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Ultrasound-treated moringa leaf
powder enhances nutritional
quality and phytochemical
properties of fermented finger
millet—Bambara groundnut flour
blends

Masala Mudau and Oluwafemi Ayodeji Adebo*

Centre for Innovative Food Research (CIFR), Department of Biotechnology and Food Technology,
Faculty of Science, University of Johannesburg, Johannesburg, Gauteng, South Africa

This study investigated the impact of ultrasonicated Moringa oleifera leaf powder
(UMOLP) incorporation on the various food properties of fermented finger millet-
Bambara groundnut flour (FFM-FBGN). Two groups (A and B) of composite flour
were formulated, with the A-group and B-group composite flours having FFM
and FBGN as their control samples, respectively. The protein, fibre, and ash
contents after the addition of UMOLP to the A-group composite flour ranged
from 8.81% to 11.40%, 3.08%-3.80%, and 2.13%-2.75%. In the B-group
composite flour, the protein, fibre, and ash contents after the addition of
UMOLP ranged from 13.60% to 16.46%, 5.40%-6.30%, and 2.73%-3.64%,
respectively. The phytochemicals and antioxidant activity increased
significantly as the levels of UMOLP increased in both groups of composite
flours. Overall, the B6% composite flour, containing 70% FBGN, 24% FFM, and 6%
UMOLP, exhibited superior nutritional quality (protein, fibre, and ash) and health-
promoting compounds (total phenolic and flavonoid contents), making it a better
option for use in food products to address the issues of malnutrition and non-
communicable diseases.

composite flour, finger millet, moringa, phytochemicals, starch digestibility

1 Introduction

Finger millet (FM) is an important cereal grain grown by smallholder farmers mostly in
eastern Africa and India (Devos et al., 2023). The grain contains higher fibre, mineral, and
phytochemical contents than major cereals such as rice, maize, and wheat (Anuratha et al,
2024; Munshi and Dashora, 2024). Bambara groundnut (BGN) is a legume grain belonging
to the family Fabaceae, a subfamily, Faboidea, and the genus Vigna (Ramatsetse et al., 2023;
Khan et al,, 2023). This grain is underutilised, especially in the food industry, despite its
richness in protein (15%-25.5%), fiber (5.2%-6.4%), carbohydrate (49%-64.5%), minerals
(2%), and essential amino acids such as lysine and methionine (Esan et al., 2023). This
shows that BGN has the potential to address the issue of malnutrition and food insecurity,
especially in African countries.

Moringa is a drought-tolerant, resilient tree with exceptional resistance to extreme
temperatures (Fidyasari et al., 2024). This plant is said to have many health advantages,
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including hepatoprotective, anti-inflammatory, antioxidant, and
antihypertensive qualities. Additionally, it has been linked to a
decrease in hyperglycemia, indicating its antidiabetic property
(Aljazzaf et al, 2022; Setyani et al, 2023). A recent study
conducted by Leone et al. (2025) revealed that the consumption
of 10 g of MOLP daily can positively control blood sugar levels in
women suffering from type 2 diabetes. In another study by Amer
et al. (2023), the intake of MOLP capsules reduced post-prandial
blood glucose levels in diabetic patients. Previous studies have
indicated that moringa leaves are rich in important bioactive
compounds, such as flavonoids, phenolics, carotenoids, tannins,
isothiocyanates, saponins, and vitamins (Hodas et al., 2021; Saleh
et al., 2024). Thus, its therapeutic properties are widely recognized
(Kumar et al,, 2024). According to a recent study by Khalid et al.
(2023), Moringa leaf powder is high in protein (26.23%) and
contains all essential amino acids (Adewumi et al., 2022).
Moringa leaf powder obtained from moringa plants in Dallo
Mena and Goro, Ethiopia, was reported to contain fiber contents
of 6.29% and 7.55%, respectively (Mengistu and Soboka, 2023). In a
study conducted by Masitlha et al. (2024), it was reported that
MOLP contains calcium, zing, iron, sodium, aluminium, chromium,
magnesium, manganese, 7.70, 15.50, 30.10, 0.8, 1.7, 0.02, 82.60, and
1.60 mg/100 g, respectively.

Food processing, however, is needed to make all these crops
edible, palatable, safe, shelf-stable, and nutritious. Food processing
methods include traditional (fermentation, germination, malting,
etc.) and novel (ultrasonication, parboiling, etc.) food processing
methods. Fermentation is an old food processing method that has
always been used to produce nutritious fermented food products in
developing countries (Zannou et al., 2022). Ultrasonication is one of
the rapidly developing food processing methods to reduce
processing time, improve quality, and ensure food safety (Majid
et al., 2015). This method is based on the cavitation phenomenon,
which causes the production, expansion, and collapse of gas bubbles,
resulting in diverse chemical and mechanical consequences (Mudau
et al, 2024). These effects improve nutritional and functional
qualities by disturbing cellular and macromolecular structures,
and bioavailability of
nutrients and bioactive compounds, and protein solubility. In

consequently enhancing the release
this study, fermentation and ultrasonication were employed
because they have been proven in our previous studies to
enhance the functionality and nutritional compositions of FM
and BGN (Mudau et al., 2024; Mudau and Adebo, 2025). Hence,
fermented FM and BGN (FFM and FBGN) flours and ultrasonicated
Moringa oleifera leaf powder (UMOLP) are being used in the
formulation of multigrain flour, also known as composite flour (CF).

