavor [35]. The functions of milk fats are dependent
on the dose and the type of baked products. For instance, they play more strengthening roles in
yeast-leavened bread dough than in cookie/biscuit dough or cake batter, whereas cake fats are highly
attributed for aeration and whipping in batter agitation [47], and biscuit or cookie laminating fats are
mainly responsible for crisping and puﬀy eﬀects by textural improvement [47]. Almost half of the
lipids in coconut oil (USDA 4047) are comprised of lauric acid (41.84%, Tm = 43.2 ◦ C), but bovine milk
fats (USDA 1003) contain only 2.79% lauric acid in comparison [2]. Therefore, milk butter needs to be
blended with cocoa or equivalent to make a bakery coating.
Bakery shortening is deﬁned as the ability of a fat to lubricate, weaken, or shorten the structure of
bakery products, thereby providing tenderization eﬀects and other desirable textural properties to
bakery products [48]. During the mixing process of dough or batter, lipids interact with gluten and
starch particles to strengthen their network, thus improve the gas retention of dough. Hence, bakery
products become softened, resulting in consistent grain, lubricated mouthfeel, enhanced heat transfer,
and extended shelf life [9]. Shortening lipids are made from milk butter, animal fats (e.g., tallow, lard),
or hydrogenated plant oils (e.g., palm oil) [47]. In contrast to standard shortening, lipids such as
hydrogenated vegetable fats may be used to replace milk fats for bakery products, such as biscuits [49].
Laminated dough shortening has an SFI of 10–40% for the temperature range of 33 ◦ C to 10 ◦ C,
causing a puﬀy texture for croissants, danishes, and pastries. Milk butter is a benchmark laminated
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dough preparation agent for appropriate SFI proﬁle and β’-form crystal. Cheap alternatives include
hydrogenated shortenings and inter-esteriﬁed fats, which lead to a trans fatty acids (TFA) issue or less
acceptable sensory quality [4].
Bakery lipids have their characteristic SFI proﬁle, plasticity (processability), and antioxidant
stability [50]. For instance, a coconut oil cookie ﬁller is designed as a 59% SFI at 10 ◦ C, 29% at 21.1 ◦ C,
and 0% at 26.7 ◦ C onwards, with a melting point of 24.5 ◦ C. In contrast, croissant shortening melts at
39 ◦ C, with an SFI proﬁle of 39% at 10 ◦ C, 27% at 21.1 ◦ C, 22% at 26.7 ◦ C, 19% at 33.3 ◦ C, and 18% at
43.3 ◦ C [47]. Milk fat ﬂavors have been attributed to volatile molecules, including branched-chain fatty
acids, lactones, methyl ketones, aldehydes, and other minor compounds, which are originated from
milk fats or produced during fermentation, lipolysis, or processing. Milk fat products, such as cheese
(e.g., cheddar and feta), cream, sour cream, and butter are all used to improve the sensory properties of
bakery products [43].
3.3. Interaction of Milk Fats with Other Bakery Ingredients
3.3.1. Lipid–Protein/Starch Interaction
Lipid–protein binding interactions can increase gluten polymerization. However, the ionic
amphiphilic binding will cause interface aggregation due to charge neutralization, and therefore, this
interaction may also decrease surface activity as the lipid concentration at the aqueous–oil interface
increases to a certain level, which leads to the disruption of protein–protein interactions in the interfacial
ﬁlm [51]. The gluten–lipid interaction yields a dynamic balance of surface activity, altering the surface
activity and aeration ability. This mechanism is critical for dough rheological characteristics and
product textural properties. Horra et al. [52] compared reﬁned milk fats (SFI 38% at 25 ◦ C) and
margarine shortening (SFI 5–25% at 25 ◦ C) and found, through confocal microscopy, that the gluten
network with milk fats is less developed and more orderly structured (with isolated starch particles)
than the network formed with margarine shortening, thereby producing greater elastic and viscous
moduli, and higher puﬀ pastry.
During dough mixing, milk fats coat the gluten network and starch particles, reducing the water
hydration capacity of the dough [6]. With the formation of an extensible gluten ﬁlm by hybrid hydration
and lipid coating, the lipid crystals decrease the surface tension of the gluten ﬁlm (lubrication eﬀects),
promoting aeration of the dough [9]. The crystals align their orientation along the air cells and stabilize
them. Milk fats (β’ polymorph) aerate more eﬀectively than soybean oil (β polymorph) by forming
ﬁne and consistent gas bubbles [53].
During dough fermentation and prooﬁng, the fat crystals further melt and become absorbed at
the gas–liquid interface with elevated temperatures. They re-orientate along the interface plane and
hold the yeast-leavened carbon dioxide in the gas cells [54]. Low melting fats or oils have been found
to be much less eﬀective in gas retention at this stage [55].
During baking, starch particles become gelatinized and the gluten ﬁlm turns into a permanent
cross-linked thin ﬁlm together with lipids, with the crust drying and browning (the Maillard reaction)
taking place concomitantly [56]. Without lipids, the bubbles tend to coalesce or collapse and produce
coarse crumb grain, whereas shortening fats lead to ﬁne crumb grain and consistent porosity [57].
Hydrogenated fats produce a stronger dough and more tender cookies than sunﬂower oil [58].
When the baked products cool down, amylose and amylopectin crystallize and retrograde in
the early stages of storage and over the course of shelf life, respectively [59]. Using low-frequency
NMR, it has been found that water migrates from crumb to crust or to amylopectin during storage,
and immobilization of moisture will reduce water activity and decrease crystallization of amylopectin,
thereby inhibiting the staling rate [60]. Most bread staling mechanisms can be explained by water
migration and therefore reducing water activity by changing the gluten network and reducing
hydrophilicity of the bread crumb can slow down the rate of bread crumb staling. During bread storage,
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starch polymer retrogrades concomitantly with fat re-crystallization [61]. This concurrent polymorphic
conversion from β’ to β has been evidenced by powder XRD analysis for croissant samples [62].
In brief, shortenings such as milk fats have eﬀects on the lubrication/stabilization (mixing),
gas retention (prooﬁng), textural tenderization (baking), and anti-staling (storage) properties of bakery
products. The addition of emulsiﬁers can consolidate the above eﬀects, thus reducing the amount of
shortening lipids required. The interaction of lipids with other ingredients is diﬀerent among breads,
cookies, biscuits and cakes, such as with the additional interaction of lipids with egg components.
3.3.2. Starch–Lipid Complexes
Starch can form complexes eﬀectively with MAG, as it can with fatty acids, but TAG does not form
complexes with starch [63]. A previous report has shown that four kinds of lipids: monopalmitate
glycerol (96.3%), (palmitic acid (41.8%), dipalmitate glycerol (DPG, 1.1%), and tripalmitate glycerol
(8.3%) have reduced complexing ability [63]. The starch–lipid complexes have been found to lower the
glycemic load of bakery products and impact on their staling processing. Using confocal laser scanning
microscope (CLSM) and scanning electron microscopy (SEM), both non-inclusion and inclusion
lotus seed starch–lipid complexes have been identiﬁed, causing slow digestibility of starch [64].
The complexing index of debranched starch–stearic acid complexes reached 89.31% [65], while that of
the native starch (yam)–palmitic acid complexes (2%, w/w, starch base) was maximized as 26.39% [66].
In addition to the reduction of the starch glycemic index, high amylose corn starch–lipid complexes
inhibited the staling process of baked goods [67], as also evidenced by a recent report, where the
ﬁrmness of wheat bread during storage was signiﬁcantly reduced by resistant starch [68].
3.3.3. Emulsiﬁer Functionalities during Dough/Batter Forming
Emulsiﬁers can be used to disperse milk fats, enhance their baking activity, assist ingredient
blending and emulsiﬁcation during dough/batter formation, and promote aeration and air distribution,
especially for cake batter [29]. Commonly used emulsiﬁers for baked goods include MAG and DAG
(E471), lecithin (E322), sodium stearoyl lactylate (SSL, E481), and diacetyl tartaric acid ester of monoand diacylglycerols (DATEM, E472e) [11]. For instance, in a high-ratio layer cake, 5% MAG was
formulated into the shortening [31].
Similar to the baking activity of shortening, anionic emulsiﬁers such as DATEM, SSL, and calcium
stearoyl-2-lactylate (CSL) are useful in both dough strengthening and bread softening, as are the
nonionic emulsiﬁers (sucrose esters of fatty acids (SE), polysorbate-60 (poly-60)). Lecithin and distilled
MAG have no strengthening eﬀects [13]. Fu et al. [31] compared distilled MAG and four acylglycerols
(40%) of octanoic acid (8:0), palmitic acid (16:0), stearic acid (18:0), and linoleic acid (18:2) and found
that monopalmitate glycerol and monostearin glycerol led to a higher SFI and ﬁner crystals (β’ form),
thus increasing aeration ability in batter formation and tenderizing the crumb of layer cakes. In contrast,
monooctanoic glycerol and linoleic acid glycerol produced adverse eﬀects to the SFI and β’ form
crystals, thereby reducing cake size and increasing its ﬁrmness. In addition, lecithin and distilled
monostearate stabilized the shortening crystals and increased the air-absorbing ability on both beef
tallow and hydrogenated palm oil [69]. Using digital imaging of crumb micro-structure, the emulsiﬁer
functionality in assisting air aeration was recognized. At the same level of dough hydration, ﬁve
emulsiﬁers (DATEM, SSL, distilled MAG, lecithin, and polyglycerol esters of fatty acids (PGEF))
increased the bread dough permeability and gas retention ability, resulting in increased gas bubble
number and homogeneity [70].
4. Milk Fats for Bakery Products
Breads use less fats and sugar than biscuits and cakes, and biscuit recipes use less water than
breads and cakes. For instance, breads (AACC 10–10 recipe, ﬂour based) are comprised of wheat
ﬂour, 6% sugar, 5% milk butter, 1.5% salt, 1.5% yeast, and 60% water; biscuits (AACC 10–54) consist of
wheat ﬂour; 42% sugar, 40% shortening, 1% skim milk powder, 1.25% salt, 1% sodium bicarbonate,
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0.5% ammonium bicarbonate, 1.5% high fructose corn syrup, 22% water; high-ratio cakes (AACC
10–90) are made out of wheat ﬂour, 140% sugar, 50% shortening, 2% emulsiﬁer, 12% dry skimmed
milk powder, 5.5% baking powder, 9% egg white powder, 3% salt, and ca. 135% water [71]. Cakes are
distinct from other products for containing egg, though some other products may also contain egg.
4.1. Bread Fats
Milk fats account for 3–4% of a bread recipe [71]. During dough mixing, both starch particles and
gluten become hydrated, and the gluten proteins polymerize through reactions between the sulfhydryl
(–SH) groups and disulﬁde (–SS–) bonds, forming an extensive, interlinked dough skeleton [72].
Milk fats mainly perform three kinds of functions in bread dough. First, lipid crystals brace the
developed gluten network as a plasticizer. In this instance, shortening oil (e.g., sunﬂower oil) exhibits
far less of an eﬀect on the developing strong gluten network than shortening fats and milk butter due
to less SFI [58]. Secondly, lipid crystals align themselves to the gas–liquid interface of bubbles during
dough mixing, exerting lubricating eﬀects [73]. Lastly, the lipid crystals enhance the stability index of
bread dough [74], and the β’ crystal-stabilized bubbles are larger than that of β crystals [75]. β’ crystal
lipids aerate dough more eﬀectively than β crystal lipids [76].
During dough fermentation at 40 ◦ C, yeast digests glucose and emits carbon dioxide and ethanol.
Newly produced carbon dioxide diﬀuses into gas bubbles and leavens dough to 1–1.5-fold in height [77].
Milk fats will then melt and form an extensible thin ﬁlm, further stabilizing the gas bubbles [78],
whereas doughs with insuﬃcient lipids will leak gas via the gluten network due to the penetration
or rupturing of the cell wall [78]. However, a high concentration of lipids will inhibit dough rising,
as aggregated gluten and solid lipid crystals exert low elasticity, thereby hindering the expansion of
bubbles [63].
Upon heating, the cells expand with carbon dioxide diﬀusion and moisture/ethanol evaporation.
With the moisture mobilization and heat transfer, gluten and gelatinized starch become solidiﬁed and
form a ﬁne crumb texture, while at the same time, the bread crust dries and turns brown due to the
Maillard reaction [73]. Shortening fats melt fully and form an elastic thin ﬁlm together with gluten
along cell walls, again stabilizing gas cells [54]. Solid fat-incorporated breads exhibit increased porosity,
loaf volume, and softness [79]. During baking, with the melting and gelatinization of starch particles,
fat globules melt and form gas cells. The dough moisture migrates towards the edges of gas bubbles to
evaporate. Eventually, the bread forms an interlinked porous texture [80].
During the staling process, the bread crust becomes leathery and the crumb turns rigid and
unresilient, in parallel to the losses of aroma and eating quality [81]. The migration of moisture across
the crumb and crust leads to elevated bread rigidity. In addition, amylose and amylopectin retrograde
successively over shelf life [56].
There are several approaches to delay the staling of bread, for instance, by the addition of
plasticizers, cross-linkers and ﬁllers, or by the modulation storage temperature to inhibit deformation
during staling [61]. Milk fats have suﬃcient SFI at ambient temperature, and thus, they are able to act
as plasticizers to increase storage stability, as well as change the thermoplastic properties.
4.2. Biscuit Fats
Biscuits are among the most consumed bakery products worldwide, and they are formulated
with ﬂour, fat, sugar, milk, water, eggs (optional), and salt into a viscous dough, and are baked on a
ﬂat surface [71]. In addition to lubrication and aeration in dough forming, biscuit fats perform such
roles including ﬁlling, laminating, coating, surface spray, nutritional value, sensory, and tenderization.
Fats (Tm ca. 33 ◦ C to give smooth mouthfeel, SFI 53% at 20 ◦ C and 3% at 35 ◦ C) constitute around
half of the biscuit ﬁller, in which inappropriate melting points will cause brittleness or ﬁlling collapse.
Coating fats are usually cocoa butter equivalents (Tm ca. 36.6 ◦ C), whereas typical spray lipids
approximately possess SFI proﬁles of 22% at 20 ◦ C and 0.5% at 35 ◦ C [29]. Milk fats can be formulated
compositely to fulﬁll these roles. Milk butter (no less than 7%, ﬂour based) and cheese have been
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used to make premium butter biscuits (USDA 18214 [2]) and cheese crackers (USDA 45080543 [2]),
imparting a buttery aroma. Moreover, cookies also utilize milk butter powder to laminate the dough
sheets into several discrete layers, creating a puﬀy eﬀect on the end product [29]. Enzymatically
hydrolyzed or cultured milk fats have been used as ﬂavor agents [42,44]. Aside from the above
functionalities, milk butter also serves as a nutritional ingredient. For instance, AMF and butter is
comprised of polyunsaturated fats and lipophilic compounds such as vitamin E and β-carotene [35].
In addition, milk fats are natural lipids, without the trans-fatty acid issues of other vegetables fats such
as hydrogenated shortenings [82].
Crackers are usually salty biscuits, based on layered dough, whereas cookies are normally
made out of high fat and sugar recipes (short-dough [83], more cake-like). To counterbalance gluten
development with syrup, comparable fats are added to conﬁne starch granule swelling and limit
dough forming [29]. Cookie dough is short-formed, and therefore a chemical leavening agent is
used to increase its volume. The lipid content of leavened cookies and crackers is 7–20%, whereas
unleavened cookies can have a lipid content as high as 16–33% (dough-based, Table 3). A typical
cracker recipe incorporates 23.1% of milk butter (ﬂour-based) [35]. In contrast to breads (35–45%
moisture), the moisture content of cookies and biscuits are comparably low. For instance, crackers and
cookies in contain 2.75% and 5.9% moisture, respectively [27], and thus they can sustain a long shelf
life. Compared to cookies, cracker recipes have no sugar (Table 3).
Table 3. Biscuit recipes based on 100 ﬂour.
Ingredients (g)

Cracker 1

Biscuit 1

Biscuit 2

Biscuit 3

Biscuit 4

Wheat ﬂour
Water
Shortening
Baking Powder
Salt
Emulsiﬁer
Sugar
Shortening Dough Base
Reference

100.00
27.50
10.50
0.80
1.00
2.75
7%
[84]

100.00
35.71
13.84
0.98
0.66
0.59
26.79
8%
[85]

100.00
13.33
44.89
1.11
0.93
5.00
60.00
20%
[86]

100.00
20.00
39.90
0.50
0.71
0.51
40.40
20%
[83]

100.00
20.00
66.00
2.40
1.00
33.00
33%
[87]

4.3. Milk Fats in Cakes
Cake batter is an emulsion of ﬂour, sugar, shortening, egg, and other minor ingredients [88], and
cakes contain more lipids and sugar than breads. Compared to biscuits, milk fats, especially butter,
play a greater role in cakes than in biscuits. Yellow cakes (Table 4) use butter and whole egg, resulting
in a rich color, tender grain, and milky ﬂavor. White cakes, on the other hand, usually use egg white
and shortening instead of milk butter (Table 4). Pound cakes require equal amounts of ﬂour, whole egg,
milk butter, and sugar (Table 4), leavened by baking powder. Distinctly, butter may be absent in sponge
cake recipes, where egg performs the aeration function in batters, creating foam and an airy grain.
In a layer cake formula ([89], Table 4), the amount of sugar is not greater than the quantity
of wheat ﬂour (both 100 g), and the egg amount (49.1 g) is equal or comparable to the amount of
shortening (40.91 g). The amount of liquid in the recipe (114.89 g, Table 4) may be equal to or greater
than the amount of sugar in the recipe (100 g, Table 4) [90]. Conversely, high-ratio cakes use more
sugar than wheat ﬂour (Table 4). To counterbalance the inhibitory eﬀect of excess sugar on starch
gelatinization [90], an extra amount of egg is added to strengthen the formula (60 g egg vs. 40 g
shortening [31] in Table 4).
Cake fats perform similar functions to bread lipids, for example, air incorporation, air cell
stabilization, structure tenderization, and elevation of oven spring [91]. Propylene glycol monostearate
(PGMS, 1.8% w/w), glycerol monostearate (GMS, 1% w/w), and lecithin (0.8% w/w) blended with soy
bean oil are equally as eﬀective as commercial liquid shortenings in increasing cake size and softness.
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However, liquid shortening cakes exhibit a reduced ﬁrming rate compared to cakes containing plastic
shortening, seen over the course of three-weeks in storage [91].
Table 4. Cake batter recipes based on 100 g wheat ﬂour.
Ingredients (g)

White Cake *

Yellow Layer
Cake

High Ratio
Cake

Pound Cake

Sponge
Cake

Sponge
Cake

Wheat Flour
Granulated Sugar
Water
Fresh Egg
Butter or Equivalent
Emulsiﬁer
Skimmed Milk Powder
Vanilla Flavor
Salt
Baking Powder
Fats in Batter
References

100.00
136.00
106.00
60.00
25.00
0.30
9.00
3.00
6.00
6%
[35]

100.00
100.00
65.79
49.10
40.91
8.18
2.03
2.03
0.55
11%
[89]

100.00
120.00
75.00
60.00
40.00
2.00
7.00
3.00
5.50
10%
[31]

100.00
100.00
16.33
100.00
83.55
0.12
1.63
6.53
20%
[92]

100.00
81.82
127.27
86.36
6.05
9.09
19%
[93]

100.00
100.00
100.00
100.00
6.66
25%
[94]

Notes: * White cakes use egg white (not yolk) and shortening, instead of butter.

5. Milk Fats Replacement
To make cost eﬀective bakery products, these milk fats need to be replaced with more economic
sources. In addition, milk fats are high-calorie (3665 kJ/100 g for AMF in Table 2), highly-saturated
lipids (ca. 66% in Table 1). Table 5 illustrates some fat replacers used in bakery products. The high
content of shortenings in biscuits and cakes, together with the total lipid content in some bakery
products (1812 kJ/100 g in Table 6), catalogues them as high-calorie foods (>1675 kJ/100 g [95]), as
shown in Table 6. In order to produce bakery goods that are low in calories and saturated lipids, milk
fats need to be substituted. There has been interest in using resistant starch (RS) emulsions to substitute
bakery fats by 25–50%. In this regard, four forms of starch (2.6–46% RS) exhibited great potential in
improving cookie/cake size and symmetry due to the extra hydration capacity of the added starches,
while maintaining color and sensory score [96]. Specialty fats (e.g., hydrogenated fats) in the bakery
industry have been used to improve texture, shelf life and sensory acceptance. However, they are
associated with high serum levels of low density lipoprotein and cholesterol, and the subsequent
development of atherosclerosis [30]. Oleogels are recent alternatives to reduce SFA, as illustrated in
Table 5. It has been found that fat replacement has less impact on the acceptability of biscuits than
sugar reduction [97].
Table 5. Successful fat replacer in bakery products.
Figure
Beeswax–sunﬂower oil
oleogels
Candelilla wax–canola
oil oleogels
Carnauba wax–canola
oil oleogels
Candelilla wax–canola
oil oleogels
Inulin from chicory
roots.
Inulin
Inulin

Bakery Products (Flour
100 g)

Replacement % of
Full-Fat Bakery
Products

Results

References

AACC 10–90 cake

100%

SFA 58%→15.5%

[98]

AACC 10–54 cookie

30–40%

SFA 63.4%→32.3%

[50]

AACC 10–90 cake

25%

SFA 74.2%→64.24%

[99]

AACC 10–52 cookie

100%

SFA 52.8%→8.5%

[100]

Sponge cake: 100% sugar,
46% sunﬂower oil
Short dough biscuit: 74.1%
margarine; 37% sugar
Short dough biscuit: 30%
shortening; 15% sugar

70%
25%
20%

34

Reduced fat and
fortiﬁed ﬁber
Textural and sensory
properties maintained
Weakened lubrication
of biscuit dough

[101]
[102]
[103]
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Table 5. Cont.
Figure

Bakery Products (Flour
100 g)

Replacement % of
Full-Fat Bakery
Products

Acetylated rice starch

Cookie: 60% sugar, 30%
shortening

20%

Inulin

Biscuit: 45% margarine,
26.7% sugar

20%

Short dough biscuit: 132%
margarine, 66% sugar

30%

AACC 10–90 cake

50%

AACC 10–90 cake and
AACC 10–10 bread

50% and 75%

High-oleic sunﬂower
oil and
inulin/β-glucan/lecithin

Biscuit: 34% sugar, 46%
shortening

100%

Chia mucilage gel

Pound cake: 75% sugar,
30% shortening

25%

Corn ﬁber,
maltodextrin or lupine
extract
Carnauba wax
5%—cotton oil oleogels
Chia seeds mucilage
(80.16% carbohydrate,
10.63–10.76% protein)

Puree of canned green
peas
High oleic sunﬂower
oil + wheat bran (1.9:1)
77.3:34:12.4:1.3 olive
oil: water: inulin:
lecithin

full-fat chocolate bar
cookies: 324% sugar, 134%
shortening
Cookie: 52% sugar, 33%
shortening, 40% egg
Cake: milk fats 35%, sugar
33%, egg 40%

Results

References

Native and modiﬁed
rice starch equally
eﬀective
Biscuit energy density
reduced by 580 kJ/kg
28.6% fat reduction
and 23 g/kg ﬁber
fortiﬁcation
SFI similar to
shortening fats
51.6–56.6% fat
reduction and protein
fortiﬁcation
Lecithin (3%,
sunﬂower based)
achieved similar
sensory quality
Higher replacement
led to adverse eﬀect to
color and texture

[104]
[105]
[106]
[107]
[73]

[108]

[109]

75%

By sensory assessment

[110]

100%

SFA: 54.6→24.5%

[111]

50%

SFA: <39%
TL: <19%

[112]

Notes: Solid fat index (SFI); saturated fatty acids (SFA); total lipids (TL).

In contrast to the moisture-retention and staling-retardation eﬀects of carbohydrate-based replacers,
protein-based replacers perform functions as texturizers. For instance, milk whey protein concentrate
has been compositely used to substitute fats [113]. In addition, enzymes can also reduce shortening use,
by targeting the endogenous ﬂour lipids. Fugal lipase, e.g., Lipopan F, has been successfully developed
to hydrolyze ﬂour lipids to replace milk fats [79,114,115]. In another report, amylase-hydrolyzed
starch was used to replace shortening, and achieved a comparable loaf size and consistency, but lower
springiness and softness [116]. In general, reduced-fat bakery products have shown poorer performance
in regards to mouthfeel, ﬂavor, and texture properties than standard bakery products [117].
Table 6. Nutritional information of baked goods by US Department of Agriculture (USDA) [2].
Baked Products

Bread

Biscuit

Cookie

Sponge
Cake

Pound
Cake

Wheat
Cracker

White
Cake

Yellow
Cake

USDA code
Water (g)
Energy (kJ)
Protein (g)
Total lipids (g)
Ash (g)
Carbohydrate (g)
Sugar (g)
Total dietary ﬁber (g)
Total saturated FA (g)
Total monounsaturated FA (g)
Total polyunsaturated FA (g)
Total trans FA (g)

18064
35.25
1145
10.67
4.53
2.01
47.54
5.73
4.00
0.70
0.61
1.62
0.03

21142
27.88
1547
7.08
18.92
3.31
42.82
3.88
2.50
11.80
2.49
2.20
0.21

3213
5.90
1812
11.80
13.20
2.00
67.10
24.2
0.20
2.35
5.99
2.88
0.02

18133
29.70
1213
5.4
2.7
1.2
61
36.66
0.5
0.80
0.95
0.45
-

45209528
26.25
1516
3.75
15.00
55.00
40.00
3.75
0.00
0.00
3.75

18232
2.75
1903
7.3
16.4
2.83
70.73
6.9
15.48
3.21
3.47
8.474
0.034

45262644
24.69
1653.865
2.47
18.52
54.32
43.21
7.41
-

45174254
18.83
1725.044
2.35
16.47
62.35
49.41
8.24
-
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5.1. Carbohydrate-Based Milk Fat Mimetics
Carbohydrate-based fat mimetics are the most common milk fat replacers, including plant
polysaccharides, dietary ﬁber, and starch [118]. These fat mimetics have been initially designed
to generate suﬃcient baking activity, such as moisture retention, texturizing, and mouthfeel,
whereas yielding only half to a quarter of the total calories of fats. However, in terms of ﬂavor,
palatability, crumb consistency, appearance, and customer acceptances, these replacers are less eﬀective
than milk fats. Recently, dietary ﬁber (e.g., inulin [119] and pectin [120]) and other resistant starches
(e.g., Emjel) have been added to cookie and cake recipes [96], and they achieved similar textural
properties to full-fat bakery products. Pectin (Yuja pomace) gel substitution (10%, w/w) led to
the same level of volume and textural properties as shortening cake (AACC 10–90), with elevated
softness and whiteness [120]. Inulin (e.g., Agave angustifolia fructans) replacement (20%) led to similar
sensory properties and enhanced prebiotic activity [121]. Light microscopy images showed that,
with the replacement of shortening fats with β-glucans from an edible mushroom in the batter recipe,
the population of gas bubbles became decreased, with broader size distribution, which indicated the
loss of stabilization by forming an interfacial lipid ﬁlm along bubbles during batter forming [122].
5.2. Lipid-Based Milk Fat Mimetics
Unsaturated lipids or low-calorie lipids have been used to replace milk fats. For instance, replacement
of butter in breads by rapeseeds caused a 91% reduction of low-density-lipoprotein-cholesterol in
plasma [123]. Margarine is a cheap alternative to milk fats. However, the high water content of
margarine limits its use in biscuit manufacturing. Animal fats have been used to inter-esterify with
plant oils (e.g., canola oil) to prepare bread shortenings [124], and cookies prepared with oils were
ﬁrmer than full-fat cookies [125], whereas shortening (palm oil) and emulsiﬁers together have produced
cakes with a similar ﬁrmness to cakes prepared with fats [91]. Inter-esteriﬁed beef tallow caused slower
crystallization than tallow, and brought about an SFI increment of approximately 11% and 5% at 25 ◦ C
and 40 ◦ C, respectively, thus increasing cake size and textural consistency. Inter-esteriﬁcation of the
beef tallow-palm medium fraction produced similar plasticity and operability of shortening to beef
tallow [126]. The addition of MAG and tripalmitin induced the formation of a polymorphic β-form,
accelerating the processing of crystal formation and reducing the size of crystals [127].
5.3. Emulsion-Based Milk Fat Mimetics
Oleogels have been fabricated to structure vegetable oils for bakery products, in order to reduce
SFA and trans-fatty acids from the diet, as illustrated in Table 5. Oleogels were fabricated by
thermal dispersion of sunﬂower oil into SSL (7–13%, w/w) at 75 ◦ C [30]. Candelilla wax–canola oil
oleogels reduced cookie SFA to ca. 8%, without damaging eating quality [100]. In another study,
beeswax–sunﬂower oil oleogels reduced SFA in cakes to 14–17% from 58% in full-fat cakes [98]. In a
previous report, monoacylglycerol organogels and sunﬂower oil-loaded hydrogels were used to replace
shortening fats (palm oil), by 81% [128]. MAG–sunﬂower/palm oil (0.5%/7%, ﬂour based) water
gels have been formulated into bread recipes (4.7% MAG, 55.8% oil, and 39.5% water, w/w/w) [129].
Edible oleogels enhanced nutritional proﬁles and bioactive beneﬁts [130], and showed important
features, such as thermo-reversibility and thixotropy [131]. SSL (7%) has been used as a gelling agent
to structure sunﬂower oil oleogels, creating a crystal network similar to that of TAG [30].
Gels of hydroxypropyl methylcellulose (HPMC)/sunﬂower oil produced more acceptable biscuits
than milk fat, vegetable shortening, sunﬂower oil/xanthan gum, olive oil/HPMC, and olive oil/xanthan
gum [132]. A 15% replacement of HMPC/inulin made crisper biscuits than full-fat shortening [133].
Biscuit dough formulated with an HPMC emulsion showed similar rheological properties to dough
made out of shortening fats [134].
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5.4. Whole Foods or Combined Ingredients to Replace Bakery Lipids
Whole foods, such as avocado, chia, and banana, have been used to replace bakery lipids.
For instance, chia (Salvia hispanica L. oil content 30–40%, protein content 15–25%) is comprised of
rich polyunsaturated fatty acids, such as ω-3 fatty acids (linolenic acid, 54–67%) and ω-6 (linoleic
acid, 12–21%). A chia mucilage gel (25%) has been shown to be a feasible alternative for pound cake
shortening [109]. The use of oatrim (100% ), bean puree (75%) or green pea puree (75%) as fat replacers
in biscuits have proven to be equally eﬀective, and avocado puree can replace half of the shortening in
both cakes and biscuits [7]. Okra gum from an edible green fruit (ﬂowing plant of the mallow family)
has been identiﬁed as a fat replacer for reduced-calorie bakery products, improving the nutritional
quality of baked goods [135]. Avocado purée as a full replacement of shortening fats has brought
about an increase in MUFA by 16.51%. Substitution by half demonstrated comparable acceptability,
whereas further fortiﬁcation with avocado purée caused undesirable ﬂavor and aftertaste, according to
the tested panelists in the study [136].
6. Conclusions
This review veriﬁes the relevance and signiﬁcance of milk fats in bakery products. Their roles
include altering structural, rheological, nutritional, and sensory characteristics. The milk fats can be
used for dough strengthening in bread making, texture softeners in cakes, and sensory improvers in
butter biscuits. In addition, they can be used as cookie ﬁllers, laminating fats, topping and coating
fats in bakery products. The interaction of milk fats with ﬂour gluten and starch particles provides
dough strengthening and texture improving eﬀects to bakery products. Appropriate fat substitution
with the design of new matrices such as oleogels and inulin gels can improve the nutritional value of
bakery products by reducing the saturated fatty acid content and energy density, and by increasing
the nutrient quality, without adversely aﬀecting the textural and sensory properties. In addition,
lipase treatment of ﬂour lipids or milk fats can generate emulsiﬁers including monoacylglycerols,
which may enhance the shortening eﬀect of milk fats and thereby reduce shortening use. Milk fatty
acid–wheat starch complexes may also be facilitated so as to reduce glycemic response and increase
the shelf-life of baked goods.
In conclusion, milk fats have performed multi-functions in both technical importance and
nutritional values, especially for high-end, valued-added baked goods. With partial replacement of
milk fats in bakery products to balance their saturated lipids, both nutritional quality and customer
acceptability can be further improved.
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stabilized emulsions as fat replacers in cookies. J. Food Eng. 2015, 167, 133–138. [CrossRef]

42

Foods 2019, 8, 383

119. Serin, S.; Sayar, S. The eﬀect of the replacement of fat with carbohydrate-based fat replacers on the dough
properties and quality of the baked pogaca: A traditional high-fat bakery product. Food Sci. Technol. 2016, 37,
25–32. [CrossRef]
120. Lim, J.; Ko, S.; Lee, S. Use of Yuja (Citrus junos) pectin as a fat replacer in baked foods. Food Sci. Biotechnol.
2014, 23, 1837–1841. [CrossRef]
121. Santiago-García, P.A.; Mellado-Mojica, E.; León-Martínez, F.M.; López, M.G. Evaluation of Agave angustifolia
fructans as fat replacer in the cookies manufacture. LWT Food Sci. Technol. 2017, 77, 100–109. [CrossRef]
122. Lindarte Artunduaga, J.; Gutierrez, L.F. Eﬀects of replacing fat by betaglucans from Ganoderma lucidum on
batter and cake properties. J. Food Sci. Technol. 2019, 56, 451–461. [CrossRef]
123. Seppänen-Laakso, T.; Vanhanen, H.; Laakso, I.; Kohtamäki, H.; Viikari, J. Replacement of butter on bread by
rapeseed oil and rapeseed oil-containing margarine: Eﬀects on plasma fatty acid composition and serum
cholesterol. Br. J. Nutr. 2007, 68, 639–654. [CrossRef]
124. Liu, Y.; Meng, Z.; Shan, L.; Jin, Q.; Wang, X. Preparation of specialty fats from beef tallow and canola oil by
chemical interesteriﬁcation: Physico-chemical properties and bread applications of the products. Eur. Food
Res. Technol. 2009, 230, 457–466. [CrossRef]
125. Jacob, J.; Leelavathi, K. Eﬀect of fat-type on cookie dough and cookie quality. J. Food Eng. 2007, 79, 299–305.
[CrossRef]
126. Zhang, Z.; Shim, Y.Y.; Ma, X.; Huang, H.; Wang, Y. Solid fat content and bakery characteristics of interesteriﬁed
beef tallow-palm mid fraction based margarines. RSC Adv. 2018, 8, 12390–12399. [CrossRef]
127. Basso, R.C.; Ribeiro, A.P.B.; Masuchi, M.H.; Gioielli, L.A.; Gonçalves, L.A.G.; dos Santos, A.O.; Cardoso, L.P.;
Grimaldi, R. Tripalmitin and monoacylglycerols as modiﬁers in the crystallisation of palm oil. Food Chem.
2010, 122, 1185–1192. [CrossRef]
128. Calligaris, S.; Manzocco, L.; Valoppi, F.; Nicoli, M.C. Eﬀect of palm oil replacement with monoglyceride
organogel and hydrogel on sweet bread properties. Food Res. Int. 2013, 51, 596–602. [CrossRef]
129. Manzocco, L.; Calligaris, S.; Da Pieve, S.; Marzona, S.; Nicoli, M.C. Eﬀect of monoglyceride-oil–water gels on
white bread properties. Food Res. Int. 2012, 49, 778–782. [CrossRef]
130. Singh, A.; Auzanneau, F.I.; Rogers, M.A. Advances in edible oleogel technologies—A decade in review. Food
Res. Int. 2017, 97, 307–317. [CrossRef]
131. Martins, A.J.; Cerqueira, M.A.; Fasolin, L.H.; Cunha, R.L.; Vicente, A.A. Beeswax organogels: Inﬂuence of
gelator concentration and oil type in the gelation process. Food Res. Int. 2016, 84, 170–179. [CrossRef]
132. Tarancón, P.; Fiszman, S.M.; Salvador, A.; Tárrega, A. Formulating biscuits with healthier fats. Consumer
proﬁling of textural and ﬂavour sensations during consumption. Food Res. Int. 2013, 53, 134–140. [CrossRef]
133. Laguna, L.; Primo-Martín, C.; Varela, P.; Salvador, A.; Sanz, T. HPMC and inulin as fat replacers in biscuits:
Sensory and instrumental evaluation. LWT Food Sci. Technol. 2014, 56, 494–501. [CrossRef]
134. Tarancón, P.; Salvador, A.; Sanz, T.; Fiszman, S.; Tárrega, A. Use of healthier fats in biscuits (olive and
sunﬂower oil): Changing sensory features and their relation with consumers’ liking. Food Res. Int. 2015, 69,
91–96. [CrossRef]

43

Foods 2019, 8, 383

135. Hu, S.-M.; Lai, H.-S. Developing low-fat banana bread by Using okra gum as a fat replacer. J. Culin.
Sci. Technol. 2016, 15, 36–42. [CrossRef]
136. Othman, N.A.; Abdul Manaf, M.; Harith, S.; Wan Ishak, W.R. Inﬂuence of avocado puree as a fat replacer on
nutritional, fatty acid, and organoleptic properties of low-fat muﬃns. J. Am. Coll. Nutr. 2018, 37, 583–588.
[CrossRef] [PubMed]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

44

foods
Review

Using Pulses in Baked Products: Lights, Shadows,
and Potential Solutions
Andrea Bresciani and Alessandra Marti *
Department of Food, Environmental, and Nutritional Sciences, Università degli Studi di Milano, Via G. Celoria 2,
20133 Milan, Italy; andrea.bresciani@unimi.it
* Correspondence: alessandra.marti@unimi.it
Received: 17 July 2019; Accepted: 17 September 2019; Published: 2 October 2019

Abstract: Nowadays, consumers are more conscious of the environmental and nutritional beneﬁts of
foods. Pulses—thanks to both nutritional and health-promoting features, together with their low
environmental impact—satisfy the demand for high-protein/high-ﬁber products. However, their
consumption is still somewhat limited in Western countries, due to the presence of antinutrient
compounds including phytic acid, trypsin inhibitors, and some undigested oligosaccharides, which
are responsible for digestive discomfort. Another limitation of eating pulses regularly is their
relatively long preparation time. One way to increase the consumption of pulses is to use them as an
ingredient in food formulations, such as bread and other baked products. However, some sensory and
technological issues limit the use of pulses on an industrial scale; consequently, they require special
attention when combined with cereal-based products. Developing formulations and/or processes to
improve pulse quality is necessary to enhance their incorporation into baked products. In this context,
this study provides an overview of strengths and weaknesses of pulse-enriched baked products
focusing on the various strategies—such as the choice of suitable ingredients or (bio)-technological
approaches—that counteract the negative eﬀects of including pulses in baked goods.
Keywords: pulses; bread; bio-technological processing; air classiﬁcation; fermentation; germination

1. Introduction
Legumes or pulses are dry edible seeds of plants belonging to the Fabaceae (Leguminoseae) family,
which include ﬁeld peas, dry beans, lentils, chickpeas and faba beans. The contemporary deﬁnition
of pulses excludes oilseed legumes and legumes consumed in immature form [1]. Egypt and India
consume the largest quantity of pulses; in these regions, pulses play a key role in helping the population
to consume suitable levels of several important nutrients, particularly proteins, while in developed
countries protein intake is mainly due to the consumption of animal-derived proteins [2]. In Europe,
60% of pulses are consumed in Spain, France, and the UK. It is also important to consider that the
way pulses are prepared varies depending on world regions [3]. Nonetheless, pulses are traditionally
consumed whole or split after soaking and cooking, although recently they have become increasingly
popular and are widely used in food products such as pasta, bread, and other bakery products [4].
Indeed, legumes or pulses represent one of the possible ways to help solve global food security
challenges. Indeed, as an inexpensive, sustainable source of proteins and other key nutrients, pulses
meet the nutrition and food security requirements of the global population and can support the creation
of sustainable and stable agricultural production systems, which could limit the negative eﬀects due to
climate change. In this context, the year 2016 was designated by the United Nations as the International
Year of Pulses. The purpose of this initiative was to increase public awareness of the nutritional beneﬁts
of pulses and their potential role in improving global food security. Three years later, the impact of the
International Year of Pulses is still making itself felt.
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Pulses are mainly consumed as a whole, but Western countries are increasingly using pulse ﬂour
in food preparations for the general population or followers of special diets such as vegetarian, vegan
or gluten-free. However, the consumption of pulses is limited due to the presence of antinutrients such
as phytic acid, trypsin inhibitors and some non-digestible oligosaccharides that are related, for example,
to digestive discomfort [5]. Moreover, the presence of oﬀ-ﬂavors discourages the consumption of
pulses for some [6]. Therefore, if we want more people to enjoy the scientiﬁcally recognized nutritional
and health beneﬁts of pulses, it is necessary to ﬁnd ways and means of improving their quality as
ingredients in baked products. In this frame, this review presents:
•
•
•

the agronomic, compositional, and nutritional beneﬁts of pulses;
the pro and cons of using pulses in baked products;
the various approaches for counteracting the negative eﬀects of including them in
food formulations.

