
Sustainable
Food Technology

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
íjn

a 
20

25
. D

ow
nl

oa
de

d 
on

 0
2.

03
.2

02
6 

15
:4

2:
43

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Exploring the fun
aDepartment of Food Science and Nutrition

Agricultural University, Jorhat 785013, Assa
bDepartment of Food Nutrition and Die

Shantipur, Mirza, Guwahati 781125, Assam

Cite this: Sustainable Food Technol.,
2026, 4, 604

Received 29th June 2025
Accepted 28th September 2025

DOI: 10.1039/d5fb00335k

rsc.li/susfoodtech

604 | Sustainable Food Technol., 20
ctional food potential of Grand
naine banana flour (GBF) as a prospective weaning
formulation by developing GBF-based composite
flour mixes

Udipta Hazarika, a Prapti Saikia,a Manisha Choudhury,a Donee Gohainb

and Mamoni Das *a

This study was focused on investigating a viable and efficient approach for the utilization and valorization of

green banana flour (grand naine cultivar, AAA) (GBF). A series of composite mixes were formulated and

tested as a source of affordable, energy-rich weaning food with high market acceptance. The

complementary mixes included the following additional ingredients, viz., rice flour, roasted yellow lentil

flour, pumpkin seed flour, and sesame seed flour, which afforded four composite mixes (MIX-1 to MIX-4)

with saliently increasing concentrations of GBF. Further characterizations revealed that the MIX-4

composite mix had the most favourable characteristics in terms of proximate composition, including

protein (15%), moisture (4.48%), and total energy values (401.44 kcal). MIX-4 also showed the highest

water-absorption capacity (2.57%) and low solubility (8%), akin to complementary mixes. The high total

phenolic content (1.03 mg CE per g) and inhibition capacity (47.94%) of MIX-4 suggest that it has

a strong antioxidative capacity as well, which was confirmed by the peroxide and free fatty acid studies

done over a period of 60 days. Rheological characteristics further confirmed that the resistant starch in

GBF played a significant role in lowering the solubility and enhancing the starch gelatinization of MIX-4.

Overall, these results corroborated the functional food potential of GBF-based composite flour mixes for

the development of prospective weaning food formulations and for reducing post-harvest economic

losses.
Sustainability spotlight

Grand naine bananas are one of the major fruit crops cultivated in Assam and the North-East region of India, contributing signicantly towards a stable
livelihood for farmers. Farmers favor this variety due to its high yield, climatic adaptability, and contribution towards their economic benets, as banana
cultivation is a crucial paradigm and a critical source of income stability and food security. However, owing to the unavailability of proper storage and post-
harvest infrastructure, the majority of the harvested bananas undergo rapid degradation and spoilage, resulting in substantial economic losses and income
instability among the farmers. As such, this research work is an attempt towards providing a sustainable solution in two key areas: (1) providing a stable
livelihood among banana farmers by utilizing raw banana to produce banana our; (2) providing a banana-our-based alternative to conventional cereal-based
weaning foods with the potential to address nutritional inadequacy, particularly among infants. Processed raw banana our can provide new avenues for
addressing nutritional deciency among infants in low-income households as a low-cost, healthier weaning formulation (SDG 3). Concurrently, the processing
provides economic stability among banana cultivation farmers, thereby reducing crop loss and ensuring responsible consumption (SDG 12). This research
serves as a crucial step towards economic empowerment among farmers by accrediting alternative income avenues while enhancing the nutritional prole of
food products, thereby fostering a resilient, sustainable agro-food ecosystem in the region.
1 Introduction

Banana is one of the most cultivated crops globally, and comes
in fourth aer rice, wheat, and maize in terms of production.1 It
plays a vital role in food security while sustaining the global
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agricultural economy due to its high nutritional value and
signicant consumption.2 Approximately 1000 distinct banana
varieties are grown across 150 nations, with the Cavendish
cultivar accounting for 47% of the total production.3,4 Although
the fruit is mostly consumed in its ripened/matured form, green
(unripe) bananas also form a key component in global dishes
and cuisines, as they are exceptionally rich in various nutri-
tional parameters, with starch being the primary component.3,5

Studies by Chang et al. (2022) and Viana et al. (2024) revealed
that the nutritional composition of green banana our is 55.05–
© 2026 The Author(s). Published by the Royal Society of Chemistry
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65.54% starch, 4.43–5.95% moisture, 3.74–4.49% protein, and
2.30–3.55% ash. This signies the varied and rich nutritional
prole of green bananas, and they have proven to be a crucial
food crop resilient to nutritional insecurity in low- and middle-
income countries and are a crucial staple food component in
various countries.2,5

Besides their nutritional prowess, bananas are highly
susceptible to spoilage, making their long-term storage quite
laborious and demanding. This, coupled with factors such as
lack of adequate storage facilities (e.g., cold storage), unpre-
dictable climate patterns, and lack of nancial assistance, has
led to the monumental degradation of the fruit and economic
loss for farmers, producers, and exporters.6 As such, one of the
most promising methods that can enhance the shelf life of
bananas is processing them into value-added products, such as
banana our, which oen involves the utilization of green,
unripe banana fruits and can be a suitable alternative towards
mitigating food waste, reducing environmental pollution, and
increasing prot for farmers.2 A major advantage of using green
banana our is the presence of resistant starch (RS), which is
around 36–40% of the total dry weight of starch. Further, it
provides functionality and nutritional attributes when utilized
as a raw material for the development of novel, composite
ours, in the form of weaning/complementary mixes for
infants.7 RS found in green banana (resistant starch II) can aid
the functional enhancement of product attributes, such as
texture, smoothness, and high-temperature storage properties,
by acting as a polysaccharide conjugate to stabilize the emul-
sion conformation within the product system.8 Additionally, RS
in weaning products has the potential to act as an infant
prebiotic by enhancing the fermentation ability of gut micro-
biota (incremental abundance of Bidobacterium and
Bacteriodes).9

Complementary foods (CFs) play a signicant role in satis-
fying the nutritional requirements of infants, particularly in the
age group of 6–23 months, and they are usually given in liquid
or semi-liquid form, which enhances nutrient intake.10 In the
North-east region of India, themajority of mothers prefer home-
made gruels, which are mostly prepared with rice as the major
ingredient. This makes home-made gruels quite decient in
proteins, minerals, amino acids, and vitamins, leading to
nutritional deciency among infants. In India, these de-
ciencies mostly persist in the form of iron deciency disorder
(55% for children under 5), iron-deciency anemia (58.60%),
and vitamin A deciency (19%), which gravely impede the
cognitive and overall well-being of infants.11,12 Although there
are nutrient-rich CFs in the market, a lack of proper weaning
food knowledge among parents, as well as low nancial capa-
bility, has led to the onset of early nutritional disorders, such as
diarrhea, among infants.13 As such, the World Health Organi-
zation recommends preparing weaning food formulations with
a combination of cereals, legumes, fruits, and vegetables for
meeting the nutritional needs of infants. Previous studies have
successfully reported complementary food formulations using
various ingredients, such as banana–nger millet–dates
composite our,14 plantain–cashew–soybean complementary
mix,10 and banana–rice–kidney bean-based weaning porridge,15
© 2026 The Author(s). Published by the Royal Society of Chemistry
that can be complemented with breast milk for fullling an
infant's nutritional needs. Additionally, the use of treatment
methods, such as soaking, fermentation, germination, and
blanching, can signicantly enhance the nutrient composition
and decrease the antinutrients present in the food matrix.14,16

To quantify the objectives of this study, two preliminary
investigations were conducted. The rst one was targeted
towards assessing and understanding the reasons for post-
harvest loss of the banana crops, for which 50 farmers were
surveyed between November 2024 and December 2024 in the
following villages around Jorhat, Assam, India: Changmai
village, Nagadeva village, Tipomia village, and Sensua village.
According to the farmers, the following issues contributed the
most towards post-harvest loss of banana harvesting: (i) lack of
adequate storage facilities and (ii) lack of proper processing
units for value addition. The second preliminary investigation,
which focused on quantifying the ingredients required for
weaning food development (detailed explanation in Section
2.3), determined that mothers prefer home-made gruels due to
low accessibility and availability of premade weaning food
products. Focusing on the results from these two preliminary
investigations, the low availability of ready-to-eat, affordable
weaning food products developed from alternative sources
other than cereals was established as the reason that the
mothers provide home-made weaning gruels to the infants,
oen lacking a balanced nutritional prole. Therefore, this
study emphasized accomplishing three major objectives, viz.,
utilization of grand naine banana to prepare minimally pro-
cessed products and reduce post-harvest loss while increasing
protability among farmers; development of a gluten-free
weaning mix utilizing the grand naine banana our as the
principal ingredient to provide a nutritionally enriched, low-
cost, easily available alternative weaning product; and
a further characterization of the nutritional, functional,
morphological, sensorial, and shelf-life properties of the
weaning mix, contributing towards its potential market
acceptance.

