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Natural sources of hydrocolloids may serve as healthier alternatives to modified

hydrocolloids as gluten replacement in gluten-free food products. In this study,

the physicochemical, antioxidant and starch-digesting enzymes inhibitory

properties of gluten-free whole pearl millet flour (PMF) blended with 1.5%

and 3% of either sweet detar flour (SDF, a natural source of hydrocolloids) or

sodium carboxymethyl cellulose (SCMC, a modified hydrocolloid), and the

sensory qualities of their breads were evaluated. White wheat flour (WWF)

and its bread served as the control flour and bread, respectively. Amylose

level and solubility index of the blends decreased, whereas their water

absorption capacity, peak and final viscosity increased significantly as their

proportions of SDF and SCMC increased. Total phenolics, tannins, and total

flavonoids contents; DPPH•, ABTS•+ scavenging capacity, and reducing power;

α-amylase and α-glucosidase inhibitory activities were significantly higher in

PMF and its blends with SDF and SCMC than in the WWF. Further, the blend of

PMF and 1.5% SDF had a stronger α-amylase and α-glucosidase inhibitory

activity than those of PMF and SCMC (1.5 and 3%). Although the sensory

qualities of the WWF bread were better than those of PMF and its blends

with SDF and SCMC, the sensory qualities of PMF-SDF and PMF-SCMC breads

were comparable. The study indicates that SDF could be a good substitute for

SCMC in the development of PMF-based gluten-free bread, with an enhanced

starch-digesting enzymes inhibitory property, targeting celiac disease and type

2 diabetes patients.
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1 Introduction

Intake of gluten-free foods such as gluten-free breads is

regarded as the only effective treatment option for celiac disease

patient (Lamacchia et al., 2014). Nevertheless, the production

of gluten-free bread of a high quality poses a big challenge as a

result of the absence of gluten, which confers some unique

visco-elastic properties to dough (Shabir et al., 2016).

Generally, the development of gluten-free bread involves the

use of diverse ingredients such as flours of gluten-free cereals,

and additives that can mimic the visco-elastic properties of

gluten, in order to obtain bread of a good quality (Shabir et al.,

2016). In this context, modified hydrocolloids (gums) are

known to serve as replacements for gluten in gluten-free

breads (Mir et al., 2016; Filipcev et al., 2021). However, their

inclusion as gluten replacement may not be cost-effective

(Ohimain, 2014), because the process of manufacturing

them is expensive and complex (Adedeji et al., 2012). In

addition, they are in short supply relative to their demand

(Nwokocha et al., 2012). At the same time, the rising cost of

wheat flour, especially in countries that depend on imported

wheat for their bakery industry, also necessitates finding

alternatives to wheat flour in baked food products. A recent

report indicated that the price of wheat rose by 31% in the year

2021, as a result of COVID-19-related port disruptions,

increased demand, and high costs of shipping (Dongyu,

2022). Thus, the challenge arising from celiac disease, rising

cost of wheat, and high cost of modified hydrocolloids

production has stimulated research interest in finding

gluten-free cereals and natural, low-cost hydrocolloid-rich

sources suitable for gluten-free food products.

Hydrocolloids, such as starch, cellulose, pectin, guar gum,

gum Arabic and locust bean gum, have several technological

applications in the food industry. They serve as gelling agents,

stabilizers, viscosity modifiers, fibers, water binders, and

inhibitors of ice crystal in foods (Nwokocha et al., 2012) such

as bread. Whereas many previous studies focused on modified

hydrocolloid (Mir et al., 2016; Filipcev et al., 2021), our recent

study demonstrated that Brachystegia eurycoma flour, an

underutilized legume and a rich natural source of

hydrocolloids, could serve as a gluten replacement in whole

millet flour-based gluten-free bread (Irondi et al., 2021).

Similarly, in a related study, Filipcev et al. (2021) concluded

that psyllium, another natural source of hydrocolloids, could be

used interchangeably with commonly used hydrocolloids

(xanthan, guar gum and hydroxymethyl cellulose) to

effectively improve the quality of buckwheat/carob gluten-free

bread. Thus, the use of natural sources of hydrocolloids could be

one of the possible ways of reducing the cost of producing gluten-

free bread. In addition to this, the incorporation of underutilized

sources of natural hydrocolloids as gluten replacements in baked

foods can help unleash their food application potentials, while

providing some health benefits to the consumers. Hence, sweet

detar (Detarium microcarpum), another underutilized legume

and a natural source of hydrocolloid (Nwakaudu et al., 2017), was

used as gluten replacement in whole pearl millet (Pennisetum

glaucum) flour-based gluten-free bread in this study.

Millets are small seeded, highly nutritious and the most

digestible grains available in the world (Singh and Naithani,

2014). They occur in different varieties, including pearl millet

(Pennisetum glaucum), kodo millet (Paspalum setaceum), finger

millet (Eleusine coracana), foxtail millet (Setaria italic), proso

millet (Penicum miliaceum), barnyard millet (Echinochloa utilis),

and little millet (Panicum sumatrense) (Saleh et al., 2013). They

are known to be a drought-resistant crop, resistant to pests and

diseases, and to have a short growing season as compared to

other major cereals (Devi et al., 2011). Naturally, millet grains are

rich in nutrients and non-nutritive phytochemicals that promote

health (Kumar et al., 2022). Due to these advantageous

characteristics, millets are receiving more attention in the

development of foods with health benefits. As part of its

utilization as food, millet flour has been used to develop

gluten-free breads in recent time (Comettant-Rabanal et al.,

2021; Irondi et al., 2021; Pessanha et al., 2021) and pastas

(Tyl et al., 2020). Such gluten-free breads, when produced

from whole millet flour, could have some health-promoting

properties. This could be possible, as different studies have

demonstrated that a regular intake of whole cereal grain-based

products has some health benefits such as an improved

regulation of body weight and a reduced risk of nutrition-

related chronic-degenerative diseases (Hauner et al., 2012;

Parenti et al., 2020).

