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Abstract

Legumes are seen as an alternative protein source in the future. Germinated bean flours are increasingly incorpo-
rated into food formulations owing to their enhanced nutritional profiles. This study focuses on the development
of novel gluten-free rice flour muffins enriched with five types of germinated bean flours: haricot bean, kidney
bean, black bean, mung bean, and red bean flours. The research examines the impact of these germinated bean
flours on the rheological properties of the muffin batter, as well as the physicochemical, bioactive, and sensory
characteristics of the resulting muffins. It was found that adding germinated bean flours did not change the water
retention capacity of rice flours but increased their oil retention capacity. Moisture content differed with ger-
minated bean flours, and the lowest moisture content was determined in muffins containing kidney beans. The
ash and protein ratio was found to be higher in muffins containing germinated legume flour. Protein content
ranged between 8.82% and 13.56%, with the highest protein content determined in MMB muffins. The highest
total phenolic content (TPC) values were determined in the muffin samples containing germinated mung bean
flour, with the lowest observed in the control rice muffin samples. The germinated haricot bean and black bean
flour-containing samples had similar phenolic content, with the highest determined in the germinated mung bean
flour muffin samples. The antioxidant activities of the muffins were found to be statistically significant, with DPPH
results in the 8.67 to 50.25 range. All n values of the batters were found below 1, also indicating non-Newtonian
shear-thinning behavior. Germinated bean flours increased the consistency and viscoelastic structure of the bat-
ters. The batters of MRB muffins showed the highest regeneration and stiffness properties. Although germinated
legume flours increased the hardness of the muffins during storage, it was determined that it was lower than the
control wheat muffins and contributed positively to chewiness. MHB, MWC, and MBB were liked the most and
were checked against MRC muffins, receiving higher scores. Germinated flour addition had a slowing effect on
yeast and mold proliferation in muffins.
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Introduction drought, and scarcity of productive soils. There is also an
increasing demand for foods rich in protein to address
Currently, sustainability has come to the forefront due nutrient deficiencies among humans (Benitez et al,

to the increasing world population, climate change, 2013; Sridhar & Seena, 2006). The growing popularity
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of vegan consumption styles and the need for innova-
tive products that do not contain gluten for consumers
with celiac disease have led to a higher demand for cereal
products (Giraje & Hedaoo, 2019). From this perspec-
tive, plant proteins appear to be a focus for solutions to
the demand for new food types with high nutrient value
and functional benefits, linked to scarcity, diseases, and
changes in consumption habits (Guajardo-Flores et al.,
2017; Maclnnis & Hodson, 2021; Movahhed et al., 2020).
At the same time, legumes are emerging as an alternative
protein source for the future with sustainable produc-
tion (Benitez et al., 2013; Martin-Cabrejas et al., 2008;
Ohanenye et al., 2020). Germination or sprouting, a
selective and effective method for grains and legumes, has
been shown to increase components like proteins, free
amino acids, soluble carbohydrates, minerals, and vita-
mins (Laila & Murtaza, 2014; Liu et al., 2018; Onimawo
& Asugo, 2004). Additionally, germination is an effective
approach to reducing or potentially eliminating antinu-
tritional compounds present in legumes (Atudorei, Stroe,
& Codina, 2021). Among cereal products, muffins are
commonly chosen by consumers and can be prepared
with diverse formulations, making them a suitable option
to incorporate legumes in a more flavorful way (Bravo-
Nafez & Gémez, 2023; Kaur & Kaur, 2018; Koten, 2021).
Since gluten plays an important role in product quality,
its absence can lead to technological challenges (Torbica
et al., 2010; Wesley et al., 2021). Although rice flour is one
of the most suitable cereal flours for preparing gluten-free
products, it is deficient in terms of technological quality
features and nutrients. To improve certain properties of
the formulation and address these deficiencies, there is a
need to develop new recipes by adding (Lovis, 2003; Rai
et al., 2014; Wesley et al., 2021) or combining (Mancebo
et al., 2016; Wesley et al., 2021) other agents containing
protein or starch. Germinated legume flours have been
utilized to improve the nutritional profile and extend
the shelf life of wheat flour muffins. The incorporation of
guar bean flour into muffins has been shown to enhance
sensory attributes and extend shelf life (Sharma et al,
2016). Similarly, the addition of germinated Moringa seed
flour has been reported to increase protein, fiber, and
mineral content without negatively affecting texture or
sensory qualities (Chinma et al., 2014). Limited research
has addressed the impact of germinated bean flours
on the quality of gluten-free muffins. Previous studies
demonstrated that germinated chickpea flour improved
the quality and nutritional profile of gluten-free rice flour
muffins (Gadallah, 2017). Additionally, the inclusion of
germinated mung bean flour increased the specific vol-
ume and porosity of gluten-free muffins (Balighi et al.,
2024). To date, no comprehensive study has investigated
the effects of germinated bean flours in detail. This study
aimed to present detailed information about the effect
of germinated bean flour addition on gluten-free muffin
production. For this purpose, five different germinated

bean flours were used to develop novel gluten-free rice
muffins, examining both the rheological properties of
the batter—using four distinct rheological tests—and the
quality attributes of the resulting muffins. The research
encompassed physicochemical analyses, bioactive prop-
erties, textural characteristics, and sensory evaluations to
provide a holistic assessment of the impact of germinated
bean flours on gluten-free muffin quality.

Material and Method

Materials

Rice flour (Dola, Ankara), wheat flour, and other muffin
ingredients (eggs, baking powder, milk, sugar, hydroge-
nated oil, vanilla powder), as well as legumes (haricot
bean, kidney bean, black bean, mung bean, and red bean)
from Reis (Istanbul), were procured from a local super-
market in Istanbul, Turkey. The chemicals used in the
study were supplied by Merck (Darmstadt, Germany).