2 Materials and methods
2.1. Preparation of grand naine banana our (GBF)

The raw grand naine banana (Musa sp.) was procured from the
horticulture orchard of Assam Agricultural University, Jorhat,
Assam, India at ripening stage 1.17 The processing and prepa-
ration of the GBF was done according to the approach provided
by Singh & Kaur, (2024) with a few modications. The raw
bananas were initially cleaned to remove any dust and debris.
The bananas were then peeled and cut into circular pieces
having a thickness of 6.5 mm using a stainless steel knife. The
slices were then subjected to blanching (90–100 °C) and
simultaneous treatment with 0.05% sodium hypochlorite and
0.1% citric acid to reduce the Maillard reaction (enzymatic
browning) for 10 min. Once blanched, the slices were then kept
for drying in a convection tray drier (Mevish Pharma Machin-
eries, Maharashtra) at 55 °C ± 2 °C for 7 h until the slices were
brittle. The drying temperature was restricted to 55–57 °C as
some slices had irreversible colour change at temperatures
Sustainable Food Technol., 2026, 4, 604–620 | 605
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Table 1 Different formulations for preparing the weaning mixes

Formulations /

MIX-1 MIX-2 MIX-3 MIX-4Ingredients Y

Rice our (RF) (g) 70 60 50 40
Banana our (GBF) (g) 10 15 20 25
Yellow lentil our (PF) (g) 10 15 20 25
Sesame seeds (SP) (g) 5 5 5 5
Pumpkin seeds (PP) (g) 5 5 5 5
Total 100 g 100 g 100 g 100 g
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beyond 60 °C. The convection tray drier works on the principle
of atmospheric forced-air drying, which involves the utilization
of forced convection heating to remove moisture from the
banana slices placed on the perforated trays, with hot circula-
tion enabling moisture absorption from blanched banana sli-
ces. The slices were dried until the desired dryness (moisture
content below 10%) was achieved. Periodic measurement was
done by the difference method until a constant weight of the
slices was achieved. For every 1 kg of blanched banana slices
that were dried, 200 g of dried slices were obtained, which
corresponds to an 80% reduction in the moisture content.
Subsequent pulverizing and grinding of the dried slices were
done using an electrical grinder, followed by sieving (60-
mesh).19 The nal, derived GBF was stored in 200 g of HDPE
bags at 4 °C until further analysis.
2.2. Preparation of additional ingredients

The composite mix was composed of an additional four ingre-
dients: rice our (Oryza sativa) (RF), yellow lentil our (Lens
culinaris) (PF), sesame seed powder (Sesamum indicum) (SP), and
pumpkin seed powder (Cucurbita maxima) (PP). These were
procured from the local market in Jorhat, Assam, India. The
ingredients were subjected to diligent cleaning to remove any
physical contaminants. Additional cleaning using lukewarm
water of RF and PF was required to remove debris. Yellow lentils
were further subjected to drying and roasting, followed by
grinding. Prior to utilization, both SP and PP were respectively
subjected to defatting procedure according to the methods
given by Fathelrahman et al. (2015) and Dhiman et al. (2018).20,21

All the ingredients were then dried using a convection tray drier
(Mevish Pharma Machineries, Maharashtra) at 50 °C ± 2 °C for
60 min. The dried ingredients were then ground, sieved (60-
mesh), and stored in 200 g of HDPE bags at 4 °C until further
analysis.22
2.3. Preparation of composite weaning mix

Prior to the formulation of the composite mixes, a preliminary
questionnaire-based survey of 60 families residing near the tea
gardens and the Assam Agricultural University area was done to
determine what type of ingredients would be suited for weaning
food development. The survey allowed us to determine that 50%
of the families had at least one newborn infant aged between 6
and 24 months. The infants were mostly fed homemade gruel
prepared from rice our and boiled urad dal our, with a small
quantity of milk. Only 10 families used banana our (once per
week) along with the other ingredients to prepare the gruel. The
use of these ingredients was based on the families' income and
the easy availability of these ingredients. However, none of
them reported the use of sesame or pumpkin seed for preparing
the gruels. In this study, defatted sesame seed and pumpkin
seed our were utilized as individual ingredients during prep-
aration, as the defatted seeds have the potential to enhance
functional properties, such as foaming capacity, emulsication
ability, and cogent water-absorption capacities, owing to their
higher protein concentration.21,23
606 | Sustainable Food Technol., 2026, 4, 604–620
As this study was focused on the implementation of GBF as
an alternative, affordable source, four formulations with varied
concentrations of RF, GBF, and PF were prepared, while the
concentrations of SP and PP were kept equal for every formu-
lation (Table 1). Numerous trials were conducted to prepare the
nal selected composite mix formulations. During the evalua-
tion period, concentrations of GBF beyond 30% led to the rapid
agglomeration of the mix, which resulted in an undercooked
mix. Once the formulations were developed, 25–30 ml of
skimmed milk was heated in a low ame until lukewarm (38–40
°C). The formulations (15 g per 1 tbsp) were then added to the
milk and cooked with continuous stirring. Aer 20 minutes,
a thick slurry was obtained, which was used for the sensory
assessment of the product.
2.4. Analysis

2.4.1. Proximate composition. The proximate composition
analysis of the formulations in terms of moisture, ash, protein,
fat, ber, and carbohydrate was done in accordance with the
official AOAC protocol.24 Energy value (EV) was calculated
according to the values obtained for carbohydrate, protein, and
fat.22 Iron (Fe) estimation of the gluten-free ours was done
according to the method described by Ward & Legako (2017). In
brief, 4–5 g of the sample was heated in a muffle furnace until
a greyish white ash was obtained. Once cooled, the ash was
subjected to washing with 20ml of distilled water along with the
addition of 10 ml of HCl. The resultant solution was heated up
to dryness, aer which it was thoroughly washed, ltered, and
made up to a constant volume, and Fe was estimated using the
spectrophotometric method (AnTech/AN-UV-6500N).25–27

2.4.2. Functional properties. The formulations were inves-
tigated for their water-absorption capacity (WAC), oil-
absorption capacity (OAC), bulk density (BD), tapped density
(TD), Carr index (CI), Hausner's ratio (HR), foaming capacity
(FC), solubility, swelling power (SP), and dispersibility. WAC,
OAC, SP, and solubility were calculated following the proce-
dures given by Sharma et al. (2022),26 while BD, TD, CI, HR, FC,
and dispersibility were calculated in accordance with the
methodology given by Amini Khoozani et al. (2020) and Tien-
cheu et al. (2016).7,28

2.4.3. Bioactivity and antioxidant properties. In accordance
with the procedure by Arzoo et al. (2024), 2 g of the samples was
mixed with 10 ml of 80%methanol to obtain the extracts via the
cold maceration technique (24 h, with continuous stirring) at
© 2026 The Author(s). Published by the Royal Society of Chemistry
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25 °C. The samples were then ltered, and the supernatant was
centrifuged at 4000 rpm for 20 min. UsingWhatman lter paper
no. 1, the supernatant was ltered, and the obtained extracts
were stored at −5 °C until further analysis.29