2. Agronomic, Compositional, and Nutritional Beneﬁts
The awareness and demand for pulses is still growing, and new pulse-containing products are
launched on the market every year to meet the demand for products that are gluten-free, high in
proteins and ﬁber, with a low glycemic index and a clean label. Moreover, end-use applications of
pulses have generated research interest in many disciplines, such as breeding, genetics, agronomics,
health and nutrition. An overview of the scientiﬁc literature of the last ten years setting ‘legumes’ or
‘pulses’ as a search term, resulted in the identiﬁcation of about 1934 scientiﬁc papers in the area of Food
Science and Technology (Figure 1). The graph in Figure 1 highlights that the number of publications
has constantly been increasing over the years (except for 2019, which is still in progress), suggesting
that the interest in this topic is still growing. Moreover, the marked increase in publications since the
2016 should be noted, possibly because of Year of Pulses announcement by FAO.

Figure 1. Papers on legumes in the ﬁeld of food science and technology (source: Web of Science;
2009–2019; updated to 4 July 2019).

Taking into consideration all the pertinent research disciplines, more than 700 review papers have
been published on pulses in the last ﬁve years. A tentative classiﬁcation of the reviews published in the
last two years according to their particular research area is summarized in Table 1; most concern plant
science and agronomy (43%), while others (15%) are dedicated to the development of food products,
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including bread, pasta, snacks and cookies, enriched with pulses to improve their nutritional properties.
Finally, the nutritional properties and the health beneﬁts of pulses are the focus of about 10% of the
total reviews.
Table 1. Topics of the main reviews published on pulses (source: Food Science and Technology
Abstracts; 2018–2019; updated to 03 July 2019).
Research Area
Plant science/agronomy

Topic

Reference

Breeding
Cultivation
Health beneﬁts

Nutrition/Health

Bioactive compounds
Allergens
Anti-nutritional factors
Starch digestibility
Milling

Processing
Enhancing nutritional properties
Bread fortiﬁcation
Functionality

General
Emulsiﬁers
Structure-function relationship

Pratap et al. [7]; Morris et al. [8];
Warsam et al. [9]
Farooq et al. [10]
Luna-Vita et al. [11]; Harouna et al. [12];
Harsha et al. [13]
Awika et al. [14]; Chhikara et al. [15];
Yi-Shen et al. [16]
Cabanillas et al. [17]
Avilés-Gaxiola et al. [18]
Jeong et al. [19]
Thakur et al. [20]; Scanlon et al. [21];
Vishwakarma et al. [22]
Van-der-Poe et al. [23];
Nkhata et al. [24]
Boukid et al. [25]; Rehman et al. [26];
Zhong et al. [27]
Foschia et al. [28]; Jarpa-Parra [29]
Burger et al. [30]; Sharif et al. [31]
Shevkani et al. [32]; Lam et al. [33]

2.1. Agronomic Traits
From an agronomic standpoint, pulses contribute nitrogen to the soil rather than extracting it
from the soil. Many of them (e.g., lentils, ﬁeld peas, and chickpeas) are also more drought- and
temperature-tolerant than corn or soybeans. In addition, they tend to be disease-resistant and grow well
in areas where weed pressure is low, thereby minimizing the need for pesticides and herbicides [34].
Pulses play an important role in improving soil fertility and would be of great importance for farmers
with no or limited access to nitrogen fertilizers [35]. Cultivation of pulses and their use in food
formulations instead of cereals could be an ideal approach to reduce and control the eﬀects of climate
change. In fact, pulse cultivation has low environmental impact, thanks to their low carbon and water
footprints. Carbon footprints are mainly associated with agricultural greenhouse gas emissions [36].
The water footprint of pulses has much less impact compared to that of cereals and other protein
sources, such as milk, chicken eggs and meat [37]. Their higher sustainability compared to cereals
makes pulses appealing ingredients for food production.
2.2. Compositional Traits
Pulses have a diﬀerent chemical composition compared to cereals: they are lower in carbohydrates
(60–65%) but richer in proteins (21–25%) and ﬁbers (12–20%), and for this reason, pulses are a suitable
ingredient for the reformulation and enrichment of bread [5].
The primary storage carbohydrate of pulses is starch, which constitutes a major fraction of total
carbohydrates for almost all the species [38]. Starch is composed of amylose and amylopectin. The ratio
between these components depends on the starch structure. Generally, in cereals the quantity of
amylose is about 18% even if values up to 30% have been observed in high amylose varieties (mainly
rice and corn) [39]. Pulse starch provides health beneﬁts because its high amylose content promotes
the formation of resistant starch that cannot be hydrolyzed during digestion. Also, dietary ﬁber
remains undigested in the small intestine, whereas it is fermented by the microbiota in the colon.
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Colonic fermentation leads to the growth of beneﬁcial bacteria and an increase in the production of
short chain fatty acids, which have been associated with reduced risk of colon cancer [40]. High amylose
content makes the starch structure more compact and limits its gelatinization capacity during heating.
Moreover, starch remains partially crystalline during cooking due to its cell walls which remain
undisrupted during heating. The preservation of the cell walls in whole pulses after cooking seems
to prevent starch hydrolysis by digestive enzymes. This may contribute to both the high levels of
resistant starch and low glycemic index of pulses [41].
As regards non-starch polysaccharides, pulses are a signiﬁcant source of dietary ﬁber. There is
a wide degree of variation in the amounts of dietary ﬁber as well as the ratio of soluble to insoluble
ﬁber in pulses [42]. The total dietary ﬁber content in pulses range from 14 to 32% (dry weight)
depending on the species [41]. There are various types of dietary ﬁber in pulses, including long chain
soluble and insoluble polysaccharides, galacto-oligosaccharides and, as mentioned above, resistant
starch. While insoluble ﬁber is generally combined with laxation, soluble ﬁber is linked with reducing
cholesterol levels and ameliorating post-prandial blood glucose levels. Both soluble and insoluble
ﬁbers can act as prebiotics, supplying nutrients for gut microorganisms. Flours and ﬁber-rich fractions
from pulses can be successfully utilized to increase the dietary ﬁber content (soluble and insoluble
ﬁber) of processed foods, which has been shown to have health beneﬁts. As for nutritional and
health-promoting eﬀects, pulse ﬁbers can also be useful to improve the textural properties of foods by
binding and retaining fat and/or moisture [42].
As regards sugars, monosaccharides generally make up less than 1% of pulse seed weight, whereas
oligosaccharides make up 14%. In contrast to monosaccharides, oligosaccharides (i.e., raﬃnose and
stachyose) are non-digestible by humans because of the β-glycosidic bond that links monosaccharides
together and these oligosaccharides pass undigested through the stomach and upper intestine. In the
lower intestine, they are fermented by gas-producing bacteria and make carbon dioxide, methane,
and/or hydrogen, leading to the ﬂatulence commonly associated with eating pulses [5].
Pulses contain relatively high amounts of proteins—about twice as much proteins as cereal
grains—and for this reason, in many regions of the world, pulses are the major source of dietary protein
and often represent a supplement for other protein sources. The most abundant storage proteins in
pulses are globulins and albumins, which are classiﬁed as soluble proteins. Globulins (soluble in
salt-water solutions) represent approximately 70% of the total proteins in pulses, whereas albumins
(soluble in water) account for 10–20% [43]. Pulse proteins have low levels of sulfur amino acids,
but the amount of lysine is greater than cereals. Therefore, pulse and cereal proteins are nutritionally
complementary [44]. In addition to these nutritional features, pulse proteins are interesting from
a technological standpoint due to their functional properties, including solubility, water holding
capacity, and emulsifying and foaming properties that have been extensively described by several
authors [30–33] as reported in Table 1.
Pulses are also rich sources of many micronutrients, including selenium, thiamin, niacin,
folate, riboﬂavin, pyridoxine, potassium, zinc, vitamin E, and vitamin A [5]. In addition to
being a good source of ﬁber, proteins, and micronutrients pulses are a source of compounds
with antioxidant activity—i.e., ﬂavonoid compounds, such as anthocyanins, quercetin glycosides,
and proanthocyanidins, and isoﬂavones—that could limit the risk of certain diseases and promote
overall health [45].
2.3. Potential Health Beneﬁts
Consumption of pulses is encouraged in the diets of the general population, as their nutrient
proﬁle can have a positive health impact. Evidence of the link between the nutritional composition of
pulses and the reduction in the risk of cardiovascular disease (CVD) and diabetes comes from more
than 2000 studies published in the last ten years (source: Web of Science; updated to 09 September
2019). The potential health beneﬁts of the consumption of beans [46], chickpeas [47], lentils [48],
and peas [49] are summarized in Table 2. The intent of the authors was to provide a summary of the
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health beneﬁts of pulses, not an extensive review. For more details about the nutritional and health
beneﬁts of pulses, we refer to the reading of recent reviews [5,50–52]. In collecting the information
from the above-mentioned papers, the authors have noted that the majority of the studies focused
on grains, while the health beneﬁts of pulses-enriched baked goods have not been systematically
evaluated, suggesting further studies to ﬁll the current knowledge gap in this research area.
The high ﬁber and protein content of pulses has been shown to result in an increase in satiety
and may contribute to decreasing the occurrence of obesity by reducing calorie intake and managing
body weight over time [53]. These aspects have been shown to decrease the risk of developing type
2 diabetes and CVD [54].
Table 2. Potential health beneﬁts of pulses and their mechanisms.
Health Beneﬁts
Colon cancer

Heart disease

Key Component

Mechanism

Reference

Fiber

Anti-proliferative activity and
inducing apoptosis in colon
cancer cells

Mathers et al. [58]

Fiber
Mono- and
polyunsaturated
fat; sterols

Reduction of blood pressure
Increase in high-density lipoprotein
(HDL) cholesterol and decrease in
both low-density lipoprotein (LDL)
and total cholesterol

Jayalath et al. [57]
Bazzano et al. [55]

Diabetes

Resistant starch

Improvement of glucose tolerance as
well as insulin sensitivity

Jenkins et al. [56]

Weight Control

Fiber

Interference with caloric intake by
increasing chewing time and satiety

McCrory et al. [53]

Also, lipid proﬁles—sterols and mono-and polyunsaturated fats—contribute to reduce overall
risk of CVD and atherosclerosis, decreasing total serum triglycerides and cholesterol [55].
Pulses are an ideal food choice for individuals with diabetes thanks to their low GI and high ﬁber
content. Consuming pulses as part of a low-GI diet improved glycemic control, may help lower the
risk of diabetes-related complications [56]. Additionally, insulin sensitivity and glucose tolerance are
also improved with the presence of resistant starch that is high in pulses, which also helps reduce risks
associated with diabetes. Therefore, it has been shown that the consumption of pulses is beneﬁcial to
the management of type 2 diabetes, metabolic syndrome and obesity. Pulse consumption is also linked
to a reduction in cardiovascular disease and risk of cancer, they also contribute to overall health and
wellness [57]. Moreover, the absence of gluten in pulses allows celiac disease suﬀerers to digest them.
The agronomic, compositional and nutritional beneﬁts of pulses are the driving force for the
growing interest in producing pulse-derived foods that are healthy, convenient, and rich in protein and
ﬁber. In this context, they are usually processed to obtain ﬂour or ﬁber, starch, and protein concentrates
or isolates [59]. These diﬀerent ingredients could be used in food reformulation to improve the
physico-chemical, nutritional and technological properties of baked products.
3. Using Pulses in Baked Products
The growing interest in gluten-free, vegan and vegetarian diets has resulted in an increase in pulse
consumption. Flour from pulses is mixed with other grains (with or without gluten) to make bread,
biscuits or cookies, and other baked products. The following section will summarize the strengths and
weaknesses of pulse-enriched foods in the past ten years.
3.1. Bread
Bread, a traditional and economical product that is easy to prepare and consume, is one of the
most popular foods worldwide and is generally prepared from common wheat. Thus, it is a source
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of calories and of complex carbohydrates, with a modest amount of essential amino acids such as
lysine and threonine. Using reﬁned white ﬂour instead of wholemeal ﬂour, however, reduces the
nutritional density and ﬁber content of white bread [60]. Nowadays consumers are more health
oriented and conscious of the environmental and nutritional beneﬁts of food. In response to consumer
demands, the food industry is formulating vegetable-based products that fully satisfy the health and
cultural concerns of today’s typical consumer. From this point of view, pulses are a potential ingredient
to improve the quality of products that are already widely consumed. Pulse-enriched wheat ﬂour
represents a potential way to increase the nutritional properties of cereal-based foods; it is well known
that the amino acid composition of pulses complements that of cereals [43]. They are also rich in
bioactive compounds, including ﬁber [61]. In addition, pulses are characterized by reduced starch
bioavailability and high resistant starch content. Most of the studies are focused on reformulating
wheat bread, mainly with lentils [62,63], chickpeas [62,64], and peas [62,65]. Protein concentrate
and protein isolate from peas, lentils and chickpeas have been successfully incorporated in baked
products [62]. However, using concentrated protein leads only to an increase in total protein content,
losing the potential health beneﬁts associated with other components present in the ﬂour, including
phenolic compounds, ﬁber, and minerals.
The incorporation of high amount of pulses has been successfully obtained in biscuits, cake,
and other chemically leavened products (see section below). On the contrary, it has been a challenge to
make bread, because gluten plays a structuring role in bread. On one hand, pulse proteins are not able
to form gluten networks, on the other, weak interactions between pulse and wheat proteins reduce
the formation of viscoelastic dough and aﬀect air incorporation and gas retention during leavening,
resulting in bread with poor crumb structure and texture. Thus, the addition of chickpea or peas ﬂour
is limited to percentages below 10–15% [64]. Generally, pulses are incorporated in common wheat
ﬂours, as recently reviewed by Boukid et al. [25]. The diﬀerences in observations among studies would
most likely be due to diﬀerences in types of pulses (lentils, chickpea, etc.) and whether the pulses
integrated in the formulation constitute dehulled or hulled ﬂour. Unfortunately, most of the studies
did not report any details about the type of ﬂour, i.e., whether they were used after dehulling, making
the comparison of the outcomes of diﬀerent studies diﬃcult. The presence of the structural ﬁber found
in dehulled material would inﬂuence dough formation and bread performance.
Generally speaking, chickpea replacement of less than 10% creates some diﬃculties in dough
preparation, including increased dough stickiness and reduced dough extensibility [66]. When more
than 10% of wheat ﬂour is replaced with ﬁber from peas, lentils, and chickpeas a signiﬁcant decrease
in water absorption is observed, which could be attributed to the higher amount of ﬁber present [67].
Moreover, the incorporation of ﬂour from dehulled lentils decreases the time required to form the
dough and its stability during mixing, together with its resistance to extension, likely due to gluten
dilution [68]. Mixtures of wheat and dehulled lentil ﬂours with 20% inclusion have high protein content
but low water absorption, resulting in loaves with extremely reduced volumes and dense crumb
structures [68]. Thus, high ratio pulse blends are indicated for diﬀerent baked products such as biscuits
(as described in the following section) or extruded products such as noodles. Blends of up to 15%
pulse ﬂour generally result in good loaf volume, ﬁrmness, and crumb structure. With increasing pulse
levels, loaf volume incrementally decreases, and the color of the crumb darkens due to the Maillard
reaction [63,66,68], resulting in a decrease in taste and overall acceptability [65]. Speciﬁcally, the best
sensorial results in terms of appearance, taste, and color are obtained with the addition of up to
10% pulse ﬂour (speciﬁcally peas) for bread, whereas higher proportions lead to a worsening of the
product’s sensory proﬁle [65]. Finally, the addition of pulses (i.e., chickpeas and peas) has been shown
to increase crumb ﬁrmness [64,69], likely due to their high amylose content compared to cereals,
as mentioned above. The eﬀects of adding pulses on dough rheology and bread quality are reviewed
in detail by Boukid et al. [25] and Mohammed et al. [66].
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3.2. Other Products
As regards biscuits, reformulation by adding pulses is not as challenging as for bread, since
the formation of a gas-retaining gluten network during leavening and baking is not required.
Moreover, the increase in hardness associated with pulse enrichment is not such a concern as in
bread and could even be positive in cookies.
Cookies consist mainly of ﬂour, sugar, and fat, and therefore the addition of pulse ﬂour could
improve their nutritional proﬁle. Researchers have published several studies that show how it is
possible to reformulate cookies with the addition of diﬀerent types of pulses such as chickpeas (up
to 10%) [70], lupins (up to 20%) [70], green lentils (from 25 to 100%) [71], and navy beans (up to
30%) [72]. These studies showed that, in cookies, the protein content increased proportionally with
the addition of pulse ﬂour while reducing dough spread. Pulse ﬂour incorporation leads to darker
surface color and a proportional increase in the hardness of the product. Using pulses to enrich bakery
products is particularly suitable for gluten-free formulations, in fact, gluten does not play a key role in
cookie-making. Malcomson et al. [73] showed that adding 20% yellow pea ﬂour to gluten-free raw
materials such as rice ﬂour and tapioca starch did not modify the characteristics of cookies in terms of
acceptability and texture.
In cake-baking, several types of pulse ﬂours can be used as an ingredient, such as chickpeas [74]
or peas [75]. Gomez et al. [75] focused on cake volume and observed a substantial decrease in the
sample supplemented with pulse proteins; also, the resultant bubbles were smaller and more uniformly
distributed. Firmness increased while springiness and cohesiveness decreased.
Another product that is well suited for reformulation with pulse ﬂour are crackers.
Malcomson et al. [73] added 30% of whole green lentil ﬂour to a commercial cracker formulation.
His ﬁndings show that crackers supplemented with lentil ﬂour results in a protein-rich cracker
with twice the total dietary ﬁber of wheat crackers. Crackers with lentil ﬂour were darker in color,
but their crisp texture and peppery ﬂavor were considered acceptable and comparable to the control.
Considering the non-essential role of gluten, crackers are suited not only for reformulations but
also complete replacement with pulses including chickpea, green, red lentils pinto bean, navy bean,
and yellow pea ﬂours. The pulse-based, gluten-free cracker products investigated by Han et al. [76]
have proved to be appealing for consumers, thanks to their health beneﬁts. The sensory aspects of this
cracker in terms of color, texture and taste were judged positively and were comparable with existing
products on the market.
4. Main Barriers to the Use of Pulses and Potential Solutions
Using pulses in food formulations presents some challenges that need to be solved, in view of
the nutritional beneﬁts related to their consumption. The ﬁrst diﬃculty to be faced is the presence
of antinutritional factors, mainly phytic acid and tannins, in the seeds [77], which results in bloating
and vomiting after ingestion of raw pulse seeds or ﬂour [78,79]. Nevertheless, the anti-nutritional
components may be reduced using diﬀerent methods such as those recently reviewed by Patterson
et al. [80]. The oldest and still widely used method to reduce antinutritional compounds consists of
soaking, which leads to a reduction in phytate, which transfers to the soaking water [80].
Another method, dehulling consists of removing the outer layer of seed, which reduces cooking
time, removes some antinutritional compounds (e.g., tannins) and improves protein digestibility [81].
Finally, thermal treatments, including extrusion, signiﬁcantly decrease the presence of antinutritional
compounds by eliminating heat-labile antinutrients [82]. Besides antinutritional factors, the sensory
proﬁle of pulses—i.e., their beany or bitter ﬂavor proﬁle—which depends on the type of pulses, greatly
decrease their acceptability and thus their consumption. Traditionally, fermentation and germination
have been used to enhance both the nutritional and sensory proﬁles of pulses, thanks to the production
of aroma compounds and sugars [4].
Finally, incorporating pulses in cereal-based products causes important technological issues. In the
case of bread, quality is related to an optimum balance of rheologically important gluten-forming
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proteins (i.e., gliadins and glutenins) and the addition of pulse ﬂour to the wheat ﬂour matrix leads to
variations that inevitably worsen bread quality. The presence of pulse proteins not only dilutes gluten
but also causes competition between wheat (gliadin and glutenin) and pulse (albumin and glogulin)
proteins. Speciﬁcally, pulse proteins have a greater number of hydroxyl groups and for this reason
they have a higher capacity for water binding [83]. Pulse ﬁber has also been reported to compromise
gluten–gliadin strand formation [67,84]. Two main approaches can be taken to enhance the quality
of ﬁnal products. One depends on choosing suitable ingredients. The second approach consists of
applying (bio)-technological treatments to the raw material.
4.1. Ingredients
Bread quality can be reestablished by using other ingredients, including vital gluten [68],
hydrocolloids [64] or emulsiﬁers [85]. The fortiﬁcation of ﬂour with the addition of vital wheat gluten
(0.1 g/gram ﬂour) improves its rheology proﬁle compared to that of the control blend, by increasing
dough mixing stability, extensibility, and resistance to extension [68]. In particular, adding gluten to
wheat–lentil composites signiﬁcantly increases loaf volume for blends with <40% lentil concentration.
Speciﬁcally, the concentration of gluten used by Portman et al. [68] could recover the possible loss of
loaf volume caused by the addition of 5–15% lentil ﬂour.
The combination of gluten (5%) and carboxymethylcellulose (5%) was eﬀective in restoring or
even improving the quality proﬁle of breads formulated at maximum substitution levels of chickpea
(20%), green pea (20%) and soybean (14%) ﬂours [64].
Emulsiﬁers and pectin also signiﬁcantly improved dough rheology, as well as the nutritional
and sensory attributes of pulse-enriched bread [85]. The addition of emulsiﬁers (up to 1%) in a
chickpea-enriched wheat bread signiﬁcantly increased bread volume, while decreasing crumb ﬁrmness.
The addition of emulsiﬁers can help to strengthen the gluten network, which in turn allows for greater
pore size expansion resulting in a more porous bread crumb [69].
However, such ingredients in baked products may increase costs and might not satisfy consumer
demand for clean label products. As an alternative, using a strong wheat ﬂour could partially
compensate for gluten dilution due to pulses. As mentioned above, pulses are generally incorporated
in common wheat ﬂours and the maximum enrichment level is 10%. However, when durum wheat
semolina is used, the maximum enrichment level for yellow pea ﬂour could go as high as 20%, producing
a bread that was more appreciated and more similar to the control [86]. However, the decrease in
volume and crumb porosity at 20–30% enrichment level might be counterbalanced by higher dietary
ﬁber and lower glycemic index of the breads [86].
4.2. (Bio)-Technological Treatments
Besides the use of suitable ingredients, some biotechnological approaches—including air
classiﬁcation, fermentation, and germination—seem to be eﬀective for enhancing the technological
properties of pulses, their fractions, ﬂours and/or enriched products. Table 3 summarizes the main
results of the most recent scientiﬁc eﬀorts in this ﬁeld. Conﬂicting results among studies might be due
to diﬀerences in plant species as well as variations in processing conditions.
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pea

pinto bean

pea, lupine

faba bean

pea, bean,
chickpea, lentil

pea

Simons et al. [88]

Pelgrom et al. [89]

Coda et al. [90]

Pelgrom et al. [91]

Gómez et al. [75]

Type of Pulses

Rempel et al. [87]

Reference

To assess starch fraction suitability in
cake making.

To assess the eﬀects of processing on the
eﬀectiveness of air classiﬁcation.
To enhance ﬂour functionality by using
fractions obtained by air classiﬁcation.
To optimize the separation of starch
granules from cell wall ﬁbers and
protein bodies.

Using starch concentrate fraction did not aﬀect negatively on cake quality but
was found unacceptable for consumers. On the other hand, using protein
fraction negatively aﬀects cake quality.

Optimization of separation when the particle size distribution of ﬂour
overlaps with that of isolated starch granules.

Production of ﬁne fractions having 90% of particles diameters smaller than 22
μm and high in protein (85–87%), fat (74–95%), and minerals (66–76%).
Production of protein (yield: 20%, size: ≤15 μm) and starch (yield: 80%, size:
15–45 μm) fractions. The latter characterized by high viscosity and high
resistant starch that might be used in food formulations to lower the glycemic
index and/or increase viscosity of foods.
Hydration, de-hulling or defatting prior to air classiﬁcation were found
eﬀective in increasing protein yield and content.
Production of a starch-rich fraction with a low content in antinutritional
factors.

To assess the eﬀects of milling and air
classiﬁcation on chemical composition.
To produce high-starch fractions and
assess their potential applications.

Outcome

Aim

Air Classiﬁcation

Table 3. Aim and main results of the most recent studies on the (bio)-technological approaches applied to pulses.

Foods 2019, 8, 451

53

54

To investigate the eﬀects of
fermentation on the concentration of
lunasin-like polypeptides.
To assess the eﬀects of air classiﬁcation
and lactic acid bacteria fermentation on
the decrease in anti-nutritional factors
and starch and protein digestibility of
pulses.

faba bean

faba bean

nineteen
traditional
Italian legumes

nineteen
traditional
Italian legumes

faba bean

chickpea, lentil,
bean

Xu et al. [93]

Rizzello et al. [94]

Curiel et al. [95]

Rizzello et al. [96]

Coda et al. [90]

Rizzello et al. [97]

To evaluate the eﬀects of fermentation
on nutritional, sensory and functional
characteristics of pulse-enriched bread.

To assess the eﬀects of sourdough
fermentation on the functional and
nutritional characteristics of pulses.

faba bean

To investigate the eﬀects of pulse
sourdough on bread quality.
To assess the potential of diﬀerent lactic
acid bacteria in the production of
exopolysaccharides and their impact on
product texture.
To assess the eﬀects of fermentation on
of the pyrimidine glycoside vicine and
convicine.

Aim

Outcome

L. plantarum was the dominant lactic acid bacteria species in the
wheat–legume sourdough. Using sourdough maximized the nutritional (by
increasing the essential free amino acids, phenols and dietary ﬁber,
and decreasing the hydrolysis index), sensory and functional properties of
pulse-enriched bread.

The combination of air classiﬁcation and fermentation was eﬀective in
decreasing/removing the anti-nutritional factors as well as improving the free
amino acid content and protein digestibility.

Fermentation promoted an increase in free amino acids, soluble ﬁbers,
and total phenols. Raﬃnose and condensed tannins decreased, while the
level of gamma-aminobutyric acid, antioxidant and phytase activities
markedly increased.
Sourdough fermentation increased the amount of lunasin-like polypeptides,
due to proteolysis of the native proteins. A marked inhibitory eﬀect on the
proliferation of Caco-2 cells was also observed.

48 h of incubation with L. plantarum led to the degradation of the pyrimidine
glycosides and aglycone derivatives.

Ln. pseudomesenteroides DSM 20193 showed the highest potential in the
production of exopolysaccharides and texture modiﬁcation in the related
dough.

Using pulse sourdough positively aﬀects the amino acid proﬁle, protein
digestibility, protein biological value, and glycemic index of bread.

Fermentation

Coda et al. [92]

Reference

Type of
legumes

Table 3. Cont.
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pea

chickpea

Mondor et al. [100]

Marengo et al. [101]

chickpea

lupin

Ertaş [99]

Montemurro et al.
[102]

chickpea

Ouazib et al. [98]

Reference

Type of
legumes
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To investigate the eﬀects of germination
and sourdough fermentation on grain
quality

Changes in starch upon germination signiﬁcantly aﬀected the rheological
properties of the related ﬂour. Germination negatively aﬀected the overall
acceptability of bread.

To investigate the impact of
germination on rheological and
bread-making performance of pulses.
To study the eﬀects of sprouting on the
physical and chemical properties of
pulses and their bread-making
performance
To assess the eﬀect of malted peas (10%)
on bread quality.
To assess the impact of sprouting on
macromolecular and micronutrient
proﬁles and rheological properties of
chickpeas and chickpea ﬂour–enriched
dough (wheat/chickpea ratio = 100:20)

Sprouting enhanced the reticulating ability of proteins. Starch changes upon
sprouting did not interfere with dough mixing properties and improved its
leavening properties.
Thus, sprouting of pulses might provide a good opportunity for developing
new products with increased nutritional value.
Combining fermentation with sprouting further enhanced the nutritional and
functional characteristics of ﬂours, through the release of peptides and free
amino acids, phenolic compounds and soluble ﬁbers, and the decrease in
several antinutritional factors. Bread enriched in fermented sprouted ﬂour
showed peculiar sensory proﬁles, and high protein digestibility and low
starch availability, compared to the control sample.

The malting process did not aﬀect the mixing property of the dough.

Sprouting of pulses enhanced the technological (volume, speciﬁc volume,
symmetry and texture) and nutritional properties of bread.

Outcome

Aim

Germination (or Sprouting)

Table 3. Cont.
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4.3. Air Classiﬁcation
As mentioned before, pulses are an interesting source of proteins and other nutrients. As regards
protein isolation, applying wet fractionation under alkaline or acidic conditions yields relatively pure
protein isolate, up to and sometimes exceeding 90%. However, the processing conditions (in terms
of temperature and pH) are sometimes responsible for protein denaturation and loss of functionality.
Moreover, wet extraction impacts negatively on the environment due to the amount of water and
energy required. Consequently, dry separation processes are nowadays the preferred methods to
separate plant proteins while maintaining their functionality. In this context, air classiﬁcation has
been widely studied, and its basic principles, together with recent applications have recently been
reviewed [103,104]. Brieﬂy, this technique exploits the centrifugal and gravitational forces induced by
air to separate ﬂour into ﬁne and coarse particles diﬀering in size and density. As a result, ﬂours are
separated into fractions characterized by diﬀerent composition [105]. Feed particles must be suﬃciently
small and disaggregated in order for air classiﬁcation to fractionate cell components [105]. For this
reason, the eﬃciency of the separation is enhanced by the size reduction of the ﬂour (by milling) prior
to air classiﬁcation. In addition, in starch-rich legumes, such as peas, starch granules (±20 μm) are
embedded in a matrix of protein bodies (1–3 μm), which is fragmented during milling into particles
smaller than the starch granules. Then, starch and proteins are easily separated based on size and/or
density by air classiﬁcation. Further information on milling of leguminous commodities has been
recently reviewed by Thakur et al. [20]. Very ﬁne milling is not optimal, because starch and ﬁber
particles should be larger than the protein bodies [106]. On the contrary, coarse milling was found
optimal to release protein bodies from their matrix, while further milling compromised the purity of
the ﬁne fraction [89,107].
Numerous studies dealt with the use of air classiﬁcation up until the 1990s. To the best of
our knowledge, most of these studies focused on the functional and nutritional features of these
fractions, whereas studies about the incorporation of these ﬂours in baked-products are scarce or null.
More recently, Gómez et al. [75] highlighted the positive eﬀect of using the starchy fraction from pea
ﬂour on the speciﬁc volume of sponge cakes. On the other hand, a worsening of the overall quality of
the product was observed when fractions with high protein content were incorporated in the place of
starch, which plays a structural role in cakes.
4.4. Fermentation
Sourdough fermentation, one of the oldest food biotechnologies, has been widely studied and
recently rediscovered for its positive eﬀects on the sensory, textural and nutritional features of baked
products. Such changes are related to several biochemical modiﬁcations including acidiﬁcation,
proteolysis, activation of several enzymes, and synthesis of metabolites, which aﬀect both dough
and bread functionality [108]. More recently, sourdough fermentation has been proposed as a
pre-treatment to stabilize or to increase the functional value of wheat-milling by-products [109–111].
Moreover, Gobbetti et al. [112] summarizes the most relevant eﬀects of sourdough fermentation on
legume ﬂours, in terms of decreases in antinutritional factors (e.g., phytic acid concentration and trypsin
inhibitory activity), and raﬃnose family oligosaccharides. On the other hand, fermentation promotes
an increase in free amino acids, gamma-aminobutyric acid, soluble ﬁbers, total phenol concentrations.
Although several studies have focused on the nutritional beneﬁts of pulse fermentation, few of them
have investigated the eﬀects of sourdough fermentation on dough rheology and the bread-making
performance of pulse-enriched ﬂours. Thus, further studies should be focused on such aspects in
view of the potential use of sourdough fermentation as an interesting strategy to improve the sensory
quality of pulse-enriched breads. Indeed, the sour ﬂavor, which is typical of fermentation with lactic
acid bacteria, might hide the oﬀ ﬂavor of pulses and thus gain consumer acceptance of pulse-enriched
breads [113].
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4.5. Germination
Germination (also known as sprouting) is a re-emerging trend in healthy foods, thanks to its role
in improving taste and nutritional properties. Germination is an easy process that traditionally takes
place at home. It consists of soaking grains in water until they reach the moisture content necessary
to start the growth of seedlings. After the soaking water is drained, the seeds are left to germinate.
The germinated grains are then consumed in the form of sprouts or further processed (i.e., dried or
roasted). Challenges regarding safety and reproducibility of process, must be solved for industrial
applications and to guarantee a safe product with consistent features. Monitoring the process seems
the only way to obtain a sprouted product with improved nutritional and sensory properties while
maintaining ﬂour performance, which ensures consistent product functionality [114].
Sprouting has been applied for millennia to pulses to reduce their anti-nutritional components,
such as trypsin inhibitors and phytic acid. At the same time, enzymes produced during sprouting are
also able to degrade ROFs (raﬃnose family of oligosaccharides) into shorter carbohydrates, eliminating
some typical problems associated with their ingestion while developing sweet taste notes in germinated
pulses. Moreover, sprouting inﬂuences the sensory properties of grains, giving them a typical ﬂavor
and odor generally perceived as pleasant.
The unique ﬂavor proﬁle of sprouted grains is due to the activation of endogenous amylolytic
enzymes that transform complex starch molecules into simple oligosaccharides and sugars, which add
natural sweetness to products. Thus, the sweetness of grain foods can be enhanced naturally by using
the germination process. Moreover, during sprouting, reducing sugars and amino acids are released,
which subsequently react during heating, giving rise to Maillard reaction products [115]. Finally, both
germination and drying decrease musty and earthy odor notes, favoring the perception of roasted,
nutty and intense ﬂavor notes [116] and masking the unpleasant beany ﬂavor in extruded products
from soybean [117].
In addition to the nutritional and sensory aspects listed above, germination aﬀects the technological
performance of grains and related ﬂours. Surprisingly, germination facilitates the dehulling process for
brown chickpeas, mung peas, and pigeon peas [118]. Moreover, the process can inﬂuence the cooking
properties of pulses by decreasing cooking times and reducing the amount of dispersed solids [119].
The decrease in cooking time for germinated grains is of great interest, since it would facilitate the
preparation, and thus the consumption, of whole grains. Indeed, even while reducing the risk of
cardiovascular disease and inﬂammation, the eating of grains is not so common in many countries,
due to their long cooking times and bitter and pungent ﬂavor notes [116].
The degree of germination-related eﬀects greatly depends on the processing conditions used (i.e.,
time, temperature and relative humidity), since the biochemical events occurring during germination
inﬂuence the quality of the ingredients. Recently, controlled germination has been carried out on
peas and chickpeas [120]. The applied conditions (3 days, 22 ◦ C and 90% relative humidity) induced
mild structural modiﬁcations, suﬃcient to reduce anti-nutritional factors (e.g., phytic acid), without
negatively aﬀecting the nutritional quality of the grains (e.g., starch digestibility) [120]. The resulting
ﬂour has been proposed as an interesting ingredient for formulating enriched products [101].
Indeed, the reticulating ability of proteins improved as a result of sprouting, and the resultant
starch did not interfere with dough development in formulations enriched with nutritionally signiﬁcant
levels of chickpea ﬂour (i.e., 20%) [101]. Using germinated yellow peas in processed foods other than
bread—such as white layer cakes, and extruded snacks—also resulted in end products with acceptable
characteristics [121].
5. Conclusions
Today, consumers are more conscious about the environmental eﬀects and nutritional beneﬁts
of foods. In this context, thanks to their nutritional and health-promoting properties, together with
their low environmental impact, pulses can be considered a suitable raw material for food production.
However, some factors limit their use on an industrial scale. Beside the presence of antinutritional
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factors, the sensory proﬁle of pulses—i.e., their beany or bitter ﬂavor proﬁle—greatly decreases
their acceptability. Traditionally, fermentation and germination have been used to enhance both the
nutritional and sensory proﬁles of pulses, thanks to the production of aroma compounds and sugars.
From a technological standpoint, incorporating pulses in cereal-based products is challenging due to
the presence of ﬁber and non-gluten proteins. In wheat-based formulations, not only is gluten diluted
by the presence of pulses proteins, but also wheat and pulse proteins compete for water and pulse
proteins compete as rival water-binders. Two main approaches can be taken to enhance the quality of
end-products. One is based on choosing suitable ingredients, such as strong wheat ﬂour, vital gluten,
hydrocolloids or emulsiﬁers. The second approach consists of the application of (bio)-technological
treatments to the raw material, such as air classiﬁcation, sourdough fermentation, and germination.
However, most studies seem to adopt an empiric approach from knowledge acquired from cereals,
mainly varying ingredients and processing conditions rather than understanding the macromolecule
organization associated with good or poor performance. Processes have the ability to modify the
characteristics of macromolecules (mainly protein and starch) and their interactions. The extent of these
changes is not only deﬁned by the type of process but also by its intensity. In this context, eﬀorts should
be devoted to understanding the relation between types of pulses, extent of processes, biopolymer
interactions, and product quality in terms of sensory, textural, and nutritional features. As regards the
eﬀects of processing on the nutritional characteristics of pulses, most studies often neglect the impact
on dough rheology and bread quality. Thus, a multidisciplinary approach is recommended in order to
provide solutions/strategies to satisfy both nutritional and technological demands.
Author Contributions: A.B. and A.M. were responsible for the bibliographic search and writing of the article.
All of the authors read and approved the ﬁnal manuscript.
Funding: This research received no external funding.
Conﬂicts of Interest: The authors declare no conﬂict of interest.

References
1.
2.
3.

4.
5.
6.
7.

8.
9.
10.
11.