Germination of Legumes

The legumes (haricot bean, kidney bean, black bean,
mung bean, and red bean) were drained and cleaned.
They were soaked in tap water (25+2 °C) twice a day and
left to germinate at room temperature for 5 days. The
soaking process was terminated at the end of the 5th day.
Germinated grains were placed on blotting papers and
dried in an oven (Binder GmbH, Tuttlingen/Germany)
at 50 °C for 20 h until the moisture level dropped below
10%, then ground in a laboratory grinder (Waring, USA).
The powder was sieved through a 250 um sieve to ensure
particle uniformity. After grinding, the flour was sifted
and stored in airtight zip-lock plastic bags until further
analysis (water and oil holding capacity).

Preparation of muffins

Two different control muffins were made with 100%
wheat flour and 100% rice flour. Muffin doughs (all per-
centages are given by flour weight), except for the control,
were prepared by substituting 100% rice flour with 20%
legume flour. The formulation of all muffins is presented
in Supplementary Table S1. The ingredients were added
to the mixer (Tefal Mastermix, Tiirkiye) and the mixture
was blended for 2 min at medium speed (Level 4). Then,
the dry ingredients—flour, baking powder, and vanilla—
were added and mixed (Level 2). The muffin batter was
poured into muffin tins (6.5 cm diameter x 3 cm height),
each weighing 40 g, and baked in an electric oven (Fimak,
Turkey) at 160°C for 35 min. The muffins were left to cool
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for 2 h. For analysis, they were placed in plastic bags and
stored at room temperature for 7 days.

Physicochemical analysis

Standard methods were used for moisture, protein, and
ash analyses. Three repetitions were performed. AACC
methods were used to determine ash (method 08-01.01),
protein (method 46-12.01), and fat (method 30-25.91)
contents (AACC, 2010). The muffin results for moisture
and ash analyses were calculated as percentages. For pro-
tein analysis using the Kjeldahl method, incineration was
completed with 25 mL of sulfuric acid and Kjeldahl incin-
eration tablets. Distillation and titration processes were
then performed. The nitrogen factor was calculated as
5.70.

The crumb structure of muffins was analyzed using
Image]2x version 1.54c software (NIH, USA, https://
imagej.nih.gov/ij/, accessed on 15 June 2024). The anal-
ysis involved interpreting digital images of the crumbs
by examining contrast differences between the solid and
pore phases. To quantify the pore area and total pore area
within the crumb (in square millimeters), the images were
processed through a series of steps: cropping, conversion
to grayscale, and binarization following the application of
a threshold. Porosity was determined by calculating the
ratio of pore area to the total analyzed area. Additionally,
a particle’s resemblance to a perfect circle was quantified
by its circularity, with values approaching 1 indicating a
perfect circle (Sahin et al., 2024). Muffin volumes were
determined using the rapeseed displacement method. The
specific volume of the muffins, denoted in milliliters per
gram (mL/g), was derived as the ratio of volume to weight.

Functional properties of the flours

Water absorption capacity (WAC)

For the water absorption capacity of wheat flour (con-
trol), rice flour, and rice flour-legume flour mixture, the
flours were transferred to a dried and pre-weighed cen-
trifuge tube containing a 1/10 (w/w) flour-to-distilled
water sample. The mixture was then stirred and centri-
fuged at 3500 rpm for 30 min at room temperature. The
water absorption capacity was calculated by subtracting
the weight of the empty centrifuge tube plus the sample
from the weight of the centrifuge tube plus the sample
after centrifugation, following the draining of the upper
liquid. The water absorption capacity was then calculated
according to the formula below (Adegunwa et al., 2020;
Beuchat, 1977).

Water absorbtion _ Weight of water absorbed (g)

capacity (%) x100

Sample weight (g)
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Oil absorption capacity (OAC)

For the oil absorption capacity of wheat flour, rice flour,
and rice flour-legume flour mixture, the flours were
transferred to a dried and pre-weighed centrifuge tube
containing a known weight of 1/10 (w/w) flour: oil. The
mixture was then centrifuged at 3500 rpm for 15 min at
room temperature, and the supernatant was discarded.
The weight of the absorbed oil was obtained as follows
(Abbey & Ibeh, 1988; Adegunwa et al., 2020). Oil absorp-
tion capacity (%) was calculated according to the follow-
ing formula (Abbey & Ibeh, 1988):

Oil absorption  Weight of oil absorbed (g)

capacity (%) x100.

Sample weight (g)

Bulk density

The difference between the empty and full flour weight
of the calibrated centrifuge tube was determined and
expressed as a proportion of the sample weight.

Extract of muffin samples

Muffin samples were mixed with a 70% ethanol solution
(1:10 w/w) and shaken in a mixer for 2 h. They were then
left in a mechanical mixer for 1 h, followed by centrifu-
gation in an ultrasonic water bath (300W, Protech 12L,
Turkey) at 25°C for 30 min. Afterward, they were centri-
fuged (Hettich, Rotofix 32 A, England) for 15 min at 4000
rpm. The supernatant was collected, and the obtained
extracts were passed through a 0.45pm syringe filter
(PTFE) and stored at +4°C for analysis.

Total phenolic content assay

The total phenolic content (TPC) in the extracts of muf-
fin samples was assessed using a method adapted from
Slinkard and Singleton (1965) with a few modifications.
Each test tube was treated with 0.1 mL of extract, 0.1 mL
of Folin-Ciocalteu (Sigma-Aldrich) reagent, and 0.3 mL
of 2% sodium carbonate diluted in 4.5 mL of distilled
water. These solutions were added to the extract and left
in the dark for 2 h before absorbance measurements were
made at 760 nm using a T60 UV-visible spectrophotom-
eter (T60UV-PG Instruments, UK). The results are pre-
sented as mg gallic acid equivalent (GAE)/g dry matter
(Singleton & Rossi, 1965). These measurements were
performed in triplicate and then averaged to provide a
mean value (Singleton & Rossi, 1965).