For the total phenolic content (TPC) analysis, 0.5 ml of the
extract was added to 2.5 ml of DI water, followed by 200 ml of
FCR (1 N), aer which 2 ml of 7% Na2CO3 was added aer
5 min. The solution was kept in incubation for 30 min, and its
absorbance was measured at 760 nm using a UV-vis spectro-
photometer (AnTech/AN-UV-6500N), with catechol as the stan-
dard. The results were expressed as the catechol equivalent (mg
CE per 100 g).30 The antioxidant potential was calculated as
described by P. S. Kumar et al. (2019), with slight modications,
where the DPPH (2, 2-diphenyl-1-picrylhydrazyl) activity was
expressed in terms of the inhibition percentage. In brief, 100 ml
(0.1 ml) of the extract was mixed with 3.9 ml of DPPH solution,
which was incubated for 30 min, with methanol as the blank.
The absorbance was measured at 515 nm and was expressed as
% RSA, indicating the difference between the absorbance of the
blank and the sample, respectively.19

2.4.4. Colour prole. The colour characterization of the
formulations was conducted using the Hunter LAB colorimeter
(HunterLab ColourQuest XE colorimeter). The colour values
were expressed as L* [100 (whiteness) to 0 (black)], a* [+ve
(redness) to −ve (greenness)], and b* [+ve (blueness) to −ve
(yellowness)]. These variables were used to calculate the
chroma, DE (overall colour difference), our colour index (FCI),
whiteness index (WI), and browning index (BI).19

2.4.5. In vitro starch digestibility (IVSD). The in vitro starch
digestibility (IVSD) of the composite ours was determined in
accordance with the method given by Kumar et al. (2020). In
brief, each sample (0.05 g ml−1 in a 0.2 M phosphate buffer at
pH 6.9) was mixed with 0.50 ml of a pancreatic amylase
suspension, aer which the samples were incubated for
120 min at 25 °C. Then, 2 ml of 3, 5-dinitrosalicylic acid (DNSA)
along with distilled H2O was added to the mixture, bringing the
total volume to 25 ml, with further boiling the mixture for 5 min
in a water bath. Once ltered, the absorbance of the samples
was measured at 550 nm using a UV-vis spectrophotometer
(AnTech/AN-UV-6500N). Maltose was used as a reference stan-
dard, and IVSD was expressed as the milligrams of maltose
released per gram of sample (mg maltose per g) on a dry weight
basis.31

2.4.6. Pasting properties. The pasting properties of the
ours were determined by the method described by Thakaeng
et al. (2021) using the Anton Parr rheometer (MCR 92, Austria).
The program ‘starch gelation’ was selected for this purpose.
About 3 g of each sample wasmixed with 18ml of distilled water
in the cylindrical probe. Once placed, the sample was at 50 °C
for 2 min. The temperature was raised from 50 °C to 95 °C at
a rate of 6 °Cmin−1, and the sample wasmaintained at 95 °C for
5 min. The sample was then cooled from 95 °C to 50 °C at a rate
of 6 °C min−1. The resultant viscosity was expressed in centi-
poise (cP). The graph obtained was used to analyse the peak
viscosity, trough viscosity/holding strength, breakdown
viscosity, nal viscosity, setback viscosity, peak time, and peak
© 2026 The Author(s). Published by the Royal Society of Chemistry
temperature of the samples using the Rheometer soware
analyser.32

2.4.7. Thermal properties. The thermal properties of the
formulations were characterized using differential scanning
calorimetry (DSC) (Mettler Toledo/DSC 3), as described by
Kumar et al. (2020). 15 mg portions of the our formulations
were placed in perforated DSC aluminium pans, along with
distilled H2O (1 : 3 ratio). The pans were hermetically sealed and
kept for 1 h for moisture equilibration at 25 °C. The pans were
then heated steadily from 20 °C to 130 °C at a heating rate of
0.17 °C s−1 (10 °C min−1), under a nitrogen gas atmosphere. An
empty aluminium pan was used as a reference. The resultant
DSC thermograms were used to analyse the enthalpy of gelati-
nization (DH), onset temperature (T0), peak temperature (Tp),
and conclusion temperature (Tc).31

2.4.8. Functional group characterization. The infrared
spectra of the GBF formulations were obtained using a Fourier-
transform infrared (FTIR) spectrophotometer (Bruker/Alpha 2).
Isolated functional groups from each sample were detected by
Attenuated Total Reectance (ATR). The method employed
a scan rate of 16 runs per scan with a resolution of 4 cm−1, in the
range of 400–4000 cm−1.33

2.4.9. Microstructural conguration. Scanning electron
microscopy (SEM) (Carl Zeiss/Gemini 360) was used to analyse
and characterize themicrostructural congurations and surface
morphology of the GBF formulations. Gold–palladium coated
samples were sprinkled on a sticky tape and were observed with
an accelerated voltage of 5 kV.34,35

2.4.10. Storage study and sensory assessment. The our
formulations were subjected to shelf-life assessment by deter-
mining the peroxide values (PV) and free fatty acid (FFA) values,
as described by John et al. (2021), over a period of 60 days. The
titration method was used to determine the PV and FFA in 15-
day intervals.36

The sensory assessment (approval no.: AAU/CCSc/FSN/
IEC(H)/DR/PR-FSN/24-25/02) was performed at the Depart-
ment of Food Science and Nutrition, College of Community
Science, Assam Agricultural University, Jorhat, Assam, India.
Prior to the assessment, 1 tablespoon of each formulation was
cooked using 30 ml of milk (Amul) until a thick slurry was ob-
tained (Fig. 2). Thirty semi-trained panellists were randomly
selected between the ages of 23–50 years for this purpose. A 5-
point hedonic rating scale was used for evaluation, and the
formulations were randomly coded to prevent bias and pre-
sented in random order to the panellists. The formulations were
scored on the basis of their appearance, colour, avour, taste,
and overall acceptability.

2.4.11. Statistical analysis. Experiments were conducted in
triplicate (unless specied), with the values of mean ± standard
deviation reported. Statistical data analysis was conducted
using Duncan's Multiple Range Test (DMRT) with the signi-
cance difference at p < 0.05 on the SPSS statistical soware
(Version 26) (IBM SPSS Inc., Chicago, IL). OriginPro (learning
edition) was used to analyse the DSC thermograms and FTIR
spectra of the samples, while ImageJ was used to analyse the
SEM images, and Minitab (version 22) was used for principal
Sustainable Food Technol., 2026, 4, 604–620 | 607
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Fig. 1 Uncooked (above) and cooked (below) weaning mix formulations.
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component analysis (PCA) to determine the correlations
between the various parameters of the composite ours (Fig. 1).
3 Results and discussion
3.1. Nutritional composition of the weaning mixes

When the gluten-free composite ours were subjected to
nutritional assessment, i.e., proximate analysis, signicant
differences (p < 0.05) were reported among the samples, with
variations in moisture, ash, protein, ber, fat, carbohydrate,
and energy values, as shown in Table 2. The moisture content of
the ours ranged from 8.65% to 4.48%. A moisture content
higher than 12% is usually detrimental and lowers the shelf life
of composite our products. As such, the low moisture content
of the ours will make them less susceptible to microbial
growth and enhance the shelf life of the product.37 The highest
ash concentration was seen in MIX-4 (2.19%), while MIX-1 re-
ported the lowest ash concentration (1.39%). This increase may
be attributed to the fact that the GBF concentration as an
ingredient was incremented among the samples in increasing
order of MIX-1 / MIX-4, which enhanced the total ash
concentration among the ours.38 A similar study by Adegunwa
et al. (2017) obtained ash concentrations of plantain–tigernut
composite our between 1.33% and 2.00%, where decreasing
the plantain percentage decreased the total ash concentration
among the samples. Additionally, MIX-4 reported the highest
concentration of protein (15%) and fat (6.64%), which can be
attributed to the subsequent increase in the concentration of
yellow lentil our (PF), along with GBF supplementation.37 A
study performed by Chitra (2015) on the compositional analysis
608 | Sustainable Food Technol., 2026, 4, 604–620
of banana-based weaning food mixes (type I to type IV) reported
higher protein concentrations among type III (15.62%) and type
IV (14.75%) samples, where the concentrations of soy our and
banana our were the highest.39 Thus, it can be inferred that
varying the PF concentration could have impacted the nal
protein concentration in the complementary our samples.
However, the ber and carbohydrate concentrations were found
to be highest in MIX-1, with values of 1.97% and 74.63%,
respectively. The overall calculated energy value (EV) was
reportedly the highest in MIX-4 (401.44 kcal) and the lowest in
MIX-1 (374.30 kcal). Overall, the substitution of RF (70% to
40%) by GBF and PF (from 10% to 25%) was favourable for MIX-
4 in terms of the ash, protein, fat, and total EV contents, while
MIX-1 had the highest concentration of moisture, ber, and
carbohydrate.