Sweet detar (Detarium microcarpum), belonging to the

family of Fabaceae, and sub-family of Caesapiniodeaee, is a

cheap and readily available leguminous plant, which grows

naturally in the forest parts of Africa (Igwenyi & Akubugwo,

2010). This plant offers some important nutritional and

economic advantages (Mbaeyi-Nwaoha et al., 2017). The

seed flour is used as a soup thickener to improve the

rheology of soup. It also serves technological purposes in

food systems, including as a flavourant, emulsifier and

stabilizer (Nwokocha and Nwokocha, 2012; Omokhua et al.,

2013; Irondi et al., 2015). These food applications of sweet detar

flour are attributed to the water-soluble polysaccharide

constituent (about 60%) of its seed endosperm, of which

xyloglucan is the major component (Wang et al., 1997;

Nwokocha et al., 2012). It is also a good source of protein,

carbohydrate, calories, as well as certain vitamins and minerals

(Mbaeyi-Nwaoha et al., 2017).

In view of the challenge posed by celiac disease, the rising cost

of wheat, and high cost of modified hydrocolloids production, the

objective of this study was to evaluate the physicochemical,

antioxidant, and starch-digesting enzymes inhibitory

properties of whole pearl millet flour blended with sweet detar

flour (a natural source of hydrocolloids) and the sensory qualities

of their breads.
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2 Materials and methods

2.1 Materials

Seeds samples of sweet detar (Figure 1) and whole pearl

millet grains (Figure 2), white wheat flour and sodium

carboxymethyl cellulose (modified hydrocolloid) were bought

from a market in Ilorin metropolis, Kwara State. All the

chemicals used for the various analyses were analytical grades

of Sigma products (St. Louis, United States).

2.2 Methods

2.2.1 Flour samples preparation
The sweet detar seeds and whole pearl millet grains samples

were ground separately into their respective flours (particle size

of less than 0.5 mm). Thereafter, flour blends were formulated by

mixing the whole pearl millet flour (PMF) with either sweet detar

flour (SDF) or sodium carboxymethyl cellulose (SCMC) at two

different proportions (98.1:1.5 and 97:3, w/w), to obtain the

following blends: 98.5%PMF:1.5%SDF, 97%PMF:3%SDF,

FIGURE 1
(A) Sweet detar (Detarium microcarpum) seeds. (B) Pearl millet grain (Pennisetum glaucum).

FIGURE 2
Alpha-amylase IC50 of flour samples. Bars with different letters vary significantly (p < 0.05). WWF, white wheat flour; PMF, whole pearl millet
flour; SDF, sweet detar flour; SCMC, sodium carboxymethyl cellulose.
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98.5%PMF:1.5%SCMC and 97%PMF:3%SCMC. Absolute

(100%) PMF and white wheat flour (WWF) were included as

controls. The proportions of the flours were based on our earlier

report (Irondi et al., 2021).

2.2.2 Determination of physicochemical and
functional properties of the flour samples
2.2.2.1 Determination of gluten content

Gluten content of the flour samples was quantified as per the

gravimetric protocol described by Usurp et al. (1982). In brief,

flour sample (20 g) was mixed with 10 ml of distilled water in a

centrifuge tube. After 15 min, the suspension was stirred and the

flour mixture was rolled into a ball, which was later immersed

into distilled water contained in a beaker. After 30 min of

standing, it was carefully rinsed under a running tap water,

such that no part of it was lost. Afterwards, the resultant elastic

gluten was cut into small pieces, arranged in a pan, and oven-

dried at 50°C overnight to obtain dried gluten. Subsequently, the

final mass was measured and the gluten content (%) was

calculated as thus:

Gluten concentration (%) = (Mass of dried gluten (g) x 100)/

Mass of flour (g)

2.2.2.2 Determination of amylose and amylopectin

contents

Amylose level of the flours was quantified according to the

method reported by Irondi et al. (2017). A mixture of the flour

sample (100 mg), 95% ethanol (1 ml) and 1 M NaOH (9.2 ml)

was heated in a water bath at 100°C for 10 min, to gelatinize the

starch. After cooling to room temperature, the gelatinized sample

(0.05 ml) was diluted with distilled water (0.45 ml), and mixed

with I N acetic acid solution (0.1 ml), iodine solution (0.2 ml,

0.2% I2 in 2% KI), and distilled water (9.2 ml). Subsequently, the

mixture was subjected to incubation at room temperature for a

period of 20 min, and the absorbance was read at 620 nm in a

spectrophotometer (Jenway, 6405 UV/Vis, United Kingdom).

The samples’ amylose concentration was calculated using a corn

starch amylose standard.

The samples’ amylopectin concentration was calculated by

adopting the following formula:

Amylopectin (%) = 100−amylose (%)

2.2.2.3 Determination of water absorption capacity

Water absorption capacity of the samples was determined as

per the procedure reported by Nwakaudu et al. (2017). The

sample (1 g) was mixed with 10 ml of distilled water in a

graduated centrifuged tube for 30 s. The suspension was left

for 30 min at room temperature, and then centrifuged at

1500 rpm for 30 min. Subsequently, the supernatant was

decanted; noting the volume in the measuring cylinder, which

was converted tomass (in grams) bymultiplying by the density of

water (1 g/ml). The samples’ water absorption capacity was

calculated using the following formula:

Water absorption capacity = (Mass of water absorbed x 100)/

Mass of flour sample

2.2.2.4 Determination of bulk density

The bulk density of the flour samples was determined as per

the protocol described by Nwakaudu et al. (2017). A dry 100 ml

measuring cylinder was weighed, and carefully filled with 50 g of

the flour sample. Thereafter, the cylinder’s base was gently

tapped on a laboratory bench several times, until there no

further decrease of the flour in the cylinder. The volume of

the flour sample in cylinder and the weight of cylinder plus flour

were recorded. The bulk density was calculated thus:

Bulk density (g/ml) = Mass of sample (g)/Volume of

sample (ml)

2.2.2.5 Determination of swelling power and solubility

index

Swelling power and solubility index of the flour samples were

determined as per the procedures reported by Sathe and

Salunkhe (1981), with a slight modification. Briefly, 1 g of the

flour was mixed with 15 ml of distilled water in a 100 ml conical

flask. The suspension was shaken for 5 min at a low speed. It was

then transferred into a water bath and heated for 40 min at

80–85°C, with a constant stirring. Thereafter, 7.5 ml of distilled

water was added and centrifuged at 2,200 rpm for 20 min. The

supernatant was carefully decanted into a pre-weighed can and

dried at 100°C to a constant weight. After cooling to room

temperature, the can was weighed. The sediment with the

centrifuge tube was also weighed. The swelling power and

solubility index were calculated according to the following

formulae.