DPPH radical scavenging activity

To evaluate the antioxidant activity of various muf-
fin samples, the DPPH (Sigma-Aldrich) (1,1-diphenyl-
2-picrylhydrazyl) radical scavenging activity method,
adapted from Brand-Williams et al. (1995), was used.
In this experiment, 0.1 mL of the samples were mixed
with 3.9 mL of DPPH radical solution in methanol. After
standing at room temperature for 30 min in the dark, the
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absorbance was measured at 517 nm. The method cal-
culates the percentage decrease in DPPH absorbance,
which indicates the antioxidant activity of the samples,
according to the formula: DPPH radical scavenging activ-
ity (%) = (A0O-A1/A0)x100 where AO is the absorbance
of the DPPH solution without antioxidant and Al is
the absorbance of DPPH in the presence of antioxidant
(Jia Zhishen et al., 1999).

ABTS radical scavenging activity assessment

The ABTS radical (Sigma-Aldrich) scavenging test, a
method developed by Re et al. (1999), was used to evaluate
the antioxidant capacity of muffins. The test was carried
out by preparing an ABTS radical cation solution through
the reaction of 7 mM ABTS with 2.45 mM potassium per-
sulfate (Re et al., 1999). A 0.1 mL aliquot of the extracts
was taken and mixed with 3 mL of the diluted ABTS solu-
tion. Then, the change in absorbance of this mixture was
measured at 734 nm after 6 min (Re et al., 1999).

The ABTS radical scavenging activity is quantified using
a formula that compares the absorbance of the ABTS
solution with and without the test sample;

Ay-A
ABTS radical scavenging activity (%) = % x100
0

where AQ is the absorbance of ABTS radical, and A is the
absorbance of ABTS in the presence of an antioxidant.
Trolox was used as standard antioxidant.

Total flavonoid content assay

The determination of total flavonoid content (TFC) in
the extracts of muffin samples was performed using a
modified version of the Zhishen method (1999). In each
test tube, 0.25 mL of the extract was mixed with 1.25 mL
of distilled water, and then 75 pL of 5% sodium nitrite
solution was added and left at room temperature for 6
min. Next, 150 pL of 10% aluminum chloride solution
was added to each sample, and an additional 5 min incu-
bation was performed. To terminate the reaction, 0.5 mL
of 1 M sodium hydroxide solution and 275 pL of distilled
water were added, and the samples were mixed well. The
absorbance was measured at 510 nm. Flavonoid content
in the extracts was determined using a standard calibra-
tion curve with catechin. The results were expressed as
mg catechin equivalent (CE)/g dry matter. All measure-
ments were performed in triplicate, and the results were
averaged (Jia Zhishen et al., 1999).

Dynamic rheological measurements of muffin batter

The rheological properties of the muffin batters were
evaluated using a temperature-controlled rheometer
(MCR302; Anton Paar, Sydney, NSW, Austria) through
four distinct tests. All measurements, except for the

temperature sweep test, were conducted at a constant
temperature of 25 °C. The probe diameter was 25 mm,
and the gap between the plates was maintained at 1
mm. During the steady shear test, shear rates were var-
ied between 0.1 and 100 s', while the corresponding
changes in shear stress were recorded. The relationship
between shear rate and shear stress was modeled using
the Power-law model (Eq. 1).

T=Ky" (Eq. 1)
In Eq. 1, 1 represents the shear stress (Pa), K represents
the consistency index (Pa-s”), y represents the shear rate
(1/s), and n represents the flow behavior index.

Before assessing the dynamic rheological properties, the
linear viscoelastic region (LVR) was identified using a
stress sweep test. Subsequently, a frequency sweep test
was conducted within the LVR across an angular veloc-
ity range of 0.1 to 64 rad/s. The variations in storage
modulus (G’) and loss modulus (G”) were evaluated as a
function of frequency, and the relationship between fre-
quency and the moduli was modeled using the Power-law
equations (Eq. 2 and 3).

G’ = K(o)" (Eq. 2)

G” = K" (o)™ (Eq. 3)
In Eq. 2 and Eq. 3, G’ represents the storage modulus (Pa),
G” represents the loss modulus (Pa), ® represents the
angular velocity (rad/s), K’ and K” represent the consis-
tency indices, and n represents the flow behavior index.

The 3-interval thixotropy test (3-ITT) was performed to
assess how muffin batters respond to structural changes
caused by high shear deformation. The test consists
of three intervals: in the first interval, a low shear rate
(0.5 s71) was applied for 100 s. In the second interval, a
high shear rate (150 s') was applied for 40 s to induce
deformation in the batters. In the third interval, the con-
ditions of the first interval were restored, and the abil-
ity of the batters to retain their structure and recover
post-deformation was evaluated (Ozgolet et al., 2024).
The degree of deformation caused by the high shear rate
(Eq. 4) and the recovery values of the batters (Eq. 5) were
used for interpretation. Additionally, long-term recovery
was assessed by comparing the equilibrium storage mod-
ulus (G,) in the third interval with the storage modulus
(Go) immediately after deformation.

Dr (%) = %xloo (4)

i

% :ﬁ
Rec (%) G (5)

i
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In Eq. 4 and Eq. 5, G, represents the G’ value in the first
interval, G, represents the G” value immediately after
exposure to the high shear rate deformation, and G,
represents the G’ value 30 s after the high shear rate
deformation.

The temperature-dependent behavior of the muffin bat-
ters was analyzed using a temperature sweep test. During
this test, the temperature was increased from 25°C to
120°C at a rate of 5°C/min, while the change in the stor-
age modulus (G’) with respect to temperature was moni-
tored (Toker et al., 2015).