Composite flour (CF) technology, as applied in this study, could
be defined as a technique of blending non-wheat flour with other
cereal grain flours and legume flour to create high-quality food
products while utilizing local raw materials cost-effectively
(Chandra et al,, 2015). Cereals and legumes are important parts
of the human diet and nutrition, and their combinations have been
used to make different products such as bread (Cacak-Pietrzak et al.,
2023a; Cacak-Pietrzak et al., 2023b), biscuits (Pokharel et al., 2023;
2023), and (Dizlek, 2023;
Chatziharalambous et al., 2023). Sometimes cereals or legumes

Arogundade et al, crackers

are combined with phytochemical-rich plants such as M. oleifera
leaf powder (MOLP).
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These combinations, prepared by mixing cereals and legumes or
plants such as M. oleifera leaf powder in proper ratios, are aimed at
providing high-quality products with the required amount of
essential amino acids, minerals, protein, etc., to the consumer.
The hypothesis of this study is that composite flours made from
FFM, FBGN, and UMOLP will have higher nutritional content and
functional qualities with the potential to address the issue of
malnutrition and non-communicable diseases than single-flour
controls. Hence, this study aims to develop nutritious composite
flours from FFM-FBGN supplemented with UMOLP and evaluate
their functional, nutritional, and phytochemical properties.

2 Materials and methods
2.1 Raw materials and chemicals

Raw materials (FM and BGN) used in this study were purchased
from Sai wholesaler, Newtown, Johannesburg, South Africa. A pack
(100 g) of M. oleifera leaf powder (MOLP) was procured from
Clicks, while analytical-grade chemicals were procured from Merck
Chemicals (PTY) Ltd., Germiston, South Africa.

2.2 Sample preparation

The grains (FM and BGN) were washed with distilled water to
eliminate impurities and also to ensure purity in the final
product. The washed grains were then spread on a tray
covered with aluminium foil and dried at a controlled
temperature (40 °C) for 24 h in an oven dryer. After drying, a
platinum dry miller (KJ-1250, Castelfranco Veneto, Italy) was
used to grind the grains into flours, which were then sieved using
a 500 um mesh sieve to ensure uniform particle size. The resulting

flour was used for the fermentation process.

2.2.1 Fermentation and ultrasonication

The fermented flours were prepared through a controlled
fermentation process following a method used by Kewuyemi and
Adebo (2024). About 100 g of each flour (BGN and FM) was mixed
with 0.40 g of the starter culture (Lactococcus lactis subsp. Lactis,
CHN-22, CHR Hansen, Denmark) and sterilised distilled water in
separate sterilised bottles. The fermentation process was allowed to
run for 2 days (48 h) at 35 °C in an incubator. After fermentation, the
samples were spread onto a tray, frozen, and subjected to the freeze-
drying process for 24 h. After freeze-drying, the samples were milled
again and kept in a ziplock bag in the refrigerator (4 °C) until further
analysis. Regarding the ultrasound-treated MOLP, it was obtained
using a slightly modified procedure followed by Mudau and Adebo
(2025). About 30 g of MOLP was combined with 120 mL of distilled
water in a 200 mL beaker. The beaker was held and placed into a
500 mL beaker filled with crushed ice that was on a stand within the
sound enclosure. A titanium probe was placed 20 mm above the
bottom of the sample-filled beaker, and the treatment began and ran
for 15 min. After the ultrasound treatment, the mixture was then
spread onto a tray and freeze-dried for 24 h. Following freeze-
drying, the samples were kept in a ziplock bag in the refrigerator
(4 °C) prior to further investigation.
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TABLE 1 The blending ratio of composite flours made from finger millet, Bambara groundnut, and ultrasonicated Moringa oleifera leaf powder.

Samples Finger millet (%) Bambara groundnut (%) UMOLP (%)
Control A 100 0 0
A0% 70 30 0
A2% 70 28 2
A4% 70 26 4
A6% 70 24 6
Control B 0 100 0
B0% 30 70 0
B2% 28 70 2
B4% 26 70 4
B6% 24 70 6

Control A = (100% FFM); A0% = (70% FFM, 30% FBGN, 0% UMOLP). A2% = (70% FFM, 28% FBGN, 2% UMOLP). A4% = (70% FFM, 26% FBGN, 4% UMOLP). A6% = (70% FFM, 24%
FBGN, 6% UMOLP). Control B = (100% FBGN), B0% = (70% FBGN, 30% FFM, 0% UMOLP); B2% = (70% FBGN, 30% FFM, 2% UMOLP). B4% = (70% FBGN, 26% FFM, 4% UMOLP); B6% =
(70% FBGN, 24% FFM, 6% UMOLP). FEM, fermented finger millet flour; FBGN, fermented Bambara groundnut flour; UMOLP, ultrasonicated Moringa oleifera leaf powder.

2.3 Formulation of composite flours made
from finger millet, Bambara groundnut, and
ultrasonicated Moringa oleifera leaf powder

In this study, two groups (A and B) of composite flour were
formulated, each having its own flour as a base (control), as shown in
Table 1. In the A-group composite flours, fermented finger millet
flour (FFM) was used as control A, and the blended flours consisted
of 70% FFM and 30% fermented Bambara groundnut flour (FBGN),
which was substituted with ultrasonicated M. oleifera leaf powder
(UMOLP) at 2%,4%, and 6% levels of substitution. In the B-group
composite flour, FBGN was used as a control B, and the blended
flour was made of 70% FBGN and 30% FFM, which was substituted
by UMOLP at 2%,4%, and 6% levels of substitution.

2.4 Functional properties

2.4.1 Oil/water absorption capacity

The oil and water absorption capacities (OAC and WAC) of the
composite samples were measured using a procedure followed by
Mahlanza et al. (2025). Approximately 1 g of flour was placed in a
pre-weighed centrifuge tube and combined with 10 mL of vegetable
oil or water. The mixture was completely vortexed and allowed to
stand at room temperature for 30 min. The samples were then
centrifuged at 3000 rpm for 25 min using an Eppendorf 5702 R
(Sigma Aldrich, Johannesburg, South Africa). The supernatant
(unabsorbed oil or water) was carefully decanted, and the
sediment-filled tube was reweighed. The oil and water absorption
capacity was then determined using the following formula:

Oil absor ption capacity (g/g) = ws —1w2
w
Water absoption capacity (g/g) = w3 —1w2
w

where: W1 = weight of the sample; W2 = weight of the centrifuge
tube without sample; W3 = weight of the centrifuge tube with sample.
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2.4.2 Bulk density

The bulk density of the composite samples was determined
using the method described by Mudau et al. (2022). First, 10 g of the
composite flours was weighed and transferred to a 25 mL measuring
cylinder. The cylinder was gently tapped on the table many times
until the sample settled and the volume stayed constant. The BD was
estimated by dividing the sample’s weight by its final volume.