Swelling power = Mass of sediment/(Mass of sample−mass of

soluble)

% Soluble = (Mass of soluble × 100)/Mass of sample

2.2.3 Determination of pasting properties of the
flour samples

The flours’ pasting properties were quantified using a Rapid

Visco Analyzer (RVA-4, Perten Scientific, Springfield, IL)

(Deffenbaugh and Walker, 1989). In brief, a portion of 3 g of

the flour sample was dispersed in distilled water (25 ml) in a

canister and loaded on the Rapid Visco Analyzer. The analysis

was conducted at a constant stirring rate (160 RPM) according

the following programme: 5 min of holding period at 25°C; 5°C/

min heating rate between 25 and 95°C; 5 min of holding period

at 95°C; a cooling rate of 5°C/min to 25°C; and 5 min of holding

period at 25°C. The flours’ pasting properties—peak,

breakdown, trough, final, set-back viscosities (expressed in

Rapid Visco Analyzer Units, RVU); peak time (expressed in

minutes); and pasting temperature (expressed in °C)—were read

with the aid of Thermocline software installed on a personal

computer system.
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2.3 Bread formula and baking process

The bread formula and baking process were according to our

earlier report (Irondi et al., 2021). Briefly, the dough comprised

flours (100, 98.5 or 97 g of flour, with 0, 1.5 or 3.0 g level of

hydrocolloid addition, respectively), salt (1.5 g), sugar (3 g),

active dry yeast (0.8 g), shortening (6 g) and potable water

(60 g). Uniform dough of each bread formula was obtained by

mixing and kneading the ingredients manually. Subsequently,

appropriate quantity of the dough was placed in a baking pan

pre-smeared with the shortening, and baking was carried out at

330°C for 10 min. The bread loaves were cooled to room

temperature on a cooling rack. The bread baked with WWF

served as the control bread.

2.4 Preparation of methanolic extract of
flours samples

A total of 15 ml of methanol was added to 0.3 g of each flour

sample in a centrifuge tube (50 ml capacity), and shaken

continuously for a period of 1 h at room temperature.

Thereafter, the mixture was kept overnight and filtered to

obtain the supernatant (referred to as sample extract

hereafter). The extract was collected and stored at −4°C until

analysis (Chan et al., 2007).

2.5 Quantification of polyphenolics
contents of flour samples

2.5.1 Quantification of total phenolics content
The Folin–Ciocalteu method reported by Singleton et al.

(1999) was employed to determine the total phenolics content of

the samples. In brief, the sample extract (300 μL) was mixed with

Folin–Ciocalteu reagent (1.5 ml) and Na2CO3 solution (1.2 ml,

7.5% w/v) in a test tube and incubated for 30 min in the dark at

room temperature. Afterward, the absorbance was read at

765 nm against the blank. The concentration of total

phenolics was calculated and expressed as gallic acid

equivalent (GAE) in mg/g sample.

2.5.2 Quantification of tannins content
The method reported by Amorim et al. (2008) was adopted

to determine the tannins content of the samples. An aliquot

(0.1 ml) of the sample extract was mixed with distilled water

(7.5 ml), Folin-Denis reagent (0.5 ml), 35% Na2CO3 solution

(1 ml), and diluted to 10 ml with distilled water. The mixture

was vortexed, incubated for a period of 30 min at room

temperature, and the absorbance reading was taken at

760 nm against a blank. Subsequently, the concentration of

tannins was calculated and expressed as mg tannic acid

equivalent/g (TAE mg/g) sample.

2.5.3 Quantification of total flavonoids content
The aluminum chloride method reported by Kale et al.

(2010) was adopted to quantify the total flavonoids content of

the samples. Briefly, sample extract (0.5 ml) was mixed with

methanol (1.5 ml), 10% aluminum chloride solution (0.1 ml),

1 M potassium acetate solution (0.1 ml) and distilled water

(2.8 ml) in a test tube. The mixture was vortexed, incubated

for a period of 30 min at room temperature, following which the

absorbance reading was taken at 514 nm. Total flavonoids

concentration of the sample was expressed as mg quercetin

equivalent/g (QE mg/g) sample.

2.6 In vitro antioxidant activity assays

2.6.1 Determination of 1, 1-diphenyl-2-
picrylhydrazyl free-radical (DPPH•)-scavenging
ability of flour samples

The method of Cervato et al. (2000) was adopted to quantify

the DPPH• scavenging ability of the sample extract, with a slight

modification. Briefly, 1 ml of appropriate dilution of the extract

and 3 ml of methanolic solution of DPPH radicals (60 μM;

0.0118 g of DPPH• dissolved in 500 ml of methanol) were

mixed in test tubes. The mixture was incubated in the dark at

room temperature for 30 min, before the absorbance was read at

517 nm on a spectrophotometer (Jenway, 6405 UV/Vis,

United Kingdom). A reference test, comprising 1 ml of

methanol mixed with 3 ml of DPPH radical solution, was

included in the assay. The percentage inhibition (% Inh.) of

DPPH• by the test sample was calculated using the following

equation:

%Inh. = [(Abs517reference−Abs517sample) ÷ Abs517reference] ×

100; where Abs517reference is the absorbance reading of the

reference, and Abs517sample is the absorbance reading of the

sample.

The SC50, which stands for the extract’s concentration that

scavenged 50% of DPPH radical, was calculated from the extract

concentration (mg/ml) versus inhibition (%) plot of each extract.

2.6.2 Determination of 2, 2-azinobis (3-ethyl-
benzothiazoline-6-sulfonic acid) radical cation
(ABTS+) radical-scavenging ability of flour
samples

The ABTS radical-scavenging ability of extracts of the flours

was determined following the procedure described by Sellappan

and Akoh (2002). In this assay, a mixture of equal volume of

7 mM ABTS aqueous solution and K2S2O8 (2.45 mM) was

incubated for 16 h in the dark at room temperature to

generate the ABTS cation radical. Thereafter, the absorbance

was adjusted at 734 nm to 0.7 ± 0.02 with 95% ethanol. Next, the

extract (0.2 ml) was mixed with ABTS+ solution (2.0 ml) and

incubated for 15 min, before reading the absorbance at 734 nm.

Lastly, the ABTS+-scavenging capacity of the samples was
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calculated as trolox equivalent antioxidant capacity (TEAC),

using a trolox (100–500 µM) calibration curve.