Tyler, R.; Wang, N.; Han, J. Composition, Nutritional Value, Functionality, Processing, and Novel Food Uses
of Pulses and Pulse Ingredients. Cereal Chem. J. 2017, 94, 1. [CrossRef]
Rochfort, S.; Panozzo, J. Phytochemicals for Health, the Role of Pulses. J. Agric. Food Chem. 2007, 55,
7981–7994. [CrossRef] [PubMed]
Derbyshire, E. The Nutritional Value of Whole Pulses and Pulse Fractions. In Pulse Foods: Processing, Quality
and Nutraceutical Applications; Tiwari, B.K., Gowen, A., McKenna, B., Eds.; Academic Press: London, UK,
2011; pp. 363–383.
Sozer, N.; Holopainen-Mantila, U.; Poutanen, K. Traditional and New Food Uses of Pulses. Cereal Chem. J.
2017, 94, 66–73. [CrossRef]
Hall, C.; Hillen, C.; Robinson, J.G. Composition, Nutritional Value, and Health Beneﬁts of Pulses.
Cereal Chem. J. 2017, 94, 11–31. [CrossRef]
Roland, W.S.U.; Pouvreau, L.; Curran, J.; Van De Velde, F.; De Kok, P.M.T. Flavor Aspects of Pulse Ingredients.
Cereal Chem. J. 2017, 94, 58–65. [CrossRef]
Pratap, A.; Prajapati, U.; Singh, C.M.; Gupta, S.; Rathore, M.; Malviya, N.; Tomar, R.; Gupta, A.K.; Tripathi, S.;
Singh, N.P. Potential, constraints and applications of in vitro methods in improving grain legumes. Plant Breed.
2018, 137, 235–249. [CrossRef]
Morris, J.B.; Wang, M.L. Updated review of potential medicinal genetic resources in the USDA, ARS, PGRCU
industrial and legume crop germplasm collections. Ind. Crop Prod. 2018, 123, 470–479. [CrossRef]
Warsame, A.O.; O’Sullivan, D.M.; Tosi, P. Seed Storage Proteins of Faba Bean (Vicia faba L): Current Status
and Prospects for Genetic Improvement. J. Agric. Food Chem. 2018, 66, 12617–12626. [CrossRef]
Farooq, M.; Hussain, M.; Usman, M.; Farooq, S.; Alghamdi, S.S.; Siddique, K.H.M. Impact of Abiotic Stresses
on Grain Composition and Quality in Food Legumes. J. Agric. Food Chem. 2018, 66, 8887–8897. [CrossRef]
Luna-Vital, D.; De Mejia, E.G. Peptides from legumes with antigastrointestinal cancer potential: Current
evidence for their molecular mechanisms. Curr. Opin. Food Sci. 2018, 20, 13–18. [CrossRef]

58

Foods 2019, 8, 451

12.
13.

14.
15.
16.
17.

18.
19.
20.
21.
22.
23.
24.

25.
26.
27.

28.
29.
30.
31.

32.
33.
34.
35.

Harouna, D.V.; Venkataramana, P.B.; Ndakidemi, P.A.; Matemu, A.O. Under-exploited wild Vigna species
potentials in human and animal nutrition: A review. Glob. Food Secur. 2018, 18, 1–11. [CrossRef]
Harsha, P.S.C.S.; Wahab, R.A.; Aloy, M.G.; Madrid-Gambin, F.; Estruel-Amades, S.; Watzl, B.;
Andrés-Lacueva, C.; Brennan, L. Biomarkers of legume intake in human intervention and observational
studies: A systematic review. Genes Nutr. 2018, 13, 25. [CrossRef] [PubMed]
Awika, J.M.; Rose, D.J.; Simsek, S. Complementary eﬀects of cereal and pulse polyphenols and dietary ﬁber
on chronic inﬂammation and gut health. Food Funct. 2018, 9, 1389–1409. [CrossRef] [PubMed]
Chhikara, N.; Devi, H.R.; Jaglan, S.; Sharma, P.; Gupta, P.; Panghal, A. Bioactive compounds, food applications
and health beneﬁts of Parkia speciosa (stinky beans): A review. Agric. Food Secur. 2018, 7, 46. [CrossRef]
Yi-Shen, Z.; Shuai, S.; Fitzgerald, R. Mung bean proteins and peptides: Nutritional, functional and bioactive
properties. Food Nutr. Res. 2018, 62, 1290–1300. [CrossRef]
Cabanillas, B.; Jappe, U.; Novak, N. Allergy to peanut, soybean, and other legumes: Recent advances in
allergen characterization, stability to processing and IgE cross-reactivity. Mol. Nutr. Food Res. 2018, 62,
1700446. [CrossRef] [PubMed]
Avilés-Gaxiola, S.; Chuck-Hernández, C.; Serna Saldivar, S.O. Inactivation methods of trypsin inhibitor in
legumes: A review. J. Food Sci. 2018, 83, 17–29. [CrossRef] [PubMed]
Jeong, D.; Han, J.-A.; Liu, Q.; Chung, H.-J. Eﬀect of processing, storage, and modiﬁcation on in vitro starch
digestion characteristics of food legumes: A review. Food Hydrocoll. 2019, 90, 367–376. [CrossRef]
Thakur, S.; Scanlon, M.G.; Tyler, R.T.; Milani, A.; Paliwal, J. Pulse Flour Characteristics from a Wheat Flour
Miller’s Perspective: A Comprehensive Review. Compr. Rev. Food Sci. Food Saf. 2019, 18, 775–797. [CrossRef]
Scanlon, M.G.; Thakur, S.; Tyler, R.T.; Milani, A.; Der, T.; Paliwal, J. The critical role of milling in pulse
ingredient functionality. Cereal Foods World 2018, 63, 201–206.
Vishwakarma, R.K.; Shivhare, U.S.; Gupta, R.K.; Yadav, D.N.; Jaiswal, A.; Prasad, P. Status of pulse milling
processes and technologies: A review. Crit. Rev. Food Sci. Nut. 2018, 58, 1615–1628. [CrossRef] [PubMed]
Van Der Poel, A. Eﬀect of processing on antinutritional factors and protein nutritional value of dry beans
(Phaseolus vulgaris L.). A review. Anim. Feed. Sci. Technol. 1990, 29, 179–208. [CrossRef]
Nkhata, S.G.; Ayua, E.; Kamau, E.H.; Shingiro, J.B. Fermentation and germination improve nutritional value
of cereals and legumes through activation of endogenous enzymes. Food Sci. Nutr. 2018, 6, 2446–2458.
[CrossRef] [PubMed]
Boukid, F.; Zannini, E.; Carini, E.; Vittadini, E. Pulses for bread fortiﬁcation: A necessity or a choice?
Trends Food Sci. Technol. 2019, 88, 416–428. [CrossRef]
Rehman, H.M.; Cooper, J.W.; Lam, H.M.; Yang, S.H. Legume biofortiﬁcation is an underexploited strategy
for combatting hidden hunger. Plant Cell Environ. 2019, 42, 52–70. [CrossRef] [PubMed]
Zhong, L.; Fang, Z.; Wahlqvist, M.L.; Wu, G.; Hodgson, J.M.; Johnson, S.K. Seed coats of pulses as a
food ingredient: Characterization, processing, and applications. Trends Food Sci. Technol. 2018, 80, 35–42.
[CrossRef]
Foschia, M.; Horstmann, S.W.; Arendt, E.K.; Zannini, E. Legumes as Functional Ingredients in Gluten-Free
Bakery and Pasta Products. Annu. Rev. Food Sci. Technol. 2017, 8, 75–96. [CrossRef] [PubMed]
Jarpa-Parra, M. Lentil protein: A review of functional properties and food application. An overview of lentil
protein functionality. Int. J. Food Sci. Technol. 2018, 53, 892–903. [CrossRef]
Burger, T.G.; Zhang, Y. Recent progress in the utilization of pea protein as an emulsiﬁer for food applications.
Trends Food Sci. Technol. 2019, 86, 25–33. [CrossRef]
Sharif, H.R.; Williams, P.A.; Sharif, M.K.; Abbas, S.; Majeed, H.; Masamba, K.G.; Safdar, W.; Zhong, F.
Current progress in the utilization of native and modiﬁed legume proteins as emulsiﬁers and encapsulants—A
review. Food Hydrocoll. 2018, 76, 2–16. [CrossRef]
Shevkani, K.; Singh, N.; Chen, Y.; Kaur, A.; Yu, L. Pulse proteins: Secondary structure, functionality and
applications. J. Food Sci. Technol. 2019, 56, 2787–2798. [CrossRef] [PubMed]
Lam, A.C.Y.; Can Karaca, A.; Tyler, R.T.; Nickerson, M.T. Pea protein isolates: Structure, extraction,
and functionality. Food Rev. Int. 2018, 34, 126–147. [CrossRef]
Best, D. 10 things to know about pulses. Cereal Foods World 2010, 58, 105. [CrossRef]
Maikhuri, R.; Dangwal, D.; Negi, V.S.; Rawat, L. Evaluation of symbiotic nitrogen ﬁxing ability of legume
crops in Central Himalaya, India. Rhizosphere 2016, 1, 26–28. [CrossRef]

59

Foods 2019, 8, 451

36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

56.

57.

58.
59.

Crews, T.; Peoples, M. Legume versus fertilizer sources of nitrogen: Ecological tradeoﬀs and human needs.
Agric. Ecosyst. Environ. 2004, 102, 279–297. [CrossRef]
Mekonnen, M.M.; Hoekstra, A.Y. A global and high-resolution assessment of the green, blue and grey water
footprint of wheat. Hydrol. Earth Syst. Sci. Discuss. 2010, 7, 2499–2542. [CrossRef]
Tiwari, B.; Singh, N. Major Constituents of Pulses. In Pulse Chemistry and Technology; Tiwari, B., Singh, N.,
Eds.; RSC Publishing: Cambridge, UK, 2012; pp. 34–51.
Tester, R.F.; Karkalas, J.; Qi, X. Starch—Composition, ﬁne structure and architecture. J. Cereal Sci. 2004, 39,
151–165. [CrossRef]
Chibbar, R.N.; Ambigaipalan, P.; Hoover, R. REVIEW: Molecular Diversity in Pulse Seed Starch and Complex
Carbohydrates and Its Role in Human Nutrition and Health. Cereal Chem. J. 2010, 87, 342–352. [CrossRef]
Brummer, Y.; Kaviani, M.; Tosh, S.M. Structural and functional characteristics of dietary ﬁbre in beans, lentils,
peas and chickpeas. Food Res. Int. 2015, 67, 117–125. [CrossRef]
Tosh, S.M.; Yada, S. Dietary ﬁbres in pulse seeds and fractions: Characterization, functional attributes,
and applications. Food Res. Int. 2010, 43, 450–460. [CrossRef]
Boye, J.; Zare, F.; Pletch, A. Pulse proteins: Processing, characterization, functional properties and applications
in food and feed. Food Res. Int. 2010, 43, 414–431. [CrossRef]
Tiwari, B.K.; Singh, N. Pulse Chemistry and Technology, 1st ed.; Royal Society of Chemistry: London, UK, 2012;
pp. 30–35.
Wang, S.; Melnyk, J.P.; Tsao, R.; Marcone, M.F. How natural dietary antioxidants in fruits, vegetables and
legumes promote vascular health. Food Res. Int. 2011, 44, 14–22. [CrossRef]
Messina, V. Nutritional and health beneﬁts of dried beans. Am. J. Clin. Nutr. 2014, 100, 437S–442S. [CrossRef]
Wallace, T.C.; Murray, R.; Zelman, K.M. The Nutritional Value and Health Beneﬁts of Chickpeas and
Hummus. Nutrients 2016, 8, 766. [CrossRef] [PubMed]
Hanson, M.G.; Zahradka, P.; Taylor, C.G. Lentil-based diets attenuate hypertension and large-artery
remodelling in spontaneously hypertensive rats. Br. J. Nutr. 2014, 111, 690–698. [CrossRef]
Dahl, W.J.; Foster, L.M.; Tyler, R.T. Review of the health beneﬁts of peas (Pisum sativum L.). Br. J. Nutr. 2012,
108, S3–S10. [CrossRef] [PubMed]
Mudryj, A.N.; Yu, N.; Aukema, H.M. Nutritional and health beneﬁts of pulses. Appl. Physiol. Nutr. Metab.
2014, 39, 1197–1204. [CrossRef]
Havemeier, S.; Erickson, J.; Slavin, J. Dietary guidance for pulses: The challenge and opportunity to be part
of both the vegetable and protein food groups. Ann. N. Y. Acad. Sci. 2017, 1392, 58–66. [CrossRef]
Patterson, C.A.; Maskus, H.; Dupasquier, C. Pulse crops for health. Cereal Foods World 2009, 54, 108–112.
[CrossRef]
McCrory, M.A.; Hamaker, B.R.; Lovejoy, J.C.; Eichelsdoerfer, P.E. Pulse Consumption, Satiety, and Weight
Management1. Adv. Nutr. 2010, 1, 17–30. [CrossRef]
Blackburn, G. Eﬀect of Degree of Weight Loss on Health Beneﬁts. Obes. Res. 1995, 3, 211s–216s. [CrossRef]
[PubMed]
Bazzano, L.A.; Thompson, A.M.; Tees, M.T.; Nguyen, C.H.; Winham, D.M. Non-soy legume consumption
lowers cholesterol levels: A meta-analysis of randomized controlled trials. Nutr. Metab. Cardiovasc. Dis.
2011, 21, 94–103. [CrossRef] [PubMed]
Jenkins, D.J.A.; Kendall, C.W.C.; Augustin, L.S.A.; Mitchell, S.; Sahye-Pudaruth, S.; Mejia, S.B.; Chiavaroli, L.;
Mirrahimi, A.; Ireland, C.; Bashyam, B.; et al. Eﬀect of Legumes as Part of a Low Glycemic Index Diet on
Glycemic Control and Cardiovascular Risk Factors in Type 2 Diabetes Mellitus. Arch. Intern. Med. 2012, 172,
1653–1660. [CrossRef] [PubMed]
Jayalath, V.H.; De Souza, R.J.; Sievenpiper, J.L.; Ha, V.; Chiavaroli, L.; Mirrahimi, A.; Di Buono, M.;
Bernstein, A.M.; Leiter, L.A.; Kris-Etherton, P.M.; et al. Eﬀect of Dietary Pulses on Blood Pressure: A
Systematic Review and Meta-analysis of Controlled Feeding Trials. Am. J. Hypertens. 2013, 27, 56–64.
[CrossRef] [PubMed]
Mathers, J.C. Pulses and carcinogenesis: Potential for the prevention of colon, breast and other cancers.
Br. J. Nutr. 2002, 88, 273–279. [CrossRef] [PubMed]
Roy, F.; Boye, J.; Simpson, B. Bioactive proteins and peptides in pulse crops: Pea, chickpea and lentil.
Food Res. Int. 2010, 43, 432–442. [CrossRef]

60

Foods 2019, 8, 451

60.

61.
62.
63.
64.
65.
66.
67.
68.

69.
70.
71.
72.
73.
74.
75.
76.
77.

78.
79.
80.
81.
82.
83.
84.

Dewettinck, K.; Van Bockstaele, F.; Kühne, B.; Van de Walle, D.; Courtens, T.M.; Gellynck, X. Nutritional value
of bread: Inﬂuence of processing, food interaction and consumer perception. J. Cereal Sci. 2008, 48, 243–257.
[CrossRef]
Asif, M.; Rooney, L.W.; Ali, R.; Riaz, M.N. Application and Opportunities of Pulses in Food System: A
Review. Crit. Rev. Food Sci. Nutr. 2013, 53, 1168–1179. [CrossRef]
Aïder, M.; Sirois-Gosselin, M.; Boye, J.I. Pea, Lentil and Chickpea Protein Application in Bread Making.
J. Food Res. 2012, 1, 160–173. [CrossRef]
Kohajdová, Z.; Karovičová, J.; Magala, M. Eﬀect of lentil and bean ﬂours on rheological and baking properties
of wheat dough. Chem. Pap. 2013, 67, 398–407. [CrossRef]
Angioloni, A.; Collar, C. High legume-wheat matrices: An alternative to promote bread nutritional value
meeting dough viscoelastic restrictions. Eur. Food Res. Technol. 2012, 234, 273–284. [CrossRef]
Dabija, A.; Codină, G.G.; Fradinho, P. Eﬀect of yellow pea ﬂour addition on wheat ﬂour dough and bread
quality. Rom. Biotech. Lett. 2017, 22, 12888–12897.
Mohammed, I.; Ahmed, A.R.; Senge, B. Dough rheology and bread quality of wheat–chickpea ﬂour blends.
Ind. Crop Prod. 2012, 36, 196–202. [CrossRef]
Dalgetty, D.D.; Baik, B.K. Fortiﬁcation of Bread with Hulls and Cotyledon Fibers Isolated from Peas, Lentils,
and Chickpeas. Cereal Chem. J. 2006, 83, 269–274. [CrossRef]
Portman, D.; Blanchard, C.; Maharjan, P.; McDonald, L.S.; Mawson, J.; Naiker, M.; Panozzo, J.F.
Blending studies using wheat and lentil cotyledon ﬂour-Eﬀects on rheology and bread quality. Cereal Chem. J.
2018, 95, 849–860. [CrossRef]
Yamsaengsung, R.; Schoenlechner, R.; Berghofer, E. The eﬀects of chickpea on the functional properties of
white and whole wheat bread. Int. J. Food Sci. Technol. 2010, 45, 610–620. [CrossRef]
Hegazy, N.A.; Faheid, S. Rheological and sensory characteristics of doughs and cookies based on wheat,
soybean, chickpea and lupine ﬂour. Food Nahrung. 1990, 34, 835–841. [CrossRef]
Zucco, F.; Borsuk, Y.; Arntﬁeld, S.D. Physical and nutritional evaluation of wheat cookies supplemented
with pulse ﬂours of diﬀerent particle sizes. LWT FOOD SCI. TECHNOL. 2011, 44, 2070–2076. [CrossRef]
Hoojjat, P.; Zabik, M.E. Sugar-snap cookies prepared with wheat-navy bean-sesame seed ﬂour blends.
Cereal Chem. 1984, 61, 41–44.
Malcolmson, L.; Boux, G.; Bellido, A.-S.; Fröhlich, P. Use of Pulse Ingredients to Develop Healthier Baked
Products. Cereal Foods World 2013, 58, 27–32. [CrossRef]
Gómez, M.; Oliete, B.; Rosell, C.M.; Pando, V.; Fernández, E. Studies on cake quality made of wheat–chickpea
ﬂour blends. LWT Food Sci. Technol. 2008, 41, 1701–1709. [CrossRef]
Gómez, M.; Doyagüe, M.J.; De La Hera, E. Addition of pin-milled pea ﬂour and air-classiﬁed fractions in
layer and sponge cakes. LWT Food Sci. Technol. 2012, 46, 142–147. [CrossRef]
Han, J.; Janz, J.A.; Gerlat, M. Development of gluten-free cracker snacks using pulse ﬂours and fractions.
Food Res. Int. 2010, 43, 627–633. [CrossRef]
Gilani, G.S.; Xiao, C.W.; Cockell, K.A. Impact of Antinutritional Factors in Food Proteins on the Digestibility
of Protein and the Bioavailability of Amino Acids and on Protein Quality. Br. J. Nutr. 2012, 108, S315–S332.
[CrossRef] [PubMed]
Campos-Vega, R.; Loarca-Piña, G.; Oomah, B.D. Minor components of pulses and their potential impact on
human health. Food Res. Int. 2010, 43, 461–482. [CrossRef]
Lajolo, F.M.; Genovese, M.I. Nutritional Signiﬁcance of Lectins and Enzyme Inhibitors from Legumes. J. Agric.
Food Chem. 2002, 50, 6592–6598. [CrossRef] [PubMed]
Patterson, C.A.; Curran, J.; Der, T. Eﬀect of Processing on Antinutrient Compounds in Pulses. Cereal Chem. J.
2017, 94, 2–10. [CrossRef]
Wood, J.A.; Malcolmson, L.J. Pulse Milling Technologies. In Pulse Foods: Processing, Quality and Nutraceutical
Applications; Tiwari, B.K., Gowen, A., McKenna, B., Eds.; Academic Press: London, UK, 2011; pp. 193–221.
Tiwari, B.; Singh, N. Pulse Products and Utilisation. In Pulse Chemistry and Technology; Tiwari, B., Singh, N.,
Eds.; RSC Publishing: Cambridge, UK, 2012; pp. 254–279.
Turfani, V.; Narducci, V.; Durazzo, A.; Galli, V.; Carcea, M. Technological, nutritional and functional properties
of wheat bread enriched with lentil or carob ﬂours. LWT Food Sci. Technol. 2017, 78, 361–366. [CrossRef]
Wang, J.; Rosell, C.M.; De Barber, C.B. Eﬀect of the addition of diﬀerent ﬁbres on wheat dough performance
and bread quality. Food Chem. 2002, 79, 221–226. [CrossRef]
61

Foods 2019, 8, 451

85.
86.

87.
88.
89.
90.

91.
92.
93.

94.
95.

96.

97.

98.
99.
100.
101.

102.

103.
104.
105.
106.

Ajibade, B.O.; Ijabadeniyi, O.A. Eﬀects of pectin and emulsiﬁers on the physical and nutritional qualities and
consumer acceptability of wheat composite dough and bread. J. Food Sci. Technol. 2019, 56, 83–92. [CrossRef]
Ficco, D.B.M.; Muccilli, S.; Padalino, L.; Giannone, V.; Lecce, L.; Giovanniello, V.; Del Nobile, M.A.; De
Vita, P.; Spina, A. Durum wheat breads ‘high in ﬁbre’ and with reduced in vitro glycaemic response obtained
by partial semolina replacement with minor cereals and pulses. J. Food Sci. Technol. 2018, 55, 4458–4467.
[CrossRef] [PubMed]
Rempel, C.; Geng, X.; Zhang, Y. Industrial scale preparation of pea ﬂour fractions with enhanced nutritive
composition by dry fractionation. Food Chem. 2019, 276, 119–128. [CrossRef] [PubMed]
Simons, C.; Hall III, C.; Biswas, A. Characterization of pinto bean high-starch fraction after air classiﬁcation
and extrusion. J. Food Process. Pres. 2017, 41, e13254. [CrossRef]
Pelgrom, P.J.; Wang, J.; Boom, R.M.; Schutyser, M.A. Pre- and post-treatment enhance the protein enrichment
from milling and air classiﬁcation of legumes. J. Food Eng. 2015, 155, 53–61. [CrossRef]
Coda, R.; Melama, L.; Rizzello, C.G.; Curiel, J.A.; Sibakov, J.; Holopainen, U.; Pulkkinen, M.; Sozer, N.
Eﬀect of air classiﬁcation and fermentation by Lactobacillus plantarum VTT E-133328 on faba bean (Vicia
faba L.) ﬂour nutritional properties. Int. J. Food Microbiol. 2015, 193, 34–42. [CrossRef]
Pelgrom, P.J.M.; Boom, R.M.; Schutyser, M.A.I. Method Development to Increase Protein Enrichment during
dry fractionation of starch-rich legumes. Food Bioprocess Technol. 2015, 8, 1495–1502. [CrossRef]
Coda, R.; Varis, J.; Verni, M.; Rizzello, C.G.; Katina, K. Improvement of the protein quality of wheat bread
through faba bean sourdough addition. LWT Food Sci. Technol. 2017, 82, 296–302. [CrossRef]
Xu, Y.; Wang, Y.; Coda, R.; Säde, E.; Tuomainen, P.; Tenkanen, M.; Katina, K. In situ synthesis of
exopolysaccharides by Leuconostoc spp. and Weissella spp. and their rheological impacts in fava bean ﬂour.
Int. J. Food Microbiol. 2017, 248, 63–71. [CrossRef]
Rizzello, C.G.; Losito, I.; Facchini, L.; Katina, K.; Palmisano, F.; Gobbetti, M.; Coda, R. Degradation of vicine,
convicine and their aglycones during fermentation of faba bean ﬂour. Sci. Rep. 2016, 6, 32452. [CrossRef]
Curiel, J.A.; Coda, R.; Centomani, I.; Summo, C.; Gobbetti, M.; Rizzello, C.G. Exploitation of the nutritional
and functional characteristics of traditional Italian legumes: The potential of sourdough fermentation. Int. J.
Food Microbiol. 2015, 196, 51–61. [CrossRef]
Rizzello, C.G.; Hernández-Ledesma, B.; Fernández-Tomé, S.; Curiel, J.A.; Pinto, D.; Marzani, B.;
Coda, R.; Gobbetti, M. Italian legumes: Eﬀect of sourdough fermentation on lunasin-like polypeptides.
Microb. Cell Factories 2015, 14, 168. [CrossRef] [PubMed]
Rizzello, C.G.; Calasso, M.; Campanella, D.; De Angelis, M.; Gobbetti, M. Use of sourdough fermentation
and mixture of wheat, chickpea, lentil and bean ﬂours for enhancing the nutritional, texture and sensory
characteristics of white bread. Int. J. Food Microbiol. 2014, 180, 78–87. [CrossRef] [PubMed]
Ouazib, M.; Garzon, R.; Zaidi, F.; Rosell, C.M. Germinated, toasted and cooked chickpea as ingredients for
bread making. J. Food Sci. Technol. 2016, 53, 2664–2672. [CrossRef] [PubMed]
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Abstract: The use of oilseeds in bakery products has gained popularity in recent years, both for their
organoleptic and nutritional characteristics. The aim of this work is to provide an overview of the
studies centered on the use of oilseeds (ﬂaxseed, chia, sunﬂower, pumpkin, sesame and poppyseed)
in breads and other bakery products. This review highlights the effect of oilseeds on the mechanical
and physical properties of bread according to the enrichment level, origin and way of addition
(whole, crushed, oil or mucilage). In general, the incorporation of oilseeds improves the nutritional
proﬁle of bakery products with and without gluten, and provides several health beneﬁts. Mucilages
of oilseeds can also act as a fat replacer thanks to their properties. The incorporation of oilseeds
modiﬁes the rheology of the doughs, the volume of the products and their texture, affecting their
organoleptic characteristics and their acceptability. Nevertheless, these changes will depend on the
type of seed used, as well as on the method of addition.
Keywords: bread; fortiﬁcation; sunﬂower; ﬂaxseed; chia; sesame; mucilage

1. Introduction
Oilseeds are grains with a high amount of oil. They have been part of the human diet for a
long time, but it has only been in the last few decades that their use and production have trended
upward. The use of oilseeds in the modern market has increased due to the growing number of people
concerned about a healthier lifestyle, as well as better knowledge of their attractive composition [1].
The chemical composition of oilseeds depends on their growing environment, genetics and processing
conditions [2]. Generally, these seeds have lower carbohydrate content and higher protein content
than cereals, high levels of ﬁber, and omega-6 and omega-3 essential fatty acids [3]. These seeds also
enclose a high proportion of natural antioxidant compounds (tocopherol, beta-carotene chlorogenic
acid, caffeic acid and ﬂavonoids), vitamins and minerals [4–6]. Moreover, the absence of gluten in
these seeds allows their ingestion by celiac disease sufferers [1,6]. Thanks to this composition, some of
these seeds have proven effective in controlling and preventing metabolic diseases (hypertension,
hypercholesterolemia, diabetes, coronary heart disease and several types of cancer) as well as providing
interesting properties to foods (body, texture and taste improvement) [5–8].
Since bread is considered a staple food worldwide because of its nutritive value, low price
and its simplicity of use, it is ideally suited for fortiﬁcation with oilseeds. The impact of oilseeds
on bread baking has been studied in many investigations. Oilseeds can be incorporated whole,
crushed and as pressed oil, and their beneﬁcial effect on health seems to depend on the method of
addition [9]. Further, changes in dough rheology and the quality of ﬁnal products, including their
sensory acceptability, depends on whether they are incorporated whole or crushed. Other aspects,
such as the oxidative stability of the enriched products, must be also considered [10]. In the case of chia
and ﬂax, the mucilaginous polysaccharide that these seeds exude when they are placed in aqueous
medium can also be added to the formulation to provide advantageous technological properties in
terms of food development. The hydration of grains or ﬂours before their incorporation into the
Foods 2018, 7, 191; doi:10.3390/foods7110191

65

www.mdpi.com/journal/foods

Foods 2018, 7, 191

bread doughs, in order to extract these polysaccharides, can modify the rheology of the doughs and
the quality of the breads [11]. These grains can also be added only on the surface of breads or other
products, in which case the inﬂuence on the ﬁnal product will be less. Differences in the development
of breads have been reported based on the method of incorporation and the pretreatment of the
oilseeds, among other things, and therefore there are still numerous challenges to solve in their use
(oxidation of the lipids, the impact of the gluten network to the structure, etc.).
Despite the wide use of oilseeds in bakery products, scientiﬁc studies on them are scarce.
The purpose of this review is to deepen the knowledge of the use of different oilseeds for the
development of enriched breads, both from a nutritional and organoleptic point of view.
2. Nutritional Proﬁle
Oilseeds, as their name suggests, have a high fat content that usually exceeds 40%, except for
chia and pumpkin seeds, which have a lower percentage (Table 1). The low values of oil content in
pumpkin seeds reported by the United States Department of Agriculture (USDA) may conﬂict with
some varieties analysed by Stevenson et al. [8]. In their research, some varieties of pumpkin seeds were
30% lipids, while in the study by Seymen et al. [7] the oil contents of pumpkin seeds were between 33%
and 47% depending on the variety. Furthermore, these fats stand out for their low level of saturated
fatty acids and for their high content of oleic acid in sesame seeds; linoleic acid (ω6) in sunﬂower,
sesame and poppy seeds; and linolenic acid (ω3) in ﬂax and chia seeds. In the case of pumpkin seeds,
apart from their high linoleic acid level, their oleic acid content is also highlighted [7,8,12]. These seeds
also have signiﬁcant protein content (between 15 and 20%) and a ﬁber percentage higher than that of
cereal grains, with ﬁber content of ﬂax and chia seeds over 25%. In the case of chia, different studies
have reported higher values of ﬁber (between 35–40%) depending on the variety, and of which more
than 85% is insoluble ﬁber [13–15].
Table 1. Nutrient content of some whole oilseeds (per 100g).
Sesame

Chia

Pumpkin

Poppy

Nutrients

Water (g)
Energy value (kcal)
Protein (g)
Total lipid (fat) (g)
Carbohydrate (g)
Fiber (g)
Sugar (g)

Wheat
12.42
332
9.61
1.95
74.48
13.1
1.02

Sunﬂower Flaxseed
1.2
582
19.33
49.8
24.07
9
2,73

6.96
534
18.29
42.16
28.88
27.3
1.55

4.69
573
17.73
49.67
23.45
11.8
0,30

5.8
486
16.54
30.74
42.12
34.4
N

4.50
446
18.55
19.40
53.75
18.4
N

5.95
525
17.99
41.56
28.13
19.5
2.99

Minerals

Calcium (mg)
Iron (mg)
Magnesium (mg)
Phosphorous (mg)
Potassium (mg)
Sodium (mg)
Zinc (mg)

33
3.71
117
323
394
3
2.96

70
3.8
129
1115
850
655
5.29

255
5.73
392
642
813
30
4.34

975
14.55
351
629
468
11
7.75

631
7.72
335
860
407
16
4.58

55
3.31
262
92
919
18
10.30

1438
9.76
347
870
719
26
7.9

Vitamins

Vitamin C (mg)
Thiamin (mg)
Riboﬂavin (mg)
Niacin (mg)
Vitamin B6 (mg)
Folate (μg)
Vitamin E (mg)

0
0.297
0.188
5.347
0.191
28
0.53

1.40
0.106
0,246
7.04
0.804
237
26.1

0.6
1.644
0.161
3.08
0.473
87
0,31

0
0.791
0.247
4.515
0.79
97
0,25

1.6
0.62
0.17
8.83
N
49
0,50

0.3
0.034
0.052
0.286
0.037
9
N

1
0.854
0.1
0.896
0.247
82
1.77
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Table 1. Cont.
Wheat
Lipids

Saturated (g)
Monounsaturated (g)
18:1 (g)
Polyunsaturated (g)
18:2 (g)
18:3 (g)

Sunﬂower Flaxseed
5.219
9.505
9.399
32.884
32.782
0.069

3.663
7.527
7.359
28.73
5.903
22.813

Sesame

Chia

Pumpkin

Poppy

6.957
18.759
18.521
21.773
21.375
0.376

3.33
2.309
2.203
23.665
5.835
17.830

3.670
6.032
5.985
8.844
8.759
0.077

4.517
5.982
5.864
28.569
28.295
0.0273

Source: United States Department of Agriculture (USDA) National Nutrient Database for Standard Reference (2018).
N, there is no reliable information about the quantity of the nutrient.