2.4.3 Swelling capacity (SC)

To determine the swelling capacity of the composite samples,
10 mL of flour was added to a 100 mL measuring cylinder. Distilled
water was then added until the total volume was 50 mL. To ensure
thorough mixing, the top of the cylinder was tightly wrapped in foil
and shaken many times. After 2 min, it was shaken again to ensure
that everything was thoroughly combined. The mixture was then
allowed to sit for 30 min so that the flour could settle. After settling,
the ultimate volume of the inflated mixture was determined
(Adebiyi et al., 2016).

2.5 Thermo-pasting properties

The same procedure detailed in our previous study (Mudau and
Adebo, 2025) was applied to determine thermal and pasting
properties of composite samples using the DSC 3 STAR® System
(CH-8606, Mettler Toledo, Greifensee, Switzerland) and a
Rheometer (Anton Paar MCR 72, Ostfildern, Austria), respectively.

2.6 Starch fractions determinations

The rapidly digestible starch (RDS), slowly digestible starch
(SDS), and resistant starch (RS) were determined using the
slightly modified version of the method described by Rocchetti
et al. (2020). After 20 and 120 min of incubation, the amount of
glucose released was measured spectrophotometrically (Accuris
SmartReader 96, model: MR9600, Jersey City, United States)
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using a D-Glucose assay kit, and the RDS and SDS were computed
taking this into account. The resistant starch (RS) was measured
using a K-RSTAR assay kit. The total starch content was estimated
by adding non-resistant starch and RS, as per the instructions
provided on the K-RSTAR assay Kkit.

2.7 Proximate composition

2.7.1 Moisture

The moisture content of the samples was analysed using the
AOAC (2006) method 934.01.

2.7.2 Ash

The ash content of the composite flour samples was determined
using the AOAC (2006) method 923.03.

2.7.3 Crude fat
The fat content of the samples was analysed using the AOAC
(2006) method 920.39.

2.7.4 Crude fibre

The crude fibre content of the samples was determined using the
AOAC (2006) method 990.03.

2.7.5 Crude protein
The protein content of the samples was analysed using the
AOAC (2006) method 978.10.

2.7.6 Carbohydrate

The carbohydrate content of the samples was determined using
the variation method (AOAC, 2006).

2.8 Phytochemicals and antioxidant activity

2.8.1 Extraction

The composite samples were extracted according to the
procedure described by Arouna et al. (2020). In a 50 mL
centrifuge tube, approximately 0.25 g of each flour sample was
combined with 5 mL of methanolic acid solution (prepared by
adding 1% HCI to 80% methanol). The tubes were agitated in an
ultrasonic bath (AU 220, Argo Lab, Carpi, Italy) for a duration of 2 h.
They were then centrifuged for 10 min at 4000 rpm using an
Eppendorf 5702 R (Sigma Aldrich, Johannesburg, South Africa).
The clear liquid (supernatant) was then transferred to 15 mL
centrifuge tubes and used for further investigation.

2.8.2 Phytochemicals of composite flours

(TPC) was
determined using a procedure outlined by Mahlanza et al. (2025).
About 50 uL of Folin-Ciocalteu phenol reagent and 50 pL of 7.5%
sodium carbonate were added to a 96-well microplate containing

Composite samples’ total phenolic content

about 10 pL of the extract. The microplate wells wrapped with
aluminium foil were then allowed to incubate for 30 min in the dark.
Using an Accuris™ SmartReaderTM 96 (model: MR9600, Jersey
City, United States), the combination in the microplate was read at
750 nm, and the absorbance readings were noted. Based on the gallic
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acid standard curve (0-0.2 mg/mL), the TPC values were expressed
as a milligram of gallic acid equivalent per gram of the sample (mg
GAE/g). The samples’ total flavonoid content (TFC) was also
examined using a technique proposed by Mahlanza et al. (2025).
The extract was put into 96-microplate wells in an amount of
approximately 10 pL. Then, 100 pL of 2% sodium hydroxide,
30 pL of 2.5% sodium nitrite, and 30 pL of 1.25% aluminium
chloride were added. The entire solution and quercetin standard
curve (0-2.0 mg/mL) were read at 450 nm using an Accuris™
SmartReaderTM 96 (model: MR9600, Jersey City, United States)
(iMark; Bio-Rad Laboratories, Johannesburg, South Africa). Using
the quercetin standard curve, the TFC was calculated and reported
as milligrams of quercetin equivalent per gram of sample (mg QE/g).

2.8.3 Antioxidant activity of composite flours

In accordance with Sadh et al. (2017), the ABTS radical
scavenging assay was used to assess the antioxidant capacity of
the composite samples. Approximately 7.6 mM ABTS (19 mg in
5 mL), 2.6 mM potassium persulfate (3.5 mg in 5 mL), and an extra
5 mL of distilled water were mixed to create the ABTS stock solution.
The ABTS" radical cation was produced by allowing this
combination to react for 16 h at room temperature in the dark.
For the assay, 200 L of the working ABTS solution was mixed with
20 pL of the sample extract in a microplate well, and the mixture was
left to incubate at room temperature for 1 minute. Using the
Accuris™ SmartReaderTM 96 (model: MR9600, Jersey City,
United States), the absorbance was measured at 734 nm against
the blank. The following formula was used to get the percentage
inhibition of ABTS:

% inhibition = [ (A — As)/A] x 100

where: A = blank absorbance; A, = extract absorbance.

2.9 Statistical analysis

Data collected from analyses conducted on the composite flours
were analysed using IBM SPSS Statistics (New York, United States)
version 27, and the results were presented as mean values + standard
deviation (SD). One-way analysis of variance (ANOVA) was used to
determine significant differences among the mean values, and mean
separation was performed using the Duncan multiple range test with
a 95% confidence level (P < 0.05).

