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ity and physicochemical analysis of
heat-moisture treated finger millet flour and
starch†

Muhammad Umar, a Muhammad Hassanb and Natthakan Rungraeng *cd

Heat-moisture treatment (HMT) at 110 °C for 6 h (25% moisture content) of finger millet flour (FMF) and

starch (FMS) was conducted to assess the effect on their functional, physico-chemical, and in vitro

digestibility properties. Water activity (aw) and pH decreased significantly (p < 0.05) from 0.31 to 0.25 and

6.7 to 6.3 respectively for HMT samples. The oil absorption capacity (OAC), water absorption index (WAI),

water solubility index (WSI), and swelling power (SP) also significantly (p < 0.05) increased due to heat-

moisture treatments of the samples. The values for the OAC, WAI, WSI, and SP were in the ranges of

1.9–2.5 g g−1, 2.1–10.7 g g−1, 0.14–0.44%, and 3.4–18.4 g g−1, respectively. X-ray diffractometry (XRD)

revealed that the HMT-modified samples showed a significant decrease in the relative crystallinity.

Scanning electron microscopy (SEM) showed that the FMF sample became clumpier, and the surface of

FMS showed more porosity and cracks due to the HMT process. Fourier Transform Infrared (FTIR)

spectroscopy indicated the presence of hydroxyl (–OH), alkane (–CH), amine (–NH), carbonyl (–COH),

and alkene (]CH) functional groups in the regions of 3300–3250, 2930–2850, 1750–1630, 1180–1070,

and 930–860 cm−1, respectively. There were no significant changes observed in the number of peaks of

the samples due to the HMT process. The rapidly digestible and slowly digestible starch fractions

increased significantly (p < 0.05), while the resistant starch fraction decreased due to the HMT process.

RDS, SDS, and RS values were in the ranges of 14.3–22.4%, 28.0–60.9%, and 30.9–55.7%, respectively.

This study provides a new way of utilizing this starch source for the development of food products and

can reduce dependence on other starch sources such as rice and corn.
1 Introduction

Finger millet is a semi-arid crop cultivated in Sri Lanka, the
Himalayan regions of the Indus Valley, Bhutan, Nepal, China,
Japan, and Africa.1–3 Finger millet is a gluten-free, low glycemic
index crop, good for people with diabetes and celiac disease.4,5

The nger millet grain consists of carbohydrates, protein, die-
tary ber, calcium, and iron in high concentrations.6 The major
component of nger millet is starch, consisting of 58–85% of
total grain weight,7 which inuences its textural and rheological
properties.8 However, despite the high amount of starch, starch
from millets is rarely used in the food industry due to its poor
water solubility, high tendency to retrograde, low paste clarity
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and shear resistance, and high sensitivity to pH, shear, and heat
due to its semi-crystalline structure.9–12 Due to these challenges,
the need has increased for chemical and physical modication
of starch, which can provide desired attributes to starch.
Chemically modied starches are used for industrial purposes,
while physically modied starches are favored in the food and
pharmaceutical sectors.13 To manufacture natural food
constituents, there is a focus on altering the characteristics of
starches without using chemicals.14 Starch modication by
physical treatments such as radiation, pulsed electric eld,
shear, osmotic pressure, annealing, heat-moisture treatment
(HMT), and microwaves has been widely accepted in the food
industry because these processes can alter the physico-chemical
and functional properties of samples.12,15,16