Mineral content is noteworthy. The high calcium content of sesame, chia and poppyseed; the iron
content of sesame and poppyseed; the zinc content of pumpkin; and the magnesium, phosphorus
and potassium contents of most of these seeds stand out, and are higher than in wheat. As a negative
aspect, sunﬂower seeds have high sodium content. They also stand out for their high level of vitamins
B and E. In particular, sesame is notable for its high levels of vitamin B6 and folates; ﬂaxseed for
its high level of thiamine and folates; chia for its high level of niacin; and sunﬂower for its high
content of niacin, vitamin B6, folates and vitamin E. Some of these seeds also show a high content of
antioxidants. Thus, chia has a high concentration of polyphenols derived from caffeic acid and other
antioxidant substances [13,14,16,17]. The antioxidant potential of ﬂax [18], sesame [19,20], pumpkin [7]
and sunﬂower seeds [21] has also been highlighted. In the case of chia and ﬂax seeds, it has been
demonstrated that the partial germination of the grains can increase both their antioxidant capacity
and the content of phenolic compounds [22].
The interesting composition of these grains has attracted interest for their possible health
beneﬁts. Fiber consumption has been shown to be effective against CVD (Cardiovascular diseases),
CVD mortality, coronary artery disease and several kinds of cancer [23], as well as against various
gastrointestinal disorders, including: gastroesophageal reﬂux disease, duodenal ulcer, diverticulitis,
constipation, and haemorrhoids [24]. The consumption of omega-3 fatty acids has also been
associated with a reduction of cardiovascular morbidity and mortality, and dietary supplementation
may also beneﬁt patients with dyslipidaemia, atherosclerosis, hypertension, diabetes mellitus,
metabolic syndrome, obesity, inﬂammatory diseases, neurological/neuropsychiatric disorders and eye
diseases [25]. Lignans, a phytoestrogen that stands out among antioxidant substances, are found in
important quantities in ﬂax, sesame and pumpkin seeds and have shown promise in reducing growth
of cancerous tumours, especially hormone-sensitive ones such as those of the breast, endometrium,
and prostate [26]. Moreover, a synergistic effect between sesame lignans and the vitamin E activity of
tocopherols has been proved. Vitamin E activity increases in the presence of these lignans, while the
cholesterol-lowering effect of lignans is enhanced [27]. The stability of ﬂax lignans to the conditions
of baking processes and storage has also been demonstrated and thus no loss of functionality when
incorporated into bakery products has been observed [28]. Likewise, it is known that chia helps
to reduce postprandial blood glucose, the level of high-density lipoprotein in serum and diastolic
blood pressure [29]. Moreover, different reviews suggest that the consumption of chia could help
to increase the satiety index, prevent cardiovascular diseases, inﬂammatory and nervous system
disorders, and diabetes, among others [6,30]. Flax seeds have shown a positive effect on cardiovascular
diseases and hypercholesterolemic atherosclerosis [31] and the sesame consumption has been linked
to positive effects against some illnesses such as cancer, oxidative stress, cardiovascular disease,
osteoporosis and other degenerative diseases [32,33]. In the case of ﬂaxseed, it has been demonstrated
that the incorporation of the ﬂour of this seed in a wide number of products does not affect the
consumption preferences of the same by the population, so its use can be a good strategy to provide
signiﬁcant health-related beneﬁts to patients with cardiovascular disease [34].
Many studies have focused on the nutritional enrichment of bakery products through the
incorporation of this type of seed or by-products, such as oils, proteins or other derivatives. In general,
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an increase in the content of nutrients present in the seeds, or their derivatives, is conﬁrmed, since there
are no losses or signiﬁcant changes in them during the baking process. As for the incorporation of
proteins extracted from these seeds, Mansour et al. [35] observed that up to 22% replacement of wheat
by pumpkin protein isolate is possible without adverse effects on bread quality. They also reported that
the obtained breads have a higher level of protein, lysine and minerals, improving also the essential
amino acid index. However, mineral enrichment was greater when the seed ﬂour was incorporated.
The study of El-Soukkary [36] conﬁrmed these observations with isolated pumpkin seed protein and
observed that the in vitro protein digestibility also improved. These effects are repeated with the
incorporation of sesame proteins, but in this case, the maximum level of substitution was 18% [37].
The incorporation of sunﬂower seeds at levels of up to 16% allowed an increasing of the levels of
tocopherol and certain minerals, such as Ca, Mg and Zn in normal and whole grain breads, as well
as enriching them in fats with a high linoleic content [38]. The incorporation of chia, as seed or ﬂour,
increased the ﬁber content and omega-3 acids both in wheat breads and in gluten-free breads [39,40].
Some researchers have also studied the inclusion of chia ﬂour up to 14% and have observed an increase
in the levels of ash, protein, ﬁber and lipids [41]. Regarding the incorporation of ﬂax, as seed or ﬂour,
the incorporation of milled brown ﬂaxseed in breads at levels of up to 13% resulted in an increase in
the content of ﬁber, P, K, Mg, Zn and linolenic (omega-3) [42]. These same authors observed a decrease
in the total cholesterol, low-density lipoproteins (LDL) and the level of triglycerides in rats when
they were fed with these breads compared to those fed with breads without addition of ﬂaxseeds.
On the other hand, the incorporation of ground ﬂaxseed hulls at levels lower than 5% was sufﬁcient to
increase signiﬁcantly the antioxidant activity in breads [43].
In general, the incorporation of these seeds, whole or ground, increases the content of ﬁber,
proteins, minerals, omega-3, omega-6 and minerals. For this reason, the inclusion of oilseeds in
gluten-free breads is of special interest, since it is known that the gluten-free diet can be low in ﬁber and
minerals (iron, zinc, magnesium and calcium), and may contain excess saturated fats [44–47]. In fact,
supplements of these micronutrients have been proposed to improve the quality of the gluten-free
diet [48]. In general, gluten-free breads also have lower protein content and lower levels of certain
minerals than wheat varieties [49–52]. Additionally, it must be considered that the incorporation of
these seeds, together with ingredients such as milk powder in gluten-free breads, not only increases
the mineral content of gluten-free breads, but can also increase their bioavailability, depending on
the mineral and the starting ﬂour [53]. In addition, several studies with rats have demonstrated the
potential of gluten-free breads enriched with this type of seed to reduce the levels of triglyceride and
improve the antiradical properties of serum [54].
Despite the clear evidence of the nutritional advantages of incorporating this type of seed in
breads, the health beneﬁts can sometimes depend on the method in which they are incorporated.
Kuijsten et al. [9] showed that milling the ﬂaxseeds improved the bioavailability of the enterolignans,
and therefore their nutritional advantages increased. Similarly, the reduction of the particle size by wet
micronisation increased the oral bioavailability of lignan glycosides from sesame meal [55]. However,
when ﬂaxseed products are incorporated into mufﬁns or breads, the mammalian lignan production
of ﬂaxseed precursors depends on the time and dose, but not on the processing [56]. Although
more research is needed in this regard, we must also consider the effects of this processing on the
rheology of the doughs and the organoleptic quality of the breads. The stability of these products
must also be considered during storage, something of great importance for industrial use. Although
Malcolmson et al. [57] observed good stability of the milled ﬂaxseed stored at room temperature
in paper bags with plastic liners during a four-month period, other studies have shown that when
the particle size decreases, the oxidative stability of these products decreases too [58]. Therefore,
when milled oil seeds are used, aspects such as particle size and packaging conditions must be
considered in order to maximise the stability of these products.
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3. Flaxseed and Chia Seed Mucilages
Chia seeds and ﬂaxseeds are characterised by being very rich in mucilage. The mucilage of
ﬂaxseeds, consisting mainly of water-soluble polysaccharides, has a great water absorption capacity
and rheological properties similar to those of guar gum [59]. In fact, ﬂaxseed mucilages have been
proposed as a substitute for gluten in the preparation of gluten-free breads in order to improve
their acceptability against a mixture of pectin and guar gum [60]. Its composition includes a neutral
fraction, composed of arabinoxylans, and an acid fraction composed of polysaccharides similar to
pectin [61]. As with ﬂax mucilage, chia mucilages are extracted in water, more easily if the temperature
is high; when the proportion of water-seed increases, the saline content of the water decreases and
the pH increases [1], so the conditions of the mixture can affect the interactions with this component.
In this research, the hydration manages to extract mucilage with yields of 7%, somewhat lower than
the maximum achieved with ﬂax, which was slightly higher than 9% [59]. The chia mucilage has
also been compared with guar gum and locust bean gum because of its high hydration capacity [62]
and great thickening power [63]. Its structure corresponds to that of arabinoxylans, but with greater
amounts of uronic acids than those of ﬂax, imparting anionic characteristics to the macromolecule [64].
On the other hand, its ability to increase the stability of oil-in-water (O/W) emulsions has been
demonstrated [65]. In the case of ﬂax mucilage, its good foam stability properties in aqueous solutions
have also been demonstrated [66].
Just like other hydrocolloids, the use of chia mucilage as a stabiliser in ice cream [67] and as
a substitute for fats in breads, cakes [68–70] or mayonnaise [71] has been proposed. The use of
hydrocolloids with high water absorption capacity and thickening power, such as xanthan gum,
in wheat bread increases the absorption of the doughs, the development time and stability in the
kneading, generates more tenacious and less extensible doughs, and can increase the speciﬁc volume
and the ﬁrmness of the breads [72]. Similarly, guar gum has proved efﬁcient in improving the volume
of breads made with non-frozen and frozen dough [73]. This type of hydrocolloid has also been
proposed to reduce water losses in storage, both of ﬁnished breads [74] and doughs and breads
under refrigeration [75]. Usually, gluten-free formulations have applied hydrocolloids to mimic the
viscoelastic properties of gluten [76]. Among these hydrocolloids, those with high gas-holding capacity
and high thickening power, such as guar gum or xanthan gum, have been suggested [77], and are some
of the most widely used industrially. At a nutritional level, these gums are also interesting. Guar gum
is capable of signiﬁcantly decreasing the in vitro hydrolysis of starch, an effect that has been attributed
both to guar galactomannan, which acts as a physical ‘barrier’ to alpha-amylase-starch interactions,
and to the effect of guar gum on digesta viscosity [78]. Likewise, breads enriched with arabinoxylans
can help control the glycaemic level in diabetics [79]. However, the incorporation of chia mucilage has
only been able to reduce the glycaemic index estimated in the crust of pita breads, but to increase it in
the crumb [80]. More research would be necessary but, in general, the use of chia and ﬂax mucilage can
be very interesting in baking, isolated or together with the ﬂour or seeds, in which case its functionality
will depend on hydration and its release from the original matrix to interact with the components of
the dough.
4. Dough Rheology
The rheology of bread doughs gives us an idea of how they behave in different processes, and can
also help us to predict some ﬁnal characteristics of the breads. Current studies on the inﬂuence of
oleaginous seeds and their ﬂours on the rheology of bread doughs are limited, but we expect that
there is an inﬂuence depending on their composition, since they are rich in oil, vegetable proteins
and ﬁber. Thus, it is known that the addition of small amounts of oil or fat leads to greater ﬂexibility
and workability of the doughs, greater ﬁnal volume, a ﬁner alveolar structure, and a softer ﬁnal
texture [81]. The addition of fats and oils also delays starch retrogradation, prolonging the shelf-life of
the breads. On the other hand, the vegetal proteins modify the farinographic properties in a different
way according to their type [82,83], but in general they reduce the strength of the doughs and their
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extensibility. The incorporation of ﬁber usually increases water absorption, the mixing tolerance and
the tenacity of the doughs, but reduces extensibility [84]. The type of incorporation must be also
considered since, if oilseeds are incorporated as ﬂour, their different components will interact with the
components of the dough, will compete with them, or will establish synergies. However, if they are
incorporated as seeds, although these seeds can also have an effect on the properties, their components
will not interact since they will remain inside the seed coat.
In the farinographic analysis of doughs with chia at 5%, the incorporation of seeds does not modify
the behaviour during the kneading but decreases absorption slightly [85]. However, in this same
research the addition of whole or low-fat chia ﬂour increased the stability of the doughs, and when
defatted chia ﬂour was added the absorption also increased. Contrary to what was observed in
this study, Steffolani et al. [11] reported that a 5% addition of chia ﬂour does not affect absorption,
but it increases with a 15% addition. The incorporation of chia also reduced the stability of the
doughs and increased the development time. The decrease in the stability of the doughs matches the
observations of Koka and Anil [86] with the incorporation of ﬂaxseed, Moreira et al. [87] with chia
ﬂour, and Matthews et al. [88] with the addition of different oilseed ﬂours. A greater absorption
of water was also observed with the incorporation of these ﬂours in all these studies. In general,
there seems to be agreement that the use of these types of ﬂours does not modify the absorption or
increase it, while the effect on stability is contradictory. The differences may be due to the different
starting ﬂours, the percentage and the type of oilseed ﬂour used. In fact, the wheat ﬂour used by
Iglesias, Puig and Haros [85] presented lower stability values than those used by Steffolani et al. [11]
or Koka and Anil [86], making it easier to increase this stability. Regarding the variety of seed used,
Svec et al. [89] even observed that using different types of chia (white or black) modiﬁed the effect of
these ﬂours on the amylographic analysis, although, in both, the peak viscosity increased, the viscosity
rise was faster and the pasting time decreased. These results coincide with what Verdu et al. [90]
observed by Rapid Visco Analyser (RVA), which has been attributed to the presence of mucilage.
The incorporation of ﬂax and chia ﬂours also tends to reduce the extensibility of the doughs and the
energy of deformation, measured with the extensograph or with the alveograph [11,86], which can
cause problems in the use of the doughs or in the retention of gas during fermentation. In fact,
Steffolani et al. [11] observed that the gluten network of the doughs with 10% of seeds or chia ﬂour
was broken before the control dough, with gas escaping to the outside. This effect could be expected
due to the dilution of the gluten located in the mixtures and responsible for these properties. Similar
results have been observed due to the incorporation of lipids [91] and products with a high content of
non-gluten-forming proteins [92], which can inhibit the formation of the gluten network.
In the case of gluten-free doughs, the use of equipment such as the alveograph or the extensograph
is not possible because they are based on the measurement of the characteristics that the gluten
confers on the doughs, such as extensibility or tenacity. It is usual to analyse the gluten-free doughs
by conventional rheology, such as in oscillatory tests. There is limited research related to this,
but Moreira et al. [87] observed that the incorporation of chia ﬂour into doughs of chestnut ﬂour
reduced both the elastic and the viscous component. These results conﬂict with the observations of
Zettel and Hitzmann [93] in doughs of sweet bread, but in this study the chia ﬂour was used to replace
fats together with a greater incorporation of water, so the changes in the rheology cannot be attributed
exclusively to the incorporation of chia ﬂour.
The previous hydration of chia ﬂours or seeds can also have a great impact on the rheological
properties of the doughs, since it allows the mucilage of this seed to ﬂow into the water and interact
better with the rest of the ingredients of the dough. Thus, the prehydration of the chia ﬂour allows
an increase of the absorption of doughs and reduces development times, although it does not modify
either the alveographic properties [11] or the pasting properties of gluten-free ﬂours [94].
In general, the modiﬁcation of the rheology of the doughs with the incorporation of oilseeds or
their ﬂours can be conﬁrmed. This modiﬁcation seems to be more pronounced in the case of ﬂours
than of seeds although these changes are not very considerable if the amount of ﬂour does not exceed
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5%. The modiﬁcation of the rheology of the doughs really depends on many factors, so one cannot
draw general conclusions and each case must be studied.
5. Bread Quality
The effect of oilseed ﬂours on breads is determined by their components. It is known that the
incorporation of ﬁbers [84], such as celluloses, or vegetable proteins [95] usually reduces the speciﬁc
volume of the bread’s original ﬁrmer textures. The effect of the incorporation of oils on breads depends
on their added quantity. In small amounts and depending on the type of oil added the incorporation
of oils can be beneﬁcial, while in larger quantities they weaken the dough and have negative effects
on the volume of the breads [96]. Therefore, depending on the added product (wholemeal, protein
concentrate, defatted ﬂour), its composition and the amount added, the effects on the quality of bread
may vary. Generally, a negative effect on the volume of the breads is expected after incorporation.
When non-ground whole seeds are used, a minor effect is expected since not all of their components
interact with the wheat ﬂour.
Chia ﬂour is one of the most studied for baking processes. In general, wheat breads reduce their
volume, increase hardness and present darker crumbs as the level of chia ﬂour increases, as some
research on bread fortiﬁcation [11,97] or the substitution of saturated fats for chia ﬂour [39] has shown.
However, some studies have reported an increase in the volume and a reduction of the hardness of
breads with less than 10% chia ﬂour [85,90]. These differences may be due to the wheat ﬂours used,
the formulations used or the time of fermentation. In fact, the fermentation time was optimised in
these two studies compared to the previous ones, which used a ﬁxed fermentation time. This would
indicate that the doughs enriched with chia ﬂour would not support an excess of fermentation. Thus,
the drop in volume and the consequent increase in the hardness of the breads may be due to the loss
of strength of the dough and the breakage of the gluten network during fermentation, as shown by
Steffolani et al. [11]. Other research, focused on other oilseeds such as sesame [37] or pumpkin [35]
at levels above 14%, showed a decrease in the volume of the breads when they were enriched with
ﬂours of these seeds or protein concentrates made from them. However, Koca and Anil [86] did not
observe differences in the volume of breads enriched with ﬂaxseed ﬂour at levels between 5% and 20%,
which the authors attributed to the functionality of ﬂaxseed gum. Likewise, Skrbic and Filipcev [38]
did not observe differences either between the speciﬁc volumes or between the hardness of the breads,
both white and whole, made with sunﬂower seeds. The differences with other investigations may be
due to the incorporation of seeds and not ﬂours, so the interaction of the components of the seeds with
the components and the gluten is lower. However, a certain relaxation of the doughs was observed
in this study since a decrease in the height/width bread ratio of the breads with 12% addition was
observed. In general, the addition of oilseeds seems to have a smaller effect on the volume of the
breads than the addition of oilseed ﬂours. The incorporation of oilseeds as ﬂour can have a positive
effect or not modify the volume of the breads if they are incorporated in small proportions, while it
shows a negative inﬂuence on the volume when the quantities exceed a certain level. This was exactly
what Mentes et al. [98] observed in a study on the enrichment of wheat breads with ground ﬂaxseed,
where the negative effects began to be noticed after adding 20% ﬂaxseed, and an increase of the volume
with levels of 10% ﬂaxseed. Similarly, Sayed-Ahmad et al. [99] observed that the incorporation of
chia seed powder (full fat) at levels between 4–6% did not modify the hardness of the whole breads,
while its inclusion in cakes (defatted venues) even reduced it.
Volume is one of the most reliable qualities of bread. Bread loaves with high volume often attract
consumers. To improve the volume of oilseed-enriched breads, the addition of vital gluten [97] or the
prehydration of the oilseeds has been proposed. When oilseeds are prehydrated, their mucilage
interacts with the rest of the ingredients of the dough as a hydrocolloid would to reinforce the
dough [11]. For the same reason, the use of additives (emulsiﬁers such as diacetyl tartaric acid ester of
mono- and diglycerides (DATEM), or oxidants such as ascorbic acid) to strengthen the doughs could
be tested. Zettel and Hitzmann [93] managed not to modify the volume of the breads and reduce
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their hardness when they used chia ﬂour to substitute fats by increasing the moisture content of the
formulation when the ﬂour was incorporated.
The results also seem contradictory for gluten-free breads, something usual in this type of research
since they depend on the ﬂour/starch used as a base, the substitute for gluten and the hydration.
It is known that the incorporation of insoluble ﬁbers [100] and proteins [101] usually reduces bread
volumes. In the case of oil, it can have a beneﬁcial effect by reducing the consistency of the batters,
which usually increases the volume of the bread to a certain limit [102]. All these investigations have
been carried out on gluten-free breads with hydroxypropyl methylcellulose (HPMC), which can reach
volumes similar to wheat breads and are very sensitive to changes in the formulation. In general,
research shows a decrease in the volume of the breads and an increase in the hardness when chia
ﬂour was incorporated [41,94], although Constantini et al. [40] did not observe signiﬁcant differences
when they incorporated this ﬂour to 10% in bread with buckwheat ﬂour. However, in this study,
no gluten substitute was used and the speciﬁc volume obtained was less than 1.5 mL/g, so that the
doughs barely increased during the fermentation and baking processes. In contrast, the investigation of
Sandri et al. [41] showed speciﬁc volumes of 1.7 mL/g with xanthan gum and carboxymethylcellulose,
and speciﬁc volumes of 6 mL/g using HPMC were reached in the research of Steffolani et al. [94],
which showed a greater reduction in volume with the incorporation of chia ﬂour. Thus, changes are
more appreciated when the speciﬁc volume of the control bread is greater.
The shelf life of enriched breads is another important aspect to consider. Although it has barely
been studied in the research carried out until now, it is known that loaves with lower volumes and
higher hardness generally harden more quickly [103]. Thus, the reduction of the volume of the loaves
due to the incorporation of these seeds can accelerate the staling of the bread. Nevertheless, it is also
known that lipids reduce the retrogradation phenomena of amylopectin [104] and, therefore, the rate
of hardening of the loaves [105], so when oilseed ﬂours are incorporated and the speciﬁc volume
of the loaves is maintained, it is possible that the hardening of the loaves is delayed. It has been
shown that the incorporation of chia ﬂour can delay the retrogradation of amylopectin, responsible for
the staling of the loaves [85]. The incorporation of ground ﬂaxseed also retarded bread staling [98].
However, in long-life breads the oxidation of these lipids and their effect on the oxidation of other
lipids present in the product must be considered, especially when they are incorporated as ﬂour.
Thus, breads enriched with ﬂaxseed meal presented a higher level of peroxides after 8 weeks of
storage [106]. An accelerated lipid oxidation, particularly polymerization compounds, was shown
in chia-enriched biscuits [107]. These problems can be partially solved with the incorporation of
antioxidant substances [108]. However, the possible combinations should also be considered since
sesame seed extract has been shown to be effective in protecting oils from oxidation [109], and sesame
oil has also been shown to be effective in delaying rancidity in oil of sunﬂower [110].
6. Sensory Properties
Although it has been proved that oilseeds can provide important health beneﬁts, breads enriched
with these seeds can only become commercially viable if consumers value their organoleptic properties.
On this matter, multiple studies have evaluated the consumer acceptance of oilseed-enriched breads.
In general, the oilseed enrichment of breads with and without gluten does not reduce the quality and
acceptability to customers. Despite the addition of some seeds resulting in changes in the texture,
colour and odour of the bread, there were no signiﬁcant differences for crumb colour, crumb texture,
quality and overall acceptability between the control and breads prepared with chia [11], sesame [37],
pumpkin [36] and ﬂax seeds [86].
As for breads enriched with oilseed ﬂours, Verdú et al. [111] reported that bread enriched with
5% chia ﬂour did not show signiﬁcant sensory differences in respect to the control bread. This may
be due to the low percentage of chia ﬂour used. Coelho and Salas-Mellado [39] observed that the
acceptability of enriched bread with oilseed ﬂour is better than that of bread enriched with seeds,
which they attributed to the higher speciﬁc volume of the bread with oilseed ﬂour. However, in this
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research, they compared breads with 7.8 g/100 g of chia ﬂour versus breads with 11 g/100 g of chia
seeds, so the amount of chia could inﬂuence the evaluation of the consumers. Regardless, the use
of prehydrated oilseed ﬂours could be an option to improve the sensory properties of breads [11],
probably due to the higher moisture level and less sensation of dryness, by releasing the mucilage
prior to baking and increasing water retention during baking. In this respect, more research would be
necessary in order to know the level of enrichment at which changes in the sensory properties become
signiﬁcant, since no agreement has been reached. The inﬂuence of enriched gluten-free breads with
chia has been studied by authors such as Steffolani et al. [94] and Sandri et al. [41]. In both studies,
no signiﬁcant differences in terms of overall acceptability were reported in formulations with up to
15 g/100 g of chia ﬂour or seeds.
In general, it can be afﬁrmed that although the organoleptic characteristics of the breads change
with the inclusion of oilseed seeds or their ﬂours, there is no difference in the acceptability to consumers
of these breads up to levels of 10–15%.
7. Conclusions
The incorporation of oilseeds improves the nutritional proﬁle of bread, increasing its protein,
ﬁber, vitamins, minerals, essential fatty acids and bioactive compounds. The use of oilseed mucilages
has also been used successfully to replace the fat to produce healthier good quality breads. Therefore,
the inclusion of these compounds in bakery products is of great interest, both in wheat products and
in gluten-free products. However, it must be borne in mind that this inclusion modiﬁes the rheology
of the dough, depending on the way in which it is made (ﬂour or seeds, prehydration or not) and
the percentage used. Based on this, problems can result in changes to the ﬁnal characteristics of the
bread. To ensure the commercial success of these inclusions, it is necessary to consider the acceptability
to consumers, which may vary depending on the type of inclusion and its percentage. In general,
however, it seems that seed levels up to 15% can be obtained with good acceptability.
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Abstract: The fortiﬁcation of maize bread with legume ﬂour was explored in order to increase the
protein content of the traditional Portuguese bread ‘broa’, comprised of more than 50% maize ﬂour.
The optimization of legume incorporation (pea, chickpea, faba bean, lentil), considering the inﬂuence
of diﬀerent maize ﬂours (traditional-white, traditional-yellow, hybrid-white, hybrid-yellow), on
consumer liking and sensory proﬁling of ‘broa’ was studied. A panel of 60 naïve tasters evaluated
twenty diﬀerent breads, divided in four sets for each legume ﬂour fortiﬁcation, each set including
four breads with varying maize ﬂour and a control (no legume). Tasters evaluated overall liking
and the sensory proﬁle through a check-all-that-apply ballot. Crude protein and water content were
also analyzed. There were no signiﬁcant diﬀerences in overall liking between the diﬀerent types of
legumes and maize. The incorporation of chickpea ﬂour yields a sensory proﬁle that most closely
resembles the control. The protein content increased, on average, 21% in ‘broa’, with legume ﬂours
having the highest value obtained with faba bean incorporation (29% increase). Thus, incorporation
of legume ﬂours appears to be an interesting strategy to increase bread protein content, with no
signiﬁcant impact on consumer liking and the ‘broa’ bread sensory proﬁle.
Keywords: maize bread; legume fortiﬁcation; pea; chickpea; faba bean; lentil; protein content

1. Introduction
Bread, a cereal-based product, is an important part of the human diet but rich in easily digested
carbohydrates that are associated with a high glycemic index food consumption, which is a health
concern for present consumers. Wheat is the most frequently used cereal for bread making in many
parts of the world, but other common ingredients of bread are maize and rye [1]. An interesting
alternative to wheat bread, with a lower glycemic index, is a maize-based bread named ‘broa’ [2].
‘Broa’ is a Portuguese bread comprised of more than 50% maize ﬂour, mixed with either wheat
and/or rye ﬂours, and highly consumed in the northern and central regions of Portugal [3]. Several
types of ‘broa’ can be produced, depending on the type of maize variety and blending of the ﬂours
used, with regional maize landraces (normally open pollinated varieties, OPV) being considered
more suitable than hybrid varieties for bread production [4,5]. Maize ﬂour parameters related to the
consumer perceived quality of Portuguese ‘broa’ bread, based on eleven regional OPV maize landraces,
were evaluated [6]. The study revealed similar hedonic assessments (appearance, odor, texture, ﬂavor,
color, global appreciation, and cohesiveness) of ‘broa’ bread among specialty landraces of maize ﬂours
Foods 2019, 8, 235; doi:10.3390/foods8070235
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and the lowest scores for ‘broa’ bread from commercial (hybrid variety) maize ﬂour. In that study,
commercial ﬂour presented the highest mean diameter and a larger ﬂour particle distribution range of
all the tested maize varieties.
The traditional bread making process used to prepare ‘broa’ consists of mixing maize ﬂour (sieved
whole meal ﬂour), wheat and/or rye ﬂour, hot water, yeast, salt, and leavened dough from a previous
bread (acting as the sourdough) [3]. After mixing and resting, the dough is baked in a wood-ﬁred
oven. This empirical process leads to an ethnic product highly appreciated for its distinctive sensory
characteristics (unique ﬂavor and texture) and provides an interesting source of nutritional value [2,3,7].
The microbiological proﬁle of ﬂours used to manufacture ‘broa’ bread and the microbial phenomena of
dough fermentation and storage for ‘broa’ bread was studied in [7–9].
A gluten-free ‘broa’ bread, with modiﬁcation of the traditional composite maize/rye wheat ﬂour,
was tested and considered satisfactory for its sensory quality and bread making technology ability [10].
Maize dough has no gluten proteins, which enables it to hold the gas produced during fermentation in
a viscoelastic network, leading to a compact bread with crumb-like texture and low speciﬁc volume [5].
Legumes are generally rich in protein and ﬁber and low in fat, and are considered to have a
high nutritional value and key role in preventing metabolic diseases, such as diabetes mellitus and
coronary heart diseases [11,12]. Thus, legumes can contribute signiﬁcantly to the protein fortiﬁcation
of cereal-based products to align them with the high vegetal protein diet trend [13]. Legume-enriched
bread may be amenable with claims such as ‘source of’, ‘high’ or ‘increased of’ vegetal protein according
with Reg EC 1924/2006 [14]. Despite nutritional enrichment, the organoleptic quality of legume-fortiﬁed
cereal foods was signiﬁcantly diﬀerent and tends to decline [15–17] when compared with formulations
based exclusively on cereals. Thus, the assessment of consumer acceptability is essential to promote the
incorporation of legume ﬂours in cereal-based products. The pre-treatment of grain legumes (roasting,
cooking, or fermentation) inﬂuences the composition and protein properties of grain legumes and,
consequently, the characteristics of dough and bread fortiﬁed with legume ﬂours [18].
The objectives of this work were to select the optimal maize bread formulation with legume
fortiﬁcation (part of maize ﬂour replaced by legume ﬂour) accessed through overall consumer liking
and a check-all-that-apply (CATA) proﬁling evaluation, in order to obtain bread claiming to have a
high protein content that is also nutritiously enriched and well accepted by consumers.
2. Materials and Methods
2.1. Experimental Procedure
The base formulation of the ‘broa’ bread included 700 g·kg−1 maize, 200 g·kg−1 rye, 100 g·kg−1
wheat ﬂour, 28 g·kg−1 sugar (wt/wt ﬂour basis), 17.6 g·kg−1 salt (wt/wt ﬂour basis), 10 g·kg−1 dry yeast
(wt/wt ﬂour basis), 100 g·kg−1 sourdough (wt/wt ﬂour basis), and 100% (vol/wt ﬂour basis) water, as
described previously by Brites et al. [2].
Twenty breads were produced following a 4-block design combining four legume ﬂours:
chickpea—CH (Cicer arietinum), faba bean—FB (Vicia faba), lentil—LC (Lens culinaris), pea—PS (Pisum
sativum), and control—C (without legume ﬂour) with four diﬀerent maize ﬂours: hybrid white—IW,
hybrid yellow—IY, regional white—RW, regional yellow—RY. The regional whole maize ﬂours were
obtained after milling the grain in an artisanal water mill with millstones (Moinhos do Inferno, Viseu),
and the hybrid ﬂours correspond to commercial maize ﬂour (Nacional type 175). Each of the four
blocks corresponds to the replacement of 10% of the maize ﬂour by one of the legume ﬂours (CH, FB,
LC, PS) and a control (C) sample with no replacement.
The ‘broa’ bread making process, performed at Patrimvs Indústria, a bakery industry in Portugal,
was previously described in [2] and consisted of mixing the maize ﬂour with 80% of the boiling salted
water and kneading for 5 min (Ferneto AEF035). The dough was allowed to rest and cool to 27 ◦ C, and
the remaining ingredients (sugar, salt, dry yeast, sourdough), including 20% of the water, were added.
The dough was again kneaded for 8 min and left to rest for bulk fermentation at 25 ◦ C for 90 min. After

80

Foods 2019, 8, 235

fermentation, the dough was manually molded into 400 g balls and baked in an oven (Matador, Werner
& Pﬂeiderer Lebensmitteltechnik GmbH, Dinkelsbühl, Germany) at 270 ◦ C for 40 min (Figure 1a).

(a)

(b)

(c)

Figure 1. (a) ‘Broa’ bread after baking; (b) Slices of ‘broa’ bread samples for sensory evaluation;
(c) Individual booth with sample for sensory evaluation.

Maize breads produced by Patrimvs Indústria were packed and dispatched the day before each of
the sensory evaluation sessions, according to the diﬀerent legume ﬂour blocks.
2.2. Sensory Analysis
Sixty naïve tasters who consumed bread regularly were recruited for a descriptive proﬁling test
from Sense Test’s (an independent Sensory Analysis Laboratory in Portugal) consumer database.
A sociodemographic characterization of consumers was performed. The company ensures data
protection and conﬁdentiality through the authorization 2063/2009 awarded by the National Data
Protection Commission and an accomplished internal code of conduct.
Sensory evaluation was carried out at Sense Test in a special room equipped with individual
booths in accordance with ISO standard 8589:2007 [19], with personnel and panel leader following ISO
standards 13300-1:2006 [20] and 13300-2:2006 [21].
Four sessions were set up and, for each session, ﬁve diﬀerent samples of maize bread were
produced: (i) white regional maize with legume ﬂour; (ii) white hybrid maize with legume ﬂour;
(iii) yellow regional maize with legume ﬂour; (iv) yellow hybrid maize with legume ﬂour; and a
control sample made with yellow hybrid maize with no legume ﬂour (Figure 1b). ‘Broa’ breads were
cut halfway and 2 cm-thick slices were cut from the central portion. A serving of one slice (≈100 g)
was presented to each taster on white disposable plastic plates, identiﬁed by a three-digit random
number, at the individual booths under normal white lighting (Figure 1c). Panelists were provided
with a porcelain spittoon, a glass of bottled natural water, and unsalted crackers. All panelists were
instructed to chew a piece of cracker and to rinse their mouth with water before testing each sample.
Panelists were free to swallow or spit both samples and crackers.
Within a session, each participant received all the samples following a monadic sequential (one
at a time) presentation, with a balanced sample serving order to compensate for possible carryover
eﬀects [22]. Overall liking was evaluated using the classical 9-point hedonic scale, going from
1—“dislike extremely” to 9—“like extremely” [23]. For each sample, overall liking scoring was
immediately followed by the evaluation of the sensory proﬁle, through a check-all-that-apply (CATA)
methodology to reduce bias [24,25].
Participants were invited to proﬁle each sample over a CATA ballot, structured according to
6 sensory dimensions (Whole bread appearance (WBA), Slice appearance (SA), Texture at touch (TT),
Mouth texture (MT), Aroma (A), and Flavor (F)). Table 1 presents the total 51 attributes, according
to the respective sensory dimension. The CATA ballot was generated after discussion between the
authors based on previous research [26]. This list was presented in two diﬀerent orders to the panelists,
following a direct and an inverse alphabetic order within each dimension [25]. The CATA ballot,
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“Please select out of the following list of terms those that characterize the tasted sample”, was answered
as a “yes/no” response scale, indicating if they recognized the presence or absence of such attributes.
This option increased the focus of respondents on each attribute [27].
Table 1. Dimensions and descriptive attributes used in check-all-that-apply (CATA) ballot.
Dimension

Number of Attributes

Whole bread appearance (WBA)

3

Slice appearance (SA)

6

Texture at touch (TT)

5

Mouth texture (MT)

11

Aroma (A)

11

Flavour (F)

15

Descriptive Attributes
Dark toasted crust, Uniform crust, Strongly cracked crust
Whitish crumb, Yellowish crumb, High porous crumb,
Large grain crumb, Small grain crumb, Homogeneous
porosity crumb
Moist, Soft, Granular crumb, Compact, Sticky
Crumbly, Hard crust, Crunchy crust, Elastic crust, Dry
crumb, Sticky, Moist, Elastic, Granular, Soft, Lumps
together
Intense, Acid, Maize, Rye, Pea, Faba bean, Chickpea, Lentil,
Yeast, Burnt, Moldy
Toasted crust, Intense, Sweet, Acid, Bitter, Salty, Bland, Pea,
Faba bean, Chickpea, Lentil, Maize, Rye, Moldy, Yeast

2.3. Protein and Water Content Determination
The bread samples were prepared according to the AACC 62-05.01 method [28], water content
by the ISO 712:2009 [29], and protein content by the combustion method of ISO 16634-2/TS:2016 [30],
calculated by multiplying nitrogen concentration by a conversion factor of 5.7.
2.4. Statistical Analysis
Data analyses were performed using the XL-STAT 2019® system software (Addinsoft, New York,
NY, USA). To synthesize the results of the overall liking test, descriptive statistics with mean and
standard error (SE) for each session, corresponding to the diﬀerent legume ﬂour breads and the control
sample, were computed. A two-way (type of maize and type of legume) ANOVA with blocks (tasters),
and the Fisher-LSD test for multiple comparison (diﬀerences in the liking of each of the enriched
breads), was applied at a 95% conﬁdence level. A two-way (type of maize and type of legume)
ANOVA, and Fisher-LSD test for multiple comparison, was applied to evaluate diﬀerences between
both the protein and water content of the diﬀerent ‘broa’ breads (with interaction as the error) at a 95%
conﬁdence level.
For CATA evaluations, the Cochran test was applied to identify which descriptive attributes
were discriminating among samples [31]. Subsequently, the frequency of use of each attribute was
determined, calculating the number of panelists who have used each attribute to describe the samples.
Over this frequency matrix, a correspondence analysis (CA) was applied. Such analysis provides a
sensory map of the bread samples, allowing the perception of the similarities and diﬀerences between
samples and their sensory characteristics [32–34]. Multidimensional alignment (MDA) was also
performed to determine the correlation between the descriptive attributes and the bread samples in the
full-dimensional space of the CA, providing complete information about the relationship between
products and attributes [35].
3. Results and Discussion
Generally, the overall liking for all types of breads presented high values of acceptability, around
7—“like very much” (Table 2). Breads with legume incorporation tended to have a somewhat lower
acceptability than the control samples (Table 2). Signiﬁcant diﬀerences in the overall liking of the
control samples used in each session were identiﬁed. This was probably due to industrial variability, as
batches were produced in diﬀerent time periods. To overcome this eﬀect, diﬀerences of overall liking
of each of the legume-incorporated breads, and the respective control bread, were calculated. From
the two-way ANOVA model with panelists as blocks, no signiﬁcant eﬀects were found for the type of
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legume, type of maize as well, as for the interaction of both factors (p > 0.05). Despite no signiﬁcant
eﬀect, the bread incorporating chickpea ﬂour with hybrid white maize was the only one presenting an
average overall liking (6.97 ± 0.16) above the corresponding control sample (6.77 ± 0.17) (Table 2).
Table 2. Mean values ± standard error (SE) of overall liking of control breads (C-IY) and breads
combining four legume ﬂours (CH—chickpea, FB—faba bean, LC—lentil, and PS—pea) with 4 maize
ﬂours (IW—hybrid white, IY—hybrid yellow; RW—regional white, RY—regional yellow), using a
9-point scale, going from 1—“dislike extremely” to 9—“like extremely”.
Session

Sample

n

1

C-IY
CH-IW
CH-IY
CH-RW
CH-RY

60
60
60
60
60

6.97 (±0.16) a
6.53 (±0.18) a
6.50 (±0.20) a
6.52 (±0.16) a

2

C-IY
FB-IW
FB-IY
FB-RW
FB-RY

60
60
60
60
60

6.95 (±0.12) a
7.20 (±0.14) a
6.90 (±0.16) a
6.68 (±0.17) a

3

C-IY
LC-IW
LC-IY
LC-RW
LC-RY

60
60
60
60
60

6.98 (±0.17) a
7.00 (±0.14) a
6.97 (±0.17) a
6.83 (±0.17) a

4

C-IY
PS-IW
PS-IY
PS-RW
PS-RY

60
60
60
60
60

6.88 (±0.15) a
6.92 (±0.14) a
7.00 (±0.15) a
6.75 (±0.16) a

Overall Liking
6.77 (±0.17) a
6.63 (±0.09) (n = 240)
7.22 (±0.15) a
6.93 (±0.08) (n = 240)
7.22 (±0.18) a
6.95 (±0.08) (n = 240)
7.08 (±0.15) a
6.89 (±0.07) (n = 240)

a

within each session, the same letter indicates no signiﬁcant diﬀerences between ‘broas’, according to the Fisher-LSD
test (p > 0.05).

Results from the CATA proﬁling by Cochran test yielded both discriminating and nondiscriminating attributes. The non-discriminating attributes identiﬁed across all blocks are presented
in Table 3. It is important to highlight that the non-discriminating terms associated with the legume
incorporation, such as the chickpea, lentil, and pea aroma and the chickpea and faba bean ﬂavor,
indicated that the presence of the respective legume ﬂours was not noticeable to consumers.
Table 3. Dimensions and descriptive attributes of non-discriminating attributes across all blocks.
Dimension

Descriptive Attributes

Slice appearance (SA)
Mouth texture (MT)
Aroma (A)
Flavor (F)

Homogeneous porosity crumb
Crunchy crust, Elastic crust, Hard crust
Chickpea, Intense, Lentil, Moldy, Pea, Yeast
Chickpea, Faba bean, Salty, Intense

Figure 2 shows the conﬁgurations of the samples and discriminating descriptive terms in
the ﬁrst and second dimensions of the CA analysis, applied to the CATA data of bread samples.
This conﬁguration explained 78.06% of the total variance of the experimental data. From the analysis
of Figure 2, it is possible to observe that the samples were grouped according to ﬂour maize type,
and that the hybrid white (IW) and regional white (RW) maize were strongly associated with (SA)
Whitish crumb, in contrast to hybrid yellow (IY) and regional yellow (RY) maize breads that were
intensely associated with (SA) Yellowish crumb, as expected. Data yielded a very high consistency
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on the proﬁling of the control samples across all 4 blocks (circle lined in Figure 2), correlated with
(SA) Yellowish crumb, (MT) Dry crumb, (TT) Compact, (MT) Crumbly, (A) Maize, and (F) Maize.
The incorporation of chickpea ﬂour yielded the sensory proﬁle that most closely resembled the
control samples. The regional maize ﬂours were closer associated with sticky and moist descriptors,
related with bread crumb cohesiveness (sticky texture at touch and in mouth), and apparent humidity
(perceived moisture at touch and in mouth).

Figure 2. Sensory proﬁling for bread fortiﬁcation with legume ﬂours, produced combining 4 legume
ﬂours (CH—chickpea, FB—faba bean, LC—lentil, and PS—pea) and a C—control (without legume ﬂour)
with 4 maize ﬂours (IW—hybrid white, IY—hybrid yellow, RW—regional white, RY—regional yellow).

Table 4 shows the results from the cosines of the angles of ‘broa’ bread samples, with the signiﬁcant
descriptive attributes, resulting from MDA analysis. Angles below 45◦ indicate a signiﬁcant positive
correlation between the projection of the sample and the projection of the attribute into the CA space,
while angles above 135◦ indicate a signiﬁcant negative correlation between the projection of the sample
and the projection of the attribute [35]. From this analysis, it was possible to depict, in a more detailed
way, the diﬀerences in bread samples and their relationship with the descriptive terms, since MDA is a
statistical procedure that takes into account all the dimensions. The association between (SA) Whitish
crumb and (SA) Yellowish crumb, according to the white and yellow maize respectively, was again
evident in Table 4. The positive association with the acid ﬂavor for faba bean, lentil, and pea was
highlighted in this analysis.
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FB

CH

Legume

IW

IY

Type of Maize
RW

RY

Table 4. Multidimensional alignment (MDA) for bread fortiﬁcation with legume ﬂours, produced combining 4 legume ﬂours (CH—chickpea, FB—faba bean,
LC—lentil, and PS—pea) with 4 maize ﬂours (IW—hybrid white, IY—hybrid yellow, RW—regional white, and RY—regional yellow). Signiﬁcant correlations
between samples and attributes are depicted with the bold bars.
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Table 5 presents the protein and water content of the ‘broa’ bread produced, combining the
4 legume ﬂours and the control (without legume ﬂour) with the 4 maize ﬂours. Legume fortiﬁcation
signiﬁcantly increased the ‘broa’ bread protein content, as expected. The mean protein content of the
bread without legume incorporation was 56.2 (±1.3) g·kg−1 and increased, on average, by 21% in ‘broa’
with the incorporation of legume ﬂours. The highest increase in protein content was obtained with
faba bean (29%) incorporation rising to 72.3 (±2.4) g·kg−1 , compared to the control without legume
incorporation. In terms of protein content per dry weight, the diﬀerences were even higher between
legume fortiﬁcation and the control bread. The faba bean incorporation increased the protein content
to 32% (118.3 (±1.8) g·kg−1 dry basis), followed by lentil incorporation of 22% (108.8 (±0.8) g·kg−1 dry
basis), and chickpea and pea incorporation (17% and 16%, respectively). The lowest water content was
obtained from the bread with pea incorporation (362.5 (±5.6) g·kg−1 ) and the highest from faba bean
incorporation (389.5 (±12.4) g·kg−1 ). A signiﬁcantly lower water content was obtained from the hybrid
varieties of bread in comparison with the regional varieties of bread.
Table 5. Mean values ± SE of protein and water content of the ‘broa’ breads produced combining 4 legume
ﬂours (CH—chickpea, FB—faba bean, LC—lentil, and PS—pea) and C—control (without legume ﬂour)
with 4 maize ﬂours (IW—hybrid white, IY—hybrid yellow, RW—regional white, RY—regional yellow).

‘Broa’ Sample

Protein Content
(g·kg−1 )

Protein Content in a
Dry Basis
(g·kg−1 Dry Basis)

Water Content
(g·kg−1 )

C
CH
FB
LC
PS
IW
IY
RW
RY

56.2 (±1.3) a
65.6 (±1.7) b
72.3 (±2.4) c
67.7 (±1.4) b
66.3 (±0.4) b
66.1 (±1.9) a,b
68.0 (±3.7) b
65.3 (±2.4) a,b
63.0 (±3.0) a

89.5 (±1.0) a
105.0 (±1.4) b
118.3 (±1.8) d
108.8 (±0.8) c
104.0 (±1.1) b
104.0 (±4.1) a
106.0 (±5.3) a,b
107.0 (±4.5) b
103.4 (±4.9) a

372.0 (±10.7) a,b
375.3 (±10.5) a,b
389.5 (±12.4) b
377.3 (±12.1) a,b
362.5 (±5.6) a
363.4 (±11.4) a
358.8 (±3.6) a
388.8 (±6.8) b
390.2 (±4.0) b

a,b,c,d

Similar letters indicate homogeneous groups according to the Fisher-LSD test (p > 0.05).