3 Results and discussion
3.1 Functional properties

The functional properties of moringa-enriched composite flours
are shown in Table 2. Functional properties are those characteristics
that indicate whether the flour is suitable for a specific purpose
(Verem et al, 2021). In this study, the functional properties
evaluated include bulk density (BD), water/oil absorption
capacity (WAC/OAC), and swelling capacity (SC). In terms of
BD, the replacement of 30% FFM with FBGN (A0%) and that of
30% FBGN with FFM (B0%) significantly decreased the BD of the
composite flours. The BD further decreased as the UMOLP levels of

frontiersin.org


https://www.frontiersin.org/journals/food-science-and-technology
https://www.frontiersin.org
https://doi.org/10.3389/frfst.2026.1731514

Mudau and Adebo 10.3389/frfst.2026.1731514

TABLE 2 Functional properties of moringa-enriched composite flours.

Sample BD (g/mL) WAC (g9/9) OAC (g/9) SC (mL)
Control A 0.60 + 0.02° 1.95 + 0.03° 1.92 + 0.04° 17.10 + 0.14°
A0% 0.57 + 0.01¢ 2.05 + 0.12° 1.84 + 0.58° 19.5 + 0.10°
A2% 0.54 + 0.04° 2.11 + 0.04° 1.85 + 0.04° 20.5 + 0.13°
A4% 0.51 + 0.02° 2.31 + 0.12° 1.84 + 0.04* 21.00 + 0.16%
A6% 0.48 + 0.02° 2.38 + 0.04° 1.83 + 0.02° 21.90 + 0.14¢
Control B 0.67 + 0.21° 2.53 £ 0.05° 1.72 + 0.02° 24.5 + 0.00¢
B0% 0.65 + 0.62 2.33 +0.02° 1.78 + 0.04° 23.00 + 0.03°
B2% 0.64 + 0.60™ 231 +£0.18° 1.79 + 0.12° 2235 + 0.13*®
B4% 0.63 + 0.62 2.32 + 0.09° 1.80 + 0.04¢ 21.90 + 0.11°
B6% 0.62 + 0.60° 2.32 +0.13° 1.82 + 0.02% 21.52 + 0.13°

Mean values within a column with different superscripts mean the values were significantly different (p < 0.05). Control A = (100% FFM); A0% = (70% FFM, 30% FBGN, 0% UMOLP).
A2% = (70% FFM, 28% FBGN, 2% UMOLP). A4% = (70% FFM, 26% FBGN, 4% UMOLP). A6% = (70% FFM, 24% FBGN, 6% UMOLP). Control B = (100% FBGN), B0% = (70% FBGN,
30% FFM, 0% UMOLP); B2% = (70% FBGN, 30% FFM, 2% UMOLP). B4% = (70% FBGN, 26% FFM, 4% UMOLP); B6% = (70% FBGN, 24% FFM, 6% UMOLP). FFM, fermented finger
millet flour; FBGN, fermented Bambara groundnut flour; UMOLP, ultrasonicated Moringa oleifera leaf powder; BD = bulk density; WAC/OAC = water/oil absorption capacity; SC =

swelling capacity.

supplementation increased in two groups (A and B) of composite
flours. In the A-group composite flours, the BD ranged from 0.48 to
0.60 g/mL, with A6% having higher lower BD as compared to other
composite flours and the control sample. In B-group composite
flours, the BD ranged from 0.62 to 0.67 g/mL, with B6% having a
lower BD as compared to the B-composite flours and the control.
MOLP is rich in ash, protein, and fibre, all of which are known to
have low densities compared to denser carbohydrates found in
starches of cereals and legumes. So, the partial replacement of
starchy flours with UMOLP could be the reason for the decrease
of BD observed in UMOLP-containing composite flours. According
to Padhi and Dwivedi (2022), BD is a critical component for the food
industry in determining the requirements of packaging and material
handling of food products.

The lower BD observed in the composite flours supplemented
with UMOLP could be good for making weaning foods for babies
with reduced bulk density (Mudau et al, 2022). The WAC of
A-group flours increased significantly after the replacement of
30% FFM with FBGN (A0%) and further increased with the
addition of UMOLP, with A6% having higher WAC as compared
to the control sample and other composite flours. This could be due
to FBGN and UMOLP added in the A-group composite flours
having more hydrophilic groups to bind water molecules, as also
shown in Table 1, that FBGN (control B) had higher WAC as
compared to control A, which is FFM. However, in the B-group
composite flours, the control sample, which is 100% FBGN, had
higher WAC than composite flours, suggesting that BGN flour
contained more hydrophilic groups than samples where FFM and
UMOLP were added. These results contrast with those of Getachew
and Admassu (2022), who observed a significant increase in WAC
after the addition of MOLP to cereal-based composite flours.

In terms of the OAC, which is the ability of flour to absorb oil
when the product is being processed, the control sample in the
A-group composite flours had higher OAC as compared to samples
supplemented with UMOLP. In the B-group composite flours, the
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replacement of 30% FBGN with FFM (B0%) and the addition of
UMOLP to the composite flours (B2%, B4%, and B6%) further
increased OAC. The increasing trend of OAC observed suggests the
FFM and UMOLP added to the composite flours had more
hydrophobic proteins with oil-binding properties. According to
Mudau et al. (2022) and Chinma et al. (2022), the primary
chemical factor influencing OAC is protein and nonpolar amino
acid chains, including leucine and alanine, that interact with
hydrocarbon lipid chains. Also, Higher OAC, as observed in B6%
composite flour, is the required quality in the production of sausages
and meat analogs where the retention of fat is desirable (Chandra,
2022). Swelling capacity (SC) is the ability of starch to absorb water,
allowing the size of starch granules to swell when the inner structure
is exposed to water (Gborie et al., 2022). In this study, the SC of
composite flours increased as the addition of UMOLP increased in
A-group composite flours, while in B-group composite flours, the
addition of UMOLP decreased the SC of the flours. A similar
decrease in the SC of composite flours supplemented with MOLP
was also reported by Jude-Ojei et al. (2017). The discrepancies in SC
of the composite flours might probably be due to the molecular
arrangement changes in the starch granules, as also reported by
Chandra (2022).