The gluten-free ours were characterized for the total iron
(Fe) content, as presented in Table 2. Fe is a crucial mineral that
is vital for the efficient growth of the central nervous system,
including various facets of brain development, such as neuro-
transmitter functioning, myelination, and glial energy metab-
olism. Therefore, infants who are exclusively breastfed require
iron from complementary foods to full their body's iron needs,
as their iron reserve becomes severely depleted within 4–6
months of life.40,41 The Fe content varied between 4.65 and 7.36
mg/100 g, with MIX-4 displaying the highest concentration.
This can be attributed to the increasing GBF and PF concen-
trations, which are good sources of iron.33 The values obtained
were in accordance with the results reported by Udomkun et al.
(2019), where partial and complete banana our substitutions
yielded Fe concentrations of 5.8 mg/100 g and 4.10 mg/100 g,
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Nutritional, functional, bioactive, antioxidant, colour, starch digestibility, and iron (Fe) profile properties of the weaning mixesa

Treatments MIX-1 MIX-2 MIX-3 MIX-4

Proximate prole
Moisture (%) 8.66 � 0.15d 8.50 � 0.11c 5.91 � 0.76b 4.48 � 0.28a

Ash (%) 1.40 � 0.33a 1.64 � 0.40ab 1.80 � 0.36ab 2.19 � 0.35b

Protein (%) 8.86 � 0.08a 9.28 � 0.23b 11.14 � 0.37c 15.00 � 0.18d

Fiber (%) 1.97 � 0.03d 1.64 � 0.05c 1.44 � 0.05b 1.27 � 0.09a

Fat (%) 4.48 � 0.04a 5.64 � 0.13b 6.06 � 0.07c 6.64 � 0.13d

Carbohydrate (%) 74.63 � 0.22d 73.30 � 0.15b 73.64 � 0.81c 70.47 � 0.64a

Energy values (kcal) 374.31 � 0.89a 381.09 � 1.50b 393.67 � 3.63c 401.44 � 2.78d

Functional properties
WAC (g g−1) 2.28 � 0.01a 2.43 � 0.03b 2.47 � 0.02b 2.57 � 0.03c

OAC (g g−1) 1.81 � 0.04a 1.97 � 0.07b 2.07 � 0.08bc 2.16 � 0.07c

BD (g ml−1) 0.69 � 0.01a 0.70 � 0.01a 0.72 � 0.04b 0.74 � 0.02c

TD (g ml−1) 0.79 � 0.01a 0.80 � 0.02 ab 0.83 � 0.02bc 0.84 � 0.01c

Carr index (%) 13.84 � 2.61a 14.63 � 3.80a 14.20 � 3.44a 13.63 � 2.04a

Hausner's ratio 1.14 � 0.03a 1.15 � 0.04a 1.14 � 0.05a 1.14 � 0.02a

FC (%) 11.43 � 0.01d 9.30 � 0.01c 7.23 � 0.01b 5.57 � 0.01a

Solubility (%) 5.33 � 0.01a 6.00 � 0.006a 6.33 � 0.02a 8.00 � 0.02a

Swelling power (g g−1) 3.42 � 0.1c 3.21 � 0.04b 3.06 � 0.05a 3.04 � 0.05a

Dispersibility (%) 68.00 � 0.50a 70.50 � 1.32b 72.38 � 0.80c 74.35 � 1.02d

Bioactive properties
TPC (mg CE per 100 g) 55.97 � 0.09a 81.67 � 0.04b 92.08 � 0.02c 103.20 � 0.07d

Antioxidative properties
Inhibition % 39.66 � 0.72a 41.83 � 1.54ab 43.66 � 2.53ab 47.94 � 3.47b

Colour prole
L* 71.03 � 2.30a 71.97 � 1.15a 78.52 � 0.54b 79.03 � 1.32b

a* −6.70 � 1.22b −8.19 � 0.65a 1.64 � 0.71c 1.88 � 0.23c

b* 20.93 � 0.47c 23.44 � 1.13d 10.60 � 1.03a 13.06 � 1.35b

Chroma 21.99 � 0.81c 24.84 � 0.84d 10.75 � 0.89a 13.12 � 1.30b

DE 74.36 � 2.44a 76.14 � 1.00a 79.26 � 0.44b 80.13 � 1.35b

FCI 50.10 � 1.84a 48.53 � 1.93a 67.92 � 1.52b 65.97 � 1.72b

WI 77.36 � 0.74b 74.60 � 0.84a 88.29 � 0.84d 86.03 � 1.22c

BI 26.27 � 1.79b 28.82 � 4.11b 15.88 � 1.02a 19.60 � 1.70a

Starch digestibility (%) 57.18 � 1.53a 57.96 � 1.77a 58.54 � 1.75a 59.32 � 1.46a

Mineral composition
Fe (mg per 100g) 4.65 � 0.07a 5.56 � 0.07ab 6.20 � 0.02b 7.36 � 0.04c

a Results are presented as mean value ± standard deviation (n = 3). Values depicted with different alphabets (a–d) along the rows represent
signicantly different results (p < 0.05) using Duncan's MRT.
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respectively,42 implying that both banana and legume our
contribute towards enhancing the Fe concentration in the
ours.43
3.2. Functional properties of the weaning mixes

Functional properties are essential food characterization prop-
erties that largely inuence the organoleptic properties, quality,
texture, structure, nutritional value, as well as the physical and
chemical characteristics, of food. The inherent components,
viz., protein, carbohydrate, ber, fat, minerals, and water, of
foods largely determine their functional properties. These
properties can be modied under the inuence of processing
techniques.44,45 The complementary our mixes in this study
were characterized for the following functional properties:
water absorption capacity (WAC), oil absorption capacity (OAC),
© 2026 The Author(s). Published by the Royal Society of Chemistry
bulk density (BD), tapped density (TD), Carr Index (CI), Haus-
ner's ratio (HR), foaming capacity (FC), solubility, swelling
power (SP), and dispersibility, with Table 2 displaying the
functional parameter values of the composite our mixes. Since
the formulations were designed as potential weaning-based
products, these parameters were studied aer preparing the
mixes at lukewarm temperatures (38–40 °C).

WAC is an essential parameter that determines the texture
and smoothness of food. MIX-4 had the highest WAC of 2.57 g
g−1, while MIX-1 exhibited the lowest WAC of 2.27 g g−1. The
WAC values corresponded with the increase in the GBF and PF
percentages of the sample, as higher protein and starch
contents enhance the water affinity of the ours.18 Rustagi et al.
(2022) observed similar results, where amaranth our and
plantain our samples exhibited higher WAC than wheat our,
owing to their higher starch content. The OAC ranged from
Sustainable Food Technol., 2026, 4, 604–620 | 609

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5fb00335k


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
íjn

a 
20

25
. D

ow
nl

oa
de

d 
on

 0
2.