2.6.3 Determination of iron (III) reducing power
The procedure reported by Irondi et al. (2019b) was

employed to quantify the iron (III) reducing power of the

flour samples. In this assay, an aliquot (2.5 ml) of the flour

extract was mixed with 2.5 ml of sodium phosphate buffer

(200 mM, pH 6.6) and 2.5 ml of potassium ferricyanide (1%).

The mixture was subjected to 20 min of incubation at 50°C;

following which 2.5 ml of trichloroacetic acid solution (10%) was

added, and the mixture was divided into 2.5 ml aliquots in

separate test tubes. Next, 2.5 ml of distilled water and 1 ml of

ferric chloride solution (0.1%) were sequentially added to the

content of each test tube, and the absorbance reading was taken at

700 nm. The iron (III) reducing power was then calculated using

a gallic acid (0–10 mg gallic acid/mL) calibration curve.

2.7 In vitro starch-hydrolyzing enzyme
inhibition assays

2.7.1 Alpha-glucosidase inhibition assay
The protocol described by Kim et al. (2005) was adopted to

determine the inhibitory effect of the flour samples on alpha-

glucosidase (EC 3.2.1.20), using para-

nitrophenylglucopyranoside (PNPG) as the substrate. In brief,

50 μL of α-glucosidase (five units) was pre-incubated with 50 μL

of the flour extract for a period of 10 min at 37°C. Hydrolytic

reaction was then initiated by the addition of PNPG (3 mmol/L)

dissolved in phosphate buffer (20 mmol/L, pH 6.9). After 20 min

of hydrolysis at 37°C, the hydrolytic reaction was terminated by

adding 0.1 mol/L Na2CO3 (2 ml). The absorbance reading of the

yellow p-nitrophenol released from PNPG hydrolysis was taken

at 400 nm. The percentage inhibition of α-glucosidase activity

was calculated as follows:

%Inhibition = (Abs400reference−Abs400sample) × 100/

Abs400reference; where Abs400reference is the absorbance reading

of the reference, and Abs400sample is the absorbance reading of

the sample.

2.7.2 Alpha-amylase inhibition assay
Assay for α-amylase inhibition was performed by adopting

the procedure previously reported by Kwon et al. (2008), using

α-amylase (EC 3.2.1.1) from porcine pancreas and soluble

starch (substrate). Different dilutions of the flour extracts,

amounting to 500 μL, and 500 μL of sodium phosphate

buffer (0.02 M, pH 6.9, with 0.006 M NaCl), containing α-
amylase solution (0.5 mg/ml), were incubated at 37°C for a

period of 10 min. This was followed by the addition of 500 μL of

starch solution (1%) in 0.02 M sodium phosphate buffer. Next,

the reaction mixture was subjected to incubation at 37°C for a

period of 15 min, following which the hydrolytic reaction was

terminated by adding 1.0 ml of DNSA colour reagent (1% 3, 5-

dinitrosalicylic acid and 12% sodium potassium tartrate in

0.4 M NaOH). The reaction mixture was subjected to 5 min

of incubation in a boiling water bath, cooled to room

temperature, and diluted with distilled water (10 ml). The

absorbance reading was taken at 540 nm, following which

the percentage inhibition of α-amylase was calculated as

follows:

%Inhibition= (Abs540reference−Abs540sample) × 100/

Abs540reference; where Abs540reference is the absorbance reading

of the reference, and Abs540sample is the absorbance reading of

the sample.

2.8 Sensory evaluation of bread

Sensory (colour, flavour, taste, chewiness and overall

acceptability) evaluation was carried out on the freshly

baked gluten-free and control breads samples. The ethical

clearance (MOH/KS/EU/777/410) to conduct the sensory

evaluation was obtained from the Ministry of Health in

Ilorin, Kwara State. The method previously reported by

Ranasalva and Visvanathan (2014) was adopted to

perform the sensory evaluation with a slight modification.

A total of twenty-five students of Kwara State University,

within the age range of 18–25 years, evaluated the bread

samples based on a nine-point scale, using a hedonic

questionnaire.

2.9 Statistical analysis of data

The results of replicated experiments (triplicate) were

presented as mean ± standard deviation and subjected to

one-way analysis of variance using SPSS software (21st

version). Duncan’s multiple range test was also carried out

to compare the means at 95% confidence level (Elemosho et al.,

2020).

3 Results and discussion

3.1 Gluten, amylose and amylopectin
levels of the flour samples

Table 1 presents the gluten, amylose and amylopectin

contents of the flour samples. As expected, gluten (14.53%)

was present in the white wheat flour (WWF), but was not

detected in the flours of whole pearl millet (PMF), sweet detar

(SDF), the sodium carboxymethyl cellulose (SCMC) and

their blends. The absence of gluten in these flours is an

indication that they may be suitable for the preparation of

gluten-free foods, targeting celiac disease patients, and
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reducing the risk of developing complications in the celiac

disease patients (See et al., 2015). The gluten content of the

WWF was the same as we previously reported (Irondi et al.,

2021).

Among the samples, 100% SDF and SCMC had the least and

the highest levels (p < 0.05) of amylose and amylopectin,

respectively, relative to the 100% WWF and 100% PMF.

However, 100% WWF had a significantly lower (p < 0.05)

amylose and a higher amylopectin contents than the 100%

PMF. Further, the amylose contents of PMF-SDF and PMF-

SCMC blends decreased significantly (p < 0.05), while their

amylopectin levels increased as the proportion of SDF and

SCMC increased. This notwithstanding, the amylose content

of the 100% WWF was lower and its amylopectin content was

higher than those of PMF-SDF and PMF-SCMC blends. The

amylose-amylopectin ratios of the flours were in the order of

PMF (0.42) > 98.5%PMF-1.5%SCMC (0.38) > 97%PMF-3%

SCMS (0.36) > 98.5%PMF-1.5%SDF (0.35) > 97%PMF-3%

SDF (0.34) > WWF (0.32) > 100% SDF (0.01) > 100% SCMC

(0.001). Thus, in agreement with previous reports, the

amylopectin contents of the flours were higher than their

amylose contents, confirming that amylopectin is the

predominant component of most starches (Yotsawimonwat

et al., 2008; Irondi et al., 2019b). The relative proportion of

amylose and amylopectin in flours is known to influence their

functional properties, upon which their food and industrial

applications depend. It also has effect on the blood glucose

response (glycaemic index) of the flours, with a lower amylose

and a higher amylopectin level resulting in a higher blood glucose

response. This effect is attributed to the propensity of α-amylase

to digest amylopectin at a faster rate than amylose in the human

duodenum (Shanita, et al., 2011; Irondi et al., 2021). Therefore,

the WWF, with a higher amylopectin content compared to the

PMF and its blends with SDF and SCMC, may have higher

digestibility and consequently, higher glycaemic index in

agreement with the report of Riley et al. (2006).