3.2 Thermal properties

The gelatinization temperatures [onset temperature (T), peak
(Tp), (To)]  and
gelatinization enthalpy (AH) of composite flours enriched with
UMOLP are shown in Table 3. In terms of the gelatinisation
temperatures, the replacement of 30% FFM with FBGN (A0%)
and that of 30% FBGN with FFM (B0%) significantly decreased
and increased the gelatinisation temperatures, respectively, as

temperature and conclusion temperature

compared to their respective control samples. In the A-group
composite flours, the T, Tp, and T ranged from 70.38 °C to
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Sample To (°C) Tp (°C) Tc (°C) AH (J/9)

Control A 84.77 + 1.27° 99.25 + 0.33° 112.03 + 1.44% 845.79 + 4.44°
A0% 78.20 + 2.50¢ 95.63 + 1.22* 111.75 + 1.58™ 832.28 + 5.45™
A2% 75.58 + 2.44° 95.39 + 1.40° 109.93 + 1.35" 790.78 + 2.34°
A4% 7332 + 1.22° 91.65 + 1.32° 105.43 + 1.45° 791.52 + 0.66"
A6% 70.38 + 1.78° 87.37 + 0.44° 105. 27 + 1.12° 750.47 + 0.64°
Control B 78.15 £ 1.21* 102.77 + 2.05® 116.17 + 0.45¢ 497.45 + 5.56¢
B0% 82.38 + 2.62" 105.07 + 2.02¢ 120.52 + 1.04¢ 44531 + 6.76°
B2% 80.46 + 1.60* 102.35 + 1.18* 115.75 + 1.12° 43475 + 445"
B4% 76.93 + 1.62* 100.32 + 1.09* 110.23 + 2.04° 299.41 + 5.11*
B6% 75.62 + 1.60° 98.21 + 2.13° 105.23 + 2.02° 25221 + 7.13°

Mean values within a column with different superscripts mean the values were significantly different (p < 0.05). Control A = (100% FFM); A0% = (70% FFM, 30% FBGN, 0% UMOLP). A2% =
(70% FFM, 28% FBGN, 2% UMOLP). A4% = (70% FFM, 26% FBGN, 4% UMOLP). A6% = (70% FFM, 24% FBGN, 6% UMOLP). Control B = (100% FBGN), B0% = (70% FBGN, 30% FFM, 0%
UMOLP); B2% = (70% FBGN, 30% FFM, 2% UMOLP). B4% = (70% FBGN, 26% FFM, 4% UMOLP); B6% = (70% FBGN, 24% FFM, 6% UMOLP). FEM, fermented finger millet flour; FBGN,
fermented Bambara groundnut flour; UMOLP, ultrasonicated Moringa oleifera leaf powder; To, onset temperature; Tp, peak temperature; Tc, conclusion temperature; AH, gelatinization

enthalpy.

84.77 °C, 87.37 °C-99.25 °C, and 105.27 "C-112.03 °C, respectively,
with A6% having a lower T, Tp, and T¢ as compared to the control
sample. In the B-group composite flours, the T, Tp, and T ranged
from 7562 °‘C to 8238 °C, 9821 °C-105.07 °C, and
105.23 °C-120.52 °C, respectively, with B6% having a lower T,
Tp, and Tc as compared to the control sample. It is important to note
that all UMOLP-enriched composite flours, especially A6% and
B6%, exhibited low gelatinization temperatures, probably because
MOLP is known for having low starch content and higher dietary
fiber levels as compared to cereals and legumes. According to
Fidyasari et al. (2024), dietary fiber hinders starch gelatinization
by water absorption capacity, making the fiber more accessible to
absorb water. The low values of gelatinization temperatures in the
composite flours represent the existence of abundant amylopectin
chains, whereas higher values noticed in control A and B0% indicate
lesser values of shorter amylopectin chains (Theophilus et al., 2021).
According to a study conducted by Fidyasari et al. (2024), MOLP
contained more amylopectin than amylose, which explained the
decrease in gelatinization temperatures of moringa-enriched
composite flours.

Flours with lower gelatinisation temperatures indicate a better
capacity to hydrate and gelatinize than those with higher
(Theophilus et al, 2021).
Furthermore, flours with low gelatinization temperatures, as

gelatinisation ~ temperatures
observed in this study, have also been reported to have good
cooking quality (Mudau and Adebo, 2025). In terms of the AH
of the composite flours, the replacement of 30% FFM with FBGN
(A0%) and that of 30% FBGN with FFM (B0%) significantly
decreased the AH, as compared to their respective control
samples. The addition of UMOLP further decreased the AH
value in both sets of the composite flours as compared to the
control samples. This suggests that in both sets of flours, it
required less energy to disrupt starch granule bonds, which could
be due to the dilution effect (replacement of starchy food such as
FFM and FBGN with UMOLP).

Frontiers in Food Science and Technology

3.3 Pasting properties

The pasting viscosities of FFM-FBGN supplemented with
UMOLP are presented in Figures 1A,B. Regarding the peak
viscosity (PV) of both sets of composite flour, there was a
significant increase in PV after the replacement of 30% FFM
with FBGN (A0%), and that of 30% FBGN with FEM (B0%)
significantly (p < 0.05) increased. However, after the addition of
UMOLP, the PV of the composite flours started to decrease, which
could be due to the dilution effect: replacing a portion of the primary
flour (FFM-FBGN) with UMOLP. The increase of PV in A0% and
B0% may be the result of the flour’s higher starch content compared
to the other samples, respectively. Additionally, this indicates that
A0% and B0% have a higher thickening power than the other
composite flours. The breakdown viscosity (BV) of the flours
ranged from 1298 to 1851 cP and 492 to 983.5 cP, respectively,
with A0% and B0% having higher BV than other samples. The BV
measures how quickly the starch granules that are swollen can be
disintegrated (Brasoveanu and Nemtanu, 2020). This means the
lower BV observed in all samples containing UMOLP had a
reduction in terms of the breaking rate of starch granules. It
could be because MOLP has less starch content; hence, the lower
BV was observed in samples enriched with MOLP. Additionally, it
also implies that the starch content in composite flours with lower
BV, such as those with UMOLP, can stabilize under temperate
conditions.