Textural analysis

Texture Profile Analysis (TPA) was conducted using a
TA-TX Plus Texture Analyzer (Stable Micro Systems,
Surrey, UK) following the proposed method (Akcicek
et al., 2024). The muffin samples were prepared by slicing
the crumb into 20 mm vertical sections. The test param-
eters included 40% compression, two compression cycles
with a 5-s interval between cycles, a pre-test and post-
test speed of 1 mm/s, and a test speed of 3.0 mm/s. A
cylindrical probe with a 36 mm diameter and a trigger
force of 5 g was used for the analysis. The TPA curves
were analyzed to determine resilience, cohesiveness,
chewiness, hardness, and springiness. In TPA, hardness
is defined as the peak force exerted during the first com-
pression cycle. Cohesiveness quantifies the ability of a
product to withstand a second deformation relative to
its resistance during the initial deformation. Springiness
measures the extent to which a product physically recov-
ers its original shape after being deformed during the
first compression, following the specified waiting interval
between strokes. Chewiness applies exclusively to solid
products and is calculated as the product of hardness,
springiness, and cohesiveness. Resilience represents the
capacity of a product to recover its original height after
deformation. It is determined during the withdrawal
phase of the first penetration, prior to the onset of the
waiting interval. Measurements were taken at three time
points: 2 h post-baking and on the 3rd and 7th days of
storage.

Sensory analysis

Thirty trained panelists from Istanbul Aydin University’s
Food Engineering Department conducted the sensory
evaluation. Sensory analysis was conducted according
to the method of Avila et al. (2017). Participants were
informed about the procedures of the study. Samples
coded with three random numbers were presented in
10 g portions and served on porcelain plates at room
temperature. The test was performed in a laboratory
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environment with white light, free from noise and odors,
away from main meals. Panelists were asked to respond
to an acceptability test based on a hedonic scale, evaluat-
ing attributes such as crumb and crust color, taste, odor,
internal porosity, hardness, friability and general accept-
ability attributes. Intentional samples were evaluated
using a 6-point scale (1: very bad, 2: bad, 3: middle, 4:
neither good nor bad, 5: good, 6: very good) (Avila et al.,
2017). Crumb porosity and pore size distribution have
been used as quality evaluation parameters to understand
the internal structure of bakery products. The desired
cakes are attributed to small porosity which provides
high volume (Amani et al., 2022; Tsatsaragkou et al.,
2015). When determining quality specifications, the rela-
tionship between consumer acceptance and descriptive
panel responses should be established (Suwonsichon,
2019).

Microbiological analysis

Muffin samples were stored in plastic bags at ambient
temperature for 7 days, and total yeast mold counts were
determined on days 1, 3, and 5. Total yeast mold counts
on muffin samples were determined on Potato Dextrose
Agar (PDA) (Merck) spread plates, which were incubated
at 25 °C for 48 h according to the spread plate method
(Salazar et al., 2021).

Statistical analysis

All experiments were performed in triplicates. The
data were subjected to one-way analysis of variance.
Significant differences between samples were calculated
using the Tukey test (p < 0.05). Statistical analysis was
performed with SPSS for Windows version 16 (SPSS Inc.,
Chicago, IL, USA).

Result and Discussion

Functional properties of germinated legume flour
substituted rice flours

The functional properties of the flours used in the pro-
duction of muffins are presented in Table 1. It was deter-
mined that the water-holding capacity of rice flours,
when mixed with wheat, rice control flours, and differ-
ent germinated bean flours, varied between 52.29% and
69.77%, while their oil-holding capacity ranged from
49.51% to 59.14%.

The water retention capacities of rice flour containing
legume flours were statistically lower than those of wheat
flour (Table 1). The oil-binding capacity of wheat flour
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Table 1. Functional properties of wheat, rice, and germinated
legume flour fortified rice flours.

Flour Water absorption  Oil absorption  Bulk density
samples capacity capacity (g/mL)
(%) (%)
WF 69.7740.2 58.630.72 0.720.012
RF 52.29+0.3° 49.51+1.7° 0.59+0.00%
HBF 54.43+0.8° 59.1440.9° 0.58+0.01¢
BBF 53.031.2° 57.93+1.42 0.65+0.00
KBF 54.29+0.5° 58.55+0.3° 0.63+0.0°«
MBF 52.72+0.3 58.9612.0° 0.61£0.01c¢
RBF 53.06+0.6° 56.87+0.4° 0.67£0.01°

WF: Wheat Flour; RF: Rice Flour; HBF: %20 Haricot bean flour
%80 Rice Flour; BBF: %20 Black bean flour %80 Rice Flour;

KBF: %20 Kidney bean flour %80 Rice Flour; MBF: %20 Mung bean
flour %80 Rice Flour; RBF: %20 Red bean flour %80 Rice Flour.

and flours containing other legume flours was statistically
similar to each other but higher than that of rice flour.
The bulk density of the flours was determined to be in the
range of 0.8—-1.7 g/ml Thanks to the proteins they con-
tain, legumes can exhibit various functional properties
such as water retention, gel formation, emulsification,
oil absorption, and foaming capacity (Adebiyi & Aluko,
2011; Barac et al., 2015; Gupta et al., 2018; Wang et al.,
2020). It has also been reported that the water retention
capacity of flours influences their baking properties,
which are affected by the flour’s polysaccharide content
and protein quality (Hodge, 1976; Kaur & Singh, 2005).

Moisture, ash, and protein results of muffin samples
The calculated moisture, ash, and protein contents are

given in Table 2. Moisture values fluctuated within the
range of 26.6—32.51%. The lowest moisture values were

determined in the MKB muffin. Ash contents ranged
from 2.29% to 2.88%.