HMT is a low moisture (<35%) and high temperature (up to
120 °C) technique applied from 15 min to 16 h.15 HMT inu-
ences granular swelling, amylose leaching, pasting properties,
gelatinization behavior, molecular structure, crystalline struc-
ture, and in vitro digestibility of starch17,18 with the least inu-
ence on the granular structure.19 HMT encourages the
interaction between amylopectin and amylose chains20 by dis-
rupting the helical and crystalline structures. Subsequently, the
re-association of the disturbed crystals and the rearrangement
Sustainable Food Technol., 2025, 3, 215–226 | 215
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of the amorphous structure provide a new order to double
helices.15,21,22 HMT induces changes in both crystalline and
amorphous regions of starch granules.23 Due to the structural
reorganization of starch, granular crystallinity, swelling,
amylose leaching, gelatinization, thermal stability, paste
stability, and retrogradation changes occur.18,23 Due to the HMT
of starch, improvements in the adhesiveness, hardness, and
shear stability of starch gel,24 an increase in the gelatinization
temperature and decrease in the gelatinization temperature
range,23 and an increase in the shear resistance and starch
stability25,26 have been reported. HMT does not obliterate the
starch granule structure but alters the hydration, crystallinity,
gelatinization, and viscosity characteristics, so heat-moisture
treated starch can be applied to several products27 including
confections, retort foods, salad dressings, batter products,28

gluten free bakery products,27 gluten free porridges, steam-
cooked and boiled products, and alcoholic and non-alcoholic
beverages.29–31

Many studies have been conducted to evaluate the inuence
of HMT on starch and our of different sources including proso
millet,32 white nger millet,33 pearl millet,28 nger millet,23

rice,34 potato,35 maize,36 cassava,37 and wheat.38 However, the
investigation of the inuence of HMT on the physico-chemical,
functional, rheological, thermal, pasting, and digestibility
properties of nger millet starch (FMS) and its our (FMF) and
relative analysis are sparse. Thus, the objective of this study was
to overcome these challenges and evaluate the effect of HMT on
the physico-chemical, functional, pasting, gelatinization,
morphological, and digestibility properties of FMF and FMS.
This study discussed the detailed mechanism of HMT, which
can provide a new way of starch utilization from nger millet to
reduce dependence on other starch sources such as rice, corn,
and cassava.

2 Materials and methods
2.1 Materials

Ragi nger millet (Eleusine coracana) was procured from Darich
Green Co., Ltd. Bangkok, Thailand. All other reagents were
analytical grade, including phosphate buffer, NaOH, HCl, 3-5-
dinitro salicylic acid, pancreatic amylase, distilled water (DW),
and trypsin, and were purchased from CTI Science Co. Ltd,
Thailand. The total starch assay kits were purchased from
Megazyme International, Ireland.

2.2 Preparation of nger millet our

Finger millet grains (200 g) were pulverized to powder utilizing
a high-speed milling machine (DXM-400, DXFILL, Thailand) at
18 000 rpm for 3–5 min. This nger millet our (FMF) was sied
through a 70-mesh sieve to remove the bigger particles and was
stored in zip-locked high-density polyethylene (HDPE) bags at
4 °C for further analysis.

2.3 Starch isolation

Finger millet starch (FMS) was extracted using an alkaline
steeping method.39 A grain sample of 200 g was soaked in NaOH
216 | Sustainable Food Technol., 2025, 3, 215–226
(1000 mL, 0.2% (w/v)) at 4 °C for 24 h. The samples were
decolorized by washing with tap water and ground using a high-
speed mixer (IKA, Germany). The slurry was passed through
a 200-mesh sieve and centrifuged for 15 min at 2400 × g using
a centrifuge (EBA 8S, Hettich, Germany). Supernatants were
removed, and the rest was blended again in 1 : 3 w/v DW for
30 min and centrifuged for 15 min at 2400 × g using a centri-
fuge (EBA 8S, Hettich, Germany). This washing and centrifu-
gation step was repeated until only white color starch was
achieved at the bottom of the test tube. The samples were
further washed for 15 min using ethanol (100%) and centri-
fuged to discard the supernatant. The samples were neutralized
(pH 6.5) by adding HCl (1 M), while pH was monitored using
a pH meter (Hanna, USA). The samples were dried in a hot air
oven (Memmert, UN, Schwabach, Germany) at 45 °C and 50%
relative humidity for 6 h. The dried samples were powdered
using a hammer mill (Perten, 120, Finland) and passed across
a 100-mesh sieve. The starch powders were stored in HDPE bags
at 4 °C for further analysis.