4. Conclusions
Incorporation of legume ﬂours appears to be an interesting strategy to increase bread protein
content without decreasing consumer liking. However, further research should also consider the
impact of legume incorporation on the glycemic index of maize bread. Regarding the sensory proﬁle
method, one can observe that the CATA was an appropriate method to describe the maize bread
formulations with legume fortiﬁcation. The breads were produced in the bakery chain of Patrimvs S.A,
with the intended positive eﬀect of studying a real-life market production situation, but the industrial
scale imposed limitations, such as the restricted choice of commercially available legumes ﬂours. Major
changes in the ‘broa’ sensory proﬁle appear related to apparent humidity (perceived moisture at touch
and in mouth) and bread crumb cohesiveness (sticky texture at touch and in mouth). Incorporation of
chickpea ﬂour lead to liking scores closer to the control formulation. The incorporation of chickpea
ﬂour yielded the sensory proﬁle that most closely resembled the control. Faba ﬂour incorporation lead
to ‘broa’ breads with the highest protein content.
These results can be seen as an opportunity for the bakery industry to develop new products that
will respond to the growing consumer demand for high-protein food.
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Abstract: Defatted sunﬂower seed ﬂour (DSSF) is an upcycled by-product of sunﬂower oil extraction,
rich in protein, ﬁbre and antioxidants. This study assessed the instrumental and sensory quality of
biscuits enriched with DSSF at 18% and 36% w/w as a replacement for wheat ﬂour. Measurements
included colour, texture, total phenolic content (TPC) and antioxidant capacity. Sensory analysis
was carried out with Quantitative Descriptive Analysis (QDA). The inclusion of DSSF signiﬁcantly
increased the protein content of the biscuits, as well as the TPC and antioxidant capacity of the
biscuits. The resulting products were signiﬁcantly darker, less red and less yellow with increasing
DSSF levels, while hardness (measured instrumentally) increased. Sensory results agreed with colour
measurements, concluding that DSSF biscuits were more “Brown” than the control, and with texture
measurements where biscuits with 36% DSSF had a signiﬁcantly ﬁrmer bite. In addition, DSSF
biscuits at 36% inclusion had higher QDA scores for “Oﬀ-note” and the lowest scores for “Crumbly”
and “Crumb aeration”. DSSF biscuits at 18% inclusion were similar to the control in most parameters
and should be considered for further developments. These results show the potential of the upcycled
DSSF by-product as a novel, sustainable and healthy food ingredient.
Keywords: biscuits; upcycled food by-products; defatted sunﬂower seed ﬂour; sensory QDA; TPA;
colour; antioxidant capacity; protein enrichment; functional foods; valorisation

1. Introduction
Sunﬂower (Helianthus annuus L.) is one of the three most cultivated oil crops in the world [1].
The main by-product of the oil extraction process, which can constitute up to 36% of the mass of the
processed seeds [1], is the so-called sunﬂower meal or cake. This by-product has a high protein content
(40–50%) [2] and is used primarily in ruminant feed [1].
The sunﬂower cake contains essential amino acids (such as lysine, methionine, cystine, tryptophan),
minerals, B group vitamins [1] and has a high antioxidant potential [3], making this product interesting
as human food. On the other hand, some limitations include a high insoluble ﬁbre content, the residue
solvents used for oil extraction in the cake [3] and the presence of anti-nutrients such as protease
inhibitors, saponins and arginase inhibitor [4].
Steam explosion, involving high pressure and high temperature, has recently been used on
various substrates and by-products to break insoluble ﬁbre into smaller soluble dietary ﬁbre units [5,6],
to decompose some anti-nutrients [7] and as a sterilisation method [8]. The US company Planetarians
uses steam explosion on sunﬂower cake to produce a commercially available food grade defatted
sunﬂower seed ﬂour (DSSF) without the need for puriﬁcation steps [9]. Within the context of circular
bio-economy, there is a growing interest in the food industry to use inexpensive upcycled by-products
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to partially replace ﬂour, fat or sugar in bakery products to achieve value-added, nutritionally-enriched
and sustainable foods [10].
The aim of the present work is to use DSSF in biscuits, substituting it for 18% and 36% of wheat
ﬂour, and investigating the eﬀects that the DSSF inclusion might have on the quality of the biscuits,
both from an instrumental and sensory point of view.
2. Materials and Methods
2.1. Materials
Wheat ﬂour (composition from manufacturer: fat 1.7%, carbohydrate 74%, ﬁbre 3.8%, protein
9.9%), sugar, sunﬂower oil, cocoa powder, sodium bicarbonate and sodium chloride used for
biscuit formulations were supermarket own-label from a local retailer. The DSSF (composition
from manufacturer: fat 1%, carbohydrate 48%, ﬁbre 18%, protein 35%), obtained after steam explosion
and milling, was donated by the company Planetarians (Palo Alto, CA, USA).
2.2. Biscuit Preparation
Short dough biscuits were prepared according to the modiﬁed method of Kuchtová, Karovičová,
Kohajdová, Minarovičová and Kimličková [10]. Control biscuits were manufactured without DSSF,
while DSSF biscuits were made substituting respectively 18% and 36% of wheat ﬂour for DSSF. In the
control recipe, the oil (26.5 g) and sugar (35 g) were mixed at medium speed for 5 min using a mixer
(Major Titanium KM020, Kenwood, London, UK). Water (62 g) was added and mixed for 30 s at low
speed. Then the remaining ingredients (ﬂour 90 g, cocoa 10 g, sodium bicarbonate 1.1 g and salt 0.9 g)
were added and mixed for 2 min at low speed. In the 18% and 36% DSSF recipes, respectively 18%
of ﬂour (16.4 g) or 36% of ﬂour (32.8 g) was replaced with DSSF. The dough was sheeted to a 4 mm
thickness with a Rondo table model dough sheeter (Rondo, Burgdorf, Switzerland) and cut by hand
with a 55 mm diameter round cutter. The biscuits were baked on aluminium trays in a ventilated oven
(Kwick_Co, Salva, Gipuzkoa, Spain) for 15 min at 190 ◦ C. After 30 min of cooling time, the biscuits
were vacuum packed and stored until further analysis.
2.3. Proximate Analysis
The moisture, protein, fat and ash content of the wheat ﬂour, DSSF and biscuits were determined
using methods from the Association of Oﬃcial Analytical Chemists (AOAC) [11]. The total content of
carbohydrates was calculated by diﬀerence: 100 − (moisture + ash + protein + fat).
2.4. Determination of Total Phenolic Content and Antioxidant Capacity
The extracts for the determination of total phenolic content (TPC) and antioxidant capacity were
prepared according to Ajila et al. [12] with some modiﬁcations. Brieﬂy, 1 g of sample was mixed with
20 mL of absolute methanol and left at ambient temperature for 1 h. Subsequently, the mixture was
centrifuged (1.5× g, 10 min) and the supernatant was collected and used for the determination of TPC
and antioxidant capacity.
2.4.1. Total Phenolic Content (TPC)
TPC was measured for the DSSF, wheat ﬂour and biscuits according to Singleton and Rossi [13]
with some modiﬁcations. Brieﬂy, 2.5 mL of 10% (v/v) Folin–Ciocalteu reagent was mixed with 0.5 mL of
sample. After 3 min of incubation, 2 mL of 7.5% (w/v) Na2 CO3 was added to the mixture and incubated
in the dark at room temperature for 1 h. The absorbance of the solution was measured at 765 nm.
The results were expressed as mg of gallic acid equivalents per g of sample dry weight (mg GAE/g).
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2.4.2. Antioxidant Capacity
The 2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scavenging capacity was determined according
to Vamanu and Nita [14] and Papoutsis et al. [15]. Brieﬂy, 2850 mL of DPPH solution was mixed with
150 μL of extract. The mixture was left to stand for 30 min in the dark. The absorbance was measured
at 515 nm. Results were expressed mg Trolox equivalents per g (mg TE/g).
The cupric reducing antioxidant capacity (CUPRAC) was determined according to Apak et al. [16]
with some modiﬁcations. Brieﬂy, 1 mL of 10 mM copper chloride (II) was mixed with 1 mL of 7.5 mM
neocuproine solution and 1 mL of NH4 Ac buﬀer (pH 7.0). Subsequently, 1.1 mL of sample was
added to this mixture. The mixture was incubated at room temperature for 1.5 h before measuring the
absorbance at 450 nm. Results were expressed as mg Trolox equivalents per g (mg TE/g).
2.5. Physical Analyses
The width and thickness of at least 10 biscuits per batch and per recipe were measured with
a digital calliper after baking. The spread ratio of the biscuits was calculated dividing width by
thickness [17].
Hardness was measured using a texture analyser TA-XT2i (Stable Micro Systems, London, UK)
equipped with a three-point bending rig (HDP/3PB). Hardness was the maximum resistance of each
biscuit against a rounded edge blade and occurred when the sample began to break.
Water holding capacity (WHC) and oil-adsorption capacity (OAC) was measured for wheat ﬂour
and DSSF. WHC was determined according to Sudha et al. [18] with slight modiﬁcations. Aliquots of
0.05 g of DSSF or wheat ﬂour were mixed with 1 mL water in a microcentrifuge tube, centrifuged at
13,000× g for 30 min, and the excess water was decanted. The sample was weighed, and WHC was
expressed as g water/g dry weight. OAC was similarly determined, by using sunﬂower oil instead of
water. OAC was expressed as g oil/g dry weight.
2.6. Colour
The colour of the wheat ﬂour, DSSF and biscuits was measured using a colorimeter
(CR-400, Konica, Minolta, Japan), calibrated using a white standard plate. The values measured were
L* (white 100/black 0), a* values (red positive/green negative) and b* values (yellow positive/blue
negative). Colour was measured for 10 biscuits in each batch. The total colour diﬀerence (ΔE) was
calculated according to the equation:
ΔE = [(a* − a0 *)2 + (b* − b0 *)2 + (L* − L0 *)2 ]1/2
2.7. Sensory Evaluation
Sensory proﬁling of biscuits was conducted by a panel of nine trained panellists (eight female,
one male, mean age 47 years). A consensus vocabulary of 29 descriptors was developed to characterise
the samples; under the modalities appearance (5), aroma (4), taste and ﬂavour (8), mouthfeel (5) and
after-eﬀect descriptors (7), using reference standards where required. The purpose of the sensory
proﬁling was to provide a consistent measure for changes in biscuit descriptors occurring with change
in formulation. Descriptor scoring was done using unstructured line-scales (scale 0–100) using the
Compusense® software (Compusense, ON, Canada). Panellists were seated in individual testing
booths under artiﬁcial daylight. Samples (one biscuit per person per sample) were presented in
a balanced order, randomly allocated and single-blinded using three-digit number codes. Panellists
were asked to taste at least half of the portion size. Warm ﬁltered water was used as a palate cleanser
and the time delay between samples (post after-eﬀects scoring) was 30 s. Biscuit scoring was carried
out in duplicates on two consecutive days.
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2.8. Statistical Analysis
For instrumental measurements, the experiment was repeated three times on three diﬀerent days.
Statistical analyses were carried out using analysis of variance (ANOVA) or independent t-tests with
the software SPSS (V24, SPSS Inc., Chicago, IL, USA). The determination of signiﬁcance among the
control, 18% DSSF, and 36% DSSF biscuits was conducted by Tukey’s post hoc multiple comparison
test at a signiﬁcance level of p < 0.05. For sensory data, a two-way ANOVA was used. The panellists
were ﬁtted as random eﬀects and the samples were ﬁxed eﬀects. The treatment eﬀects (samples and
assessors) were tested against the panellist by assessor interaction.
3. Results and Discussion
3.1. Physical and Chemical Properties of Defatted Sunﬂower Seed Flour
The physical and chemical properties of wheat ﬂour and DSSF are reported in Table 1. The DSSF
ingredient presented a lower moisture and a fourfold higher protein content compared to wheat ﬂour.
Fat and ash content were also signiﬁcantly higher compared to wheat ﬂour.
In terms of colour, DSSF was signiﬁcantly darker than wheat ﬂour, with higher redness and
blueness values. The hydration properties of DSSF fell in the same range reported by other authors on
apple pomace [18,19]. DSSF presented a threefold higher WHC than wheat ﬂour, possibly due to the
high content of soluble dietary ﬁbre. Ash content is a good indicator of mineral content and according
to the literature [20], sunﬂower oil cake on a dry basis contains 0.48% calcium, 0.84% phosphorus,
0.44% magnesium and 3.49% potassium.
Table 1. Physical and chemical properties of defatted sunﬂower seed ﬂour and wheat ﬂour.
Parameters

Wheat Flour

Moisture (%)

10.22 ± 0.02

Protein (%)

9.8 ± 0.02

a

DSSF
4.59 ± 0.02 b
38.01 ± 0.01 a

b

Fat (%)

1.62 ± 0.01 b

1.84 ± 0.03 a

Ash (%)

0.94 ± 0.05

b

7.19 ± 0.03 a

WHC (g water/g dry weight)

0.69 ± 0.14

b

2.21 ± 0.18 a

0.87 ± 0.03 b

1.25 ± 0.06 a

93.93 ± 0.36
−0.79 ± 0.06 b
11.45 ± 0.15 b

62.99 ± 0.12 b
1.47 ± 0.02 a
14.38 ± 0.07 a

OAC (g oil/g dry weight)
Colour

L*
a*
b*

a

Data are expressed as means ±SD of duplicate or triplicate assays. Values with the same letter in the same row are
not signiﬁcantly diﬀerent at p < 0.05. DSSF, defatted sunﬂower seed ﬂour; OAC, oil-adsorption capacity; WHC,
water holding capacity.

Results for TPC, DPPH and CUPRAC are shown in Figure 1. TPC in DSSF was 16.54 mg GAE/g,
while TPC for wheat ﬂour was signiﬁcantly lower at 5.59 mg GAE/g. These values are higher than those
reported on apple pomace (1.1 mg GAE/g dry weight) [19] and beetroot pomace (up to 3.8 mg GAE/g
dry weight) [21]. Similarly to TPC results, DSSF had higher antioxidant capacity measured by DPPH
and CUPRAC assays compared to wheat ﬂour. Previous studies have shown that sunﬂower ﬂour is
a good source of phenolic compounds including chlorogenic, caﬀeic, p-hydroxybenzoic, p-coumaric,
cinamic, m-hydroxybenzoic, vanillic, syringic, transcinnamic, isoferulic and sinapic acids, which are
compounds with high antioxidant capacity [22]. On the other hand, wheat ﬂour has been reported
to have very low polyphenol content [23], which justiﬁes its lower antioxidant capacity compared
to DSSF.
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Figure 1. Total phenolic content (TPC) (A) 2,2-Diphenyl-1-picrylhydrazyl (DPPH) (B) and cupric
reducing antioxidant capacity (CUPRAC) (C) values of wheat ﬂour and defatted sunﬂower seed ﬂour
(DSSF). Data are expressed as means ± SD (n = 3).
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3.2. Eﬀect of Defatted Sunﬂower Seed Flour on the Physical and Chemical Properties of Biscuits
The physical properties of biscuits made replacing wheat ﬂour with 18% and 36% of DSSF
are presented in Table 2. When compared to control biscuits, the diameter of DSSF biscuits at both
inclusion levels was signiﬁcantly lower. Thickness also decreased at the 36% DSSF inclusion level,
while there was no signiﬁcant diﬀerence in thickness between the control and the 18% DSSF biscuits.
The decrease in thickness and diameter in biscuits with DSSF inclusion might be due to the dilution of
gluten [17] or increase in ﬁbre content [24] and is in agreement with similar studies on by-product
incorporation [10,19]. Cookie diameter is considered a quality indicator and cookies with larger
diameters are usually more desirable [25].
There was no signiﬁcant diﬀerence in spread ratio between the control and the 18% DSSF biscuits,
while the 36% DSSF biscuits had a signiﬁcantly higher spread ratio. This might be due to the higher
fat content. As explained by Kuchtová, Karovičová, Kohajdová, Minarovičová and Kimličková [10],
an increase in fat content leads to an increase in spread ratio, which might be due to the higher fat
content in the by-product. Usually the higher the spread ratio of the biscuit, the more desirable it is [26].
DSSF biscuits were harder than the control, which is in contrast to similar studies on by-product
incorporation such as apple pomace or grape pomace in biscuits [10,19]. This might be due to the fact
that DSSF has a very high protein content compared to other by-products such as apple pomace or grape
pomace, which might contribute to hardness. The contribution of protein content to biscuit hardness
has been previously reported with whey protein concentrates and defatted soy ﬂour addition [27,28].
Lightness decreased signiﬁcantly with increasing DSSF inclusion levels. This was expected
as DSSF is darker in colour compared to wheat ﬂour, as seen in Table 1. The same pattern can be
seen for a* and b*, as these parameters also signiﬁcantly decreased with increasing DSSF addition,
indicating a more intense green and less intense yellow colour in DSSF biscuits compared to the control.
As expected, the ΔE, representing the overall diﬀerence in colour compared to the control, increased
with increasing DSSF addition. These results agree with those from Kuchtová, Karovičová, Kohajdová,
Minarovičová and Kimličková [10], Bhat and Haﬁza [25] and de Toledo et al. [29], reporting colour
alterations in biscuits enriched with by-products.
Table 2. Physical properties of control and defatted sunﬂower seed ﬂour biscuits.
Parameters

Control

18% DSSF

36% DSSF

Diameter (mm)

55.15 ± 1.26 a

54.18 ± 1.03 b

53.9 ± 0.91 b

Thickness (mm)

8.66 ± 0.40

a

8.62 ± 0.27

a

8.13 ± 0.25 b

Spread ratio

6.38 ± 0.35

b

6.29 ± 0.24

b

6.64 ± 0.26 a

38.10 ± 0.88 a
6.8 ± 0.26 a
5.16 ± 0.60 a

37.40 ± 0.58 b
4.96 ± 0.26 b
4.49 ± 0.39 b

36.55 ± 0.42 c
3.93 ± 0.28 c
3.87 ± 0.37 c

Delta E

-

4.3

11.9

Hardness (N)

40.98 ± 5.44 b

50.25 ± 5.53 a

53.27 ± 7.10 a

Colour

L*
a*
b*

Data are expressed as means ±SD on at least 10 biscuits for each of the three batches. Values with the same letter in
the same row are not signiﬁcantly diﬀerent at p < 0.05.

3.3. Eﬀect of Defatted Sunﬂower Seed Flour on the Proximate Conmposition and Chemical Properties of Biscuits
The proximate composition of control and DSSF biscuits is shown in Table 3. Protein, fat and ash
content were signiﬁcantly higher in DSSF biscuits compared to the control, while the carbohydrate
content was lower. There was also a signiﬁcant diﬀerence between DSSF biscuits, with the 36% DSSF
biscuits showing the highest protein and ash values between the two, due to the higher DSSF percentage
of inclusion. Biscuits with 36% DSSF could be labelled as a “source of protein”, because at least 12% of
the biscuit calories come from protein [30].
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Table 3. Proximate composition of control and defatted sunﬂower seed ﬂour biscuits.
Parameters

Control

18% DSSF

36% DSSF

Carbohydrate (%)
Fat (%)
Protein (%)
Ash (%)
Estimated calories (Kcal/100 g)
Calories from protein (%)

69.56 a
17.37 ± 0.5 b
7.98 ± 0.08 c
2.18 ± 0.05 c
465
7

65.16 b
18.33 ± 0.1 a
10.80 ± 0.12 b
2.68 ± 0.03 b
467
9

61.42 c
18.47 ± 0.4 a
13.61 ± 0.18 a
3.27 ± 0.04 a
464
12

Data are expressed as means ± SD of duplicate assays. Values with the same letter in the same row are not signiﬁcantly
diﬀerent at p < 0.05.

TPC results (Figure 2A) show that control biscuits had the lowest phenolic content, while DSSF
biscuits had signiﬁcantly higher TPC values. The DPPH and CUPRAC assays (Figure 2B,C) show
signiﬁcant diﬀerences among the three recipes, with antioxidant capacity being lowest in the control
and then increasing signiﬁcantly with increasing DSSF inclusion. The higher antioxidant capacity of
the 36% DSSF biscuits can be explained by the higher TPC content, since high correlation between
antioxidant capacity and phenolic compounds has been reported [31]. Similar results have been
reported by Gbenga-Fabusiwa et al. [32], who found that biscuits produced from pigeon pea–wheat
ﬂour had higher phenolic content and antioxidant activities compared to those produced with wheat
ﬂour only. Aksoylu et al. [33] reported higher TPC in biscuits made with blueberry and grape seeds,
while Ajila, Leelavathi and Rao [12] reported that biscuits with mango peel powder had higher
DPPH activity.
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Figure 2. Total phenolic content (TPC) (A), DPPH (B), and CUPRAC (C) values of control and defatted
sunﬂower seed ﬂour (DSSF) biscuits at 18% and 36% inclusion. Data are expressed as means ± SD
(n = 3). Bars with same letter are not signiﬁcantly diﬀerent at p < 0.05.

3.4. Eﬀect of Defatted Sunﬂower Seed Flour on Sensory Properties of Biscuits
The trained panel detected signiﬁcant diﬀerences in eight descriptors of the 29 rated (Figure 3
and Table 4). In terms of appearance, panellists scored DSSF biscuits as more brown than the control,
which is in accordance with the instrumental colour test results. Another appearance descriptor that
diﬀered was crumb aeration, with the 18% DSSF and control biscuits showing similar crumb aeration,
while the 36% DSSF biscuits showed a less aerated crumb. This also corresponds to instrumental
measurements, which showed that the 36% DSSF biscuits were signiﬁcantly less thick compared to the
control and 18% DSSF biscuits.
The only aroma descriptor that diﬀered between the samples was burnt aroma. This descriptor
scored signiﬁcantly higher in DSSF biscuits compared to the control, probably due to an acceleration of
the Maillard reaction rate in DSSF biscuits [34]. This could be related to the higher amino acid content
and the lower sugars in DSSF. Similar results for the descriptor baked ﬂavour were reported by Alongi,
Melchior and Anese [19] where apple pomace at 18% and 36% inclusion was added in biscuits.
The only taste descriptor that was signiﬁcantly diﬀerent among the three biscuit recipes was
oﬀ-note. Signiﬁcantly higher oﬀ-note scores were found in the 36% DSSF biscuits, while the control
and 18% DSSF biscuits were similar in this parameter. These results could be associated with the bitter
and astringent taste of by-products, which is due to the high phenolic content [10,35]. On the other
hand, the addition of DSSF even at 36% did not signiﬁcantly aﬀect the sweet taste descriptor scores,
which is a positive ﬁnding when compared to the decrease in sweetness reported by Davidov-Pardo et
al. [36] in cookies with grape seed extracts.
In terms of texture, 36% DSSF biscuits were signiﬁcantly harder than 18% DSSF and control biscuits,
which concurs with results from instrumental measurements. For the descriptor crumbly, control
and 18% DSSF biscuits scored similarly, while 36% DSSF biscuits scored signiﬁcantly lower, possibly
indicating that these biscuits were more compact, less aerated and therefore behaved diﬀerently during
mastication. Interestingly, the descriptor grainy in relation to biscuit texture was never used by the
panellists, while similar studies on incorporation of grape, blueberry and poppy by-products reported
grainy textures and rough structures in biscuits [10,33]. The small particle size of DSSF (US mesh 100)
might have been beneﬁcial in preventing issues related to graininess.
Finally, diﬀerences were perceived on two after eﬀects descriptors, drying and bitter. Again 36%
DSSF biscuits scored higher values in these descriptors compared to control and 18% DSSF biscuits.
The abundant phenolic content of DSSF could be responsible for observed drying and bitter aftertaste
in 36% DSSF biscuits. Upon consumption, the phenolic compounds in DSSF may interact with the
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glycoproteins in saliva, resulting in less saliva being available to dissolve the biscuits and spread the
fat in the mouth [36].
In general, the inclusion of DSSF in biscuits led to sensory changes, more noticeable at high
inclusion levels of 36%, but not as much with the lower 18% inclusion. Similar conclusions were reached
by Alongi, Melchior and Anese [19]. These authors observed signiﬁcant changes to the sensory proﬁle
of biscuits where wheat ﬂour was replaced with 20% apple pomace, while with a lower concentration
of 10% no changes were perceived compared to the control. Similarly, de Toledo, Nunes, da Silva, Spoto
and Canniatti-Brazaca [29] found that replacing up to 14% of wheat ﬂour with pineapple, apple and
melon by-products did not result in signiﬁcant sensory diﬀerences, while higher inclusion levels did.

Figure 3. Sensory scores of descriptors that diﬀered signiﬁcantly between biscuits (control, 18% and
36% defatted sunﬂower seed ﬂour).
Table 4. Sensory scores of control and defatted sunﬂower seed ﬂour biscuits.
Parameters
Appearance
Aroma
Taste and ﬂavour
Mouthfeel
After eﬀects

Descriptor
Brown
Crumb aeration
Burnt
Oﬀ note
Firm bite
Crumbly
Drying
Bitter

Control
b

69.4
48.2 a
23.6 b
4.1 b
65.5 b
55.5 a
46.7 b
23.5 b

18% DSSF
a

75.6
45.4 a
30.6 a
6.3 b
70.7 ab
56.0 a
46.9 b
24.8 b

36% DSSF
a

80.3
31.3 b
31.3 a
22.3 a
76.2 a
43.6 b
55.0 a
32.5 a

p-Value
0.0024
0.0001
0.0390
0.0162
0.0313
0.0219
0.0053
0.0385

Data are expressed as means of duplicate scoring sessions. Values with the same letter in the same row are not
signiﬁcantly diﬀerent at p < 0.05.

4. Conclusions
This study concluded that where upcycled DSSF was used to replace ﬂour in a short-dough biscuit,
the protein content substantially increased, as did the antioxidant capacity and TPC of the biscuits.
An 18% replacement of wheat ﬂour with DSSF led to products that were signiﬁcantly diﬀerent from the
control in only two attributes (brown colour and burnt aroma). The 36% inclusion resulted in biscuits
that were signiﬁcantly less crumbly, less aerated, with a higher oﬀ-note, higher drying and bitter after
taste compared to both the 18% DSSF and control biscuits. Future work could focus on reformulation
aiming to test smaller inclusion levels at 9% and 27% and to test the use of additional ingredients to
optimize the recipe.
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Abstract: The eﬀect of adding brown and golden ﬂaxseed variety ﬂours (5%, 10%, 15% and 20% w/w)
to wheat ﬂours of diﬀerent quality for bread-making on Mixolab dough rheological properties and
bread quality was studied. The ﬂaxseed–wheat composite ﬂour parameters determined such as fat,
protein (PR), ash and carbohydrates (CHS) increased by increasing the level of ﬂaxseed whereas the
moisture content (MC) decreased. The Falling Number values (FN) determined for the wheat–ﬂaxseed
composite ﬂours increased by increasing the level of ﬂaxseed. Within Mixolab data, greater diﬀerences
were attributed to the eight parameters analysed: water absorption, dough development time, dough
stability and all Mixolab torques during the heating and cooling stages. Also, a general decreased
was also recorded for the diﬀerences between Mixolab torques which measures the starching speed
(C3-2), the enzymatic degradation speed (C4-3) and the starch retrogradation rate (C5-4), whereas the
diﬀerence which measures the speed of protein weakening due to heat (C1-2) increased. Composite
dough behaviour presented a close positive relationship between MC and DT, and FN and PR with
the C1-2 at a level of p < 0.05. The bread physical and sensory quality was improved up to a level of
10–15% ﬂaxseed ﬂour addition in wheat ﬂour.
Keywords: wheat–ﬂaxseed composite; analytical quality; Mixolab; principal component analysis

1. Introduction
Bread is one of the most consumed food product all over the world. However, the white bread
obtained from reﬁned wheat ﬂour (WF) is rather high in carbohydrates and low in proteins, ﬁbre,
fat and minerals [1,2]. Therefore, nowadays the actual trend is to improve white bread quality from the
nutritional point of view. The addition of ﬂaxseed in bread-making may improve bread quality due to
its composition because it is a rich source of essential amino acids, omega 3-fatty acid, dietary ﬁbres,
phenolic compounds, e.g., Tobias-Espinoza et al. [3], Oomah [4]. In the world there are many species
of ﬂaxseed (Linum Usitatissimum L.) varying in colour from brown to light gold [5,6]. The ﬂaxseed
varieties do not present signiﬁcant diﬀerences in terms of their chemical composition, but only in
terms of the amount of pigments present in the ﬂaxseed, namely, the lower amount of pigments are,
the lighter the seed colour is [7]. From the chemical composition point of view, the ﬂaxseed contains
about 40–50% fat content, 23–34% protein content, 4% mucilage and 5% ash [8]. It is the leading
plant source in the alpha-linolenic acid content (omega-3 fatty acid), being ﬁve times higher than
in canola oil and walnuts [5]. It is also a rich plant in some amino acids deﬁcient in WF as lysine,
valine and tryphtophan [9]. The ﬂaxseed mucilage may be considered a food hydrocolloid due to its
composition which consists of a mixture of neutral arabinoxylans and acidic rhamnose-containing
polysaccharides [10]. Regarding its mineral content ﬂaxseed is a rich source of K, Mg, Na, Cu, Mn, Zn
and Fe [11].
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Nowadays, two varieties of ﬂaxseed are known all over the world, namely the golden and the
brown one. Of the two varieties, the brown is more widely cultivated than the golden one. However,
the golden variety is expected to minimally aﬀect the colour of the ﬁnal products. The eﬀect of ﬂaxseed
ﬂour addition on dough rheological properties was previously studied [12–17]. Some studies showed
that dough stability decreased with the increased level of ﬂaxseed addition [12,14] or may increase if
high levels are incorporated in WF dough [15–17]. Dough extensibility decreased with the increased
level of ﬂaxseed ﬂour addition [13]. Regarding dough behaviour during heating, very few studies
have been made for wheat samples in which ﬂaxseed ﬂour was incorporated. However, it seems that
ﬂaxseed presents a delay eﬀect on starch gelatinization process [12,13]. Regarding the eﬀect of adding
ﬂaxseed to WF, studies have shown that bread quality was generally improved for the samples in
which ﬂaxseed ﬂour was incorporated [15,18–20].
The aim of this study was to carry out a complex analysis of the eﬀect of two varieties of
ﬂaxseed ﬂour addition to reﬁned, diﬀerent quality wheat ﬂours on dough rheological properties and
bread quality.
Though there have been previous reports on the physical and sensory characteristics of
ﬂaxseed-fortiﬁed bakery products, there has been a scarcity of reports on its eﬀect on dough mixing and
pasting behaviour using a complex device as the Mixolab and of studies between the physico-chemical
parameters of wheat–ﬂaxseed composite ﬂours and rheological parameters of these ones.
2. Materials and Methods
2.1. Flour Samples
Two commercial reﬁned WFs with diﬀerent qualities for bread-making were purchased from S.C.
Mopan S.A. Company (Suceava, Romania). The samples were analysed according to the Romanian or
international standard methods: gluten deformation and wet gluten according to SR 90/2007, moisture
content according to ICC method 110/1, fat content according to ICC 136, protein content according to
ICC 105/2, falling number according to ICC 107/1 and ash content according to ICC 104/1. The ﬂaxseed
varieties were purchased from SC DECO ITALIA SRL Cluj-Napoca, Romania and they were analysed
for their chemical characteristics such as moisture content according to ICC 110/1, protein content
according to ICC 105/2, fat content according to ICC 136 and ash content according to ICC 104/1.
Carbohydrate content was determined as a diﬀerence of mean values: 100 − (the sum of the ash,
protein, moisture content and fat) [21].
2.2. Flour Composites
Flours from two diﬀerent ﬂaxseed varieties (golden and brown) were incorporated in two
commercial WFs at diﬀerent levels (0, 5, 10, 15 and 20%) resulting in a set of 18 samples. The ﬂour
composites were mixed in ratios 100:0, 95:5, 90:10, 85:15 and 80:20 (w/w). For these purpose, two
diﬀerent quality WFs for bread-making were used. These were supplemented with each of the two
types of ﬂaxseed ﬂour samples: the golden and the brown variety. The ﬂour composites were analysed
accordingly as follows; moisture content (ICC 110/1), fat content (ICC 136), protein content (105/2),
ash content (ICC 104/1) and falling number (ICC 107/1). Carbohydrate content was determined as a
diﬀerence of mean values: 100 − (the amount of the protein, moisture content, fat and ash) [21].
2.3. Evaluation of Flour Composite Dough Rheological Properties
The dough mixing and pasting properties of the diﬀerent wheat/ﬂaxseed ﬂour blends were
studied using the Mixolab device (Chopin, Tripetteet Renaud, Paris, France). The composite ﬂours
rheological properties were determined according to ICC standard method No. 173. The Mixolab
protocol was established as follows; total time to run the analysis 45 min, heating rate 4 ◦ C/min and
mixing temperature 30 ◦ C. All the samples were made to optimum hydration level of composite ﬂours
in order to achieve the optimum consistency of dough corresponding to the C1 value of 1.1 N·m.
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The Mixolab parameters analysed were WA: water absorption (%); DT: dough development time (min);
ST: dough stability (min); C2: minimum torque value, corresponding to the initial heating (N·m); C1-2:
diﬀerence between C1 and C2 peak values (N·m), which measures the speed of protein weakening due
to heat: C3, which expressed the starch gelatinization; C4, which expressed the stability of the starch
gel formed; C5 torques (N·m), which expressed the starch retrogradation during the cooling stage and
C3-2: the diﬀerence between C3 and C2 peak values (N·m), which measures the starching speed; C4-3:
the diﬀerence between C4 and C3 peak values (N·m), which measures the enzymatic degradation
speed; and C5-4: the diﬀerence between C5 and C4 peak values (N·m), which measures the starch
retrogradation rate.
2.4. Bread-making
The bread formulations contained 100 g wheat–ﬂaxseed composite ﬂours (mixed in wheat: ﬂaxseed
ratios of 100:0, 95:5, 90:10, 85:15 and 80:20 (w/w)), commercial compressed yeast Sacharomyces cerevisiae
type (3% ﬂour basis), sodium chloride (2% ﬂour basis) and water up to optimum wheat–ﬂaxseed
composite ﬂour hydration capacity. All the ingredients were mixed at the speed of 200 rpm for 15 min
in a laboratory mixer (Lancom, Shanghai, China). Then, the dough samples were modelled and placed
into loaf pans. These were placed in a fermentation chamber (PL2008, Piron, Italy) for 60 min at
30 ◦ C and 85% relative humidity. Finally, the samples were baked in an oven (PF8004D, Piron, Italy)
for 30 min at 180 ◦ C. Bread samples were cooled for 2 h, and then were subjected to physical and
sensory analysis.
2.5. Evaluation of Bread Physical Characteristics
Bread physical characteristics (loaf volume, porosity, elasticity) were analysed according to the
Romanian standard method SR 91:2007.
2.6. Sensory Evaluation
The bread sensory characteristics were evaluated using semitrained panellists (20 persons).
The overall acceptability, appearance, colour, ﬂavour and texture of the samples were evaluated on a
nine-point hedonic scale, scoring from one (extremely dislike) to nine (extremely like).
2.7. Statistical Analysis
The statistical analysis of triplicate determinations was performed using the XLSTAT statistical
package (free trial version 2016, Addinsoft, Inc., Brooklyn, NY, USA) at a signiﬁcance level of p < 0.05.
The data were analysed using variance analysis (ANOVA) and the Tukey test for mean comparison.
Principal component analysis (PCA) was used to analyse the intercorrelation between all the variables
studied using Statistical Package for Social Science (v.16, SPSS, Chicago, IL, USA).
3. Results and Discussion
3.1. Flour Characteristics
The analytical characteristics of WF of two diﬀerent qualities—strong quality (F1) and medium
quality (F2)—for bread-making according to the Romanian standard SR 877:1996 used in this study are
shown in Table 1. The falling number values of the both WFs shows that they have a low α amylase
activity due to the fact that they have high FN values (>320 s) [22,23].
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Table 1. Quality characteristics of wheat ﬂour (mean value ± standard deviation).
Strong Flour

Parameters
Moisture (%)
Fat (%)
Protein content (%)
Ash content (%)
Carbohydrates (%)
Wet gluten (%)
Gluten deformation index (mm)
Falling Number index (s)

Medium Flour

F1

F2

13.90 ± 0.01
1.7 ± 0.01
12.2 ± 0.01
0.65 ± 0.01
71.55 ± 0.01
27.50 ± 0.10
3.00 ± 0.18
325.00 ± 2.65

14.50 ± 0.01
1.5 ± 0.01
12.6± 0.01
0.65 ± 0.01
70.75 ± 0.01
34.00 ± 0.20
8.00 ± 0.6
380.00 ± 3.92

The chemical composition of brown and golden ﬂaxseed, determined as a percentage of dried
substance, is shown in Table 2. The moisture content of ﬂaxseed samples ranged between 5.6% and
6.2%. Ash content of brown ﬂaxseed was as high as 3.5% and that of golden ﬂaxseed was of 3.41%.
The fat content was in the range of 41.12 to 42.25% and protein content was between 19.74% and
20.85%, respectively.
Table 2. Parameters of brown and golden ﬂaxseed ﬂours.
Parameters
Moisture content (%)
Fat (%)
Protein content (%)
Ash (%)
Carbohydrates (%)

Mean Value ± Standard Deviation
Brown Flaxseed

Golden Flaxseed

6.2 ± 0.07
42.25 ± 1.15
19.74 ± 0.46
3.50 ± 0.03
28.31 ± 0.02

5.6 ± 0.04
41.12 ± 1.03
20.85 ± 0.42
3.41 ± 0.02
29.02 ± 0.01

The fat content of the ﬂaxseed ﬂours was in agreement with those reported by Ganorkar and
Jain [24]. Carbohydrates in brown ﬂaxseed were of 28.31% and of 29.02% for golden ﬂaxseed variety.
3.2. Wheat–Flaxseed Composite Flours Physico-Chemical Characteristics
The physico-chemical characteristics of the wheat–ﬂaxseed composite ﬂours are shown in
Tables 3 and 4.
In all cases, the increase in the level of ﬂaxseed ﬂour resulted in the in protein, fat, ash and
falling number values and a decreased in moisture and carbohydrates content. This fact was expected
due to the high ﬂaxseed content in proteins, fats and ash and its lower amount of moisture and
carbohydrates compared to WFs samples. A similar trend of these parameters values for the WF with
diﬀerent levels of ﬂaxseed addition were also reported by Marpalle et al. [20], Codină et al. [13], and
Wandersleben et al. [25]. The falling number increased by increasing the level of ﬂaxseed addition
more in the case of brown ﬂaxseed variety than in that of the golden one.
It is well known that the falling number value is inversely correlated with α-amylase activity in
ﬂours [26] and therefore this trend shows that the ﬂaxseed addition in WF decreased the α-amylase
activity in the composite ﬂours.
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GFs

13.06 ± 0.60 b
5.64 ± 2.88 b
13.07 ± 0.64 b
0.92 ± 0.20 a
67.35 ± 3.10 a
360.93 ± 32.38 b

BFs

13.12 ± 0.56 a
5.74 ± 2.96 a
12.93 ± 0.59 a
0.93 ± 0.20 a
67.24 ± 3.29 a
385.40 ± 40.39 a

Type of Flaxseeds

13 **
87 ***
4.4 *
1.51 ns
0.2 ns
502.6 ***

F Ratio
13.90 ± 0.08 eab
1.70 ± 0.02 g
12.22 ± 0.02 eab
0.65 ± 0.00 eab
71.55 ± 0.02 eab
325.00 ± 1.78 g

0
13.49 ± 0.018 dab
3.65 ± 0.03 f
12.58 ± 0.02 dab
0.78 ± 0.02 dab
69.60 ± 0.37 dab
346.50 ± 17.52 f

5
13.10 ± 0.03 cab
5.68 ± 0.05 e
12.96 ± 0.36 cab
0.92 ± 0.02 cab
67.30 ± 0.67 cab
374.33 ± 18.40 e

10

Flaxseeds Doses (%)
12.69 ± 0.05 ba
7.69 ± 0.09 d
13.41 ± 0.09 ba
1.06 ± 0.02 ba
64.98 ± 0.45 ba
398.000 ± 15.44 d

15
12.30 ± 0.06 ab
9.69 ± 0.12 c
13.84 ± 0.16 ab
1.21 ± 0.02 ab
62.99 ± 0.07 ab
410.50 ± 29.08 c

20
1154 ***
62,448 ***
74.5 ***
466.38 ***
398.1 ***
1013.2 ***

F Ratio

Table 3. The analysis of the variance of brown (BFs) and golden (GFs) ﬂaxseeds addition to the strong quality ﬂour for bread-making.