The lowest ash percentage was determined in the MRC
and MWC samples. All legume-enriched muffins showed
higher ash content than the control muffins. In addi-
tion, protein content was higher in muffins containing
sprouted bean flour compared to the control muffins.
Studies have shown that the rich mineral content of
legumes is effective in ash content (Jeong & Chung, 2019;
Jood et al., 1988). Protein content ranged from 8.82% to
13.56%, with the highest found in MMB muffin samples
and the lowest in MRC rice muffins. In a study, the pro-
tein, fat, crude fiber, ash, mineral content, total phenolic
content, total flavonoid content, and antioxidant activity
of composite flour muffins made with finger millet flour,
germinated black soybean meal, and kenaf leaf powder
at different concentrations were significantly (p<0.05)
higher than the control cake (Mitharwal & Chauhan,
2022). It was reported that the protein content in breads
containing 5%—25% sprouted bean flour (Phaseolus vul-
garis) increased from 9.22% to 12.69% (Atudorei et al.,
2021). The protein level in wheat flour noodles contain-
ing up to 20% germinated mung beans increased from
11.37% to 15.56% (Yaver & Bilgicli, 2020). In another
study, the protein content of germinated kidney bean
flour increased from 20.77% to 23.36% (Sibian & Riar,
2023). It was observed that the protein content in breads
containing different levels of 5%—25% sprouted black
beans increased from 8.80% to 12.69% (Atudorei et al.,
2021). The previous studies mentioned above suggest
that the increase in protein levels with the addition of
germinated legume flours is associated with the protein
content of legume flours and the germination process.
The specific volume of muffins was determined to be
between 2.01% and 2.25%, as shown in Table 2. The spe-
cific volumes of muffins containing different germinated
flours were found to be lower than the control wheat
muffins (MWC) but higher than the control rice flour

Table 2. Moisture, ash, and protein content of the muffins, their volume, and crumb porosity values.

Muffin samples Moisture Ash Protein Specific volume Porosity
% % % g/mL %
MWC 32.51£0.022 1.30£0.05° 10.16+0.13° 2.25+0.032 46.14
MRC 29.53+2.03 1.120.07° 8.82+0.10¢ 2.01£0.03¢ 35.86
MHB 30.960.09% 1.790.012 12.29£0.31° 2.09:0.06° 34.71
MBB 32.45+0.56° 1.850.05° 12.68+0.38% 2.090.01° 39.08
MKB 26.610.99° 1.820.042 12.15£0.66° 2.17£0.05® 39.36
MMB 30.43+0.122 1.810.072 13.56+0.24° 2.19£0.14% 43.85
MRB 31.22+0.87% 1.8310.042 11.92+0,54° 2.04+0.07% 32.53

The abbreviations represent the muffins produced with wheat flour (MWC), rice flour (MRC), and fortified with black bean (MBB), kidney bean (MKB),
mung bean (MMB), haricot bean (MHB), red bean (MRB) flours. The different lowercase letters in the same column indicate statistical significance

(p<0.05).
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Figure 1. The crumb appearance, binarized, and % pore area of muffins. The abbreviations represent the muffins made with

wheat flour (MWC), rice flour (MRC), and fortified with black bean (MBB), kidney bean (MKB), mung bean (MMB), haricot bean
(MHB), red bean (MRB) flours. Different lowercase letters in the same column indicate statistical significance (p < 0.05).

muffins (MRC). However, the specific volumes of MKB
and MMB muffins were statistically similar to MWC.
The pore area was determined to be between 32.53%
and 46.14% (Table 2). Additionally, the pore structures of
the muffin crumbs are illustrated in Figure 1. The con-
trol wheat muffins have the highest pore area, followed
by MMB muffins. Porosity values are consistent with the
specific volumes of the muffins, as a high porous struc-
ture leads to a high volume of muffins.

Total phenolic content (TPC) and antioxidant capacity
(ABTS, and DPPH), flavonoid

Table 3 presents the phenolic, antioxidant, and total fla-
vonoid contents of muffins containing different types
of germinated flour. Samples containing different beans
were found to have significantly different phenolic, anti-
oxidant, and total flavonoid contents (p<0.05). The total
phenolic content (TPC) of muffins ranged from 1.84 to
3.09 GAE g'. The highest TPC values were found in the
MMB muffin samples, with the lowest observed in the
MRC control samples. The MHB and MBB samples had
similar phenolic content, with the highest value identi-
fied in the MMB muffin samples. As a result of the DPPH
analysis, the MMB sample (50.25 mg GAE/g) exhibited
significantly higher scavenging activity (p<0.05). The
antioxidant activities of the muffins were statistically
significant, with DPPH results ranging from 8.67 to
50.25. The lowest value was observed in the rice control
muffin, while the highest was found in the MMB muf-
fin. According to the ABTS analysis results, the highest

values were found in the MBB samples, with the lowest
in the MRC control samples. The MHB, MBB, MMB, and
MRB muffin samples exhibited the highest antioxidant
activity, but were statistically similar. The lowest pheno-
lic and antioxidant values were identified in the control
samples.

Germinated and sprouted foods may be used to improve
phytochemical and functional quality (Duefas et al.,
2015). Germination has been shown to increase the
total flavonoid content in varying amounts in chickpeas
and red lentils (Singh et al., 2017). Most of the pheno-
lic content found in legume seeds is located in the shell
(Magalhaes et al., 2017). The total flavonoid content was
identified to range from 1.34 to 2.65 mg ECAT/g with the
highest content in the MMB sample and the lowest in
the MRC control sample. In a study comparing soybeans
with germinated starter beans, the total phenolic content
was higher on the 1st, 2nd, 3rd, and 5th days of germi-
nation, and it was stated that germination increased the
antioxidant capacity of mung beans (Huang et al., 2014).
Various studies on legumes have reported that different
germination process conditions can alter the phenolic
and antioxidant content of legumes (Aguilera et al., 2011;
Lin & Lai, 2006; Lopez et al., 2013). One study explained
that dark-colored beans, in addition to having pheno-
lic compounds, contained high levels of anthocyanins
responsible for the seed color (Lin et al., 2008). In a simi-
lar study, increases in phenolic acids such as caffeic acid,
cumaric acid, and ferulic acid, as well as myricetin and
flavonoids, were identified in red rice grains after 16 h
of germination. Additionally, the germination duration
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Table 3. Total phenolic, antioxidant and flavonoid content of muffin samples.