03
.2

02
6 

15
:4

2:
43

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
1.81 g g−1 to 2.16 g g−1, with MIX-4 exhibiting the highest OAC.
This may be attributed to the presence of non-polar amino
acids, which enhance the oil absorption by inducing hydro-
phobicity in the sample.46

In terms of BD, MIX-4 exhibited the highest density of 0.74 g
ml−1, possibly due to an increasing concentration of GBF in
MIX-4, as a higher starch content tends to enhance the BD by
inuencing the porosity of the particles.46 BD is an essential
non-inherent parameter as it assists in determining the pack-
aging and handling requirements of food products. A study by
Arzoo et al. (2024), which investigated the inuence of pro-
cessing on BD of nger millet our, reported that the unpro-
cessedmillet our had the highest BD, implying that processing
and addition of other ingredients can contribute towards
modifying the particle size. Similarly, MIX-4 exhibited the
highest TD (0.84 g ml−1) among all the composite mixes. A
higher TD value is usually displayed by small particles, which
may be due to the decrease in the stickiness among the particles
during dehydration. Additionally, small particles allow for
greater availability of the surface area, which enhances the
WAC, a position corroborated in this study.29 The Carr index
(CI) values allow for understanding the owability of our
particles, with the CI of the composite mixes ranging between
13.63% and 14.63%. Powder samples with CI < 15 have been
characterized to be very good, as low CI values complement
properties, such as hydration, bulk density, and tapped
density.45 In terms of cohesiveness, which was determined by
the Hausner's ratio (HR), all the samples had values lower than
1.2, which shows that the larger our particles were able to
overcome cohesive and frictional forces, easing particle ow.28,45

The measurement of FC allows us to determine the ability of
the our to form foam depending on the existence of soluble
protein molecules.47 In this study, MIX-1 exhibited the highest
FC with 11.43%, while MIX-4 displayed the lowest FC (5.57%),
which may be due to the higher concentration of RF, which
increases the starch and ber contents in the sample. The study
by Singh & Kaur (2024) reported similar results, where
increasing the unripe banana our concentration decreased the
FC (17% to 15.45%) of the blends.18

While all the samples displayed a similar solubilization
property (p > 0.05), MIX-1 exhibited the highest SP (3.42 g g−1),
while MIX-4 had the lowest SP (3.04 g g−1). This modication
can be ascribed to the decrease in the concentration of RF in
MIX-4, as a low SP content corresponds to a low concentration
of available starch in the our. This variation inuences the
amount of internal starch molecules that are exposed to water.
The lower value of SP in MIX-4 indicates strong starch inter-
linking with the presence of more lipid complexes, which may
lead to reduced agglomeration in the sample.48,49 In terms of
dispersibility, MIX-4 presented the highest value of 74.35%,
while MIX-1 had the lowest value (68%). Dispersibility is the
ability of the our to reconstitute in water. Although the varia-
tions were non-signicant (p > 0.05), a higher dispersibility
percentage indicates that the our particles were able to mix
with water more uniformly (easy reconstitution) with reduced
lump formation.28,36
610 | Sustainable Food Technol., 2026, 4, 604–620
3.3. Phytochemical properties of the weaning mixes

Phytochemicals are essential compounds that impart health
benets in the form of protective action against free oxygen
radical species by acting as scavengers and maintaining
a balance between oxidants and antioxidants for normal body
functioning.50,51 The gluten-free ours presented signicant (p <
0.05) bioactive and antioxidative activities in the form of total
phenolic content (TPC) and 2,2-diphenyl-1-picrylhydrazyl
radical scavenging activity (DPPH), respectively, which are re-
ported in Table 2. The TPC of the ours varied between 55.97
and 103.20 mg CE per 100 g, with MIX-4 displaying the highest
TPC among all the treatments. This can be attributed to the
presence of more phenolic compounds in the unripe GBF and
the enhancement in its concentration fromMIX-1 to MIX-4. The
inhibition capacity of MIX-4 was the highest as well (47.94%),
while MIX-1 displayed the lowest activity (39.66%). Similar
results were reported by Singh & Kaur (2024), where the incre-
ment of the unripe plantain our content enhanced the TPC
and DPPH activity of the nal cake premix blends. Amarasinghe
et al. (2021) reported signicant TPC and DPPH values in
banana-our-incorporated cookies as well. Two varieties, Pisang
awak and Red dacca, were incorporated in the cookies, and the
TPC ranged from 1.10 to 3.99 mg GAE per g, while the DPPH
varied between 0.04 to 0.15 mg TE per g. Thus, it may be
inferred that the concentration of banana our and its variety
play a notable role in delineating the bioactivity of banana-our-
based products.
3.4. Colour prole of the weaning mixes

Colour prole plays a crucial role in determining the consumer
acceptability of food products. The colour attributes of
composite ours are presented in Table 2. The L* values
(lightness) of the ours varied signicantly (p < 0.05), with MIX-
4 displaying the highest L* values, while MIX-1 had the lowest
values. Similarly, MIX-4 presented the highest a* values, tend-
ing towards a greener color. This can be attributed to the
utilization of raw, green GBF, which may have resulted in the
higher L* and a* values in MIX-4, and increasing the concen-
tration of GBF in the treatments favoured MIX-4.19 Similar
results were achieved by Borbi et al. (2020) in a banana-rich-
bean porridge mix, where increasing the rice our concentra-
tion contributed towards L* value enhancements.15 However,
MIX-1 and MIX-2 reported the highest values for yellowness
(b*), with oven drying contributing towards decreasing the
chroma values of the samples. This decrease can be attributed
to the Maillard reaction, which resulted in darker colour
development. As investigated by Amini Khoozani et al. (2020),
although colour variation is imminent, freeze-dried our
displays a lighter and vibrant colour compared to the oven
drying variant, due to the mitigation of enzymatic activity and
degradation.27 MIX-4 displayed a superior whiteness index (WI)
(86.03%) and browning index (BI) (19.60%) (Fig. 2). This may be
ascribed to the increasing GBF concentration, which enhances
the bioactivity of the sample, resulting in reduced enzymatic
browning.52 While colour changes are imminent aer banana
our incorporation, processing (blanching, drying) can be
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Overall colour differences (DE), FCI, WI, and BI of the four treatments (MIX-1–MIX-4). Results are presented as the mean of triplicates ±
standard deviation (n = 3), with significant values obtained (p < 0.05) using Duncan's MRT.
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a vital factor to determine consumer acceptability, along with
improved nutritional characteristics of the processed products.
3.5. In vitro starch digestibility

Starch is a major form of carbohydrate that is present
predominantly in foods, such as cereals and unripe fruits, and it
comprises two major components: amylose and amylopectin.
Various factors, such as amylose/amylopectin ratio, resistance
to enzymes, lipid percentage, formation of complexes, presence
of ber, and antinutritional factors, play a vital role in deter-
mining starch digestibility.53 The total starch digestibility
(IVSD%) of the weaning mix samples is presented in Table 2,
with values ranging from 57.18% for MIX-1 to 59.32% for MIX-4.
Although digestibility was non-signicant (p > 0.05) among the
mixes, a steady increase in the rate of starch hydrolysis was
observed with increasing the content of GBF. This can be
attributed to the presence of different forms of starch within the
GBF, viz., rapidly digestible starch (RDS), slowly digestible
starch (SDS), and resistant starch (RS), which enhance the total
starch concentration in the sample. Studies by Kumar et al.
(2019) conrmed that grand naine banana our had a total
starch digestibility of 68.97%, with an RS concentration of
32.70%, while Khoza et al. (2021) found that grand naine our
had the highest concentrations of RDS (6.02%) and SDS
(13.30%).19,33 Additionally, processing treatments, such as
blanching of GBF and cooking of the complementary our
mixes, led to structural rearrangements and formation of
complexes with starch (suggested by SEM micrographs), which
enhanced the enzyme accessibility to starch and associated
complexes, potentially leading to higher rates of starch
© 2026 The Author(s). Published by the Royal Society of Chemistry
hydrolysis. Rodriguez et al. (2025) reported similar changes due
to processing in the IVSD of infant purees prepared from cereals
(wheat, rice, maize) and their autoclaved counterparts. Auto-
claved whole grain ours had the highest total hydrolysed
starch concentration (29% for wheat, 70% for rice, and 92% for
maize), compared to native ours, owing to the structural
reconguration induced by milling and autoclaving, which
enhanced the enzyme susceptibility, thus reducing starch
digestibility.54 These results reveal that hydrothermal treatment
(blanching) and cooking canmodulate starch digestibility while
easing RDS availability in infant foods in order to provide
a rapid energy source. However, RS, which is readily available in
GBF, may lead to the development of gut complications in
infants if introduced too early. As such, a comprehensive
understanding of starch digestion in infants, the impact of RS
on infant microbiome, and a tailored approach towards feeding
of weaning food rich in RS is required, which will promote
infant intestinal health without compromising gut integrity.9,55
3.6. Pasting properties