3.2 Functional properties of flour samples

The functional properties of the flours, including

solubility index, swelling power, water absorption capacity

and bulk density are presented in Table 2. Among the

individual flours (that is, 100% WWF, 100%PMF and

100% SDF) and 100% SCMC, the least (p < 0.05) solubility

index was recorded in the 100% SCMC, followed by 100%

SDF. Generally, the solubility index of the PMF-SDF and

PMF-SCMC blends reduced significantly (p < 0.05) as their

proportions of SDF and SCMC increased, except for the

98.5%PMF-1.5%SDF blend. The swelling power and water

absorption capacity of SCMC, followed by those of SDF, were

significantly higher (p < 0.05) than those of 100% WWF and

100% PMF. This agrees with previous reports that

hydrocolloids have a strong water-binding capacity (Sun

et al., 2022).

Relative to the 100% PMF, the water absorption capacity of

the PMF-SDF and PMF-SCMC blends increased significantly

(p < 0.05) as the proportions of SDF and SCMC increased in

the blends. This is consistent with previous reports that

confirmed a positive relationship between increased

hydrocolloid content and water absorption (Zannini et al.,

2014; Sun et al., 2022).

There was also a significant increase (p < 0.05) in the swelling

power of the PMF-SDF at 3% level of SDF addition. Conversely, the

solubility index of the blends reduced significantly (p < 0.05) with an

increased proportion of SDF and SCMC, relative to the PMF.

Further, the water absorption capacity of the 100% WWF in this

study was lower than the water absorption capacity range (140%–

142%) reported for 100% wheat flour by Suresh et al. (2015).

Water absorption capacity is an important functional

property required in dough handling (Nwakaudu et al.,

2017), as the dough is expected to absorb water without

the dissolution of its proteins, so as to attain body

thickening and viscosity (Seena and Sridhar, 2005).

TABLE 1 Gluten, amylose and amylopectin contents of flour samples.

Samples Gluten content (%) Amylose (%) Amylopectin (%) Amylose:Amylopectin

100% WWF 14.53 ± 0.35 24.48 ± 0.35c 75.52 ± 0.35e 0.32 ± 0.01b

100% PMF — 28.62 ± 0.14g 71.38 ± 0.14a 0.40 ± 0.00f

100% SDF — 1.25 ± 0.21b 98.75 ± 0.21f 0.01 ± 0.00a

100% SCMC — 0.1 ± 0.14a 99.90 ± 0.14g 0.001 ± 0.00a

98.5%PMF-1.5%SDF — 25.98 ± 0.49d,e 74.02 ± 0.49c,d 0.35 ± 0.01c,d

97%PMF-3% SDF — 25.28 ± 0.21d 74.72 ± 0.21d 0.34 ± 0.00c

98.5%PMF-1.5%SCMC — 27.77 ± 0.21f 72.23 ± 0.21b 0.39 ± 0.00e

97%: PMF-3%SCMC — 26.27 ± 0.63e 73.73 ± 0.63c 0.36 ± 0.01d

Data are the mean values ± SD of triplicate determinations. Data having different lowercase superscript letters along the same column differ significantly (p < 0.05). WWF, white wheat

flour; PMF, whole pearl millet flour; SDF, sweet detar flour; SCMC, sodium carboxymethylcellulose. The gluten, amylose, amylopectin contents and amylose:amylopectin of 100% WWF,

PMF and SCMC are as contained in our recent report (Irondi et al., 2021).

The letters were used to indicate values that varied significantly.
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Hence, a high water absorption capacity ensures product

cohesiveness that is desirable in the development of ready-

to-eat foods (Ogunlakin et al., 2012). On the other hand,

bulk density is indicative of a product’s porosity, and the

flour’s wettability. This influences packaging design and

could be applied in determining the appropriate type of

packaging material (Iwe and Onalope, 2001; Akubor, 2007).

A high bulk density is desirable for a greater ease of

dispersibility and reduction of paste thickness (Udensi

and Eke, 2000), whereas a low bulk density of flour is a

good physical attribute for its stability during distribution

(transportation) and storability (Agunbiade and Sanni,

2001).

3.3 Pasting properties of flour samples

The pasting properties (peak, trough, final, set back and

breakdown viscosities, peak time and pasting temperature), of

which the peak and final viscosities are of great importance to the

food industries (Irondi et al., 2018), are presented in Table 3.

Among the samples, 100% SDF had the highest (p < 0.05) final

viscosity (1402.67 RVU), while 100% SCMC had the highest peak

viscosity (900.63 RVU), confirming their visco-elastic qualities as

hydrocolloids. These higher peak and final viscosities of SDF and

SCMC may partly be attributed to their low amylose content.

Flours having a low concentration of amylose swelled easily, and

displayed increased viscosity during heating at a lower

TABLE 2 Functional properties of the flour samples.

Sample Solubility index (%) Swelling power (g/g) Water
absorption capacity (%)

Bulk density (g/ml)

100% WWF 14.44 ± 0.39f 8.91 ± 0.22d 348.5 ± 2.12c 0.69 ± 0.01b

100% PMF 15.42 ± 0.04f 8.17 ± 0.01b,c 105.37 ± 0.72a 0.63 ± 0.01a

100%SDF 6.52 ± 0.16c 18.55 ± 0.53e 402.97 ± 4.20d 0.64 ± 0.01a

100% SCMC 2.74 ± 0.65a 19.58 ± 0.38f 455.22 ± 1.73e 0.68 ± 0.01b

98.5%PMF-1.5%SDF 15.27 ± 0.38f 8.18 ± 0.09b,c 117.25 ± 0.81b 0.69 ± 0.00b

97%PMF-3%SDF 11.40 ± 0.71e 8.54 ± 0.25a 119.41 ± 0.84b 0.68 ± 0.00b

98.5%PMF-1.5%SCMC 8.38 ± 0.76d 7.62 ± 0.03a,b 119.90 ± 0.14b 0.64 ± 0.00a

97%: PMF-3%SCMC 4.44 ± 0.66b 7.39 ± 0.07a 115.92 ± 0.11b 0.63 ± 0.01a

Data are the mean values ± SD of triplicate determinations. Data having different lowercase superscript letters along the same column differ significantly (p < 0.05). WWF, white wheat

flour; PMF, PMF, whole pearl millet flour; SDF, sweet detar flour; SCMC, sodium carboxymethyl cellulose. The functional properties of 100% WWF, PMF and SCMC are as contained in

our recent report (Irondi et al., 2021).