Setback viscosity (SV) shows the retrogradation ability of starch,
and it varied from 208.10 to 1391 cP and 290.9 to 775.1 cP in the A
-and B-group composite flours, respectively. The higher SV was
observed in A0% and B0%, while a lower SV was observed in control
A (208.10 cP) and control B (290.90 cP). Composite flours, such as
those of A0% and B0%, with increased SV, suggest that the amylose
of the flours is highly likely to retrograde and form a gel, especially
when the chains of amylose rearrange themselves as reported by
Farasara et al. (2014). Since the composite flours enriched UMOLP
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FIGURE 1

(A,B) Pasting curve of fermented finger millet-Bambara groundnut flours supplemented with Moringa oleifera leaf powder. key: Control A = (100%
FFM); A0% = (70% FFM, 30% FBGN, 0% UMOLP); A2% = (70% FFM, 28% FBGN, 2% UMOLP); A4% = (70% FFM, 26% FBGN, 4% UMOLP); A6% = (70% FFM, 24%
FBGN, 6% UMOLP); Control B = (100% FBGN); BO% = (70% FBGN, 30% FFM, 0% UMOLP); B2% = (70% FBGN, 30% FFM, 2% UMOLP); B4% = (70% FBGN, 26%
FEM, 4% UMOLP); B6% = (70% FBGN, 24% FFM, 6% UMOLP). FFM = fermented finger millet flour; FBGN = fermented Bambara groundnut flour;
UMOLP = ultrasonicated Moringa oleifera leaf powder.

also had higher SV as compared to their respective control samples,  preparing noodles and jelly foods (Mudau et al., 2022; Mudau and

it means that the flours have more ability to retrograde. Previous  Adebo, 2025).

studies indicated that flours with higher SV can come in handy when The final viscosity (FV) of the A- and B-group composite flours
ranged from 975.70 to 1667 cP and 1353 to 1945 cP, respectively,
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TABLE 4 Starch fractions of moringa enriched finger millet- Bambara groundnut flour.

Sample RDS SDS TDS RS

Control A 57.47 + 0.20° 12,66 + 0.32° 70.12 + 0.44% 423 +031¢
A0% 48.54 + 0.11¢ 14.03 + 0.22° 62.56 + 0.58" 3.71 £ 0.11%
A2% 46.72 + 0.44° 16.36 + 0.40° 63.08 + 0.35° 3.70 + 0.22%
A4% 4553 +0.22° 16.62 + 0.13° 62.10 + 0.45° 3.53 £ 0.11°
A6% 4445 + 0.22° 16.89 + 0.04¢ 61.30 + 0.02° 3.32 + 0.44°
Control B 43.74 + 0.21¢ 13.61 + 0.05° 57.35 + 0.45" 3.81 + 0.21°
B0% 44.36 + 0.62¢ 11.27 + 0.18° 55.60 + 0.04° 3.72 + 0.60¢
B2% 42.43 + 0.60° 15.78 + 0.18° 58.21 + 0.12° 3.59 + 0.60°
B4% 39.64 + 0.62° 18.12 + 0.02¢ 57.74 + 0.04° 329 + 0.62°
B6% 37.65 + 0.60° 19.36 + 0.13% 57.00 + 0.02° 3.04 + 0.62°

Mean values within a column with different superscripts mean the values were significantly different (p < 0.05). Control A = (100% FFM); A0% = (70% FFM, 30% FBGN, 0% UMOLP).
A2% = (70% FFM, 28% FBGN, 2% UMOLP). A4% = (70% FFM, 26% FBGN, 4% UMOLP). A6% = (70% FFM, 24% FBGN, 6% UMOLP). Control B = (100% FBGN), B0% = (70% FBGN,
30% FFM, 0% UMOLP); B2% = (70% FBGN, 30% FFM, 2% UMOLP). B4% = (70% FBGN, 26% FFM, 4% UMOLP); B6% = (70% FBGN, 24% FFM, 6% UMOLP). FFM, fermented finger
millet flour; FBGN, fermented Bambara groundnut flour; UMOLP, ultrasonicated Moringa oleifera leaf powder; RDS, rapidly digestible starch; SDS, slowly digestible starch; TDS, total

digestible starch; RS, resistant starch.

with B0% (1667 cP) and control B (1945 cP) having higher SV than
other samples. In the A-group composite flours, samples containing
UMOLP (A2%, A4%, and A6%) also had higher FV compared to
their control sample. Higher SV observed in these samples suggests
the ability to form a viscous paste compared to control A. It has been
reported that FV represents the ability of flour to form a viscous
paste (Nazni and Devi, 2016).

Concerning the peak time (pt) of the A- and B-group composite
flour, control A and control B had significantly higher pt values of
31.1 and 26.2 min, as compared to other samples. The replacement
of 30% FFM with FBGN (A0%), and that of 30% FBGN with FFM
(B0%) reduced the pt values of the composite flours. Further
reduction of pt values was also observed as the levels of UMOLP
supplementation increased. This means less time was required to
disintegrate the starch granules in the control samples than in the
UMOLP-containing composite flours. As for the peak temperature
(PT) of the composite flours, there was no significant difference (p <
0.05) noted.