2 ns
12 ***
0.4 ns
0.24 ns
0.6 ns
32 ***

Flaxseed Type ×
Doses

GFs

13.60 ± 0.65 b
5.46 ± 2.89 b
13.43 ± 0.59 b
0.92 ± 0.20 a
66.59 ± 3.05 b
412.00 ± 29.60 b

13.66 ±0.60 a
5.56 ± 2.98 a
13.30 ± 0.51 a
0.93 ± 0.20 a
66.52 ± 3.10 a
440.06 ± 20.26 a

Type of Flaxseed

BFs
25 **
158 **
48 **
1.41 ns
79 **
1738 **

F Ratio
14.50 ± 0.008 g
1.5 ± 0.008 g
12.60 ± 0.02 g
0.65 ± 0.008 ga
70.73 ± 0.01 g
380.33 ± 2.25 g

0
14.06 ± 0.018 f
3.50 ± 0.03 f
13.03 ± 0.13 f
0.78 ± 0.01 fa
68.67 ± 0.02 f
391.83 ± 5.87 f

5
13.64 ± 0.03 e
5.51 ± 0.06 e
13.36 ± 0.06 e
0.92 ± 0.01 ea
66.55 ± 0.04 e
420.00 ± 16.49 e

10

Flaxseeds Doses
13.20 ± 0.05 d
7.51 ± 0.09 d
13.74 ± 0.09 d
1.06 ± 0.01 da
64.46 ± 0.06 c
454.50 ± 25.75 d

15

12.78 ± 0.06 c
9.53 ± 0.13 c
14.13 ± 0.13 c
1.21 ± 0.02 ca
62.34 ± 0.07 c
483.50 ± 29.08 c

20
2545 **
101,264 **
728 **
871.19 **
148,546 **
3268 **

F ratio

3*
22 **
4*
0.31 ns
11 **
230 **

Flaxseed Type ×
Doses

The means values ± standard deviation in one row followed by diﬀerent letters diﬀer signiﬁcantly diﬀerent at * p < 0.05; ** p < 0.001; ns: nonsigniﬁcantly (p > 0.05). MC: moisture content
(%); Fat: fat content (%); PR: protein content (%); Ash: ash content (%); CHS: carbohydrate content (%); FN: falling number value (s); BFs: the mean values of WFs samples with diﬀerent
doses of brown ﬂaxseed ﬂours addition; GFs: the mean values of WFs samples with diﬀerent doses of golden ﬂaxseed ﬂour addition.

MC
Fat
PR
Ash
CHS
FN

Characteristics

Table 4. The analysis of the variance of brown (BFs) and golden (GFs) ﬂaxseeds addition to the medium quality ﬂour for bread-making.

The means values ± standard deviation in one row followed by diﬀerent letters diﬀer signiﬁcantly diﬀerent at * p < 0.05; ** p < 0.01; *** p < 0.001; ns: nonsigniﬁcantly (p > 0.05). MC:
moisture content (%); Fat: fat content (%); PR: protein content (%); Ash: ash content (%); CHS: carbohydrate content (%); FN: falling number value (s); BFs: the mean values of WFs samples
with diﬀerent doses of brown ﬂaxseed ﬂours addition; GFs: the mean values of WFs samples with diﬀerent doses of golden ﬂaxseed ﬂours addition.

MC
Fat
PR
Ash
CHS
FN

Characteristics
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3.3. Inﬂuence of Flaxseed on MixolabDough Rheological Properties
Incorporation of ﬂaxseed from diﬀerent varieties, brown and golden addition at 0, 5, 10, 15
and 20% in two categories of WF, namely strong (F1) and medium (F2), for bread-making, showed
signiﬁcant diﬀerences (p< 0.001) in terms of water absorption values. As it may be seen, the addition
of brown ﬂaxseed (BFs) and golden ﬂaxseed (GFs), respectively in WF F1 and F2, decreased the water
absorption (CH) values (Figure 1a). The lowest decreased in water absorption was found when the
brown ﬂaxseed was added in WF F2, from the level of 10% to 15% (55.2–54.6%). The decrease in water
absorption in the case of golden ﬂaxseed addition in F2 is in the same trend as the decrease in water
absorption in F1. Similar eﬀects on water absorption were observed by Roozegar et al. [16,17] and
Codină et al. [12] when brown ﬂaxseed or golden ﬂaxseed were added, respectively. Kundu et al. [27]
reported that the diﬀerence in water absorption is mainly caused by the gluten dilution, which needs
less hydration, and therefore the wheat–ﬂaxseed composite ﬂours require lower amounts of water in
the dough system in order to obtain the optimum consistency. As compared to the control samples
(the sample without ﬂaxseed ﬂour addition), water absorption decreased in all the mixes made from
wheat ﬂour in which the golden or brown ﬂaxseeds were incorporated. The lowest value for water
absorption was obtained in the case when 20% level of brown ﬂaxseed was incorporated in the ﬂour of
a medium quality for bread-making which decreased by 3.87% as compared to the control sample.
Compared to the wheat ﬂour sample without ﬂaxseed addition, highly signiﬁcant eﬀects (p < 0.001)
were noticed in relation to dough development time (DT) values. The highest decreased in DT was
observed for the sample with 20% ﬂaxseed addition levels for both BFs and GFs varieties incorporated
in F1 and F2, respectively (Figure 1b). These decreases may be due to gluten dilution in the dough
system by ﬂaxseed addition. Therefore, the amount of free water will increase, leading to a DT decrease
due to the fact that in a dough system the highest amount of water is absorbed by starch and gluten [28]
which will trigger a lower amount due to ﬂaxseed addition in wheat ﬂour.



a






b

c





Figure 1. Mixolab parameters during mixing of WF (C) and ﬂaxseed–wheat composite ﬂours formulated
by adding diﬀerent levels (5,10,15 and 20%) of brown ﬂaxseed (BFs) and golden ﬂaxseed ﬂour (GFs),
respectively, in two types of ﬂour—F1 and F2: (a) CH: water absorption; (b) DT: development time;
and (c) ST: stability. Diﬀerent letters indicate signiﬁcant diﬀerences (p < 0.05) between samples.
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Dough stability, which stands for dough strength, signiﬁcantly decreased (Figure 1c) from 10.37 to
9.81 min and from 10.25 to 9.40 min when brown ﬂaxseed and golden ﬂaxseed were added in WF F1
at a level from 5% to 20%. A similar decrease in ST was noticed and in the case of F2 (from 10.87 to
9.73 min) when BFs was added and from 10.55 to 9.00 min when GFs was incorporated in WF, at the
same levels of addition (5–20%). Similar results were reported by Pourabedin et al. [14], Meral and
Dogan [15] and Roozegar et al. [16,17] for the addition of ﬂaxseed in WF. However, as compared to the
control sample, dough stability values gradually increased in mixes with the increase of levels addition
from 0 to 10% for BFs and GFs, respectively, in WF F1, whereas for the WF F2 the ST values increased
only for the levels of BFs and GFs up to 5% addition in wheat ﬂour. This may likely be due to the
interaction between polysaccharides (especially gums) and proteins in ﬂaxseed–wheat composite ﬂour
as reported earlier by Rojas et al. [29]. Also, an increase of dough stability values to a higher level of
ﬂaxseed addition for the F1 ﬂour than for the F2 one may be attributed to the WF quality. The F1 ﬂour
is of a strong quality for bread-making, which indicates that it can develop stronger and elastic dough
than F2 ﬂour which is of a medium quality. This indicates that F1 ﬂour can sustain for a longer period
of time higher wheat–ﬂaxseed composite ﬂour dough stability during mixing, compared to F2 ﬂour.
By comparing the obtained values for ST one can noticed that stability increased to a greater extent in
the case of BFs addition in F1 from 8.02 min for the control sample (C) to 10.37 min for the sample with
5% BFs incorporation and from 8.57 min for the C to 10.87 min for the same level of BFs incorporation
in F2. However, for a high level of ﬂaxseed ﬂour addition, a slight decrease in dough stability for both
ﬂours in which ﬂaxseeds were incorporated due to gluten dilution was noticed because ﬂaxseed is
non-gluten ﬂour.
The eﬀect of incorporation of BFs and GFs ﬂours at varying levels on dough C2 torque represents
the protein weakening (C2) as illustrated in Figure 2a. Its values decreased with the increased level of
ﬂaxseed addition more in the case of brown variety than in the case when the golden one was used.
The lowest values for C2 torque were recorded for the F2 ﬂour with a decreased of 33.3% to a level of
20% brown ﬂaxseed addition as compared to the control sample.
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Figure 2. C2 torque (a) and diﬀerence between torques C1 and C2 (C1-2) (b) of WF (C) and
ﬂaxseed–wheat composite ﬂours formulated by adding diﬀerent levels (5%,10%,15% and 20%) of
brown ﬂaxseed (BFs) and golden ﬂaxseed ﬂour (GFs) in two types of ﬂour—F1 and F2. Diﬀerent letters
indicate signiﬁcant diﬀerences (p < 0.05) between samples.

A similar trend (Figure 2b) may be seen, and in the case of the diﬀerence between the peak C2 and
C1 values (C2-1), which measures the speed of protein weakening due to heat, obviously increased
with the increased level of ﬂaxseed addition. An increase in the C2-1 values and a decrease in the
value of C2 together with the increase in the ﬂaxseed addition are due to the protein network structure.
By ﬂaxseed ﬂour addition, proteins become less compact, a fact that favours the enzymatic attaching
points, leading to an increase in the speed of protein weakening due to heat (C2-1) and a decrease in
C2. Therefore, we may conclude according to the data obtained that by ﬂaxseed addition the protein
network becomes weaker under the eﬀect of temperature increase.
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When dough is heated above 60 ◦ C the Mixolab begins to record the pasting properties of dough
the C3 torque and the diﬀerence between the C3 and C2 peak values (C3-2) being associated with
the starch gelatinization process. In general, both parameters values decreased (Figure 3a,b) with
the increased level of ﬂaxseed addition in the case of C3 values, this decrease is highly signiﬁcant
(p < 0.001).

















(a)

(b)

Figure 3. C3 torque (a) and diﬀerence between torques C3 and C2 (C3-2) (b) of WF (C) and
ﬂaxseed–wheat composite ﬂours formulated by adding diﬀerent levels (5%,10%,15% and 20%) of
brown ﬂaxseed (BFs) and golden ﬂaxseed ﬂour (GFs) in two types of ﬂour—F1 and F2. Diﬀerent letters
indicate signiﬁcant diﬀerences (p < 0.05) between samples.

The decrease in C3 values is higher when the GF variety is added in WF dough with 26.2% for F1
and 14.4% for F2 for 20% level addition as compared to the control sample, probably due to starch
dilution and the high content of fat and polysaccharides in ﬂaxseed ﬂour [12,14,29]. It is well known
that the starch gelatinization process is inﬂuenced by the amylase-lipid complex formation, the amount
of amylose leaching, the competition for free water between leached amylose and ungelatinised
granules remained [30]. A decrease in C3 might be due to less swelling of the starch granules from
WF in the presence of ﬂaxseed ﬂour of whose compounds may interact with amylose. Also, it is
possible that some compounds from ﬂaxseed to compete with starch to absorb water during the starch
gelatinization process fact that will create diﬃculties for starch to gelatinize.
The C4 torque values corresponding to the hot starch stability paste decreased with the increased
level of ﬂaxseed addition (Figure 4a); more in the case of F2 with 17.14% when GFs were incorporated
and with 13.1% when BFs were added in WF to a level of 20%. This eﬀect may be attributed to the lower
amylase activity in the wheat–ﬂaxseed composite ﬂour which slows gelatinization process and due to
starch dilution, taking into account that ﬂaxseed ﬂour contains low amount of starch [12]. The amount
of carbohydrates is less in the case of BFs than GFs and therefore the starch dilution of wheat–ﬂaxseed
composite ﬂour is higher when GFs were added than in the case when BFs were incorporated in WF.
Also, the stability of the starch gel formed is inﬂuenced by starch composition. Flaxseed ﬂour addition
in WF may have some interactions between starch and some compounds from the ﬂaxseed ﬂour.
For example, the polysaccharides from the ﬂaxseed content probably in a higher amount in BFs than
in the case of GFs binds through the hydrogen bonds the water from the dough system, leading to a
decrease of available water for the starch granules. Also, the high content of fat from the ﬂaxseed ﬂour
may form insoluble complex with amylose leading to a decrease of the hot starch stability paste [31].
The diﬀerence between the C4 and C3 peak values (C4-3) did not vary in a signiﬁcant way with
the increased level of ﬂaxseed addition. However, all the C4-3 presented lower values in the samples
with ﬂaxseed addition. This fact is explainable since the C4-3 values correspond to the rate of amylases
hydrolysis on WF starch. Since the ﬂaxseed ﬂours did not bring amylases in dough system (as we can
see from the falling number values) these parameters values decreased as compared to the sample
when no ﬂaxseeds were added. The starch retrogradation during the cooling period of the Mixolab
device represented by the values of C5 torque and the diﬀerence between the C5 and C4 peaks (C5-4)
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decreased with the increased level of ﬂaxseed addition (Figure 4b,c). This fact shows an anti-staling
eﬀect that ﬂaxseed may have on bread quality more in the case of the golden variety than in the
case of the brown one. An extent of bread freshness by ﬂaxseed addition has also been reported by
Khorshid et al. [19].

(a)

(b)


























(c)
Figure 4. C4 torque (a), C5 torque (b) and diﬀerence between torques C5 and C4 (C5-4) (c) of WF (C)
and ﬂaxseed–wheat composite ﬂours formulated by adding diﬀerent levels (5%,10%,15% and 20%) of
brown ﬂaxseed (BFs) and golden ﬂaxseed ﬂour (GFs) in two types of ﬂour, F1 and F2. Diﬀerent letters
indicate signiﬁcant diﬀerences (p < 0.05) between samples.

The decrease in the C5 values was higher when ﬂaxseed was incorporated in F2 with 21.57%
when GFs were added and 17.85% when BFs were added at a substitution level of 20% ﬂaxseed in
WF. This fact may be due to the high content of fat and other compounds in the ﬂaxseed ﬂour like
polysaccharides that interact with gluten and starch in the dough system hindering a less starch
retrogradation [14,19]. This fact is mainly attributed to the interaction between lipids from ﬂaxseed
ﬂour with starch especially with amylose during the baking process. The complex formed between
amylose and lipids is insoluble in water. In this form, amylose cannot leach out of starch granules. Thus,
it decreased the amount of free amylase capable to leach out of gelatinized starch. As a consequence,
it decreased its capacity to form intermolecular association during the cooling stage. On the other
hand, the amylose remains inside the starch granules in a higher amount. This is due to the lipids
presence, which creates diﬃculties between the associations of amylopectin molecules. Consequently,
the starch retrogradation process is delayed [32]. Also, the polysaccharides from the ﬂaxseed ﬂours,
which are probably in a lower amount in GFs than in BFs, may form intermolecular associations with
leached amylose molecules during pasting which prevents starch retrogradation.
3.4. Correlation Analysis of the Evaluated Parameters for the Wheat–Flaxseed Composite Flours
The PCA was performed on wheat–ﬂaxseed composite ﬂours’ characteristics (moisture content
(MC), fat content (Fat), protein content (PR), ash content (Ash), carbohydrates content (CHS), falling
number (FN)) and dough rheological properties assessed by the Mixolab device (C2, C3, C4 and C5
torques; the diﬀerence between the C1 and C2 and peak values (C1-2); the diﬀerence between the C3
and C2 and peak values (C3-2); the diﬀerence between the C4 and C3 and peak values (C4-3); and the
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diﬀerence between the C5 and C4 and peak values (C5-4)) for the all 18 samples, which were analysed
in this study, shown in Figure 5. The results obtained showed that all the variables used in order to
perform PCA can be reduced to two principal components (PCs), 56.03% by PC1 and 26.37% by PC2.
In PCA, factors extracted are retained if they have an eigenvalue >1 because they provide a lot more
information than the initial variables, the ﬁrst two components explaining 82.40% of the total variance.
The plot of PC1 vs. PC2 plot shows along the PC1 axis, a close relationship between the starch pasting
properties (C3, C3-2 and C4-3) and between wheat–ﬂaxseed composite ﬂours characteristics (FN, PR,
Ash, Fat and MC and CH). It could be noticed that the Mixolab parameters related to dough rheological
properties during heating (C1-2, C2, C3, C3-2, C4 and C4-3) were included in PC2 along with the starch
retrogradation values at the cooling stage (C5 and C5-4). The inﬂuence of ST values was low, since
their loadings for PC1 was close to null. Between wheat–ﬂaxseed composite ﬂours characteristics
and Mixolab dough rheological properties a close relationship between MC and DT (r = 0.838) was
noticed, respectively, C5 (r = 0.919) at a level of p < 0.01. FN was closely associated with the C1-2 value
(r = 0.903) and inversely correlated to C2 (r = −0.910), C3-2 (r = −0.689), C3 (r = −0.808) at a level of
p < 0.01. The positive correlation between FN and C1-2 may be due to the fact that the ﬂours used in
the analysis had a low α amylase activity and probably a low proteolytic activity.








í

í
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Figure 5. Loading plot of the ﬁrst two principal components based on physicochemical and rheological
properties of the wheat–ﬂaxseed composite ﬂours samples: MC: moisture content; Fat: fat content; PR:
protein content; Ash: ash content; CHS: carbohydrates content; WA: water absorption; DT: development
time; ST: stability; C2, C3, C4, and C5—Mixolab torques, C1-2, C3-2, C4-3, and C5-4 diﬀerence between
Mixolab peak values C1 and C2, C3 and C2, C4 and C3 and C5 and C4.

Since C1-2 expresses the speed of protein weakening due to heat, this speed is inﬂuenced by
the proteolytic activity, and since the ﬂaxseed addition did not improve α amylase activity, it is also
probable that it did not to improve the proteolytic activity either. A negative correlation between
FN and Mixolab values C3 and C3-2 is also explainable since both parameters are related to starch
gelatinization process. The FN is a measure of the α amylase activity, its value being inversely
correlated with the α amylase amount in WF and therefore high values of FN show low α amylase
activity in dough system [33,34] fact that will negatively inﬂuence the starch gelatinization process.
Protein content of the samples was signiﬁcantly positively correlated with C1-2 value (r = 0.752) and
negatively correlated with C2 (r = −0.754), C3-2 (r = −0.751), C3 (r = −0.812), C4-3 (r = −0.715) at a
level of p < 0.01. Although ﬂaxseeds have higher protein content, these are non-gluten, and therefore
are weaker. Also, the Mixolab values related to dough pasting properties decreased due to the fact that
by increasing the level of proteins in dough system the starch content decreased [35].
3.5. Inﬂuence of Flaxseed on Bread Physical Quality Characteristics
The physical characteristics of the bread samples with diﬀerent ﬂaxseed content are shown in
Tables 5 and 6.
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The means values ± standard deviation in one row followed by diﬀerent letters diﬀer signiﬁcantly diﬀerent at * p < 0.01; ** p < 0.001; ns: nonsigniﬁcantly (p > 0.05).

373.58 ± 44.24 b

351.19 ± 18.34 a

GFS

Type of Flaxseed

BFs

Loaf speciﬁc
volume (cm3 /100 g)

Characteristics

Table 6. Analysis of variance of the inﬂuence of ﬂaxseeds from the brown variety (BFs) and golden variety (GFs) addition on the physical characteristics of bread
obtained from a medium quality ﬂour for bread-making.

The means values ± standard deviation in one row followed by diﬀerent letters diﬀer signiﬁcantly diﬀerent at * p < 0.01; ** p < 0.001.

84.30 ± 1.16

85.00 ± 1.09 a

Porosity (%)

a

290.97 ± 27.56 a

GFs

Type of Flaxseed

BFs

Elasticity (%)

Loaf speciﬁc
volume (cm3 /100 g)

Characteristics

Table 5. Analysis of variance of the inﬂuence of ﬂaxseeds from the brown variety (BFs) and golden variety (GFs) addition on physical characteristics of bread
obtained from strong quality ﬂour for bread-making.
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For all bread samples in which GFs were incorporated in the loaf volume, porosity and elasticity
increased up to a level of 15% ﬂaxseed addition and then decreased. Also, when BFs was added in WF,
all the bread physical characteristics increased up to a level of 10% ﬂaxseed addition and then decreased.
An increase of the bread physical characteristics up to a level of 10–15% ﬂaxseed addition may be due
to the high amount of lipids from the ﬂaxseed ﬂour. This lipid eﬀect on bread physical characteristics
may be due to its presence in the liquid ﬁlm which surrounds the gas cells. During baking, bread
is not only gluten continuous but also gas continuous during the fact that gas cell opening occurs.
This is one of the reasons why the bread does not collapse when gases are lost during baking and bread
cooling [33]. The eﬃciency with which gas cell integrity was maintained is connected with the amount
of lipids founds in the ﬁlm which surrounds them and its semicrystalline organisation. The lipids
are absorbed to the interface between gases and water forming a physical barrier in coalescence of
the carbon dioxide bubbles. This leads to products with higher loaf volume, more ﬁne and uniform
porosity compared to the products without lipids addition. However, when high amount of ﬂaxseed
was added in WF, the bread physical characteristics begin to decrease, probably due to the gluten
dilution eﬀect. The ﬂaxseed addition up to a certain level led to an increase in the bread physical
characteristics. This was reported by [15,35,36].
As we can see from the Tables 5 and 6 the physical values for the bread samples obtained from the
medium quality ﬂour are higher than the values for the bread obtained from the strong quality ﬂour.
This is probably due to the fact that F1 ﬂour is a strong one and makes bread hardly extensible which
will aﬀects the growth of the bread. This will lead to products with low loaf volume. The F2 ﬂour is
of medium quality for bread-making with a good elasticity and extensibility. Also, it presents a high
amount of gluten content which will facilitate a better holding for all dough components. This fact will
improve the dough gas retention capacity during the bread-making process, which will lead to an
increase of dough volume. As a consequence, the bread volume will increase as well [28].
3.6. Inﬂuence of Flaxseed on Bread Sensory Results
The results of sensory tests for the overall acceptability, appearance, colour, ﬂavour and texture
are shown in Figures 6 and 7.

Figure 6. Eﬀect of brown ﬂaxseed (BFs) and golden ﬂaxseed (GFs) at diﬀerent addition levels: 0% (C),
5%, 10%, 15% and 20% on the sensory attributes of bread from a WF of a strong quality for bread-making.
Means with diﬀerent letters indicate signiﬁcant diﬀerence among treatments (p < 0.05).
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Figure 7. Eﬀect of brown ﬂaxseed (BFs) and golden ﬂaxseed (GFs) at diﬀerent addition levels: 0% (C),
5%, 10%, 15% and 20% on the sensory attributes of bread from a WF of a good quality for bread-making.
Means with diﬀerent superscripts indicate signiﬁcant diﬀerence among treatments (p < 0.05).

The overall acceptability was concluded to be the best for bread samples in which ﬂaxseed was
incorporated up to 10%. No signiﬁcant diﬀerences were found for samples with 5 and 10% BFs addition
(p<0.05). Regarding the appearance and the colour evaluation, these parameters presented higher
degree of liking for all bread samples up to a 10% GFs level. Samples with GFs received higher scores
due to their more appealing, yellowish colour. The scores for ﬂavour and texture were the highest for
the samples in which 10% of BFs were added and for the samples in which 15% GFs were incorporated
in WF. For all the sensory parameters evaluated signiﬁcant diﬀerences were found between the control
samples and the samples in which ﬂaxseed ﬂour was incorporated.
4. Conclusions
Physico-chemical and rheological properties of the composite ﬂours varied signiﬁcantly with
the increased level of ﬂaxseed addition. The partial substitution of wheat ﬂour with ﬂaxseed ﬂours
signiﬁcantly increased (p < 0.001) the amounts of fats, proteins and carbohydrates to 9.69%, 13.84% and
62.99%, respectively, in the case of the wheat ﬂour of a strong quality for bread-making, and to 9.53%,
14.13% and 62.34%, respectively, in the case of wheat ﬂour of a medium quality for bread-making.
It seems that ﬂaxseed addition decreased the α-amylase activity in wheat ﬂour since the falling number
value increased with the increased level of ﬂaxseed. The Mixolab results showed that water absorption,
dough development time, protein weakening peak, starch gelatinization, starch hot-gel stability and
retrogradation were signiﬁcantly (p < 0.05) reduced as ﬂaxseed level addition became higher. Stability
was signiﬁcantly (p < 0.05) increased up to a level of 5–10% ﬂaxseed addition, after this level its values
decreased but to a higher value than that of the control sample.
The graphic representation by PCA provides intuitive and quantitative classification of physico-chemical
and Mixolab multidimensional data of wheat ﬂours with diﬀerent levels of ﬂaxseed addition. The biplots
presentation also shows good correlation between physico-chemical and rheological parameters
measured by Mixolab device which greatly enhances the ability of understanding how the dough
rheological properties provided by the Mixolab data can be aﬀected by the physico-chemical parameters
of composite ﬂours. According to the bread quality parameters evaluated, a partial replacement of up
to 10–15% ﬂaxseed ﬂour is possible in order to produce bread of a good quality.
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Abstract: Adolescents and young adults in the United States do not consume recommended amounts
of whole grains. University dining services have opportunities to inform students about whole
grains and to offer foods containing blends of whole grains with reﬁned ﬂour to increase daily
consumption of these healthful foods. An online survey of university students (n = 100) found that
70% of respondents did not know the proportion of servings of whole grains that should be eaten
daily. Mini blueberry mufﬁns containing 50, 75, and 100% white whole wheat ﬂour were served to
50 undergraduate students who rated their liking of the mufﬁns using a nine-point hedonic scale.
Respondents liked all mufﬁn formulations similarly for appearance, taste, texture and overall liking.
After the whole grain content of each mufﬁn was revealed, 66% of students increased their liking of
the mufﬁns containing 100% whole wheat ﬂour. Only half of the students increased their liking for
the 75% whole wheat ﬂour mufﬁns, and most students reported no change in liking for the mufﬁns
made with the lowest percentage of whole wheat ﬂour. Labeling whole grain foods in university
foodservice operations may increase consumption of this food group by some students. Further
research with actual purchase behavior is needed.
Keywords: whole grains; nutrition knowledge; consumer; baking; sensory evaluation

1. Introduction
Increased consumption of reﬁned grains and lower consumption of whole grains has been
associated with increased risks for developing health problems including obesity, cardiovascular
disease, type 2 diabetes, and cancer [1–4]. Health Canada [5] and the United States Dietary Guidelines
for Americans [6] recommend that half of all grain servings be whole grains. Foods made with enriched
reﬁned ﬂour can contribute essential nutrients and comprise a signiﬁcant portion of many Americans’
diets according to the National Health and Nutrition Examination Survey (NHANES) [7]. Whole grain
and dietary ﬁber consumption are low, thus Kranz et al. [8] recommended that public health messages
focus on high ﬁber whole grain foods. Foods consumed at breakfast supplied more than 40% of whole
grains consumed by children and adults according to the 2001–2010 NHANES, yet less than 20% of
dietary ﬁber consumption occurred at breakfast in children and adults under the age of 51 years [9].
The eating habits of young adults are a concern since avoidance of whole grain foods leads to
increased risk of disease later in life, and poor dietary choices may be passed on to the next generation [10].
Consumption of whole grains by 9–12-year-old children was dependent upon the availability of such
foods at home [11]. Parents of young children in Northern Ireland became interested in introducing
additional whole grain foods to their children after learning about the health benefits associated with
these foods [12]. Larson et al. [13] concluded that for both sexes, availability of whole grain bread at
home, penchant for the taste of whole grain bread, and self-efficacy to eat three or more servings of
whole grains daily were strong (p < 0.001) predictors of whole grain consumption and frequency of fast
food consumption was an indicator for lower whole grain intakes.
Foods 2018, 7, 91; doi:10.3390/foods7060091
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A diet recall study of 202 undergraduate college students found that 86% reported eating whole
grains, but approximately 69% of all surveyed students did not consume the recommended three
servings per day [14]. Rose et al. [15] reported that among 159 college students with a mean age of
19.9 years, fewer servings were consumed than by any other age group. Based on food records in that
study, the college students consumed on average 0.7 servings of whole grains per day, which is 37.5%
less than the 1.12 servings reported for all Americans [16].
One reason for this low whole grain intake could be due to a misunderstanding by college students
of the dietary recommendations for whole grain consumption and what constitutes a whole grain
food. A survey among 72 college students 18–23 years of age found that only 3% were able to identify
the current Dietary Guidelines for Americans whole grain recommendations [17]. The majority of
those survey respondents could not identify whether or not foods were made with whole grains.
Undergraduate college students who had taken a nutrition course were more likely to know the current
whole grain recommendations and were more likely to associate whole grain consumption with better
health outcomes [18]. Magalis et al. [19] studied 69 California college students and reported that the
students did not recognize or understand whole grains and over-estimated their whole grain consumption.
College students 18–24 years old increased their whole grain consumption from 0.37 to 1.16 servings
per day after taking a general nutrition course [20]. There is little information regarding the availability
of whole grain foods on college campuses in the U.S. Whole grain intake among college students is
partly dependent upon the availability of whole grain foods on campus [15]. An assessment of 15 college
campuses across the U.S. between 2009 and 2011 for healthful dining options found that dining halls were
more likely to have healthful food options than student union or snack-bar type locations, but the authors
concluded that college dining locations overall offer limited healthy options [21].
Taste is among the top determinants of food choice for people in the U.S. [22]. Australian university
students (n = 1306) who rated taste as highly important for food selection had poorer quality diets
and were more likely to consume foods made with refined grains such as cakes, pastries, biscuits, and
pizza [23]. Adolescents in the United Kingdom were aware that whole grain foods were more healthful
than foods made with refined grains, but disliking of the sensory properties of whole grains was the
primary obstacle to consumption [24]. For young adults, the association of poor taste with whole grains
may create a bias against food products that have their whole grain content labeled prominently on the
front of the package. A qualitative study of Northern Ireland adults’ attitudes indicated that serving
whole grains “in disguise” might counter the prevalent belief that whole grains have inferior sensory
quality [12].
The main objectives of this research project were to understand the reasoning behind college
students’ whole grain food choices and whether students would accept mufﬁns made with white whole
wheat ﬂour. The primary hypotheses for the online survey were that University of Maine students
did not understand whole grain consumption recommendations and that believing whole grain foods
were healthful would not inﬂuence their interest in consuming more whole grains. The research
hypothesis for the acceptability study was that university students would ﬁnd mufﬁns made with
white whole wheat ﬂour to be acceptable and that liking would increase when the whole grain content
was displayed.
2. Materials and Methods
2.1. Student Sample
The University of Maine is a land grant institution located in the greater Bangor region that has
a population of approximately 153,000 people [25]. In the academic year 2014–2015, the university
had an enrollment of 9339 undergraduates and 1947 graduate students. Among the undergraduate
population, 48% were female, 78% were Caucasian, and 74% were Maine residents [26]. Students
were recruited through the campus email conferencing system. Criteria for inclusion in the study
were being aged 18–24 years and an undergraduate student at the University of Maine. Students
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majoring in food science or human nutrition were excluded from the study because they may have
more knowledge about whole grains than would other students [18]; nutrition majors were more likely
to follow the Dietary Guidelines for Americans to choose grains, fruits, and vegetables than were
students in other majors [27]. Students in food science and nutrition represented less than 2% of the
total undergraduates at the University of Maine matriculating at the time of the study. Persons with
an allergy, intolerance, or aversion to foods containing wheat or dairy were asked to not participate
in the sensory evaluation. The University of Maine’s Institutional Review Board (IRB) approved the
study protocols on March 7 2014 and judged the research exempt from further review.
2.2. Survey Instrument
A 20-question Internet survey was developed with Qualtrics software (v. 60262, Qualtrics LLC,
Provo, UT, USA) was pilot-tested with 21 University of Maine faculty and students over the age
of 18 years. The questions were designed to assess participants’ access to and knowledge of whole
grains and how well they liked whole grain products. Convenience sampling was used to recruit
potential participants. When the interested parties selected the email link listed in the recruitment
notice, they were brought to a web page showing the informed consent form. Prospective participants
were informed of the $5.00 cash compensation for survey participation. Individuals could choose to
either begin the survey or exit the window and not participate. At the end of the survey, participants
were given the option of entering their e-mail address should they wish to receive further instruction
on how to collect their compensation. The survey closed when 100 surveys were completed.
2.3. Sensory Evaluation
A wild blueberry muffin recipe [28] was modified to yield three treatments containing 50%, 75%, and
100% white whole wheat flour (King Arthur, Norwich, VT, USA) in combination with all-purpose flour
(Hannaford Bros. Co., Scarborough, ME, USA) (Table 1). The 3 × 4 mini-muffin pans (30 mL volume;
Wearever, Lancaster, OH, USA) were placed on a full-size sheet tray (The Vollrath Co., L.L.C., Sheboygan,
WI, USA) and coated evenly with pan release spray (Par-Way Tryson Co. St. Clair, MO, USA). Seventeen g
of muffin batter was then placed into each of the pan slots with a 22-mL scoop (The Vollrath Co., LLC,
Sheboygan, WI, USA). The sheet tray was placed into the oven at 204 ◦ C for a total of 30 min, with pan
rotation every 10 min. The muffins were cooled on wire racks for 20 min and were placed into 7.1L
plastic storage trays (Carlisle Companies, Inc., Charlotte, NC, USA). Each layer of muffins was separated
with deli paper (James River Corp., Parchment, MI, USA) and the container was covered with plastic
wrap (Reynolds Consumer Products LLC, Lake Forest, IL, USA) overnight before sensory evaluation.
After participants had read the informed consent form for sensory evaluation, they were escorted
to one of 12 partitioned cubicles with climate control and simulated Northern daylight that meets ASTM
guidelines for sensory evaluation laboratories [29]. Each cubicle contained a Microsoft® Windows
computer. SIMS2000 sensory evaluation software (version 6.0, Sensory Computer Systems LLC,
Berkeley Heights, NJ, USA) was used to create the questionnaire, randomize sample order presentation,
and collect and analyze data. Demographic questions were asked ﬁrst, and then participants received
a tray containing one mufﬁn for each of the three test formulations. Each formulation was labeled with
a randomly-selected three-digit code. Sample order presentation was also randomized. All mufﬁn
samples were evaluated using a nine-point hedonic scale (1 = dislike extremely; 9 = like extremely)
for appearance, ﬂavor, texture, and overall liking [30]. Participants were also given spring water
(DZA Brands LLC, Salisbury, NC, USA) to drink between each sample. After completing the questions
for each randomized sample, the whole grain content and the number of servings of whole grains
that a typically-sized mufﬁn would provide were revealed to each participant. Participants were then
asked whether overall liking for the sample was changed, if at all, by learning the amount of whole
wheat ﬂour present using a ﬁve-point Likert scale (decreased considerably, decreased somewhat, did
not change, increased somewhat, increased considerably). Upon completion of the test, participants
were given $10 cash compensation.
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Table 1. Mufﬁn formulations (g) a,b .

Title 1

Manufacturer

white whole wheat ﬂour
all-purpose ﬂour
buttermilk
light brown sugar
frozen wild blueberries
vegetable oil
baking powder
iodized salt
vanilla extract
Sugar in the Raw®
baking soda
cinnamon

King Arthur Flour Co. Inc., Norwich, VT
Hannaford Bros. Co., Scarborough, ME
H.P. Hood LLC, Lynnﬁeld, MA
Hannaford Bros. Co., Scarborough, ME
Jasper Wyman & Son, Milbridge, ME
Hannaford Bros. Co., Scarborough, ME
Clabber Girl Corp., Terre Haute, IN
Morton, Chicago, IL
ACH Food Co., San Francisco, CA
Cumberland Packing Corp., Brooklyn, NY
Hannaford Bros. Co., Scarborough, ME
McCormick Corp., Sparks, MD

% White Whole Wheat Flour
50%

75%

100%

235
235
625
355
215
110
12.5
10
10
10
5
5

352.5
117.5
625
355
215
110
12.5
10
10
10
5
5

470
0
625
355
215
110
12.5
10
10
10
5
5

a

Recipe modiﬁed from King Arthur Flour Company, Inc. [21]; b total batter weight: 1827.5 g, producing 107 servings
of 17 g mufﬁns.