The letters were used to indicate values that varied significantly.

TABLE 3 Pasting properties of the flour samples.

Sample Peak
viscosity
(RVU)

Trough
viscosity
(RVU)

Breakdown
viscosity (RVU)

Final
viscosity
(RVU)

Set-back
viscosity
(RVU)

Peak
time
(min)

Pasting
temp. (°C)

100% WWF 203.92 ± 2.70c 127.21 ± 0.96b 76.71 ± 4.02e 289.84 ± 3.34d 162.63 ± 3.42e 6.24 ±
0.85a,b,c

91.30 ± 2.38d

100% PMF 106.17 ± 1.49a 70.67 ± 0.81a 35.50 ± 3.72b 172.83 ± 1.57a 102.17 ± 3.22b 5.53 ± 0.11a,b 79.95 ± 1.88c

100%SDF 638.92 ± 4.34e 574.58 ± 3.59e 64.33 ± 0.69d 1402.67 ± 0.17g 828.08 ± 2.81g 6.20 ±
0.85a,b,c

50.15 ± 0.21a

100%SCMC 900.63 ± 1.32f 608.09 ± 2.15f 292.54 ± 4.20f 732.54 ± 2.84f 124.46 ± 3.08d 5.44 ± 0.44a 50.28 ± 0.51a

98.5%PMF-
1.5%SDF

108.83 ± 2.16a 69.67 ± 0.65a 39.17 ± 1.02b 174.04 ± 4.70a 105.79 ± 2.91b,c 5.54 ± 0.28a,b 79.90 ± 1.43c

97%PMF-
3%SDF

237.00 ± 2.66d 191.83 ± 2.21d 45.17 ± 0.14c 680.42 ± 2.09e 538.79 ± 1.44f 6.84 ± 0.26c 62.20 ± 0.13b

98.5%PMF-
1.5%SCMC

156.84 ± 1.58b 147.92 ± 0.27c 8.92 ± 0.17a 227.21 ± 2.02b 79.29 ± 1.58a 6.40 ± 0.28b,c 59.85 ± 1.41b

97%PMF-3%
SCMC

208.33 ± 1.15c 149.58 ± 2.15c 58.75 ± 0.86d 261.00 ± 0.31c 111.42 ± 1.43c 5.57 ± 0.38a,b 62.20 ± 1.08b

Data are the mean values ± SD of triplicate determinations. Data having different lowercase superscript letters along the same column differ significantly (p < 0.05). WWF, white wheat

flour; PMF, whole pearl millet flour; SDF, sweet detar flour; SCMC, sodium carboxymethyl cellulose. The pasting properties of 100%WWF, PMF and SCMC are as contained in our recent

report (Irondi et al., 2021).

The letters were used to indicate values that varied significantly.
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temperature, as a result of a weaker binding force in the starch

granule (Hoover et al., 1996). Thus, SDF and SCMC may be

suitable for products in which high gelling strength and elasticity

are required (Uzomah and Odusanya, 2011). Expectedly, relative

to the 100% PMF, the peak and final viscosities of the PMF-SDF

and PMF-SCMS blends (except the 98.5%PMF-1.5%SDF blend)

increased significantly (p < 0.05) as the proportions of SDF and

SCMC increased.

The pasting temperatures of 100% SDF and 100% SMC

(50.15 and 50.28°C, respectively) were comparable (p > 0.05); but

both were significantly lower (p < 0.05) than those of 100% WWF,

100% PMF, and the blends. Furthermore, in comparison with the

100% PMF and 100%WWF, the pasting temperatures of the PMF-

SDF and PMF-SCMS blends (except the 98.5%PMF-1.5%SDF

blend) decreased significantly (p < 0.05) with increased

proportions of SDF and SCMC. This decrease in pasting

temperature gives the blends additional technological advantage

in food application over the 100% PMF and 100% WWF, since a

lower pasting temperature is an indication of a lower cost energy

required to cook a given starch/flour sample (Elemosho et al., 2020).

3.4 Polyphenolics contents of flours

Table 4 presents the polyphenolics contents (mg/g) of the flour

samples. Total phenolics and tannins contents varied significantly (p<
0.05) among the three individual flour samples (100% WWF, 100%

PMF and 100% SDF); with 100% PMF having the highest levels of

these phytochemicals, while 100WWF had the lowest levels. The low

levels of polyphenolics recorded in the 100%WWFmay be connected

with its refining process, which involved the removal of the bran and

germ, leaving only the starchy endosperm that is milled into flour

(Parenti et al., 2020). It is well-known that the phytochemicals in cereal

grains, including wheat, are mainly deposited in their bran (Parenti

et al., 2020). Thus, their removal may have contributed to the lower

levels of the polyphenolics in the 100% WWF.

Comparatively, the total phenolics (9.06 GAE mg/g) and

total flavonoids (2.15 QE mg/g) observed in the 100% PMF in

this study are higher than the ranges (total phenolics,

99.75–112.25 mg/100 g; total flavonoid, 62.23–74.05 mg/

100 g), while the tannin content (4.40 TAE mg/g) falls

within the range (340.00–500.00 mg/100 g) Nakarani et al.

(2020) reported in ten different genotypes of finger millet.

Similarly, the total phenolics (6.15 GAE mg/g), tannins

(2.75 TAE mg/g), and total flavonoids (2.01 QE mg/g)

obtained in SDF in this study are higher than the levels

(total phenolics, 1.56 ± 0.03 GAE mg/g; tannin, 1.74 ±

0.03 TAE mg/g; and total flavonoid, 0.81 QE mg/g) reported

in a previous study (Irondi et al., 2015). These variations could

be attributed to differences in the period of sample collection

and method of extraction, as well as variations in biotic and

abiotic factors that influence the levels of phytochemicals in

plants and their bioactivities (Mpofu et al., 2006; Braga et al.,

2014).