3.4 In vitro starch digestibility of moringa-
enriched finger millet-Bambara
groundnut flour

The nutritional starch fraction contents of FFM-FBGN
supplemented with UMOLP are reported in Table 4. In the
A-group composite flour, the replacement of 30% FFM with
FBGN (A0%) decreased and increased the levels of rapidly
digestible starch (RDS) and slowly (SDS), respectively. A similar
trend was also observed as the levels of UMOLP increased in the
A-group composite flour, with A6% having a lower RDS and higher
SDS levels than other samples. In the B-group composite flour, the
substitution of 30% FBGN with FEM (B0%) significantly (p < 0.05)
reduced the SDS while having no significant impact on the RDS.
However, the addition of UMOLP in the B-group composite flour
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significantly (p < 0.05) decreased and increased the levels of RDS and
SDS, respectively. B6% had lower and higher levels of RDS and SDS,
respectively, than other samples.

According to Rocchetti et al. (2020), the RDS fraction causes a
quick increase in blood glucose levels in humans, whereas the SDS
fraction, which has delayed digesting capabilities, can give a
prolonged release of glucose over time. This implies that the
consumption of foods made from composite flours such as A6%
and B6% with lower levels of RDS and higher levels of SDS can have
several beneficial health implications, such as managing blood sugar
levels and reducing the risk of insulin resistance. Furthermore, diets
high in SDS have been associated with better metabolic profiles,
notably enhanced lipid levels, and reduced risk factors for
cardiovascular illnesses (Goux et al., 2020; Chisbert et al., 2024).

The mechanism by which UMOLP addition lowered the
nutritional starch fraction amounts of composite flours might be
attributed to a number of factors, including MOLP’s nutrient and
phenolic composition. MOLP is high in dietary fibre and protein
(Fidyasari et al., 2024; Masitlha et al., 2024). The addition of fibre can
change the dietary matrix, possibly encapsulating starch granules
and reducing their accessibility to digestion enzymes (Rovalino-
Cordova et al.,, 2019). Similarly, proteins may interact with starch,
forming complexes that reduce the rate of starch hydrolysis (Yang
etal., 2019). These interactions can lead to a decrease in RDS and an
increase in SDS, promoting a more gradual release of glucose during
digestion, as reported by Rocchetti et al. (2020). Moringa leaves also
contain several phenolic compounds, including flavonoids and
phenolic acids (Hamdy, 2024). These bioactive compounds are
also known to inhibit starch-digesting enzymes such as a-amylase
and a-glucosidase (Li et al., 2022). By inhibiting these enzymes, the
breakdown of starch into glucose is slowed, contributing to a
reduction in RDS and an enhancement of SDS content in the
food product (Gomez-Maqueo et al., 2023).

Resistant starch (RS) is described as a specific fraction of starch
not digested in the human small intestine but fermented in the large
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TABLE 5 Some proximate compositions of moringa-enriched composite flours.

Sample Moisture (%) Protein (%) Fibre (%) Ash (%)

Control A 6.58 + 0.15" 7.40 + 0.16" 271 + 0.21° 1.66 + 0.03°
A0% 5.92 + 0.23° 8.81 +0.14° 3.08 + 0.20° 213 +0.11°
A2% 591 + 0.16* 9.76 + 0.12° 3.25 + 0.16° 2.33 + 0.04°
A4% 6.01 + 0.32° 10.58 + 0.24¢ 3.43 + 0.14¢ 2.44 + 0.32¢
A6% 6.05 + 0.33° 11.40 + 0.20° 3.80 + 0.15¢ 2.75 + 0.14°
Control B 7.13 + 0.10° 21.24 + 0.11° 5.65 + 0.27° 3.01 + 0.03°
B0% 5.81 + 0.12° 13.60 + 0.23° 540 + 0.10° 2.73 + 0.04°
B2% 591 + 0.24° 14.25 + 0.24° 5.59 + 0.12 2.83 + 0.04°
B4% 5.75 + 0.23* 15.15 + 0.23¢ 5.70 + 0.16" 3.03 + 0.10°
B6% 5.80 + 0.15° 16.46 + 0.23¢ 6.30 + 0.22° 3.64 + 0.02°

Mean values within a column with different superscripts mean the values were significantly different (p < 0.05). Control A = (100% FFM); A0% = (70% FFM, 30% FBGN, 0% UMOLP). A2% =
(70% FFM, 28% FBGN, 2% UMOLP). A4% = (70% FFM, 26% FBGN, 4% UMOLP). A6% = (70% FFM, 24% FBGN, 6% UMOLP). Control B = (100% FBGN), B0% = (70% FBGN, 30% FFM, 0%
UMOLP); B2% = (70% FBGN, 30% FFM, 2% UMOLP). B4% = (70% FBGN, 26% FFM, 4% UMOLP); B6% = (70% FBGN, 24% FFM, 6% UMOLP). FEM, fermented finger millet flour; FBGN,

fermented Bambara groundnut flour; UMOLP, ultrasonicated Moringa oleifera leaf powder.

intestine with a number of claimed physiological effects (Oyeyinka
et al,, 2021; Bojarczuk et al., 2022; Guo et al., 2022). The RS content
of the FFM-FBGN decreased with an increasing level of UMOLP
addition, with the lowest value recorded in A6% (3.32%) and B6%
(3.04%). The decrease in the RS of the composite flour with the
addition of moringa could be due to the dilution effect: replacing a
portion of the primary flour (FFM-FBGN) with UMOLP might have
decreased the overall starch content in the composite flour. Since RS
is a fraction of the total starch, its absolute amount may decrease due
to this dilution. Similar observations where the addition of MOLP
decreased the overall RS were also made in a study conducted by
Rocchetti et al. (2020). It is worth noting that, while the RS content
decreased in this study, the addition of UMOLP increased SDS,
which is advantageous for glucose management since it allows for a
slow release of glucose into the bloodstream during digestion.