Pasting properties are salient indices that allow us to assess the
pasting functionality, i.e., the behaviour and ability of starch
granules to resist structural changes under heating and shear
conditions. These changes are associated with modications in
the amylose fractions, which are responsible for the pasting
characteristics of different samples.56,57 Results of the pasting
behaviour of the weaning mixes are given in Table 3. Peak
viscosity represents the ability of damaged starch granules to
swell freely under heating conditions before their structural
breakdown, and the value decreases in the following order:
Sustainable Food Technol., 2026, 4, 604–620 | 611
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Table 3 Pasting properties of the weaning mixesa

Weaning mixes /

MIX-1 MIX-2 MIX-3 MIX-4Parameters Y

Peak viscosity (cP) 1694.33 � 4.15d 1505.50 � 2.50c 1396.82 � 2.03b 1200.33 � 1.53a

Trough viscosity (cP) 1632.63 � 3.35d 1443.83 � 3.40c 1341.17 � 1.61b 1154.07 � 1.90a

Breakdown viscosity (cP) 61.70 � 0.82c 61.67 � 3.75c 55.65 � 0.56b 46.27 � 0.46a

Final viscosity (cP) 1620.67 � 1.53a 1923.48 � 0.50b 2145.40 � 1.51c 2520.17 � 2.02d

Setback viscosity (cP) 1559.33 � 1.53a 1834.50 � 1.32b 1995.25 � 0.95c 2475.27 � 0.81d

Peak time (min) 13.07 � 0.21a 12.90 � 0.66a 13.17 � 0.42a 13.03 � 0.50a

Peak temperature (°C) 73.30 � 0.79a 74.00 � 1.80ab 74.17 � 0.76ab 75.64 � 0.44b

a Results are presented as the mean of triplicates± standard deviation (n= 3), with signicant values (p < 0.05) depicted with alphabets (a–d) along
a row using Duncan's MRT.
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MIX-1 (1694.33 cP) > MIX-2 (1505.50 cP) > MIX-3 (1396.82 cP) >
MIX-4 (1200.33 cP). The lower peak viscosity of MIX-4 suggests
higher solubility as a result of starch degradation, which can be
attributed to the increase in the protein content as the
concentration of PF rises, while the higher peak viscosity of
MIX-1 implies a greater swelling power of the sample.5,37 Trough
viscosity represents the capacity of the weaning mix gels to
withstand breakage during cooling. A signicant decrease (p <
0.05) was observed among the treatments, which ranged from
1154.07 cP (MIX-4) to 1632.63 cP (MIX-1). This can be due to an
increase in the overall PF concentration, which enhanced the
protein content. As reported by Wang et al. (2002), increasing
the protein content can hinder with peak viscosity of ours.57

The disintegration of starch granules is represented by the
breakdown viscosity, which varied between 46.30 cP and 61.70
cP, with MIX-1 having the highest breakdown value. The high
concentration of RF and low PF concentration in MIX-1 may
account for this high value, suggesting minimal starch break-
down and better resistance to shear stress during cooking.43

However, contrasting nal viscosities were observed among the
mixes. The nal viscosity represents the ability of the our to
form a gel-like structure aer cooling and depends upon the
starch and amylose-amylopectin ratio. This change can be
attributed to an increase in the GBF our concentration.
Although blanching enhances enzymatic hydrolysis, GBF has
a relatively high retrogradation rate, which is corroborated by
the increasing setback viscosity values among the composite
Table 4 Change in the thermal properties of the weaning mixesa

Parameters /

To (°C) Tp (°C)Weaning mixes Y

MIX-1 54.33 � 0.77d 70.75 � 1.30b

MIX-2 51.17 � 0.83c 70.67 � 0.59b

MIX-3 47.67 � 0.41b 64.25 � 0.77a

MIX-4 45.5 � 0.50a 62.72 � 0.36a

a To = onset temperature, Tp = peak temperature, Tc = conclusion tempe
results are presented as the mean of triplicates ± standard deviation (n =
a column using Duncan's MRT.
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ours.56 As reported by Thakaeng et al. (2021), raw banana our
can only form a paste upon cooling, which complements the
values of the nal viscosities. All the treatments reported
similar peak times, which indicates the cooking ability of the
our.32 The peak temperature indicates the ability of the gran-
ules to resist fragmentation and rupture under high tempera-
tures. All the ours had peak temperatures ranging from 73.30 °
C to 75.64 °C, suggesting that MIX-1, which had the lowest
value, was more prone to breakdown and required less energy.58
3.7. Modulation of thermal properties (DSC)

Thermal analysis techniques allow for the understanding and
measurement of the physicochemical parameters of food
products as a function of time, temperature, and atmosphere.
DSC specically is used to determine the structural transitions
within the sample, which critically inuence its physical and
chemical attributes.59 As these formulations are a complex our
system, signicant changes were observed among the treat-
ments (refer to SI le Fig. 2). Table 4 depicts the onset
temperature (To), peak temperature (Tp), conclusion tempera-
ture (Tc), gelatinization enthalpy (DH), and gelatinization
temperature (R) of the formulations. The To of the ours ranged
between 45.50 °C and 54.33 °C, while Tp and Tc ranged between
62.72 °C and 70.75 °C and 80.66 °C and 89.50 °C, respectively.
The crystallinity of the starch granules critically inuences
these temperatures. As GBF has RS2 with B-type crystallinity, it
Tc (°C) DH (J g−1) R (°C)

89.5 � 0.38d 13.99 � 0.44d 35.17 � 1.03ba

86.83 � 0.33c 12.79 � 0.29c 35.66 � 1.13b

81.5 � 0.33b 9.46 � 0.45b 33.83 � 0.13b

80.67 � 0.43a 8.24 � 0.24a 35.17 � 0.17ab

rature, DH = degree of gelatinization, and R = gelatinization range. The
3), with signicant values (p < 0.05) depicted with alphabets (a–d) along

© 2026 The Author(s). Published by the Royal Society of Chemistry
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has low molecular mobility with a high adsorption rate.
However, the hydrothermal treatment (blanching) of GBF di-
srupted the crystalline structure order, which lowered the
gelatinization temperature while improving the
digestibility.31,59,60

The gelatinization enthalpy (DH) can be inuenced by the
internal starch fraction array, type, and concentration of our.
The DH of the formulations ranged from 8.24 J g−1 to 13.99 J
g−1, with MIX-4 displaying the lowest enthalpy. Usually,
a decrease in the DH values corresponds to an increase in the
degree of gelatinization. As the GBF concentration was the
highest in MIX-4, blanching may have contributed towards
decreasing the crystallinity and molecular order while
enhancing starch gelatinization. This was evident from the
increasing values of solubility, WAC, and OAC among the
treatments.48,60 The increased SP content of MIX-1 may also be
due to the arresting of the plasticization process, with increased
granular swelling observed as the temperature increased within
the sample, resulting in higher DH values.61

3.8. Functional-group characterization (FTIR)

The modulations in the functional groups of the weaning mixes
were characterized using Fourier Transform Infrared Spectros-
copy (FTIR), with the results presented in Fig. 3 for all the
treatments. The modulations in the region of 3200–3450 cm−1

correspond to the stretching in the –OH and –NH groups, which
validate the presence of phenolic compounds in the samples.
The decrease in intensity in the 2800–3000 cm−1 region implies
stretching in the –CH group. Moreover, grand naine our
displays characteristic peaks at 1643 and 1002 cm−1, which were
observed for the gluten-free ours at 1652 and 1000 cm−1,
respectively, corresponding to the –OH, –NH, and –C]O
groups.33 However, the peaks were more prominent in MIX-1,
which can be ascribed to the increase in the rice our concen-
tration and the crystallinity in its starch molecules.62,63 The
major peaks at 2926, 1652, 1453, and 1160 cm−1 conrm the –

CH stretching (alkanes), –C]C stretching (alkenes), –C]O
Fig. 3 FTIR spectra of the weaning mixes (MIX-1 to MIX-4).