Polyphenolic compounds are remarkable for their diverse

health benefits, such as antioxidant and antidiabetic activities

(Sethiya et al., 2014). Aside their health benefits, the antioxidant

activity of these polyphenolics compounds help to maintain the

nutritional value and prolong the shelf-life of foods, by preventing

the oxidative spoilage of some nutrients (for instance, unsaturated

fatty acids and vitamins) that are vulnerable to oxidation and

retarding the production of some toxic oxidative products (Avila-

Roman et al., 2021; Irondi et al., 2021).

3.5 Antioxidant activity of flours

Table 5 contains the antioxidant activity of the flours

samples, assayed using ABTS•+, DPPH• scavenging activity,

and reducing power tests. In line with the polyphenolics

contents, 100% PMF had the most potent antioxidant

activity among the flour samples. As earlier stated, the

TABLE 4 Polyphenolics contents of flour samples.

Sample Total
phenolics (GAE mg/g)

Tannins (TAE mg/g) Total
flavonoids (QE mg/g)

100% WWF 1.90 ± 0.19a 1.63 ± 0.08b 1.23 ± 0.25a,b

100% PMF 9.06 ± 0.96d 4.40 ± 0.08e 2.15 ± 0.12c

100% SDF 6.15 ± 0.28b 2.75 ± 0.22c 2.01 ± 0.81b,c

100% SCMC 1.22 ± 0.57a 1.03 ± 0.18a 0.93 ± 0.23a

98.5% PMF-1.5%SDF 7.70 ± 0.38c 4.37 ± 0.13e 2.03 ± 0.40b,c

97% PMF-3%SDF 7.57 ± 0.19c 3.98 ± 0.85d 1.86 ± 0.14b,c

98.5% PMF-1.5%SCMC 7.64 ± 0.47c 4.07 ± 0.21d 1.94 ± 0.16b,c

97% PMF-3%SCMC 7.30 ± 0.38c 4.01 ± 0.04d 1.73 ± 0.20a,b,c

Data are the mean values ± SD of triplicate determinations. Data having different lowercase superscript letters along the same column differ significantly (p < 0.05). WWF, white wheat

flour; PMF, whole pearl millet flour; SDF, sweet detar flour; SCMC, sodium carboxymethyl cellulose.

The letters were used to indicate values that varied significantly.
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polyphenolics (total phenolics, tannins, and total flavonoids)

quantified in the flours in this study are prominent for their

antioxidant activity, which they exert through various

mechanisms. These mechanisms include the prevention of

chain initiation and continued hydrogen abstraction,

scavenging of free radicals, decomposition of peroxides,

binding of transition metal ion catalysts, and reducing

capacity (Arslan and Celik, 2013). The ferric reducing

power, ABTS•+ and DPPH• scavenging capacities of the

PMF-SDF blends decreased significantly (p < 0.05) in the

flour samples, as the proportion of SDF in the blends

increased. This notwithstanding, the blends had stronger

(p < 0.05) reducing power, ABTS•+ and DPPH• scavenging

than the 100% WWF. Ascorbic acid, a reference antioxidant,

had a more potent ferric reducing power, ABTS•+ and DPPH•

scavenging than the PMF and the blends. Among the flour

blends (98.5%PMF-1.5%SDF, 97%PMF-3%SDF, 98.5%PMF-

1.5% SCMC and 97%PMF:3% SCMC), 98.5%PMF-1.5%SDF

had the strongest ABTS•+ scavenging ability (248.34 ±

0.54 TE μm/g). The ability of the flour blends to scavenge

free radicals suggests that products made from them (such as

the bread in this study) may be useful in protecting the body

from free radicals-induced oxidative damage to cellular bio-

molecules (proteins, nucleic acids, carbohydrates and lipids)

and oxidative stress-associated chronic diseases (Ward et al.,

2008; Takemoto et al., 2009; Irondi et al., 2018).

TABLE 5 Antioxidant activities of flour samples.

Sample DPPH• SC50 (mg/ml) ABTS•+ (TE μM/g) Reducing
power (GAE mg/g)

100% WWF 27.26 ± 0.08f 227.45 ± 2.01b 1.06 ± 0.26b

100% PMF 6.23 ± 0.07b 249.53 ± 0.34d 5.57 ± 0.17e

100% SDF 13.6 ± 0.43e 242.64 ± 0.67c,d 3.70 ± 0.09c

100% SCMC 41.17 ± 0.23g 198.01 ± 0.67a 0.18 ± 0.15a

98.5%PMF-1.5%SDF 7.34 ± 0.07b,c,d 248.34 ± 0.54d 5.20 ± 0.08d

97%:PMF-3%SDF 8.17 ± 0.23c,d 241.69 ± 0.47c,d 5.12 ± 0.03d

98.5%PMF-1.5%SCMC 7.20 ± 0.23b,c 246.43 ± 2.69d 5.35 ± 0.08d,e

97%:PMF-3%SCMC 9.07 ± 0.08d 238.13 ± 0.57b,c 5.08 ± 0.04d

Ascorbic acid 0.03 ± 0.01a — —

Data are the mean values ± SD of triplicate determinations. Data having different lowercase superscript letters along the same column differ significantly (p < 0.05). WWF, white wheat

flour; PMF, whole pearl millet flour; SDF, sweet detar flour; SCMC, sodium carboxymethyl cellulose; SC50: concentration that scavenged 50% of DPPH
•
.

The letters were used to indicate values that varied significantly.

FIGURE 3
Alpha-glucosidase IC50 of flour samples. Bars with different letters vary significantly (p < 0.05). WWF, white wheat flour; PMF, whole pearl millet
flour; SDF, sweet detar flour; SCMC, sodium carboxymethyl cellulose.
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3.6 Starch-hydrolyzing enzymes inhibitory
activity of the flours

The concentrations of extracts of the flours that caused 50%

inhibition (IC50 μg/ml) of starch-hydrolyzing enzymes (α-amylase

and α-glucosidase) are presented in Figures 2, 3. Alpha-amylase and

α-glucosidase catalyze dietary carbohydrates digestion into simple

sugars; thus, postprandial blood glucose concentration depends

partly on their activities (Sim et al., 2010; Irondi et al., 2019a).