3.5 Proximate compositions of fermented
finger millet-Bambara groundnut flours
enriched with ultrasonicated Moringa
oleifera leaf powder

The proximate composition of moringa-enriched composite
flours is shown in Table 5. The moisture content in the A- and
B-group composite flours ranged from 5.91%-6.58% and 5.75%-—
7.13%, respectively, with both control samples having higher
moisture content than their respective samples. The replacement
of 30% FFM with FBGN (A0%), and that of 30% FBGN with FFM
(B0%), and the addition of UMOLP to composite flours significantly
decreased the moisture content. This means the composite flours
with lower moisture content, such as A0% and B%, would be less
prone to microbial attack than the control samples.

The protein content of both A-group composite flours increased
significantly after the replacement of 30% FFM with FBGN (A0%),
and with increasing levels of UMOLP addition. A6% had a higher
protein content of 11.40% as compared to 7.40% of the control A.
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Regarding the B-group composite flour, the dilution of high-protein
FBGN flour with the low-protein content of FFM flour in B0%
decreased the protein content of the flour; however, after the
addition of UMOLP, the protein content began to increase, as
observed in B2%, B4%, and B6%. This increase in the protein
content of the composite flours could be due to the inclusion of
protein-enriched UMOLP. MOLP is known for having higher
protein content than FM and BGN flour. Verem et al. (2021)
also reported a similar increase in the protein content of
composite flours after the addition of MOLP. The crude fibre
content of the A- and B-group composite flours increased from
2.71% to 3.18% and from 5.65% to 6.30%, respectively, with A6%
and B6% having higher crude fibre content. This could be so because
MOLP is an excellent source of fibre as reported by Masitlha et al.
(2024). A fiber-rich diet provides several health benefits, including
aiding in the prevention or decrease of gastrointestinal disorders and
potentially lowering the risk of type 2 diabetes and coronary heart
disease (Mudau and Adebo, 2025). The ash level of the composite
flour ranged from 1.66% to 2.75% in the A-group and 3.01%-3.64%
in the B-group. A6% and B6% exhibited higher ash content than
their respective control samples, indicating that moringa leaves are
an excellent source of ash. It also implies that composite flours
containing UMOLP will be high in mineral content. A similar
increase in the ash content of composite flours after the addition
of MOLP was also observed by Verem et al. (2021).

3.6 Phytochemicals and antioxidant activity
of fermented finger-millet flour
supplemented with Moringa oleifera

leaf powder

The impact of ultrasonicated Moringa oleifera leaf powder
(UMOLP) addition on the phytochemicals and antioxidant
activity of two different groups (A and B) of FFM-FBGN
composite flours is shown in Figure 2. The TPC and TFC of the
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Phytochemicals and antioxidant activity of fermented finger millet-Bambara groundnut flours supplemented with ultrasonicated Moringa oleifera
leaf powder. Different superscripts on top of the error bars mean the mean values were significantly different (p < 0.05). key: Control A = (100% FFM);
A0% = (70% FFM, 30% FBGN, 0% UMOLP); A2% = (70% FFM, 28% FBGN, 2% UMOLP); A4% = (70% FFM, 26% FBGN, 4% UMOLP); A6% = (70% FFM, 24% FBGN,
6% UMOLP); Control B = (100% FBGN); BO% = (70% FBGN, 30% FFM, 0% UMOLP); B2% = (70% FBGN, 30% FFM, 2% UMOLP); B4% = (70% FBGN, 26%
FFM, 4% UMOLP); B6% = (70% FBGN, 24% FFM, 6% UMOLP). FFM = fermented finger millet flour; FBGN = fermented Bambara groundnut flour; UMOLP =
ultrasonicated Moringa oleifera leaf powder. TPC = total phenolic content; TFC = total flavonoid content; ABTS = 2,2'-azino-bis(3-ethylbenzothiazoline-

6-sulfonic acid).

A-group composite flour decreased after the substitution of 30%
FFM with FBGN flour (A0%), however, the substitution of FBGN
with UMOLP at different levels of supplementation (A2%, A4%, and
A6%) increased TPC of the composite, with A6% having higher TPC
and TFC as compared to the control A sample.

The TPC and TEC of the composite flour increased in the
B-group composite when 30% FBGN was substituted with FFM
(B0%). These values were further increased when FFM was
substituted with UMOLP at varying UMOLP supplementation
levels in B2%, B4%, and B6%, with B6% having TPC and TFC as
compared to their respective samples. Regarding the antioxidant
activity (ABTS), a significant increment with the addition of
UMOLP in the composite flours was also observed, with A6%
and B6%, having higher ABTS content as compared to their
respective control samples. It should be noted that the increase
in the phytochemicals and antioxidant activity of the composite
flour could be because MOLP is a rich source of phytochemicals
with antioxidants as compared to cereals and legumes. According to
a study conducted by Pakade et al. (2013), MOLP has almost twice
the amount of TPC and TFC in vegetables such as spinach, cabbage,
peas, cauliflower, and broccoli. A similar increase of TPC, TFC, and
ABTS as the addition of moringa in wheat flour was also noted in a
study by Fapetu et al. (2022).

4 Conclusion

In a bid to enhance the various food quality of the composite
flour, most importantly the nutritional quality, in vitro starch
digestibility, and health-promoting compounds, two sets of
composite flours consisting of finger millet and Bambara
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groundnut as base flours were formulated, each containing
2%,4%, and 6% of UMOLP. In terms of the functional and
thermos-pasting properties, the addition of UMOLP decreased
the BD and gelatinization temperatures and pasting viscosities of
the composite flours. As for the composite flour’s starch fractions,
adding UMOLP reduced its RDS and RS while boosting its SDS.
The addition of UMOLP to both sets of composite flours enhanced
their ash, fiber, and protein content. The TPC, TFC, and DPPH
increased significantly as the levels of UMOLP increased in both
groups of composite flours. Overall, the B6% composite flour,
containing 70% FBGN, 24% FFM, and 6% UMOLP, exhibited
superior nutritional quality and health-promoting compounds.
Future studies should consider developing functional foods
using B6% composite flour to address the issue of malnutrition
and non-communicable diseases such as cancer, type 2 diabetes,
and cardiovascular diseases.
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