2.4. Color Analysis
Mufﬁns without blueberries were baked for color measurement to assess the color of the mufﬁn
batter only since the number and size of berries per mufﬁn could not be controlled. CIE L* a* b* color
values were measured with a LabScan XE Spectrophotometer (Hunter Associates Laboratories, Inc.,
Reston, VA, USA) using Hunter Lab universal software (v. 4.10, Hunter Associates Laboratories, Inc.,
Reston, VA, USA). A port size of 50.8 mm and area view of 44.5 mm was used. Samples were placed
on a watch glass (Corning Inc., Corning, NY, USA). Nine samples of each mufﬁn variety were used to
measure L* a* b* values. Mufﬁns were cut in half vertically. The average of three readings for each of
the nine samples was used for statistical analysis.
2.5. Statistical Analyses
Descriptive statistics for the survey were completed by the Qualtrics v. 60262 (Provo, UT, USA).
Sensory evaluation data were analyzed with SYSTAT 12 software (v. 12.00.08, Systat Software, San Jose,
CA, USA). Hedonic scores and changes in liking were compared by analysis of variance and Tukey’s
honestly signiﬁcant difference test with a signiﬁcance level of p ≤ 0.05.
3. Results
3.1. Survey Results
3.1.1. Survey Respondent Characteristics
One hundred students completed the survey; the respondent gender distribution was 53% male and
46% female; one participant chose not to answer (Table 2). The University’s undergraduate population
at the time of the study was 52% male and 48% female [26]. The median age of the study participants
and full-time students at the University was 20 years; the median year of school for survey respondents
was second. Most respondents (53%) stated they lived on campus or in a sorority/fraternity building.
The median age of those respondents who lived on campus was 19 years, and for those who lived off
campus, 21 years. The number of participants on a college dining plan was split with 47% responding
no and 47% responding yes, for most meals. Of those students who lived off campus, 80% reported that
they somewhat or very much felt they had better access to whole grains than they would if they lived on
campus, compared with 41% of students who lived on campus who claimed they had better access to
whole grains than they would if they lived off campus.
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Table 2. Demographic characteristics of University of Maine survey respondents.
Demographic
Characteristic

Variable

Number of
Respondents

Total
Respondents

age (years)

18
19
20
21
22
23

14
26
20
14
13
3

90

gender

Female
Male

46
53

99

years in college

1
2
3
4
5 or more

28
29
25
14
4

100

housing situation

On campus or in a fraternity
or sorority
Off-campus

47

dining plan

Yes
No
Some meals

47
47
6

100

weekly breakfast
frequency

0–1
2–3
4–6
7

4
23
32
39

98

53

100

3.1.2. Food Habits of Survey Respondents
While daily breakfast was not a habit for 60% of respondents, the median days per week breakfast
was eaten was six days. Twenty-seven students reported eating breakfast four or fewer days per
week. Eighteen-year-olds were less likely to eat breakfast than were 20, 21, and 22-year-olds (p ≤ 0.05).
Students in their ﬁrst year of university were less likely to eat breakfast than were third and fourth-year
students (p ≤ 0.05). There were no signiﬁcant differences between gender and likelihood to eat
breakfast. Those who lived on campus were less likely to eat breakfast than those who lived off campus
(p ≤ 0.01).
Participants were asked to rank four factors in order of importance when selecting a meal (data
not shown). Ninety-three people answered this question. Taste was most often selected as being
most important (n = 31), followed by health and cost with the same number of responses (n = 28),
and convenience had the least amount of responses (n = 6). However, when the rank sums of all
responses were compared using the Wilcoxon signed rank test, cost and taste were ranked equally
important, health was less important than cost, convenience was ranked as least important.
To assess whether a ‘health food’ assumption existed towards whole grains, we asked participants
if they considered whole grains to be a ‘health food’ (Table 3). All of the respondents answered this
question, and 63 answered ‘yes’ while 25 said ‘no’ and the remaining 12 were ‘not sure’. When asked
how they agreed with the statement “health foods usually taste bad”, 70% stated they either disagreed
or strongly disagreed. Thirty-ﬁve percent of respondents reported that they either sometimes or always
feel in general that whole grain foods would not taste good.
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Table 3. University students’ knowledge of and attitudes about whole grains.
Variable

Number of
Responses

Does whole grain on the label affect your
purchase decision?

Not likely
Neutral
Likely

10
35
55

Do you in general feel that products made
with whole grains will not taste good?

No
Not Sure
Sometimes
Yes

60
4
28
7

No
Not Sure
Yes

25
12
63

No
No preference
Yes

16
30
54

Won’t taste good
Too expensive
Too hard to prepare
I always try to eat whole grains
Does not apply to me

12
38
7
26
11

No
Not Sure
Sometimes
Yes

83
3
9
5

No
No Difference
Yes

2
11
1

Question

Are whole grains a health food?

Do you prefer whole grains?

Reason for not choosing whole grain foods

Avoiding gluten?

Does avoiding gluten reduce your whole
grain consumption?

Respondents were asked to self-report their understanding of what whole grain means. Of those
who answered (n = 99), 69% stated they felt that they had a good understanding of what whole grain
means, and 31% either selected no or not sure. When asked what percentage of their total grain intake
should be whole grain, 70% of respondents did not reply with the correct answer of 50%. In response
to the question “do you in general prefer whole grain foods over non-whole grain foods?”, 46% had
no preference or answered no. Fifty-four percent reported that they prefer whole grain foods over
non-whole grain foods. Females were more likely to prefer whole grain foods than males (p ≤ 0.01).
“Too expensive” was the top reason for not eating whole grains, followed by “it won’t taste good”.
Nearly 45% of survey respondents were either neutral to or not likely to purchase a packaged
food with the words ‘whole grain’ clearly labeled on the front, and only 22% were very likely to buy
such products. Females were more likely than males to purchase a packaged food with the words
“whole grain” clearly labeled (p ≤ 0.01). The gluten-free diet has become increasingly popular in
American society both for those who require it as medical nutrition therapy and for those who avoid
gluten by choice. Fourteen participants reported that they at least occasionally avoided eating foods
that contain gluten, and all of these students avoided gluten-containing foods due to personal choice
only. One respondent did state he/she ate less whole grains because of omitting gluten, two reported
eating more whole grains, and 11 reported there is no difference in whole grain intake.
3.2. Consumer Evaluation of Whole Grain Mufﬁns
3.2.1. Participant Demographic Traits
The median age of the 50 participants was 20 years, and the median year of university was the
third year. The gender distribution was split evenly; two persons chose to not answer the question.
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Although 44% of participants lived on campus or in a fraternity/sorority building, the majority of
students were responsible for procuring their own food off-campus. Sixty-eight percent reported
having a good understanding of what whole grain means, but 78% answered incorrectly when asked
which percentage of total grain intake is recommended to be whole grain.
3.2.2. Hedonic Assessments
Mini-mufﬁns were prepared so that a whole mufﬁn could be served without creating sensory
fatigue. The mean scores for the three samples of mini-mufﬁns were between 6.5 and 7.2 (like slightly to
like moderately) but no signiﬁcant differences were found (Table 4). After each sample was evaluated,
the percentage of white whole wheat ﬂour used in each sample was revealed, and participants were
asked to rate how their overall liking of the sample had changed, if at all, using a ﬁve-point scale:
(1 = “decreased considerably,” 3 = “no change,” and 5 = “increased considerably”). The increases seen
in overall liking of the 100% and 75% white whole wheat mini-mufﬁns were signiﬁcantly higher than
those for the 50% whole wheat sample, and the 100% was re-rated higher than was the 75% whole
wheat sample (p ≤ 0.05) (Figure 1).
Table 4. Hedonic scores for blueberry mufﬁns containing different percentages of white whole wheat
ﬂour a,b .

Attribute
appearance
ﬂavor
texture
overall liking

Percentage White Whole Wheat Flour
50%

75%

100%

7.1 ± 1.3
7.2 ± 1.4
6.9 ± 1.4
7.1 ± 1.3

7.1 ± 1.6
7.1 ± 1.3
6.7 ± 1.5
7.1 ± 1.3

7.0 ± 1.2
6.9 ± 1.5
6.5 ± 1.6
6.7 ± 1.5

a

n = 50; p > 0.05, Tukey’s honestly signiﬁcant difference test. b 1 = dislike extremely; 5 = neither like nor dislike;
9 = like extremely. n = 50. Standard deviations are shown in parentheses next to means.

Figure 1. Change in overall acceptance of mufﬁns after the revelation of whole grain content a .
a Mufﬁns contained 50–100% whole wheat ﬂour.

3.3. Color
Since it is difﬁcult to control the amount of blueberries per mufﬁn and any associated anthocyanin
bleeding, mufﬁns were prepared without blueberries solely for crumb color analysis. The exterior CIE
L* and b* of the mufﬁns did not vary among the treatments; CIE a* was signiﬁcantly (p ≤ 0.001) less
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red for the 50% whole mufﬁns. Although the interior crumb color was signiﬁcantly different between
the 100% whole wheat and the other mufﬁn types (Table 5), the differences were relatively small.
Table 5. CIE interior color of mufﬁns containing different percentages of white whole wheat ﬂour A,B .
Whole Wheat Flour (%)

L*

a*

b*

50
75
100

50.4 ± 1.3 a
48.1 ± 1.1 b
46.5 ± 1.5 c

8.9 ± 0.2 c
9.3 ± 0.2 b
9.8 ± 0.2 a

27.4 ± 0.8 b
27.4 ± 0.2 b
28.1 ± 0.5 a

Means ± standard deviations (n = 9). Color scales: L*, 0 = black, 100 = white; a*, +a = red, −a = green; b*, +b = yellow,
−b = blue. B Values with the same letter in columns are not significantly different (p > 0.05).

A

4. Discussion
4.1. Survey Findings
The demographics of this study’s participants were representative of the University’s undergraduate
population at the time of the study. Human nutrition/dietetics and food science students were excluded
from the study because persons with nutritional education are more likely to know about whole grains
and are thus more likely consume whole grain products [20,27]. The median age and year of school
were very similar to other comparable whole grain studies involving college students [14,31]. Twoand four-year college students in Minneapolis (n = 1013) reported eating breakfast only 4.2 days per
week [32]. Approximately 25% of participants in our survey reported eating breakfast four or fewer days
per week. These are critical findings because Americans eat the majority of their whole grain intake
during breakfast [16]. The present survey’s findings suggested that students became more inclined
to eat breakfast during their later college years, but this study lacked statistical power to support this
inference. Students who lived off campus (80%) felt that they had better access to whole grain foods
than they would if they lived on campus. Thirty-five percent of those who lived on campus felt that
they would have better access to whole grains if they lived off campus. While healthful options may be
limited at colleges across the country [21], data were not found on the availability of whole grain options
in campus dining facilities. Increased availability of whole grains in restaurants as well as homes has
been advocated to increase whole grain consumption by adolescents and young adults [13]. University
dining services often provide multiple meals per day to undergraduate students and therefore present
an opportunity to expose students to these foods.
When survey participants ranked their top four reasons for food choices, taste was most often
selected as being number one, which is consistent with other research in the United States [22,33].
Whole grains are perceived to cost more than reﬁned grain products [12]. The perceived healthfulness
of whole grains and the notion that ‘health foods’ are likely to have poor sensory characteristics were
explored, and ﬁndings were consistent with previous research that studied the reasons why people
choose not to eat whole grains. One study showed that of those who reported they did not eat whole
grain products, 45% indicated this was because they disliked the taste or texture [14]. A focus group
study among adults found that many of the participants disliked whole grain products because of
their sensory characteristics [12]. While taste is certainly relative to the individual, this may indicate
that further education is needed to demonstrate that whole grain foods can be prepared in a variety of
favorable methods.
To measure knowledge of whole grains and whole grain recommendations, participants were
asked to self-report their perceived knowledge level. However, less than a third of respondents in this
study who answered that they had a good understanding could correctly identify which percentage of
daily grains should be whole grains. This ﬁnding indicates the need for nutrition education among
these individuals. In a study comparing college students who have had a nutrition course and those
who have not, those who had taken a nutrition course were both more likely to know whole grain
recommendations and more likely to correctly identify whole grain products [14]. Given the increasing
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prevalence of chronic diseases that can be prevented with consumption of whole grains, a general
nutrition course should be encouraged for all college majors. At the University of Maine, for example,
the introductory food and nutrition class satisﬁes the general education requirement for applications
of scientiﬁc knowledge.
Females were more likely to prefer whole grain foods and were also more likely to purchase
a packaged food with the words ‘whole grain’ clearly labeled on the front of the package (p ≤ 0.05).
Nearly half (n = 45) of survey respondents were either neutral or not likely to purchase a packaged
food with the words ‘whole grain’ clearly labeled on the front. This result further strengthens the
hypothesis that for those with a bias against whole grain foods, whole grain labeling may deter
students from purchasing those foods. However, for those who do prefer whole grain products, clear
package labeling appears to be helpful for whole grain identiﬁcation. People who seek out whole grain
products often rely on food packaging or advertisements for guidance [18,20]. Therefore, it may be
difﬁcult to market a single whole grain product to both those who prefer whole grains and those who
do not.
To overcome this challenge, the substitution of white whole wheat ﬂour for regular all-purpose
ﬂour in various foods may be advantageous along with not labeling whole grain content on the front of
the package. The students who prefer whole grain foods may read the ingredients list and identify that
the product is made with whole grains and those who do not prefer whole grains may ﬁnd sensory
characteristics of the product appealing. White whole wheat tends to have a mild ﬂavor, smooth
texture, and a light color that is aesthetically pleasing to many consumers [34]. The sensory evaluation
component of this study tested the hypothesis that a product made with white whole wheat ﬂour that
does not have its whole grain content clearly labeled is acceptable to college students. Undergraduate
students rated white whole wheat mufﬁns as more healthy (p ≤ 0.05) after researchers revealed that
the mufﬁns contained whole wheat [35].
Among the various reported reasons for not eating whole grain foods, “too expensive” was the top
response, followed by “it won’t taste good” and “too hard to prepare”. Taste, expense, and convenience
were the top three barriers to whole grain consumption in another study [22]. Among 545 grain-based
products evaluated, those containing the whole grain stamp typically cost four cents more per serving
of the food [36]. It was not clear how much of the higher cost could be attributed to the fee charged to
companies by the Whole Grains Council for the right to display the stamp.
Gluten-free diets have become increasingly popular, but people following such a diet may not
have a medical condition that requires avoidance of gluten [37]. Participants in the nurses’ health
study and the health professionals’ follow-up study who avoided gluten were more likely to have
lower consumption of whole grains, and thus higher risk for cardiovascular disease [38]. Fourteen of
the survey respondents in this study reported sometimes avoiding eating foods that contain gluten,
and all of these students reported they avoided gluten by personal choice, not due to a conﬁrmed
medical diagnosis of celiac disease or gluten intolerance. There may be an opportunity for qualiﬁed
health professionals such as registered dietitian nutritionists (RDN) to use the preferred media of
television and the internet along with in-person education opportunities to distribute evidence-based
nutrition information to college students. Education about whole grain gluten-free foods may also
be needed for persons with celiac disease. In 2006, Cousineau et al. [39] reported that a web-based
personalized nutrition curriculum might be helpful in distributing nutrition information to college
students. The growth in popularity of smartphones and other technologies suggest that there may
be more opportunities to promote healthful behaviors, especially for students with an internal and
powerful other locus of control [40].
4.2. Sensory Evaluation
Mufﬁns are a popular breakfast food and thus were selected as the test food in this study despite
the added sugar in the formulation. A U.S. standard-sized mufﬁn weighs 139 g [41]. Standard mufﬁns
made according to the formulations that we used would provide 18, 27, and 36 g of whole grain
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for the 50, 75, and 100% whole wheat ﬂour formulations, respectively. No signiﬁcant differences in
hedonic ratings were found for any of the tested attributes (appearance, ﬂavor, texture, overall liking).
Mufﬁns made with only whole wheat were liked as well as those made with mixtures of reﬁned
and whole wheat ﬂours. Even when whole grain content was not prominently labeled, the college
students in this study found the product acceptable. However, this study reports on a small sample
(n = 50) at a small university in a racially-homogenous state. Neo and Brownlee [42] assessed liking
of some whole grain foods among young adults in Singapore aged 21–26 years old. A two-week
familiarization period increased acceptance of whole grain cookies, granola bars, muesli, and whole
grain pasta. The Willingness to Eat Whole Grains Questionnaire has been recently evaluated with
university students aged 18–29 years and could be a useful tool in future nutrition education and
intervention projects [43].
4.3. Strengths and Limitations
The survey yielded information to better inform university dining services about students
interests and potential barriers to acceptance of whole grain foods. Limitations of the survey included
incomplete representation of the student population and lack of self-reported whole grain consumption
data and assessment of students’ ability to recognize whole grain foods. The whole grain mufﬁn
sensory evaluation provided interesting information about university students’ willingness to like the
mufﬁns containing a greater percentage of whole wheat ﬂour, but we cannot rule out the possibility
that students sought to please the researchers. Drawbacks of the experimental design were the lack
of a control sample containing no whole wheat, and the inclusion of only white whole wheat ﬂour.
Comparisons of products made with reﬁned ﬂour, white whole wheat, and red whole wheat are
needed. Baking conditions were optimized for mufﬁns containing whole wheat, thus potentially
causing an inferior mufﬁn containing only reﬁned ﬂour. Future work should include bread, wraps,
and other non-sweet types of grain products, and involve students from several universities since the
University of Maine is a relatively small institution without a diverse student population. Attitudes
towards and knowledge of whole grains by young adults who are not pursuing university degrees are
other important topics that should be considered for future research.
Nutrition behavior research on healthful food selection has focused on children since interventions
at an early age are expected to lead to lifelong habits. A systematic review of children’s food choices
identiﬁed four important learning processes: familiarization, observational learning, associative
learning, and categorization of foods [44]. A greater understanding of the processes used by young
adults to select foods as they transition to independent living is needed. Familiarization with whole
grain foods was evaluated in a group of overweight adults who consumed less than 20 g of whole
grains daily [45]. The intervention groups were provided with whole grain foods and asked to consume
three to six servings per day for 16 weeks. Food frequency questionnaires collected over the next
12 months indicated that persons in the intervention groups consumed more whole grains than did the
control group members immediately after the intervention period ended, but whole grain consumption
declined with time and never approached the 60–120 g levels advocated during the intervention period.
Universities have the opportunity to expose students to whole grain foods for periods of approximately
eight months per year, thus longer interventions with university students should be conducted.
5. Conclusions
Universities have the opportunity to educate students about whole grain foods and to develop
healthful eating patterns that include whole grains. The inclusion of more whole grain foods at breakfast
in university dining halls may reach those students who do eat breakfast, but younger students are
more likely to skip this meal. Identification of whole grains at local restaurants and markets might
assist students as they begin expanding their food options and preparing their meals when they move
off-campus. Gender-specific nutrition education messages might be effective [29,46]. Establishment
of regular whole grain consumption patterns in young adults could lead to increased popularity of
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these healthful foods in subsequent generations. White wheat offers foodservice operations and food
processors an option to make whole grains more appealing to young adults, particularly those enrolled
in a university.
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Abstract: The objective of the present study was to analyse the inﬂuence of particle size distribution
of maize ﬂour in the formulation of gluten-free cookies. Different cookie formulations were made
with three distinct maize ﬂour fractions obtained by sieving (less than 80 μm; between 80 and 180 μm;
greater than 180 μm). Cookies dimension, texture and colour were evaluated. Flour hydration
properties and cookie dough rheology were also measured. Overall, an increase in maize ﬂour
particle size decreases the values of water holding capacity (WHC), swelling volume and G’ (elastic
modulus) for the doughs. An increase in average particle size also increases diameter and spread
factor of the cookies but decreases their hardness. A higher percentage of thick particles is more
effective to reduce cookie hardness, but a certain percentage of thinner particles is necessary to give
cohesion to the dough and to allow formation of the cookies without breaking. Cookies with a larger
diameter also presented a darker colour after baking.
Keywords: maize ﬂour; gluten-free; cookie; particle size; sieve

1. Introduction
Coeliac disease is an autoimmune disease related to an intolerance of gluten, which affects adults
and children. It is treated by restricting gluten-containing food in the diet [1], which signiﬁcantly
increases the demand for gluten-free products. Therefore, to take advantage of this growth, many
companies are looking to diversify and develop new products that meet this demand.
Most processed and pre-packaged bakery products, such as breads, cakes and cookies, are
commonly produced with wheat ﬂour. Although gluten plays an important role in bakery food
processes, a glutenous structure is not developed in most types of cookies because of the high fat and
sugar content in recipes and the scarce mechanical work imparted in the mixing process [2,3]. Thus, it
is possible to obtain gluten-free cookies with characteristics very similar to those made with wheat
ﬂour [3–5]. Amongst cookies made with gluten-free ﬂours, those formulated with maize ﬂour are
rated the highest by consumers [3].
In the case of cookies made with wheat ﬂour, some characteristics, such as protein content or
water absorption capacity, can justify its use in cookie preparation [2]. Maize, rice or legume ﬂours
are usually coarser than wheat ﬂour due to their harder grains. It is already known that the particle
size of wheat ﬂour can inﬂuence cookie quality [6] but it could also be true for gluten-free ﬂours.
To investigate this, Rao et al. [7] observed that coarse sorghum ﬂours produced cookies with lower
hardness and better consumer acceptability. Mancebo et al. [8] also reported that coarse rice ﬂours
produced cookies with higher spread factors and lower hardness, which agrees with the observations
by Ai et al. [9] with bean powders. However, Mancebo et al. [8] did not observe this effect in maize
cookies, since both types of maize ﬂour they used exhibited minor differences in particle size.
In some research papers, different particle size is obtained by forcing the grinding process until
particles with a ﬁner size are obtained [9,10]. However, this mechanical process causes an increase in
Foods 2019, 8, 83; doi:10.3390/foods8020083
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damage starch that also affects how cookies develop during elaboration after elaboration [6,11]. There
are few studies that achieve distinct fractions by sieving [3,7], nor are there any studies into blends of
different ﬂour fractions with different distributions of particle size.
Thus, the present research proposes studying how different fractions of sieved white maize ﬂour,
both alone and in combination, could inﬂuence gluten-free cookie dough properties (hydration and
rheology) and cookie quality (physical properties, texture and colour).
2. Materials and Methods
2.1. Cookie Ingredients
The white maize ﬂour (5.87 g/100 g protein) used in this study was produced by Molendum
Ingredients S.L. (Zamora, Spain). A Bühler MLI 300B sifter (Milan, Italy) holding 80 and 180 μm
sieves was used for 15 minutes to obtain three maize ﬂour fractions: A (<80 μm), B (80–180 μm) and
C (>180 μm).
Other ingredients used in the cookie recipe were white sugar (AB Azucarera Iberia, Valladolid,
Spain), margarine (Argenta crema, Puratos, Barcelona, Spain), sodium bicarbonate (Manuel Riesgo
S. A., Madrid, Spain) and local tap water.
2.2. Flour Characterisation
Flour particle size was evaluated using a Mastersizer 3000 particle size analyser (Malvern
Instruments, Malvern, UK). Values of D[4,3], which represents the equivalent spherical diameter
of the particles, and of D(10), D(50) and D(90), which represent the maximum particle diameter below
which 10%, 50% and 90% of the sample fall, respectively, were obtained. All the measurements were
carried out in duplicate.
Regarding hydration, water binding capacity (WBC, i.e., the amount of water retained by the
sample after it has been centrifuged) was measured as described in AACC International method
56-30.01 [12]. Water holding capacity (WHC, i.e., the amount of water retained by the sample without
being subjected to any stress) and swelling volume (SV, i.e., the volume occupied by a known weight
of sample) were measured as described by Mancebo et al. [3]. All hydration properties were analysed
in duplicate.
2.3. Cookie Formulation
The original maize ﬂour and the individual fractions were applied in different percentages giving
rise to eleven combinations, as shown in Table 1. The mixing process was carried out as described
by Mancebo et al. [8]. For the rheology test, the dough was rolled out to 3 mm thickness on a dough
sheeter and then cut into round shape with a cutter of 60 mm diameter. For the baking test, samples
were rolled out to 6 mm thickness and were cut with a 40 mm diameter cutter. The baking process
was performed in a baking oven at 185 ◦ C for 14 min. The cookies were cooled for one hour at room
temperature and then placed in plastic bags, to avoid the interference of humidity. They were stored
for seven days in a chamber with controlled temperature (25 ◦ C) for further analysis. All cookie baking
was done in duplicate.
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Table 1. Gluten-free cookie formulations presented in grams with different percentages of maize ﬂour
and fractions A (<80 μm), B (80–180 μm) and C (>180 μm).
Ingredients

CF

100A

100B

100C

50A/50B

50A/50C

50B/50C

25A/75B

75A/25B

25A/75C

75A/25C

White maize ﬂour
A (<80 μm)
B (80–180 μm)
C (>180 μm)
White sugar
Margarine
Sodium bicarbonate
Tap water

173.2
124.8
77.6
3.6
25.0

173.2

173.2
124.8
77.6
3.6
25.0

-

86.6
86.6
124.8
77.6
3.6
25.0

86.6
86.6
124.8
77.6
3.6
25.0

86.6
86.6
124.8
77.6
3.6
25.0

43.3
129.9
124.8
77.6
3.6
25.0

129.9
43.3
124.8
77.6
3.6
25.0

43.3
129.9
124.8
77.6
3.6
25.0

129.9
43.3
124.8
77.6
3.6
25.0

124.8
77.6
3.6
25.0

173.2
124.8
77.6
3.6
25.0

CF: control formulation.

2.4. Dough Rheology
Rheological behaviour of the fresh cookie dough was evaluated using a rheometer (Haake
RheoStress 1, Thermo Fisher Scientiﬁc, Scheverte, Germany). Each dough sample was placed on a
titanium parallel-serrated plate geometry PP60 Ti (60 mm diameter, 3 mm gap) and covered with
Panreac Vaseline oil (Panreac Química S.A., Castellar del Vallés, Spain) to avoid drying during the test.
A Phoenix II P1-C25P water bath maintained the temperature at 25 ◦ C.
In the ﬁrst measurement, the cookie dough was subjected to a strain sweep (stress range of
0.1–100 Pa) at a constant temperature (25 ◦ C) and frequency (1 Hz) to identify the linear viscoelastic
region. Then, using these results, a stress value within the linear viscoelastic region was selected
and applied in a frequency sweep test to obtain the values of the elastic modulus (G’, Pa), viscous
modulus (G”, Pa), complex modulus (G*) and tan delta (G”/G’) over a range of frequency values
(w, Hz). The measurements were made in duplicate.
2.5. Cookie Characteristics
Cookie moisture was evaluated as described by AACC method 44-15.02 [13] and the test was
made in duplicate.
Cookie diameter was measured twice, in perpendicular directions, to achieve an average
diameter (D). Cookie thickness (T) was also measured to obtain the spread factor (D/T).
Texture parameters of the cookies were analysed by using a Texture TA-XT2 texture analyser
(Stable Micro Systems, Surrey, UK). The peak force, or hardness, (N) and the elastic modulus (N/mm2 )
were obtained by the compression of a ‘three-point bending’ test with a three-point bending rig probe
(HDP/3PB). The measurement conditions were: travel distance of 20 mm, trigger force of 5 g and test
speed of 2.0 mm/s.
Cookie colour was measured at the centre of the surface crust with a Minolta CN-508i
spectrophotometer (Minolta Co. Ltd., Osaka, Japan) using a D65 illuminant with a 2◦ standard observer
angle. L*, a* and b* values were expressed in the colour space defined by the International Commission
on Illuminaion (CIE).
All cookie characteristics were measured in six cookies of each batch, seven days after baking.
2.6. Statistical Analysis
Statistical analysis of the differences between the parameters of the different formulations were
evaluated by analysis of variance (ANOVA) using Statgraphics Centurion XVI software (StatPoint
Technologies Inc., Warrenton, DC, USA). Fisher’s least signiﬁcant difference (LSD) was used to describe
means with 95% conﬁdence intervals.
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3. Results
3.1. Particle Size and Hydration Properties
As shown in Table 2, the different blends presented an average size D[4,3] within the range of
particle sizes of the fractions that comprised it. As expected, the average particle size of blends formed
from fractions A and B increased with the quantity of fraction B. This also occurred with the mixtures
of fractions A and C. The control sample had an average particle size slightly higher than fraction B,
but clearly lower than fraction C. D(10) and D(50) values decreased as the percentage of fraction A
increased. However, for mixtures containing 50% or more of A, there were no further signiﬁcant
changes, regardless of whether they were mixed with B or C. This is logical if it is remembered that
these values refer to 10% or 50% of the thinnest ﬂours from the mixtures obtained from fraction A.
In the case of mixtures with 25% of A, there was a signiﬁcant difference in D(50) values and they were
even smaller in mixtures with the fraction B. Control ﬂour had relatively low D(10), which was similar
to mixtures with 25% of A and smaller than mixtures without fraction A. For its part, the D(50) is
minor in all mixtures with A, with just one exception (25A/75C), and no signiﬁcant differences were
observed with fraction B. In general, the average sizes of the ﬂours used in this research were similar
to those applied in other studies on gluten-free cookie formulations [3,4,7].
Table 2. Maize ﬂour, maize ﬂour fractions and their combinations particle size measurements.

Control ﬂour
100A (<80 μm)
100B (80–180 μm)
100C (>180 μm)
50A/50B
50A/50C
50B/50C
25A/75B
75A/25B
25A/75C
75A/25C

D[4,3]

D(10)

D(50)

D(90)

199.9 ± 6.4 g
61.6 ± 3.9 a
186.3 ± 9.2 f
354.2 ± 5.4 i
124.1 ± 1.3 c
172.2 ± 4.8 e
261.1 ± 3.8 h
151.9 ± 3.8 d
101.1 ± 10.0 b
252.8 ± 3.8 h
113.1±4.4 bc

26.5 ± 1.4 c
14.6 ± 0.4 a
88.3 ± 9.6 d
211.2 ± 1.4 f
19.1 ± 0.4 ab
18.9 ± 0.3 ab
113.1 ± 3.0 e
27.7 ± 1.3 bc
16.9 ± 0.4 a
27.7 ± 0.1 c
16.5 ± 0.2 a

178.8 ± 6.5 e
49.4 ± 4.7 a
177.0 ± 8.5 e
337.4 ± 4.5 g
105.0 ± 0.6 c
105.6 ± 4.5 c
242.4 ± 3.7 f
144.0 ± 5.4 d
74.2 ± 8.2 b
250.8 ± 3.4 f
66.5 ± 1.6 b

401.4 ± 8.8 e
128.3 ± 7.2 a
304.7 ± 9.7 d
533.6 ± 12.2 h
263.2 ± 4.2 c
415.9 ± 8.6 e
444.7 ± 4.9 f
287.3 ± 2.7 cd
230.7 ± 23.3 b
489.8 ± 9.0 g
299.5 ± 15.4 d

D[4,3]: average particle size which constitutes the bulk of the sample volume. D(10): maximum particle diameter
below which 10% of the sample falls. D(50): maximum particle diameter below which 50% of the sample falls.
D(90): maximum particle diameter below which 90% of the sample falls. Data are expressed as means ± standard
deviation (SD) of duplicate assays. The values with the same letter in the same column do not present signiﬁcant
differences (at a signiﬁcant level of p < 0.05).

According to Table 3, higher values of WHC are related to the compositions A and B, while lower
values are found in mixtures with percentages of C higher than 50% (100C, 25A/75C and 50A/50C).
In fact, there is a negative correlation between the WHC and D[4,3] r = −0.74 (signiﬁcant at 99%).
The relationship between WHC and the particle size was observed by other authors [10] and can be
explained by the large surface area presented by ﬁner ﬂours.
Nevertheless, other studies were either not able to establish a correlation between particle size and
WHC, or no decrease in WHC was found with reductions in particle size [14]. These differences could
be related to both different compositions of particles with distinct sizes and to the morphology and
particle size distribution, which was not evaluated in other studies. In this case, it is important to stress
that the correlation of WHC with D(90) values was higher than with D[4,3], r = −0.86 (signiﬁcant at
99.9%). This fact may indicate that the percentage of coarse fractions is what most affects this property.
This could be explained by the fact that the ﬁner fractions present similar particle sizes while the
thicker fractions have greater differences between them. The swelling volume is highly correlated with
WHC, D[4,3], and D(90) (r = 0.80, signiﬁcant at 99%). Nevertheless, no correlation between particle size
and WBC values was found, as observed by De la Hera et al. [15]. Thus, the larger values of WBC are
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related with fraction B followed by other individual fractions (pure A and pure C) and mixtures with
the coarser fractions (B/C). On the other hand, the smaller values of WBC were observed in mixtures
comprising A and B, except 50A/50B, which showed no signiﬁcant difference compared to the control.
Combinations of A and C presented intermediate values with no signiﬁcant differences. Intermediate
values of WBC were also shown by the control ﬂour. In this case, the percentage of different fractions,
their packing capacity and particle morphology seems to have a higher inﬂuence on this behaviour
than the average particle size when using ﬁne and coarse ﬂours together in the centrifugal process.
3.2. Dough Rheology Properties
Dough rheology is a fundamental characteristic for cookie formulation so that if the dough is very
soft or ﬁrm it is not easy to manipulate. The dough must be sufﬁciently cohesive to remain united
during the different phases of processing and to be easily cut by the moulds [16]. In fact, an important
ﬁnding from our rheology measurements was that values were obtained only for samples containing
fraction A. The other doughs were extremely brittle and were impossible to laminate without breaking.
From this result, it is possible to conclude that to make a cookie dough that is cohesive and laminable,
it is necessary for it to contain a minimum proportion of reduced size particles. This conclusion was
not found in other studies because those only considered pure fractions with a unique size, bigger or
smaller, obtained by screening or by another grinding process.
In general, G’ values were higher than G” values (Table 3), showing that the elastic component is
dominant over the viscous one, which suggests a solid elastic-like behaviour of all the doughs studied.
This result was conﬁrmed in values of tan delta that were all lower than 1.0, in agreement with other
studies about cookies [8,17,18]. Between different doughs, smaller values of G’ corresponded to those
ﬂours with a higher value of D[4,3], such as the control ﬂour and the mixture 25A/75B. Meanwhile,
the biggest values of G’ were found in doughs with ﬁner ﬂours (with lower D[4,3]) with a higher
percentage of fraction A. This corresponded with low values of D(10) (100A, 75A/25B, 75A/25C).
This indicates that ﬁner ﬂours have a better packing quality, which results in more cohesive doughs.
However, it is also important to note the larger values of G’ obtained with mixtures of fractions A and
C where C made up more than 50%. In those cases, it was very difﬁcult to manipulate the doughs
because of their weakness. These samples presented a different texture compared with other samples
because they showed an anomalous rheological behaviour. These doughs were like those where
it was not possible to measure the rheology parameters, but their breakability characteristics were
less extreme.
Table 3. Maize ﬂour, maize ﬂour fractions and their combinations: hydration properties and cookie
dough rheology.
Hydration Properties

Control ﬂour
100A (<80 μm)
100B (80–180 μm)
100C (>180 μm)
50A/50B
50A/50C
50B/50C
25A/75B
75A/25B
25A/75C
75A/25C

Dough Rheology

WHC

Swelling

WBC

G’ (×106 )

G” (×106 )

Tan Delta

1.57 ± 0.04 bcd
1.85 ± 0.07 fg
1.87 ± 0.13 g
1.48 ± 0.03 bc
1.64 ± 0.10 cde
1.43 ± 0.09 ab
1.83 ± 0.05 fg
1.74 ± 0.11 efg
1.69 ± 0.04 def
1.41 ± 0.02 a
1.56 ± 0.04 abcd

2.09 ± 0.16 abc
2.29 ± 0.16 d
2.19 ± 0.01 bcd
2.20 ± 0.00 cd
2.09 ± 0.14 abc
1.99 ± 0.01 a
2.27 ± 0.11 cd
2.18 ± 0.01 abcd
2.19 ± 0.02 bcd
2.00 ± 0.01 ab
2.20 ± 0.01 cd

1.28 ± 0.04 de
1.30 ± 0.01 ef
1.47 ± 0.01 g
1.30 ± 0.01 ef
1.27 ± 0.04 de
1.19 ± 0.01 bc
1.33 ± 0.01 f
1.15 ± 0.02 b
1.05 ± 0.01 a
1.20 ± 0.01 c
1.24 ± 0.04 cd

0.42 ± 0.02 a
1.36 ± 0.27 c
ND
ND
0.72 ± 0.02 ab
1.20 ± 0.22 c
ND
0.27 ± 0.23 a
1.25 ±0.18 c
1.49 ± 0.17 c
1.05 ± 0.15 bc

0.25 ± 0.27 a
0.26 ± 0.18 a
ND
ND
0.12 ± 0.17 a
0.10 ± 0.13 a
ND
0.05 ± 0.30 a
0.06 ± 0.88 a
0.08 ± 0.11 a
0.06 ± 0.90 a

0.59 ± 0.54 b
0.15 ± 0.04 ab
ND
ND
0.24 ± 0.35 ab
0.10 ± 0.14 ab
ND
0.25 ± 0.11 ab
0.05 ± 0.08 ab
0.01 ± 0.00 a
0.14 ± 0.01 ab

ND: no development. WHC: water holding capacity. WBC: water binding capacity. Data are expressed as
means ± SD of duplicate assays. The values with the same letter in the same column do not present signiﬁcant
differences (at a signiﬁcance level of p < 0.05).
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Regarding the viscous component (G”), it was not possible to ﬁnd signiﬁcant differences between
the samples. Probably, this fact could be due to the excessive variability of the data, especially of
the more fragile doughs. The same effect was observed in tan delta values, where some differences
were found between control ﬂour and the 25A/75C mixture, which were the most difﬁcult samples
to perform the rheology test on because of the cohesiveness. Even though previous studies reported
correlations between rheological cookie values and hydration properties when ﬂours or mixtures were
used [18–20], in this case, no correlations were observed. This was due to the anomalous brittleness
of samples with smaller proportions of fraction A and the importance between the particle size
distribution and rheological behaviour.
3.3. Cookie Characteristics
Cookie characteristics are shown in Table 4. It is important to underline that it was not possible
to make cookies with pure fractions B and C because the dough was very breakable (Figure 1). This
brittle character was also observed in B/C mixtures (25B/75C, 50B/50C and 75B/25C) where, even
though it was not possible to measure the rheological parameters, only the mixture 50B/50C was at
least capable of being made. This fact could be explained because the rheological test required a thin
layer of the dough, which was easily broken. These three ﬂours (B, C, and B/C) were the ones that
presented higher values of D(10), which means that it is necessary to add a small number of ﬁner
particles to the fractions. These particles take their place between the thick particles and increase the
cohesiveness of the dough which allows the dough to be laminated. Furthermore, a mixture made
using different particle sizes (B/C) seems to be more convenient than those made of only one size,
which can be explained by the same effect of ﬁne particles getting placed between coarse ones.
Table 4. Physical properties of cookies.
Dimensions

Control ﬂour
100A
(<80 μm)
100B
(80–180 μm)
100C
(>180 μm)
50A/50B
50A/50C
50B/50C
25A/75B
75A/25B
25A/75C
75A/25C

Texture

Colour

Diameter
(mm)

Spread Factor

Hardness (N)

Cookie Elastic
Modulus
(N/mm2 )

56.4 ± 0.40 c

7.48 ± 0.31 de

34.10 ± 1.22 cd

26.90 ± 1.52 ab

55.33 ± 1.97 c

5.59 ± 2.79 abc

18.33 ± 0.92 b

43.1 ± 1.22 a

4.05 ± 0.24 a

50.84 ± 1.97 f

54.48 ± 2.73 d

78.45 ± 0.95 f

3.70 ± 1.40 a

21.41 ± 1.02 bcd

L*

a*

b*

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

ND

48.4 ± 0.22 bc
55.1 ± 0.20 d
54.9 ± 2.53 d
50.7 ± 0.07 c
43.9 ± 1.22 a
63.0 ± 0.71 e
47.14 ± 0.79 b

5.54 ± 0.34 bc
8.47 ± 0.20 ef
9.47 ± 1.02 f
6.31 ± 0.13 cd
4.53 ± 0.19 ab
14.01 ± 1.31 g
5.10 ± 0.01 abc

34.43 ± 1.94 cd
24.25 ± 0.37 b
25.98 ± 0.30 b
36.24 ± 0.05 d
42.82 ± 1.98 e
17.93 ± 0.8 a
33.24 ± 0.80 c

33.41 ± 3.13 bc
27.15 ± 3.97 ab
19.83 ± 0.45 a
38.54 ± 1.38 c
38.71 ± 10.61 c
29.70 ± 5.37 abc
34.81 ± 1.74 bc

69.44 ± 1.27 e
61.20 ± 0.11 d
51.11 ± 1.23 b
69.84 ± 1.89 e
75.66 ± 1.80 f
46.52 ± 3.10 a
74.34 ± 2.63 f

5.47 ± 1.12 abc
7.19 ± 0.76 bcd
7.85 ± 1.40 cd
5.98 ± 0.55 abc
4.68 ± 0.60 ab
9.71 ± 1.00 d
5.19 ± 0.08 abc

21.37 ± 0.40 bcd
19.14 ± 1.04 b
13.37 ± 1.04 a
25.23 ± 1.12 d
24.42 ± 1.32 cd
12.93 ± 2.13 a
21.06 ± 4.24 bc

ND: no development. Data are expressed as means ± SD of duplicate assays. The values with the same letter in the
same column do not present signiﬁcant differences (at a signiﬁcance level of p < 0.05).