Alpha-amylase is found in the saliva and pancreatic juice, where it

cleaves the α-(1→4) bond of starch, to release dextrin, maltose, and

maltotriose (Tucci et al., 2010). Subsequently, the glycosidic bonds of

these oligosaccharides are hydrolyzed further by α-glucosidase
found in the ciliary membrane of small intestine, thereby

producing glucose units that are then absorbed (Satoh et al., 2013).

Among the flours, the 100% PMF had the strongest (p < 0.05)

inhibitory effect on the activities of α-amylase and α-glucosidase,
although it was not as effective as acarbose, a standard inhibitor

of these two enzymes (Figures 2, 3). The stronger inhibitory

activity of the 100% PMF over the other flours may be a reflection

of its higher level of polyphenolics (Table 4), which are known to

inhibit α-amylase and α-glucosidase (Ribeiro et al., 2019).

Phenolic compounds are well-known to display their

antidiabetic activity by decreasing the rate of starch digestion

in vitro and in vivo (Amoako and Awika, 2016), through the

inhibition of starch-hydrolyzing enzymes, thereby reducing

glycemic response in vivo (Hanhineva et al., 2010).

Mechanism-wise, phenolic compounds inhibit digestives

enzymes (α-amylase and α-glucosidase, in this case) by

protein denaturation, due to their high affinity for proteins,

mediated via hydrogen and hydrophobic bonding (Villiger

et al., 2015; Irondi et al., 2021).

The PMF-SDF blends had a stronger (p < 0.05) α-amylase

and α-glucosidase inhibitory capacity than the PMF-SCMC

blends. This suggests that the incorporation of SDF as a

natural source of hydrocolloid may have a comparative

advantage over SCMC in terms of producing a gluten-free

bread with an anti-hyperglycaemic property, targeting

nutrition-related non-communicable diseases such as obesity

and type 2 diabetes mellitus. This is plausible, since α-amylase

and α-glucosidase inhibition has a direct relationship with a

reduced blood glucose response (Butterworth et al., 2022).

3.7 Sensory qualities of the bread samples

The sensory qualities (colour, flavour, taste, chewiness, odour

and overall acceptability) of PMF-SDF breads are presented in

Table 6. Sensory qualities indicate consumers’ perception of a

product. From the results, the 100% WWF bread sample was

rated better (p < 0.05) than the 100% PMF, PMF-SDF and PMF-

SCMC bread samples. The consumers’ preference of the 100%

WWF bread over the 100% PMF bread and those of the blends

confirms the already known fact that the use of refined flour

represents the standard reference in the technology of bread-

making, ensuring bread of superior quality sensory attributes that

are well-appreciated by consumers (Parenti et al., 2020). As

previous studies indicated, the presence of phytochemicals,

such as polyphenolic compounds, which are highly deposited

in the bran of the cereal kernel, give unrefined breads a bitter taste

(Heiniö, 2009). This poor sensory quality has been noted as one

of the major setbacks militating against the increased

consumption of the unrefined cereal bread (Parenti et al.,

2020). However, considering the starch-digesting enzymes

inhibitory property of the 100% PMF and those of the blends,

a bioactivity that suggests their potential anti-hyperglycaemic

property, consumers may want to accept the sensory quality loss

in their breads, since it has an accompanying health benefit (Arp

et al., 2020). Furthermore, as Parenti et al. (2020) opined, despite

consumers’ preference for refined flour bread, their demand for

unrefined flour breads has increased greatly due to the health

benefits associated with them. Further, the sensory qualities of

the PMF-SDF and PMF-SCMC breads were comparable (p >
0.05), suggesting that SDF could be a good natural hydrocolloids

TABLE 6 Sensory attributes of the bread samples.

Bread Colour Flavour Taste Chewiness Odour Overall
acceptability

100% WWF 7.17 ± 1.85b 5.75 ± 1.60b 6.17 ± 1.80b 6.67 ± 2.10b 6.67 ± 1.88b 6.58 ± 2.23b

100% PMF 3.42 ± 1.98a 3.25 ± 1.96a 2.67 ± 1.92a 4.17 ± 1.85a 4.17 ± 1.47a 3.25 ± 2.53a

98.5%PMF-1.5%SDF 3.08 ± 1.56a 3.42 ± 1.88a 2.67 ± 1.44a 3.50 ± 1.73a 3.83 ± 1.80a 2.75 ± 1.60a

97%PMF-3%SDF 3.08 ± 1.67a 3.50 ± 1.57a 3.33 ± 1.92a 3.42 ± 1.24a 3.75 ± 1.42a 2.67 ± 1.77a

98.5%PMF-1.5%SCMC 4.08 ± 2.15a 4.08 ± 1.78a 3.08 ± 1.56a 3.67 ± 1.44a 3.75 ± 1.55a 3.42 ± 1.44a

97%PMF-3%SCMC 3.58 ± 1.83a 3.25 ± 1.66a 3.25 ± 2.01a 3.17 ± 1.59a 3.42 ± 1.31a 3.25 ± 2.05a

Data are the mean values ± SD of replicate evaluations. Data having different lowercase superscript letters along the same column differ significantly (p < 0.05). WWF, white wheat flour

bread; PMF, whole pearl millet flour bread; SDF, sweet detar flour; SCMC, sodium carboxymethyl cellulose. The sensory attributes of 100%WWF and 100% PMF breads are as contained in

our recent report (Irondi et al., 2021).

The letters were used to indicate values that varied significantly.
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substitute for SCMC in the development of whole pearl millet

flour-based gluten-free bread.

4 Conclusion

The addition of sweet detar flour (SDF, a natural

hydrocolloids-rich source) at 1.5 and 3% levels to whole pearl

millet flour (PMF) resulted in a decrease in the amylose level and

solubility index of the PMF-SDF blends. However, it led to an

increase in the water absorption capacity, peak and final

viscosities of the blends. The polyphenolics concentrations,

antioxidant and starch-digesting enzymes (α-amylase and α-
glucosidase) inhibitory activities of the PMF-SDF blends were

higher than those of the white wheat flour (WWF). Further, the

α-amylase and α-glucosidase inhibitory activities of 98.5% PMF-

1.5% SDF blend were stronger than those of the PMF-SCMC

blends. Also, the sensory qualities of the PMF-SDF and PMF-

SCMC breads were comparable. Therefore, SDF could be a good

substitute for SCMC in the development of PMF-based gluten-

free bread, with an enhanced starch-digesting enzymes inhibitory

property, targeting celiac disease and type 2 diabetic patients.
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