© 2026 The Author(s). Published by the Royal Society of Chemistry
stretching in carbonates, and –COH linkages of amylose and
amylopectin, respectively.52 Additionally, the distinguishable
peak at 1022.743 cm−1 corresponds to the amorphous region of
starch, which was proportional to the concentration of rice
our. This peak gradually diminished as the concentration
reduced from MIX-1 to MIX-4. Similar results by Dankar et al.
(2018) conrmed the amorphous conformation of native potato
our samples.63 This result may also be ascribed to the increase
in the GBF concentration among the gluten-free ours, which
have a high resistant starch content (higher crystallinity).64,65

Another crucial factor that determines the starch conformation
is the IR ratio of the bands at 1047/1022 cm−1. A higher ratio
represents a more structured order (crystallinity) in the starch
molecules. In the case of the weaning mixes, the IR ratio was
0.98 for MIX-1, 1.00 for MIX-2, 1.04 for MIX-3, and 1.05 for MIX-
4. As explained by Kumar et al. (2023), alterations in the starch
conformation by external modication can lead to dissociation
among the crystalline domains. The gradual increase thus
indicates increasing crystallinity across the samples, which
corresponds to the increasing GBF concentration (rich in
resistant starch content) as well.53

Protein can be identied in the 1200–1700 cm−1 region of
the FTIR spectra, specically by evaluating the amide I (1600–
1700 cm−1), amide II (1500–1600 cm−1), and amide III (1200–
1350 cm−1) regions, which correlate with stretching in the –C]
O, –NH, and –CN groups.66 To analyse the hidden peaks within
these regions, the second-order derivative of the ours was
taken, which revealed the associated amide peaks, conrming
the presence of protein among the ours (refer to the supple-
mentary le, Fig. 3A–D). For the amide I region, MIX-1 had
peaks at 1632 cm−1 and 1683 cm−1, MIX-2 had peaks in the
range of 1631–1691 cm−1, MIX-3 presented peaks between 1637
and 1677 cm−1, and MIX-4 presented peaks at 1631 cm−1 and
1680 cm−1, which conrmed the –C]O stretching. The amide II
region, which corresponds to the –NH in-plane bending and –

CN stretching, presented signicant peaks in the range of 1500–
1600 cm−1.67 The external process, extrusion, can physically
induce the breakage of the peptide bond in these regions, which
can be conrmed by a reduction in the number of peaks.52 The –
CN stretching in the amide III region was conrmed by the
presence of signicant peaks within the 1200–1350 cm−1 range
of the spectra.
3.9. Modulations of the microstructural conguration (SEM)

SEM handles the visualization of the changes observed in the
weaning mixes by aiding in the microscopic inspection and
retrieval of vital information regarding the various macromol-
ecules present, such as starch, along with crucial details, such
as size, shape, surface morphology, structural integrity, and
complex formation by starch and protein interactions.68 In the
current study, signicant changes were observed among the
formulations, as illustrated in the SEM micrographs. The
composite our granules of all four formulations were irregular,
coarse, and scattered. The starch granules in MIX-1 were more
elongated and rod-shaped compared to the MIX-4 starch gran-
ules. Additionally, the presence of raw GBF enhanced the
Sustainable Food Technol., 2026, 4, 604–620 | 613
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irregularity on the granule surface, resulting in a rough
appearance. This is in agreement with the report by Chang et al.
(2022), where the presence of non-starch components enhanced
the structural irregularity in the native banana ours.5 It was
also observed that as the concentration of GBF increased
for each treatment, the granular structure became more
intact. This progressive loss in the oval structure can be
ascribed to the increase in the GBF concentration, which is rich
in different forms of starch, e.g., RDS, SDS, and RS. Raw banana
our is specically rich in resistant starch type 2 (RS2). RS2
refers to ungelatinized starch granules found in native ours
having type B crystallinity, which are distinctly crystalline and
compact in nature, making them highly resistant to enzymatic
hydrolysis and contributing towards reduced risks of non-
communicable diseases.69–71 Moreover, in MIX-4 (Fig. 4G and
H), the partial encapsulation of the starch biomass with protein
agglomerates was evident by means of the rigid molecular
rearrangement, making the matrix tough and rigid, further
enhancing the enzymatic hydrolysis resistance.70 Dry grinding
of RF contributed signicantly towards enhancing the
swelling power of MIX-1, as the starch crystallinity was weak-
ened by the increasing content of damaged starch.22,72 Small
protein particles were visible on the surface of the starch
granules, which had a dense structure with small pores. As
the ingredients did not undergo any further processing, such
as extrusion, a number of protein aggregates are visible on
the surface of the granules, with starch acting as a gelling
agent.66
Fig. 4 SEM micrographs of the weaning mixes. (A) MIX-1, 10 mm, (B)
MIX-1, 30 mm, (C) MIX-2, 10 mm, (D) MIX-2, 30 mm, (E) MIX-3, 10 mm, (F)
MIX-3, 30 mm, (G) MIX-4, 10 mm, (H) MIX-4, 30 mm.
3.10. Storage study and sensory assessment

The storage study of the weaning mixes was achieved by means
of free fatty acid (FFA) and peroxide value (PV) determinations
aer every 15 days, over a period of 60 days. Prior to the FFA and
PV determinations, the formulations were kept in standard
aluminium pouches under ambient conditions (20 °C), while
the experiments were conducted at a temperature ranging from
15 °C to 20 °C. FFAs furnish vital information on the storage
stability of a product, as they contribute towards off-avour
development (rancidity) as well as act as substrates for enzy-
matic deterioration in food.73 No FFAs were detected in the
formulations initially; however, an increase in the acid values
was observed among the ours as the storage period pro-
gressed. By the end of the 60th day, the FFA content ranged
between 0.15% and 0.253%, with MIX-1 displaying the
highest change (Fig. 5A). The presence of a high RF concen-
tration may be due to the FFA increment, as prolonged storage
at room temperature (20–25 °C) leads to lipid rancidity via
hydrolysis and oxidation, thereby reducing the storage stability
of RF.74–76 PV is an indicator of early lipid oxidation, which
occurs due to the formation of hydroperoxides. Additionally, it
can be used to acknowledge the antioxidant capacity of the
product, where a high PV indicates low antioxidant activity.73,77

A signicant increment in the PV of the formulations
was observed aer the 15th day. By the 60th day, the PV
ranged between 0.20 and 0.76 meq O2 per kg, with MIX-4 di-
splaying the lowest deterioration (0.20 meq O2 per kg) (Fig. 5B).
614 | Sustainable Food Technol., 2026, 4, 604–620
This may be due to the increase in the GBF concentration, as it
contributed towards increasing the TPC and antioxidant
capacity of MIX-4.18
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Free fatty acid determination of the formulations after every 15 days. (B) Peroxide value determination of the formulations after every 15
days.

Table 5 Sensory assessment results of the weaning mixesa

Parameters /

Appearance Taste/avour Smell/odour Texture/mouthfeel Overall acceptabilityWeaning mixes Y

MIX-1 3.40 � 0.85b 2.77 � 0.63a 3.17 � 0.65a 2.67 � 0.55a 3.37 � 0.49a

MIX-2 3.30 � 0.75a 3.10 � 0.75b 3.17 � 0.65a 3.10 � 0.71b 3.33 � 0.55a

MIX-3 3.70 � 0.84c 3.53 � 0.77c 3.73 � 0.83b 3.50 � 0.57c 3.60 � 0.50b

MIX-4 3.87 � 0.63d 4.23 � 0.63d 4.20 � 0.72c 4.50 � 0.63d 4.07 � 0.78c

a Results are presented as the mean of the triplicates ± standard deviation (n = 30), with signicant values (p < 0.05) depicted with alphabets (a–d)
along a column using Duncan's MRT.