Muffin samples TPC GAE g DPPH inhibition % ABTS mg TEAC /100g sample Total Flavonoid mg ECAT/g
MWC 1.8410.01¢ 16,74+0.15% 45.76+0.01° 1.76£0.02%
MRC 1.42+0.02¢ 8.67+0.12¢ 36.11+0.03¢ 1.34+0.08°
MHB 2.42+0.03° 14.75£0.24¢ 61.71+0.002 1.43£0.01°
MBB 2.22+0.06° 27.06£0.17° 61.46+0.022 2.10£0.00%
MKB 2.20+0.08° 18.81+0.15% 54.91£0.05° 2.01+0.01%
MMB 3.09£0.04° 50.25£0.612 62.51+0.032 2.6510.022
MRB 2.74£0.07° 22.1£0.09° 60.26+0.012 2.33+0.03*

The abbreviations represent the muffins produced with wheat flour (MWC), rice flour (MRC), and fortified with black bean (MBB), kidney bean (MKB),
mung bean (MMB), haricot bean (MHB), red bean (MRB) flours. The different lowercase letters in the same column indicate statistical significance

(p<0.05).

did not create a significant difference in antioxidants
(p<0.05) (Miiller et al., 2021). In our study, compared to
the control muffins containing wheat and rice flour, muf-
fins containing germinated legume flour were found to
have higher TPC, antioxidant, and total flavonoid con-
tent. The germination process has been investigated for
a variety of grain types and has been reported to have
beneficial effects, such as increased bioactive compounds
and improved protein digestibility (Cornejo et al., 2015).
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Rheological characteristics of the muffin batters

The consistency of muffin batters directly affects the
gas retention capacity of muffins, as an adequate batter
consistency helps retain CO, during baking. Fast-rising
bubbles in a runny batter may escape, leading to a reduc-
tion in the final volume. The graph of shear rate versus
shear stress is illustrated in Figure 2A. From Figure 2A,
it can be seen that shear stress increases with increasing
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Rheological characteristics of the muffin batters. A: steady-shear, B: frequency sweep, C: 3-ITT, D: temperature

sweep. The abbreviations represent muffins made with wheat flour (MWC), rice flour (MRC), and fortified with black bean (MBB),
kidney bean (MKB), mung bean (MMB), haricot bean (MHB), red bean (MRB) flours.
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nature. The higher K’ of bean flour-enriched muffin bat-
ters may be due to increased non-gluten proteins. Matos,
Sanz & Rosell (Matos et al., 2014) reported that the addi-
tion of different protein sources showed diverse effects
on batter consistency depending on the protein source.
Vegetable proteins like soy and pea proteins increased G’
and G” in gluten-free muffin batters. These two proteins
added batters had much higher G’values than no-protein
added rice flour-based and vital gluten-added muffin bat-
ters, consistent with our study. The 3-ITT test displays
the thixotropic behavior of muffin batters (Figure 2C).
All batters lost their structures under large deformation
applied in the second interval. Although they regained
storage modulus to some extent, all G’ values of batters
were lower compared to G’ values in the initial condi-
tions. All muffin batters showed deformation greater
than 90%, indicating very high deformation under high
shear deformation. Recovery rates of muffin batters indi-
cate the regeneration ability of the batters. The MRB bat-
ter showed the highest regeneration ability, with a 34.6%
recovery value, followed by the MWC batter (24.6%). At
the end of the third interval, the total recovery of batters
was given as the ratio of G’ values at the beginning and
end of the third interval. MW C and MRB recovered their
structures more effectively than other batters, with recov-
ery ratios of 44.6% and 46.3%, respectively. The bean-
flour-enriched muffin batters, which had low consistency
indices in the steady shear test, also showed lower recov-
ery rates. The MRB batter had the highest consistency
index and recovery rates among all batters. Conversely,
the MWC batter had a lower consistency index, but its
recovery rate was higher than the other batters except
MRB. A temperature sweep test was used to determine
the temperature-dependent rheological behavior of muf-
fin batters. For this reason, G’ values versus temperature
ranging from 20 to 110 °C were illustrated in Figure 1D.
The flow behavior of muffin batters in response to tem-
perature variations provides insights into their pasting
characteristics. This behavior is primarily influenced by
the flour composition, as well as the inherent properties
of starches and proteins present in the batter. The storage
modulus (G’) increases as starch granules absorb water
and swell due to gelatinization during heating. However,
G’ subsequently decreases when the starch granules
begin to break down at elevated temperatures. All muffin
batters exhibited the same behavior patterns. The stor-
age modulus (G’) of all muffins decreased initially. The
muffin batters exhibited a thermal transition between 35
and 55 °C, attributed to protein folding, which led to a
loss of structural integrity and a subsequent decrease in
the storage modulus (G’). Singh et al. ( 2016) and Matos
et al. ( 2014) also found that protein addition caused a
decrease in storage modulus at low temperatures, which
is attributed to protein-protein interactions. Moreover,
another study reported that the formation of CO, caused
the expansion of air bubbles, leading to a decrease in

batter density and, consequently, a decrease in batter
consistency during the heating process (Taberner et al.,
2007). When the temperature exceeds 80°C, both stor-
age and loss moduli increase for all muffin batters as a
result of starch gelatinization. These batters exhibited a
significant increase in the storage modulus (G’), indicat-
ing an enhancement in the solid-like and rigid structure
with rising temperature. For all muffin batters, the onset
temperature of gelatinization is approximately 80°C. At
all temperatures, the MRB batter showed the highest G'.