Among the obtained cookies, no signiﬁcant differences were found in ﬁnal product moisture,
and in all cases the values were less than 1%. It is also important to stress that the 25A/75C cookies
showed the highest diameter and spread factor followed by those made with 50% of C (A/C and
B/C). This fact seems to indicate that a higher percentage of coarse ﬂour is favourable to releasing
and spreading during baking, generating cookies of a greater diameter. This was also observed by
Mancebo et al. [3] with rice ﬂours, Rao et al. [7] with sorghum ﬂour and Ai et al. [9] with dry bean
powders. For their part, fractions with a higher percentage of A and, therefore, a lower average size
(A, 75A/25B and 75A/25C) showed small spread factors; the next lowest spread factor was 50A/50B
(with larger average size). In fact, 99.9% signiﬁcant correlations were found between the diameter and
D[4,3] (r = 0.98) and between the spread factor and D[4,3] (r = 0.92). Some authors afﬁrm that ﬂours
with a lower hydration capacity produced cookies with higher diameters because they allowed excess
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water to dissolve the sugar, to reduce the initial viscosity of the doughs and to allow more expansion
during baking [21,22]. Thus, in this study, signiﬁcant correlations of 99% were found between WHC
and the values of diameter (r = −0.74) and spread factor (r = −0.72), as found in similar studies [3,8].
In this way, it seems that the value of D[4,3] is a better indicator of dough expansion during baking
and the ﬁnal diameter, but D(10) shows a better possibility of obtaining cohesive doughs that can be
laminated and cut without breaking.

Figure 1. Image from cookies made with different particles sizes of white maize ﬂour.

Regarding the texture of the cookies, a signiﬁcant correlation coefﬁcient of r = 0.88 was found
in all cases but at differing signiﬁcance levels: 99.9% signiﬁcance between hardness, diameter and
spread factor; 99% between the elastic modulus and diameter and 95% between the elastic modulus
and the spread factor). Therefore, cookie dimensions showed a stronger correlation with hardness
than with the gradient obtained by the curve. Thus, harder cookies presented both a lower diameter
and spread factor (100A and 75A/25B). On the other hand, less hard cookies showed higher spread
factors (25A/75C) followed by those mixtures with A/C and B/C which presented values greater than
all the other samples. Mancebo et al. [3] described how cookies with higher spread factors showed
a lower peak force in textural analysis, but we found no correlation whatsoever between these two
parameters for any of the cookies we analysed. In addition to the dimensions of the cookies, these
differences may be related to their internal structure, the particle size of the ﬂours and their compaction
capacity. Parameters of texture and indicators of ﬂour particle size showed a better correlation than
with cookie dimensions, which demonstrates that as the particle size decreases, the hardness of the
cookies increases, in agreement with the observations of similar studies [7,9]. In the case of D[4,3],
the correlation with hardness also presented a signiﬁcant correlation of r = −0.87 (99% signiﬁcance).
One observed correlation, between hardness and D(90), stands out (r = −0.93, signiﬁcant at 99.9%),
as it is higher even than the ones observed between hardness and D(50) (r = −0.72, signiﬁcant at 99%)
and between hardness and D(10) (r = −0.61, signiﬁcant at 95%). Therefore, it seems that what most
reduced the hardness of the cookies was an increase in the percentage of thicker particles, even though
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it is necessary to remember the importance of having a certain percentage of smaller particles to allow
the formation of the cookies.
Regarding colour, important differences were found among the values of L*. Cookies with a larger
percentage of A (100% or 75%) were lighter in colour and presented lower spread factors. Meanwhile,
cookies made with a larger percentage of C (25A/75C) showed darker colour (small values of L*)
followed by those made with 50% of C. With regard to a* and b* values, only those samples with
extreme mixes stand out: sample A, which had a lower particle size, diameter and spread factor,
presented the smallest values of a*, while the sample 25A/75C, which had a higher particle size,
spread factor and diameter, showed the highest values of a* and smallest of b*. Mancebo et al. [3] also
observed the smallest values of L* and b* for cookies with higher spread. This could be because of a
higher diameter and a lower thickness of cookies, which produces high temperatures in a short time
within the dough. Thus, temperature increases led to more caramelization and Maillard reactions,
which are the main causes of ﬁnal cookie colour [23]. In fact, signiﬁcant correlations of 99.9% were
found between the spread factor of the cookies and the parameters L* (r = −0.91), a* (r = −0.87) and b*
(r = −0.81).
4. Conclusions
The ﬁnal characteristics of cookies can be inﬂuenced by the properties of the ingredients used in
their elaboration such as the particle size of the ﬂour, the sugar content and the fat used in formulation.
There are no references about how both of these last factors can affect the quality of the cookies, which
may be an opportunity for future studies. However, previous studies proved that a higher average
particle size favours spread factor and decreases cookie hardness. Nevertheless, this study proves
for the ﬁrst time that it is necessary to also have a certain percentage of ﬁne particles, which, being
placed between coarser particles in the dough, give rise to a higher dough cohesiveness. Otherwise,
doughs are excessively fragile in the laminating process and cookies are impossible to be made. These
results must be considered in future studies about gluten-free cookies and in food development in
the industry.
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Abstract: Progress in breeding of intermediate wheatgrass (Thinopyrum intermedium), a perennial grain
with environmental beneﬁts, has enabled bran removal. Thus, determination of optimum milling
conditions for production of reﬁned ﬂours is warranted. This study explored the eﬀect of tempering
conditions on intermediate wheatgrass ﬂour properties, namely composition, color, solvent retention
capacity, starch damage, and polyphenol oxidase activity. Changes in ﬂour attributes were evaluated
via a 3 × 3 × 2 factorial design, with factors targeting moisture (comparing un-tempered controls
to samples of 12% and 14% target moisture), time (4, 8, and 24 h), and temperature (30 and 45 ◦ C).
All investigated parameters were signiﬁcantly aﬀected by target moisture; however, samples tempered
to 12% moisture showed few diﬀerences to those tempered to 14%. Similarly, neither tempering time
nor temperature exerted pronounced eﬀects on most ﬂour properties, indicating water uptake was
fast and not dependent on temperature within the investigated range. Lactic acid retention capacity
signiﬁcantly correlated with ash (r = −0.739, p < 0.01), insoluble dietary ﬁber (r = −0.746, p < 0.01),
polyphenol oxidase activity (r = −0.710, p < 0.01), starch content (r = 0.841, p < 0.01), and starch
damage (r = 0.842, p < 0.01), but not with protein (r = 0.357, p > 0.05). In general, tempering resulted
in ﬂour with less bran contamination but only minor losses in protein.
Keywords: ﬂour reﬁnement; intermediate wheatgrass; sustainability; tempering; bran

1. Introduction
Consumers are increasingly interested in sustainably produced food ingredients, and alternative
agricultural models have emerged to emphasize factors such as diversity and environmental concerns [1].
Perennial grains have the potential to become serious contenders in the cereal market place, provided
that their quality matches the requirements of manufacturers as well as expectations of consumers [2].
The motivation for their use stems from their eﬃcient use of water, fertilizers, and soil nutrients because
of their extended root systems [3]. For instance, it has been shown that cultivation of the perennial
grain intermediate wheatgrass (Thinopyrum intermedium, IWG) dramatically lowers environmental
strains such as nitrate leaching [4].
Aside from sustainability aspects, the nutritional proﬁle of IWG is one of its advantages for
food use, due to protein and dietary ﬁber contents that surpass those of many other cereal grains,
including wheat [5–7]. However, the protein makeup of IWG diﬀers from wheat, speciﬁcally by being
deﬁcient in high-molecular weight glutenins [6,7], with deleterious eﬀects on dough elasticity and
gas holding properties [6,8]. The short domestication history of this perennial grain is reﬂected in
a rather narrow endosperm, which, however, has been successfully increased by breeding eﬀorts.
Even though IWG kernel width is still signiﬁcantly lower than for wheat [8], reﬁnement of newer
breeding materials is possible, which has been shown to retain most of the protein, while reducing
especially the insoluble ﬁber portion [8]. In order to explore additional uses for IWG as a standalone
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food ingredient, processing conditions to better separate the endosperm from the bran fraction need
to be investigated. Many cereal applications involve the use of ﬂour, and, thus, milling is one of
the most important processes to improve end-use characteristics of cereals. One strategy for doing
so is by altering the moisture contents of kernels prior to milling. This tempering operation can
increase milling eﬃciency [9] and aﬀect parameters relevant for ﬁnal application of the resulting
ﬂour. As there are currently no tempering conditions established for IWG, this study explored the
eﬀects of kernel moisture, tempering temperature, and tempering time on chemical characteristics
of IWG. Speciﬁcally, IWG kernels were subjected to diﬀerent tempering conditions in a 3 × 3 × 2
factorial design. Kernels were incubated at either 30 or 45 ◦ C for 4, 8, or 24 h. Nontempered kernels
were compared to those where water had been added to achieve either 12% or 14% target moisture.
Flour samples were analyzed for composition (ash, protein, starch, and dietary ﬁber), polyphenol
oxidase (PPO) activity, color, solvent retention capacity (SRC), and starch damage. Initial work on
IWG incorporation into baked goods utilized it in whole-grain form [6]. In a previous study, properties
of doughs made of completely, partially, and unreﬁned IWG were compared, as well as the inﬂuence
of addition of commercial dough conditioners on these properties in relation to reﬁnement [8]. It was
noticed that dough conditioners had more pronounced eﬀects on dough properties in completely
reﬁned IWG [8]. In addition, crumb characteristics of breads were improved when ascorbic acid was
part of the recipes, but only when ﬂours had been completely reﬁned [10]. However, the ﬂours used in
these experiments had not been tempered before milling; therefore, additional reﬁnement due to better
bran separation may have yielded further enhanced properties. Thus, this study is part of a wider
reaching eﬀort to improve IWG functionality for baking applications to facilitate its incorporation
into a wide array of products with desirable properties. The overall objective of this wider study is to
optimize the tempering conditions of IWG for end use applications. For this study, we focused on the
eﬀects of tempering on the chemical composition, color, solvent retention capacity, starch damage, and
polyphenol oxidase activity.
2. Materials and Methods
IWG variety MN1503 was grown and harvested in Becker, Minnesota, USA. All chemicals used
were of reagent grade or higher. Tempering as well as chemical analyses were carried out according
to American Association of Cereal Scientists International (AACCI) oﬃcial methods [11] unless
otherwise noted.
Samples were tempered in duplicates at 4, 8, or 24 h at either 30 or 45 ◦ C. Kernels were either
used at intrinsic moisture (i.e., no water added) as controls or tempered to 12% ± 0.5% or 14% ± 0.5%
target moisture. Tempering was performed by weighing 50 g of IWG kernels into air-sealed glass jars,
to which the required amount of tempering water was added, hand mixed using a spatula for 60 s,
shaken for another 60 s to ensure equal distribution of water, and tempered in an incubator at each
condition with ﬁxed relative humidity of 50%. The amount of tempering water to be added to each
tempering condition was calculated as per AACCI method 26-10.02.
At the end of each tempering condition, duplicates of 1 g of kernels were removed for whole kernel
moisture analysis via AACCI method 44-16.01, and remaining kernels were milled using a Brabender
Quadrumat Junior mill (Model12-02-000, C.W. Brabender Instruments, Hackensack, NJ, USA). To avoid
ﬂour losses, bran was sifted manually using a 250 μm sieve plate. Flour with particle sizes >250 μm
was collected as bran and ﬂour with particle sizes <250 μm as endosperm. Moisture contents of the
freshly milled ﬂour were determined on an Ohaus MB45 (Parsippany, NJ, USA).
Flours were analyzed for ash (AACCI method 08-01.01), protein (AACCI method 46-30.01) on a
Leco FP 828 (Leco 165 Corporation, St. Joseph, MI, USA), color (AACCI method 14.22.01) Chroma Meter
CR-221 (Minolta Camera Co., Osaka, Japan), dietary ﬁber (AACCI method 32-07.01), SRC (AACCI
method 56-11.02), total starch (AACCI method 76-13.01), and starch damage (AACCI method 76-31.01).
For dietary ﬁber, total and damaged starch, test kits from Megazyme (Wicklow, Ireland) were used.
The activity of polyphenol oxidases (PPOs) were determined in ﬂour based on a previously reported
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procedure [12]. Brieﬂy, 200 mg of ﬂour were used to assess oxidation of 3,4-dihydroxy-l-phenylalanine
by measuring A475 of its conversion product on a UV1800 (Shimadzu, Columbia, MD). The substrate
was dissolved in 50 mM 3-morpholinopropane-1-sulfonic acid buﬀer adjusted to pH 6.5 with HCl,
containing 0.02% Tween-20. Samples were shaken for 1 h on a Fisher Pulsing Vortex mixer operated at a
speed setting of 2500 (Fisher Scientiﬁc, Waltham, MA, USA). Enzyme activity is reported as absorbance
change ΔA475 min−1 g−1 ﬂour dry basis, as outlined previously [12].
Three-way analysis of variance (ANOVA) was performed in R (version 3.1.0, R Core Team, 2013)
using target moisture, tempering time, and temperature as factors. All analyses were carried out at
least in duplicate and are reported as means on a dry basis ± standard deviation. Diﬀerences among
means were considered signiﬁcant if p < 0.05 and were compared within each factor. Only signiﬁcant
diﬀerences and correlations are reported. One-way ANOVAs followed by least signiﬁcance diﬀerence
(LSD) tests were run in R to evaluate diﬀerences according to target moisture and tempering time.
Paired t-tests were conducted in Microsoft Excel® (2013) to evaluate diﬀerences according to tempering
temperature. Pearson-type correlation coeﬃcients and principal component analyses were done in R
to summarize relationships among the data.
3. Results and Discussion
3.1. Flour and Kernel Moisture Uptake During Tempering
Target moisture exerted the greatest eﬀect on kernel as well as ﬂour moisture, in comparison to
temperature and time (Table 1). For all tempering conditions, nontempered samples had signiﬁcantly
lower ﬂour and kernel moisture than samples tempered to 12% or 14% moisture. The fact that these
diﬀerences were already signiﬁcant after 4 h indicated rapid water uptake. The observed diﬀerences in
the moisture contents of the nontempered samples shown in Table 1 were due to the fact that kernel
moisture was determined prior to each tempering experiment, even though kernels were from the
same batch. This was necessary because not all tempering experiments could be performed on the
same day. Incubation time only aﬀected kernel moisture values obtained for nontempered samples
at 30 ◦ C and IWG tempered to 12% target moisture at 45 ◦ C. The length of tempering did not cause
signiﬁcant diﬀerences in ﬂour moisture of samples tempered to either 12% or 14% target moisture.
In wheat, tempering times are often optimized for cultivars, and lengths of 1–24 h are common [13].
However, water uptake is not uniform across grain tissue layers because of the diﬀerences in water
permeability [13]. Ultimately, the goal of tempering is to facilitate separation of endosperm and bran
by plasticizing the former while concomitantly toughening the latter.
For samples with 14% target moisture, more variability between replicate tempering treatments
was observed, and not all samples reached the intended 14% level, which resulted in the diﬀerences
between 12% and 14% target moisture as not being signiﬁcant. Regardless of tempering conditions,
ﬂour moisture was lower than the corresponding kernel moisture. This could be due to the loss
of moisture from the ﬂour during the milling process. As seen in Table 1, target moisture showed
signiﬁcant diﬀerences in the ﬂour moisture values recorded for all samples, excluding tempering
conditions 30 ◦ C 24 h 12% and 30 ◦ C 24 h 14% wherein no signiﬁcant diﬀerences were observed.
Tempering temperature did not signiﬁcantly aﬀect kernel moisture except for samples tempered for
8 h to 12% or 14% target moisture. Moreover, temperature did not signiﬁcantly aﬀect ﬂour moisture of
any samples tempered to 12% and 14% target moisture.
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Table 1. Intermediate wheatgrass kernel and ﬂour moisture as aﬀected by tempering conditions.
Incubation Time

30 ◦ C
4h

8h

24 h

Target Moisture (%)

Kernel

Flour

Kernel

Flour

Kernel

NT 1
12
14
45 ◦ C

8.85 ± 0.05 c
11.88 ± 0.27 b
13.93 ± 0.35 a

8.94 ± 0.04 C *
10.68 ± 0.07 B
12.06 ± 0.20 A

9.00 ± 0.05 c
12.10 ± 0.06 b *
14.07 ± 0.01 a *

9.22 ± 0.15 C
10.09 ± 0.07 B
12.02 ± 0.23 A

9.22 ± 0.02 c
11.51 ± 0.49 b
13.45 ± 0.48 a

Target Moisture (%)

Kernel

Flour

Kernel

Flour

Kernel

Flour

NT
12
14

8.72 ± 0.03 b
12.62 ± 0.06 a
13.42 ± 0.54 a

8.59 ± 0.02 C *
11.21 ± 0.11 B
12.32 ± 0.09 A

9.02 ± 0.25 c
12.01 ± 0.06 b *
13.61 ± 0.01 a *

9.09 ± 0.14 C
11.05 ± 0.06 B
12.06 ± 0.14 A

9.09 ± 0.03 c
11.76 ± 0.05 b
13.45 ± 0.01 a

8.26 ± 0.10 C
11.17 ± 0.03 B
12.24 ± 0.03 A

4h

8h

Flour
8.47 ± 0.02 B
10.7 ± 0.45 A
11.44 ± 0.20 A
24 h

NT, nontempered control ﬂours. Diﬀerent letters represent signiﬁcant (p < 0.05) diﬀerences among samples
incubated at the same temperature for the same length of time, but to diﬀerent target moistures. Lowercase letters
denote diﬀerences for kernels; uppercase letters indicate diﬀerences among ﬂour samples. Asterisks represent
diﬀerences due to incubation temperature.
1

3.2. Color
Similar to ﬂour and kernel moisture, the target moisture was the most impactful factor on color
(Table 2). All samples tempered to 12% or 14% target moisture had signiﬁcantly lower a values, and
most also had signiﬁcantly higher L and b values. Thus, tempering resulted in ﬂours that were lighter,
less reddish/brown, but more yellow than nontempered controls. These results indicate successive
changes in ﬂour reﬁnement with increased target moisture, as darker, more reddish/browner but
less yellow samples contain more bran. No signiﬁcant diﬀerences according to tempering length or
temperature were detected.
Table 2. Color of intermediate wheatgrass ﬂour subjected to diﬀerent tempering conditions.
Incubation Time/Temperature

L
4h

8h

24 h

Target Moisture (%)

30 ◦ C

45 ◦ C

30 ◦ C

45 ◦ C

30 ◦ C

45 ◦ C

NT
12
14
a
NT
12
14
b
NT
12
14

85.90 ± 0.63 b
88.34 ± 0.11 a
88.57 ± 0.25 a

85.35 ± 0.86 b
87.89 ± 0.22 a
88.25 ± 0.14 a

85.75 ± 0.43 b
88.09 ± 0.17 a
88.72 ± 0.01 a

86.25 ± 0.31
88.03 ± 0.26
88.51 ± 0.22

84.70 ± 0.28 b
86.84 ± 1.25 ab
88.98 ± 0.04 a

86.11 ± 0.59 b
87.76 ± 0.35 a
88.14 ± 0.07 a

−6.19 ± 0.06 a
−6.93 ± 0.05 b
−7.15 ± 0.11 b

−5.99 ± 0.00 a
−7.05 ± 0.07 b
−7.14 ± 0.02 b

−5.86 ± 0.04 a
−6.83 ± 0.07 b
−7.06 ± 0.11 b

−6.07 ± 0.16 a
−6.93 ± 0.08 b
−7.23 ± 0.06 b

−5.52 ± 0.35 a
−6.58 ± 0.19 b
−7.08 ± 0.13 b

−6.10 ± 0.11 a
−6.78 ± 0.07 b
−7.09 ± 0.05 c

19.24 ± 0.69 b
20.32 ± 0.06 ab
21.32 ± 0.33 a

18.95 ± 0.11 c
20.56 ± 0.03 b
21.34 ± 0.36 a

18.90 ± 0.29 c
20.35 ± 0.31 b
21.40 ± 0.07 a

19.33 ± 0.23 c
20.69 ± 0.48 b
21.84 ±0.31 a

18.27 ± 0.65
19.58 ± 1.14
21.32 ± 0.13

19.24 ± 0.56 b
20.51 ± 0.34 ab
21.29 ± 0.35 a

NT, nontempered control ﬂours. Diﬀerent lowercase letters represent signiﬁcant (p < 0.05) diﬀerences among
samples incubated at the same temperature and for the same length, but tempered to diﬀerent target moistures (i.e.,
across columns). Target moisture did not signiﬁcantly aﬀect L values of samples incubated at 45 ◦ C for 8 h and b
values of samples incubated at 30 ◦ C for 24 h.
1

3.3. Flour Composition
3.3.1. Ash, Insoluble Dietary Fiber, and Protein
Cereal bran in general, and IWG bran in particular, is richer in ash and dietary ﬁber (particularly
insoluble dietary ﬁber) than reﬁned ﬂour [8]. Thus, higher ash values are often taken as a proxy for bran
contamination of endosperm [9]. Target moisture signiﬁcantly aﬀected ash and insoluble dietary ﬁber
in a similar way as observed for color (Table 2): all nontempered control ﬂours contained signiﬁcantly
more ash and insoluble ﬁber than samples tempered to either 12% or 14% target moisture. In contrast,
reﬁnement did not always lead to protein loss when considering values on a dry basis. It has been
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shown before that IWG surpasses many other cereals, including wheat, in protein content [5–8], and
this characteristic is maintained over the reﬁnement process. From a nutritional perspective, a target
moisture of 12% may be more desirable than 14% since it often results in more insoluble ﬁber, while not
diﬀering in ash contents to those samples. However, future studies would need to evaluate if dough
rheological properties are diﬀerent between such samples. It was previously observed that dough
viscoelasticity of IWG is detrimentally aﬀected by the presence of bran [8]. The eﬀects of tempering
time and temperature on the compositional attributes reported in Table 3 were minor compared to
target moisture. However, tempering for 8 h at 45 ◦ C resulted in lower ash contents than tempering for
4 or 24 h.
Ash and insoluble dietary ﬁber contents displayed signiﬁcant, negative correlations with L (−0.849
and −0.909, respectively; p < 0.01 for both) and b values (r = −0.824 and −0.887, respectively, p < 0.01
for both) and signiﬁcant and positive correlations with a values (r = 0.898 and 0.934, respectively,
p < 0.01 for both). The negative relationship between lightness and ash contents has been reported
numerous times for other cereal ﬂours, notably wheat [14] and rye milling fractions [15]. However,
for rye it was observed that lighter ﬂours were not only less red, but also less yellow, because of the
lower brownness [15]. This discrepancy to IWG may be related to diﬀerences in carotenoid contents
since these would contribute to yellowness more than to redness. The contents of zeaxanthin, and
especially lutein, in IWG exceeded ranges reported for many other cereals such as wheat [7] and are
the reason for high b values (Table 2) in comparison to ﬂours from, for example, wheat [16]. In contrast
to the relation between color values and ash, correlations between L, a, and b to protein contents were
not signiﬁcant. Protein did, however, exhibit a positive correlation with ash (r = 0.843, p < 0.01) but not
with insoluble dietary ﬁber.
Table 3. Ash, insoluble dietary ﬁber, and protein contents of intermediate wheatgrass ﬂour (g/100 g,
dry basis) as aﬀected by tempering conditions.
Incubation Time/Temperature
Target Moisture (%)

4h
30 ◦ C

8h
45 ◦ C

30 ◦ C

24 h
45 ◦ C

30 ◦ C

45 ◦ C

Ash
NT 1
12
14
Insoluble dietary ﬁber
NT
12
14

0.82 ± 0.00
aB

0.80 ± 0.04 a

0.90 ± 0.01 aB

0.79 ± 0.01 a

1.02 ± 0.05 aA

0.77 ± 0.03 a

0.69 ± 0.01 b
0.68 ± 0.04 b

0.66 ± 0.01 bA
0.67 ± 0.02 b

0.70 ± 0.04 b
0.71 ± 0.03 b *

0.59 ± 0.01 bB
0.65 ± 0.03 b *

0.71 ± 0.02 b *
0.70 ± 0.03 b

0.63 ± 0.02 bA *
0.64 ± 0.01 b

5.81 ± 0.39 a
4.39 ± 0.51 b
2.37 ± 0.02 cB

7.45 ± 0.12 aA
3.90 ± 0.22 b
3.97 ± 0.28 bA

6.83 ± 0.55 a
4.07 ± 0.50 b
2.79 ± 0.96 bB *

6.93 ± 0.24 aA
4.31 ± 0.41 b
4.00 ± 0.00 bA *

8.50 ± 1.18 a
4.55 ± 0.43 b
4.69 ± 0.12 bA

6.46 ± 0.31 aB
3.65 ± 0.17 b
3.22 ± 0.18 bB

19.25 ± 0.10
19.34 ± 0.19
19.04 ± 0.05

19.45 ± 0.06 aAB
19.19 ± 0.02 b
19.11 ± 0.10 b

19.35 ± 0.14
19.39 ± 0.05
19.48 ± 0.29

19.57 ± 0.08a A
19.21 ± 0.03 b
18.99 ± 0.06 c

19.01 ± 0.06 b
19.37 ± 0.04 a
19.16 ± 0.06 b

19.28 ± 0.03 B
19.26 ± 0.02
19.27 ± 0.09

Protein
NT
12
14
1

NT, nontempered control ﬂours. Diﬀerent lowercase letters signify diﬀerences among samples incubated according
to target moisture (i.e., across columns). Diﬀerent uppercase letters denote diﬀerences among samples according to
tempering time, and asterisks represent diﬀerences due to incubation temperature.

3.3.2. Starch and Damaged Starch
The ash and insoluble ﬁber reductions achieved via tempering were reﬂected in signiﬁcantly
higher starch contents with higher target moisture (Figure 1a,b). This was the case at both tempering
temperatures and for all incubation times except for 4 h at 30 ◦ C, where the diﬀerence between
nontempered control ﬂour and 12% target moisture was not signiﬁcant. As observed for color and the
other evaluated constituents (Table 3), few diﬀerences between tempering length and temperature
were signiﬁcant. The starch values observed here were higher than in previous studies [5–7], which,
however, had been measured on whole-grain IWG from diﬀerent breeding stages.
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The increases in starch contents coincided with increases in starch damage, which ranged from
3.04% ± 0.10% to 8.78% ± 0.24% (Figure 1a,b). While the values at the low range were in line with
previous reports [17], and comparable to some soft wheat varieties [18,19] or rye [15], the values at the
upper range were closer to medium-hard [20] or even hard wheat varieties [21]. Diﬀerent from the
compositional attributes shown in Table 3, tempering temperature caused more diﬀerences among
samples. Except for samples incubated for 24 h at 12% target moisture, all tempered samples had
signiﬁcantly higher starch damage when incubated at 45 ◦ C. Starch and starch damage exhibited
signiﬁcant, positive correlations with L (r = 0.760 and 0.692, respectively; p < 0.01 for both) and
b (r = 0.807 and 0.809, respectively; p < 0.01 for both) and signiﬁcant, negative correlations with a
(r = −0.817 and −0.767, respectively, p < 0.01 for both). These relationships essentially indicate that
all these parameters assess the extent of IWG reﬁnement. While tempering may reduce the extent of
starch damage by softening the kernels, some studies have found more starch damage in reﬁned than
whole wheat ﬂours and attributed this to starch dilution by bran in whole wheat [19]. At high extents,
starch damage can negatively inﬂuence product properties (e.g., lower functionality and sensory
properties [22]), but below a certain threshold it may also be beneﬁcial for product quality [23].

Figure 1. Starch and damaged starch contents in (a) samples incubated at 30 ◦ C and (b) samples
incubated at 45 ◦ C. Lowercase letters reﬂect diﬀerences according to target moisture, uppercase
letters illustrate diﬀerences due to incubation time, and asterisks represent diﬀerences due to
incubation temperature.

3.4. Polyphenol Oxidase (PPO) Activity
Aside from ash contents, PPO activity is often cited as another indicator of bran contamination [9].
PPO activity can lead to discoloration and specks in products such as noodles. The values observed
in our study were similar to those reported for PPO activity in wheat ﬂour [12] and follow the same
pattern as color, ash, and insoluble ﬁber data: nontempered controls had signiﬁcantly higher PPO
activity than samples of 12% or 14% target moisture, while incubation time and temperature had
comparably minor eﬀects (Figure 2a,b). Thus, similar to previous studies [9], PPO activity reﬂected
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reﬁnement increases brought about by tempering and, consequently, was highly, positively correlated
with a values (r = 0.895, p < 0.01), ash (r = 0.843, p < 0.01), and insoluble dietary ﬁber (r = 0.921,
p < 0.01) and negatively correlated with starch (r = −0.727, p < 0.01), L (r = −0.890, p < 0.01), and b
values (r = −0.808, p < 0.01). However, there was no signiﬁcant correlation between PPO activity and
protein contents (Table S1) because bran reduction did not decrease protein contents to a similar extent
than it reduced PPO activity (Table 3). The low PPO activity in combination with high b values of the
tempered IWG ﬂours makes them attractive candidates for product applications such as noodles.

Figure 2. Polyphenol oxidase activities in (A) samples incubated at 30 ◦ C and (B) samples incubated at
45 ◦ C. Lowercase letters reﬂect diﬀerences according to target moisture, uppercase letters illustrate
diﬀerences due to incubation time, and asterisks represent diﬀerences due to incubation temperature.

3.5. Solvent Retention Capacity
Flour swelling in lactic acid is related to gluten formation and is, thus, related to protein
quality [24]. For samples tempered at 30 ◦ C for 4 or 24 h, as well as samples tempered at 45 ◦ C for
4 or 8 h, nontempered controls had signiﬁcantly lower lactic acid SRCs than samples of 12% or 14%
target moisture (Table 4). While the lactic acid SRC values were lower than for hard wheat, they
were higher than previously reported for reﬁned IWG [17]. This indicates that when the extent of
reﬁnement is increased, IWG ﬂours develop stronger protein networks, which would be beneﬁcial
for the manufacture of products that require gas holding properties. The fact that several tempering
conditions resulted in ﬂour with signiﬁcantly increased lactic acid SRC may be related to lower bran
contents in these ﬂours and, thus, less interference with protein network formation. In a previous
study on IWG, bran addition to reﬁned IWG resulted in changes in protein secondary structure
distributions, with reﬁned IWG having signiﬁcantly fewer β-sheets, but more β-turns, than whole
IWG [8]. Such changes reﬂect water redistribution, due to bran constituents, and a less hydrated
protein network in whole IWG according to the loop and train model [25]. Thus, a higher lactic
acid SRC may be indicative of better viscoelastic properties, which need to be evaluated in future
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studies. Lactic acid SRC was positively correlated with L (r = 0.805, p < 0.01), b (r = 0.831, p < 0.01),
starch content (r = 0.841, p < 0.01), and also starch damage (r = 0.842, p < 0.01); accordingly, negative
correlations were present with a (r = −0.837, p < 0.01), ash (r = −0.739, p < 0.01), insoluble dietary
ﬁber (r = −0.746, p < 0.01), and PPO activity (r = −0.710, p < 0.01). Several previous studies have
shown correlations between lactic acid SRC and protein or gluten content [21]; however, correlations
with protein content were not always present when diﬀerent wheat varieties were compared to each
other [26]. Since, overall, gluten network formation, and consequently baking quality, is aﬀected by
the interplay among ﬂour polymers, most importantly gluten-forming proteins, damaged starch, and
arabinoxylans [24]. There are also reports that indicates that lactic acid SRC correlations with starch
content may not always be signiﬁcant and can be positive [27,28]. The positive correlations of lactic
acid SRC with L, b, and starch as well as the negative correlations with a, ash, and insoluble dietary
ﬁber are likely a reﬂection of the increasing degree of reﬁnement brought upon by tempering. The lack
of a signiﬁcant correlation with protein likely is due to protein contents remaining relatively constant
after tempering; thus, the increase in starch came at the expense of insoluble ﬁber.
Table 4. Solvent retention capacity (SRC) of tempered intermediate wheatgrass ﬂour.
Incubation Time/Temperature

Lactic Acid SRC
4h

8h

24 h

Target Moisture (%)

30 ◦ C

45 ◦ C

30 ◦ C

45 ◦ C

30 ◦ C

45 ◦ C

NT 1
12
14
Sodium carbonate SRC
NT
12
14
Sucrose SRC
NT
12
14
Water SRC
NT
12
14

93.7 ± 1.3 bA
100.8 ± 1.1 aA *
103.2 ± 0.2 a

96.9 ± 1.7 bA
107.2 ± 0.9 a *
102.8 ± 1.4 a

88.9 ± 0.0 B
95.5 ± 0.4 B
106.5 ± 8.0

88.1 ± 0.9 bB
105.5 ± 0.9 a
104.4 ± 1.3 a

92.8 ± 0.8 bA
97.8 ± 0.8 bB *
112.2 ± 6.1 a

94.0 ± 0.8 A
105.4 ± 0.7 *
109.6 ± 7.5

111.0 ± 0.2 *
109.2 ± 1.5 *
108.4 ± 0.8

115.9 ± 1.2 aB *
113.6 ± 0.3 ab *
110.1 ± 1.5 b

112.6 ± 3.9 *
108.1 ± 2.1 *
111.5 ± 1.4

129.0 ± 3.9 aA *
110.9 ± 3.1 b *
113.7 ± 0.2 b

121.8 ± 4.7 a *
105.2 ± 2.8 b
110.5 ± 3.2 ab *

132.7 ± 1.9 aA *
112.1 ± 0.6 b
114.2 ± 1.4 b *

131.1 ± 1.4 b
149.3 ± 3.2 a
147.0 ± 6.2 a

130.4 ± 4.5 b
150.2 ± 0.1 a
147.4 ± 1.3 a

123.3 ± 0.5 b
124.9 ± 2.2 b
139.6 ± 3.9 a

126.7 ± 3.7
132.2 ± 8.0
143.7 ± 0.9

142.5 ± 14.2
128.8 ± 10.9
141.3 ± 3.7

143.8 ± 17.6
139.9 ± 3.4
140.9 ± 3.2

89.1 ± 0.4
87.4 ± 1.5 *
89.6 ± 0.9 *

88.4 ± 1.6 b
91.9 ± 1.0 aA *
93.1 ± 0.0 aAB *

91.6 ± 1.5 a
86.3 ± 0.8 b
89.1 ± 0.9 ab *

86.3 ± 0.4 b
86.8 ± 1.7 bB
91.4 ± 0.5 aB *

94.5 ± 3.6 *
86.0 ± 3.2
92.1 ± 5.1

87.9 ± 1.0 b *
89.1 ± 0.0 bAB
94.0 ± 0.8 aA

1

NT, nontempered control ﬂours. Lowercase letters show diﬀerences according to target moisture, uppercase letters
represent diﬀerences due to incubation time, and asterisks indicate diﬀerences due to incubation temperature.

Swelling of flour in sodium carbonate solution is the result of starch damage [24]. However, sodium
carbonate SRC followed a similar, yet less pronounced, pattern as all parameters that increased with
bran contamination. In particular, nontempered samples incubated at 45 ◦ C had significantly higher
sodium carbonate SRC values than samples incubated for the same time to either 12% or 14% target
moisture (Table 4). These results align with reports of tempering softening kernels and facilitating the
separation of endosperm from bran layers without rupturing starch granules [29]. However, they were
not significantly correlated to the results of the starch damage assay, which measures starch digestion via
amylase. In addition, microscopy of granules would be informative. Sodium carbonate SRC exhibited
significant, but moderate, correlations with L (r = −0.527, p < 0.05), a (r = 0.566, p < 0.05), insoluble fiber
(r = 0.605, p < 0.01), starch content (r = −0.557, p < 0.05), and PPO activity (r = 0.564, p < 0.05).
Sucrose SRC is mediated by arabinoxylan swelling, which is an important constituent of IWG
dietary ﬁber [30]. These results showed correlations of similar, moderate magnitudes than sodium
carbonate SRC, but relationships were inverted: sucrose SRC had a signiﬁcant, positive correlation
with b values (r = 0.485, p < 0.05) and starch damage (r = 0.614, p < 0.01) and negative correlations with
a (r = −0.487, p < 0.05) and protein (r = −0.598, p < 0.01).
SRC in water is aﬀected by all ﬂour polymers [24] but was a less informative parameter for our
sample set. Only correlations with protein (r = −0.627, p < 0.01) and starch damage (r = 0.500, p < 0.05)
were signiﬁcant.
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Previously, reﬁned but nontempered IWG was reported to have lactic acid SRC, sodium carbonate
SRC, sucrose SRC, and water SRC of 78.7, 98.1, 107.2, and 73.3, respectively [17]. Thus, the additional
reﬁnement achieved via tempering resulted in increases in SRC values for all solvents (Table 4).
3.6. Principal Component Analysis
The characteristics of the ﬂour samples were summarized via a principal component analysis
where the ﬁrst two principal components accounted for >80% of the variability in the data set
(Figure 3). Nontempered controls were distinctly separated from samples of 12% and 14% target
moisture via principal component 1, which was negatively correlated with a, insoluble dietary ﬁber,
ash, and PPO activity, while L, b, starch contents, and lactc acid SRC had high, positive correlations.
Principal component 2 was positively correlated with protein contents and negatively correlated with
water SRC. However, potentially because of the low variability in these properties, sample groups
could not be eﬀectively separated via principal component 2. As a result, diﬀerentiation between
samples of 12% to those of 14% target moisture could not be achieved. In addition, samples could also
not be separated based on incubation temperature or time (Figure S1a,b).

Figure 3. Principal component (PC) analysis of intermediate wheatgrass ﬂours obtained via various
tempering conditions.

4. Conclusions
This study has shown that tempered IWG samples have signiﬁcantly diﬀerent ﬂour properties
compared to nontempered controls. Rapid moisture uptake resulted in few signiﬁcant diﬀerences
in kernel or ﬂour moisture among samples, which likely aﬀected all other evaluated parameters.
Tempering produced lighter, less brown, more yellow ﬂour with more starch as well as more damaged
starch, but it reduced polyphenol oxidase activity. To better establish the tempering parameters for
IWG, future work will assess the functional attributes of tempered and reﬁned IWG ﬂours.
Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/8/337/s1,
Figure S1: Principal component (PC) analysis of intermediate wheatgrass ﬂour obtained after diﬀerent tempering
treatments. Ellipses represent sample categorization via (a) temperature; (b) incubation time, Table S1: Pearson
correlation coeﬃcients among intermediate wheatgrass ﬂour parameters.
Author Contributions: Conceptualization, G.A.A. and T.S.; methodology, C.T., G.A.A. and T.S.; formal analysis,
C.T. and R.B.; investigation, C.T. and R.B.; resources, G.A.A; original draft preparation, C.T.; writing—review and
editing, G.A.A., R.B. and T. S.; visualization, C.T.; supervision, G.A.A.; project administration, G.A.A.; funding
acquisition, G.A.A. and T.S.
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