© 2026 The Author(s). Published by the Royal Society of Chemistry Sustainable Food Technol., 2026, 4, 604–620 | 615
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Sensory analysis of the gluten-free ours was conducted in
the presence of thirty semi-trained panellists to determine the
overall acceptability of the nal formulation (Table 5). For all
the testing parameters, i.e., appearance, texture, taste, avour,
and overall acceptability, MIX-4 had the highest acceptability,
followed by MIX-3. In terms of texture/mouthfeel, MIX-4 had the
highest acceptability, which may be attributed to its solubility
properties. A low viscosity is a desirable quality for an infant-
based weaning/composite mix as it indicates suitability for
consumption and easy digestion.10

3.11. Principal component analysis (PCA)

The correlation between the physico-chemical, functional, and
rheological properties of the gluten-free composite ours was
ascertained using principal component analysis (PCA). In PCA,
the similarity and disparity within the properties are repre-
sented on the X–Y axes. Principal component 1 (PC 1) comprised
84.10% of the total variations, while principal component 2 (PC
2) constituted 12.50% of the total variations in the composite
our properties, with both PC 1 and PC 2 representing 96.50%
of the total variations. The properties whose curves are closer in
Fig. 6 Biplot of PCA (MIX-1–MIX-4). PC 1 and PC 2 represent 84.1% an
lines)= energy value (EV), bulk density (BD), IVSD, dispersibility, solubility,
content (TPC), crude fat, antioxidant capacity (% RSA), ash, setback visco
ature. Second quadrant (black dotted lines)= colour change (DE), L*, a*, fl
(blue dotted lines)= swelling power (SP), onset temperature (To), foaming
trough viscosity (TV), carr index (CI), (Hausner ratio HR), carbohydrate. Fo
temperature (Tc), peak temperature (Tp), chroma, b*, browning index (B

616 | Sustainable Food Technol., 2026, 4, 604–620
the plot are positively correlated, while the curves in opposite
directions indicate negatively correlated properties. Fig. 6
represents the biplot generated as a result of the PCA, which can
be divided into four groups/quadrants. The rst quadrant
(green solid lines, +XY) consists of the following related prop-
erties: pasting temperature, WAC, SV, ash, % RSA, fat, TPC, FV,
protein, OAC, dispersibility, solubility, BD, TD, IVSD, and EV.
The second quadrant (black-dotted lines, +X −Y) comprises DE,
L*, a*, FCI, WI, and peak time. The third quadrant (blue-dotted
lines, −XY) includes the following related properties: carbohy-
drate, TV, PV, ber, BV, FC, To, CI, HR, and SP. The fourth
quadrant (red-dotted lines, −X +Y) represents the pasting
temperature range, BI, b*, chroma, Tp, Tc, moisture, and DH.
The PCA biplot reveals that the associated properties in the rst
quadrant are most likely to belong to MIX-4, as it was charac-
terized by high rheological parameters (pasting temperature,
SD, FV, BD). Similar results were reported byMarcel et al. (2021),
where banana-maize and plantain-maize blends were associ-
ated with favourable rheological properties.58 Additionally, MIX-
4 had the highest GBF concentration, implying an increase in
the resistant starch content, which enhanced retrogradation.
d 12.5% of the total variations, respectively. First quadrant (green solid
oil-absorption capacity (OAC), protein, final viscosity (FV), total phenolic
sity, water-absorption capacity, tapped density (TD), pasting temper-
our colour index (FCI), whiteness index (WI), peak time. Third quadrant
capacity (FC), breakdown viscosity (BV), crude fiber, peak viscosity (PV),
urth quadrant (red dotted lines) = enthalpy (DH), moisture, conclusion
I), and temperature range.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Nutritional profile comparison of MIX-4 and a commercially available weaning formulation

Parameters MIX-4 (selected) Commercial formulation (Bhimvita) FSSAI guidelines78

Moisture 4.48% — Not more than 5% by weight
Ash 2.19% — Not more than 5% by weight
Protein 15.00% 14.14% Not less than 15% by weight
Total fat 6.64% 1.04% Not less than 7.5% by weight
Total bre 1.27% 1.35% Not more than 1% by weight
Carbohydrate 70.50% 76.30% Not less than 55% by weight
Iron 7.36 mg/100 g 10.70 mg/100 g Between 3 and 7 mg/100 g
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The hydrothermal treatment (blanching) contributed towards
an increase in the WAC and OAC attributes as well. Overall,
cogent rheological, pasting, and hydration properties can
contribute towards the sensory acceptability of a sample, and as
a result, MIX-4 was accepted by the panellists.

3.12. Nutritional comparison of the selected formulation
(MIX-4) with the commercial weaning mix

The characterization of the gluten-free composite ours on the
basis of physico-chemical, functional, rheological, and senso-
rial attributes presented MIX-4 as the most favourable formu-
lation. The concentration and pretreatment of GBF, along with
the increase in the PF concentration, contributed signicantly
towards enhancing the protein content, total fat content, iron
content, and energy value of MIX-4. Table 6 discusses the
nutritional differences between MIX-4 and Bhimvita (a locally
available commercial weaning formulation) based on the Food
Safety and Standards Authority of India (FSSAI) guidelines for
cereal-based composite foods. MIX-4 has signicantly higher
total fat, protein, and energy-value concentrations, which are
essential nutrients that support a child's growth and develop-
ment. However, as the concentration of total fat was lower than
the guideline value, it is recommended to prepare the formu-
lation in a liquid-milk-based medium to improve the total fat
content.78 Thus, locally available GBF can contribute signi-
cantly towards improving the nutritional quality of cereal-based
composite foods, thereby critically promoting the overall
health, development and well-being of children.10

4 Conclusion

The current study was focused on the development of a gluten-
free composite mix (MIX-1 to MIX-4) using grand naine banana
our as the pivotal ingredient, which holds potential as
a sustainable weaning food alternative. An exhaustive assess-
ment found that MIX-4 had the most favourable characteristics.
MIX-4 was found to be rich in protein (15.00%), fat (6.64%),
carbohydrate (70.50%), and iron (7.36 mg/100 g), which was
comparable to a commercially available mix (Bhimvita). Pasting
and microstructural attributes revealed that MIX-4 contained
resistant starch, which can be a favourable prebiotic source for
early gut microbiome development among infants, and exhibi-
ted a total starch digestibility of 59.32%. These results show that
processing methods can enhance the nutritional prole of
ours.55 The high solubility and low swelling power of MIX-4
© 2026 The Author(s). Published by the Royal Society of Chemistry
were conducive attributes favoring its use as a weaning formu-
lation, as they make consumption facile and safe with minimal
lump formation. Additionally, the favourable TPC (103.20 mg/
100 g) and antioxidative (47.94%) characteristics of the mix
contributed towards enhancing its shelf-life, as exhibited by the
minimal alterations in its FFA and PV over a period of 60 days.

Further improvement of the formulation can be achieved by
micronutrient fortication and exploration of the inuence of
processing parameters, such as germination and fermentation,
on banana our. Overall, the objective of developing an
affordable, low-cost, energy-rich complementary formulation
(MIX-4) using grand naine banana our with nutritional char-
acteristics within the FSSAI guidelines, which has the potential
to full dual motives: address the nutritional inadequacy
among infant children in Assam and provide a means of live-
lihood to banana farmers and producers via the manufacture of
a value-added product, was successfully attained in this study.
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Abbreviations
GBF
618 | Sustain
Grand naine banana our

CF
 Complementary foods

RS
 Resistant starch

RF
 Rice our

PF
 Pulse/yellow lentil our

SP
 Sesame seed our

PP
 Pumpkin seed our

EV
 Energy value

WAC
 Water-absorption capacity

OAC
 Oil-absorption capacity

BD
 Bulk density

TD
 Tapped density

CI
 Carr index

HR
 Hausner's ratio

FC
 Foaming capacity

SP
 Swelling power

TPC
 Total phenolic capacity

DPPH
 2,2-Diphenyl-1-picrylhydrazyl

RSA
 Radical scavenging activity

FCI
 Flour colour index

WI
 Whiteness index

BI
 Browning index

IVSD
 In vitro starch digestibility

RDS
 Rapidly digestible starch

SDS
 Slowly digestible starch

DSC
 Differential scanning calorimetry

DH
 Degree of gelatinization

FTIR
 Fourier-transform infrared spectroscopy

SEM
 Scanning electron microscopy

PV
 Peroxide value

FFA
 Free fatty acids

PCA
 Principal component analysis

FSSAI
 Food Safety and Standards Authority of India
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