Textural properties of muffins

The hardness values of the muffins ranged from 3.61 to
9.49 N on the first day, with the rice-based control muf-
fin (MRC) exhibiting the lowest hardness and the muf-
fin made with germinated legumes (MMB) displaying
the highest. This increase in hardness with the addition
of germinated legumes in gluten-free muffins is likely
attributed to the higher protein content. The MRC had
the lowest protein levels among all muffin samples.
Previous studies have shown that higher levels of chick-
pea protein result in a firmer crumb structure, with
increased hardness attributed to the formation of cross-
linked molecules between polysaccharides and proteins
(Shaabani et al., 2018). Similarly, Dhillon and Kour (2023)
utilized oyster mushroom powder (OMP) as a novel pro-
tein source in rice-based gluten-free muffins and reported
an increase in hardness with the addition of OMP.
Additionally, the inclusion of whey protein has been
shown to enhance hardness, likely due to protein dena-
turation and aggregation, which leads to the formation of
a solid protein network during high-temperature baking
(Ammar et al., 2021; Dhillon et al., 2023). As expected,
the hardness of the muffins increased over the seven-day
storage period. Notably, the hardness of the wheat-based
control muffins (MWC) increased more than that of the
gluten-free muffins on both the 3rd and 7th days. Zhang
et al. (2021) noted that proteins can mitigate starch ret-
rogradation, as proteins in starchy food matrices can
either encapsulate the starch or adsorb onto its surface at
the micron scale, interacting with starch chains through
non-covalent (e.g., hydrogen bonding, hydrophobic
interactions, electrostatic forces) and covalent bonds
(e.g., via Maillard reactions) (Zhang et al., 2021). On the
other hand, the high hardness of the MWC muffins may
be due to the promoting effect of wheat proteins (gliadin,
globulins, albumins) on starch retrogradation. Xijun et
al. (2014) found that wheat proteins can form glucosidic
bonds with starch, affecting how a-amylase hydrolyzes
starch during retrogradation. Springiness values across
the different muffin formulations were similar, with a
general decline observed during storage (Xijun et al.,
2014). Higher springiness values indicate better quality
muffins, as springiness is associated with a fresh, aerated,
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and elastic texture. All muffins exhibited high springiness
values on the first day (>0.90), with no significant differ-
ences in springiness values after seven days of storage (p
> 0.05), except that the springiness of MMB was higher
than MHB. The greater protein content and porosity
of MMB may contribute to its more elastic nature. In
a similar context, Matos et al. (2014) reported that the
addition of egg white and casein proteins increased
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Effect of Germinated Different Colored Bean Flours

muffin springiness, which was attributed to a more aer-
ated structure and higher specific volume (Matos et al.,
2014). The cohesiveness of muffin crumbs ranged from
0.57 to 0.78, with the highest value in MWC on the first
day. All muffins experienced a loss in cohesiveness during
storage. Greater cohesiveness indicates a more intact
muffin crumb structure that is less prone to crumbling.
During the seven-day storage period, MWC maintained
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a compact structure and showed the highest cohesive-
ness values. In starch-containing batters, amylose under-
goes a transformation from an amorphous to a more
ordered crystalline state during optimal starch gel forma-
tion. The decrease in cohesiveness of legume-enriched
muffins may be related to proteins inhibiting amylose’s
ability to reorder and retrograde (Bravo-Nuiez et al.,
2020). Chewiness is the energy required to masticate a
product until it reaches a swallowable consistency and is
calculated by multiplying cohesiveness, springiness, and
hardness. The chewiness values of MWC and MMB were
the highest on the first day due to the increased hard-
ness of the muffin crumbs. On the seventh day, lower
cohesiveness and hardness in MKB resulted in the low-
est chewiness value. The resilience values of the legume-
enriched muffins and the control muffins did not show
significant differences (p > 0.05), except that MKB muf-
fins exhibited lower resilience than the control muffins
(p < 0.05). Resilience is the ability of a material to recover
its original height after being compressed or deformed.
Over seven days of storage, the resilience values of all
muffins decreased. The MWC muffin demonstrated the
highest resilience, while the MKB muffin exhibited the
lowest resilience. The other muffins did not differ signifi-
cantly from each other (p > 0.05). The lower resilience of
MKB may be attributed to the batter’s thixotropic behav-
ior, as the MKB batter showed the lowest recovery values
after high shear deformation in the 3-ITT test (Table 4).
Additionally, MKB muffins had less moisture compared
to the other muffins, resulting in limited water availabil-
ity for starch gelatinization, which in turn led to lower
starch gel formation and resilience values.

Sensory properties of muffins

The results for crust and crumb color, taste, odor, inter-
nal porosity, hardness, friability, and general acceptability

for the muffins containing different legume flours are
provided in Table 5. Additionally, the muffins presented
to the panelists are visually depicted in Figure 4.

Significant differences in sensory attributes were
observed for muffins made with different legume flours
(p < 0.05). The crumb colors of muffins did not differ
significantly from each other, except for the MRB muf-
fins, which received the lowest sensory score. Similarly,
the lowest likeness in crust color was observed in MRB
mutffins.

The muffins with the least favorite color were those con-
taining germinated red legume flour (MRB). Significant
differences in taste were observed between the muf-
fins (p<0.05), with the most liked muffins being MWC,
MHB, and MKB, while the least liked were MRB. No
statistically significant differences were found in terms
of odor (p>0.05). In terms of internal porosity structure,
the highest approval was given to the MWC and MHB
muffins, while MRB muffins received the lowest scores
for porosity structure. The highest liking for friability was
for the control wheat muffin (MW C), and this was statis-
tically similar to the muffins containing sprouted legume
flour, except for the MRB muffins. Regarding general
acceptability, panelists rated MHB, MWC, and MBB the
highest, giving them higher scores compared to the con-
trol MRC muffins.

Total mold and yeast growth during storage

The microbial growth in muffin samples during the 7-day
storage period is shown in Figure 5. On the first day, the
total count varied between 1.48-2.57 log cfu/mL, increas-
ing on the third day to a range of 2.70-6.57 log cfu/mL,
and further rising on the seventh day to 6.35-8.52 log
cfu/mL. Yeast and mold growth were observed in all

Figure 4. Appearance of control wheat, control rice flour, and sprouted legume flour substitute muffins.
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Table 5. Sensory properties of muffins.

Effect of Germinated Different Colored Bean Flours

Muffin Crumb color Crust color Taste Odor Internal Hardness Friability General
samples porosity acceptability
MwWC 4.7740.932 4.62+0.622 4.97+0.972 5.00+0.782 4.62+0.842 45411152 5.00+0.782 5.08+0.732
MRC 4,0910.322 4,09£0.32% 3.94£0.322 4.16£0.012 4.2410.07% 4.48+0.142 4.52+0.02% 4.44£0.06°
MHB 4.44+0.06° 4.46+0.04% 4.6310.042 4.75£0.172 4.82+0.192 4.48+0.102 4.48+0.31% 4.92+0.00?
MBB 3.97+0.20% 3.96+0.12% 3.81+0.19% 4.08£0.082 4.00£0.08° 4.29+0.02% 4.21£0.21% 4.61£0.13?
MKB 4.44+0.102 4.03+0.20% 4.12+0.042 4.21£0.292 4.53+0.22% 4.44+0.06% 4.05+0.20% 4.000.06°
MMB 4.35+0.35% 4.20£0.05% 3.96+0.122 4.0040.0? 4.04£0.120 3.89+0.2% 4.36+0.03 3.88+0.04°
MRB 3.19£0.05° 3.15£0.11° 3.04£0.38° 4.1240.272 3.19£0.27¢ 3.62+0.11° 3.73+0.27° 3.000.11°

The abbreviations represent the muffins produced with wheat flour (MWC), rice flour (MRC), and fortified with black bean (MBB), kidney bean (MKB),
mung bean (MMB), haricot bean (MHB), red bean (MRB) flours. The different lowercase letters in the same column indicate statistical significance

(p <0.05).
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Figure 5. Total mold yeast count of muffins during storage
cfu/ml.

muffin samples during the storage period, with the high-
est increase recorded in the control muffins made with
wheat flour (MWC), which reached 8.52 log cfu/mL. In
contrast, the muffins made with mung bean flour (MMB)
exhibited the lowest increase in microbial growth, with a
final count of 6.35 log cfu/mL. Muffins containing germi-
nated legume flour demonstrated lower yeast and mold
counts compared to the wheat-based control muffins.
This difference is likely attributed to the antimicrobial
properties of germinated legume flours. The germination
process enhances the presence of bioactive compounds,
such as antimicrobial peptides and polyphenolic com-
pounds, which play a key role in inhibiting the growth
of bacterial and fungal pathogens. Previous studies have
shown that the germination of seeds, such as Lupinus
luteus, increases antioxidant activity and polyphenol
content, which contribute to the antimicrobial effects
(Navarro-Vozmediano et al., 2024). Furthermore, it has
been reported that germination of mung bean seeds
boosts phenolic compound levels, enhancing their anti-
microbial activity (Hafidh et al., 2011). Consequently,

the higher phenolic content, increased polyphenols, and
protein content in the muffins containing germinated
legume flours may explain their better inhibition of mold
and yeast growth compared to the wheat control muffins.

Conclusions

This study evaluated the effects of enriching gluten-free
muffins with five different germinated bean flours, focus-
ing on their influence on nutritional, functional, and
textural properties. The addition of bean flours signifi-
cantly improved the nutritional profile of the muffins by
increasing protein, ash, total phenolic content, antioxi-
dant capacity, and flavonoid levels. Rheological analysis
revealed that all muffin batters exhibited a viscoelastic
solid nature, and the inclusion of bean flour enhanced
batter consistency. All bean-flour-enriched muffins,
except for MRB, demonstrated a higher specific volume
than the gluten-free control muffin (MRC). Furthermore,
the bean-flour-enriched muffins had a softer crumb tex-
ture than the wheat flour-based muffin (MWC). In terms
of textural properties, MKB exhibited the lowest hard-
ness on both the first and seventh days, comparable to
MRC. Sensory evaluation revealed that MHB and MBB
received higher overall acceptability scores than MRC.
Among all formulations, the mung bean flour-enriched
muffin (MMB) had the highest protein content, flavo-
noid concentration, and antioxidant activities (DPPH and
ABTS). MMB also maintained the highest springiness
after seven days of storage and showed the highest spe-
cific volume, comparable to MWC. Additionally, MMB
exhibited the lowest microbial growth during the storage
period. While MMB muffins had lower sensory scores
than MRC and MWC, they offered superior nutritional
and functional qualities. Future research should focus on
improving the sensory attributes of MMB to enhance its
overall acceptability, making it a more viable option for
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consumers seeking both health benefits and pleasant sen-
sory experiences in gluten-free bakery products.
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Effect of Germinated Different Colored Bean Flours

Supplementary
Table $1.  Muffin samples composition ratios.

Ingredients MwC MRC MBB MKB MMB MHB MRB
Rice flour (%) 0 100 80 80 80 80 80
Wheat flour (%) 100 0 0 0 0 0 0
Germinated legume flour (%) 0 0 20 20 20 20 20
(Black/kidney/mung/haricot/redbean)

Sugar (%) 25 25 25 25 25 25 25
Egg (%) 25 25 25 25 25 25 25
Milk (%) 25 25 25 25 25 25 25
Sunflower oil (%) 20 20 20 20 20 20 20
Baking powder (%) 4 4 4 4 4 4 4
Vanilin (%) 1 1 1 1 1 1 1
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