2.4 Heat-moisture treatment (HMT) of samples

The heating time and temperature were selected based on
a preliminary study indicating the highest values for functional
properties. The weight of water added to the dried grains was
estimated using eqn (1). 100 g of samples (FMF and FMS) was
stored in a fridge (4 °C) for 24 hours to achieve moisture
balance. The initial and nal moisture of the samples was
measured using a microwave moisture analyzer (DFMC Liaon-
ing, China) and dry mass (Wd) was calculated using eqn (1),
while the amount of water was estimated by subtracting the dry
mass from the total sample weight (Wt).

Wd = Wt × (1 − percentage moisture) (1)

The amount of water (Ww) to be added was calculated
according to the required moisture content of 25% (M1) using
eqn (2).

Ww = Wd × 100/(100 − M1) (2)

The moist samples were sealed in glass bottles and placed in
a hot air oven (Memmert, UN, Schwabach, Germany) to heat at
110 °C for 6 h. The samples were manually shaken every 20 min
and turned upside down. Aer this treatment, the samples were
spread in a tray and moisture was removed from the samples
using a hot air oven (Memmert, UN, Schwabach, Germany) at
40 °C and 50% relative humidity for 6 h. The samples were
cooled to 25 °C and crushed into a ne powder using a hammer
mill (Perten, 120, Finland). The processed samples of FMF and
FMS were powdered using a hammer mill (Perten, 120, Finland)
and passed through 70 and 100-mesh sieves, respectively. The
samples were kept in HDPE bags at 4 °C for further analysis.33

2.5 Physico-chemical properties

The carbohydrate, ash, fat, and protein contents were estimated
according to AOAC standard protocols.40 The starch content was
estimated according to the method described by McCleary et al.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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(2019) using a starch assay kit (Megazyme International, Ire-
land).41 The pH was observed using a Hanna pH meter (Hanna,
USA) and the water activity (aw) was estimated using a water
activity meter at 25 °C (EZ-200, Freund, Japan).42 The color
parameters (L*, a*, and b*) of the samples were evaluated
through a Hunter lab colorimeter (CX-1075, Colorex, USA). A
pure starch sample (native millet starch) was studied as a stan-
dard (ref. 43).

WI = 100 − [(100 − L*)2 + a*2 + b*2]1/2 (3)

DE = [DL*2 + Da*2 + Db*2]1/2 (4)
2.6 Functional characteristics of samples

2.6.1 Oil absorption index. Oil absorption capacity (OAC)
was measured by mixing 1 g of samples with 10 mL of soybean
oil in a centrifuged tube. The samples were mixed for 30 s and
incubated at 25 °C for 30 min. Aer incubation, the samples
were centrifuged for 20 min at 3000 rpm using a centrifuge (EBA
8S, Hettich, Germany) at room temperature. The excess oil was
decanted and the tubes were inverted for 20 min. The nal
weight of the sample was measured to estimate the OAC.33

Oil absorption capacity
�
OAC; g g�1

�

¼ weight of oil absorbed

Weight of the sample
(5)

2.6.2 Hydration characteristics of samples. Water absorp-
tion and solubility indices were determined according to the
method described by Yousf et al. (2017) with minor modica-
tions.44 The sample (2.5 g) was added in 30 mL of DW to cook
the samples at 90 °C for 15 min using a water bath. The samples
were centrifuged (EBA-8S, Hettich, Germany) for 10 min at
3000 rpm and the supernatant was shied in a dish. The weight
of the residue was measured, and the weight of the dried
supernatant was estimated by drying the sample at 110 °C until
a constant weight was attained.

Water absorption index
�
WAI; g g�1

� ¼ weight of sediments

weight of sample

(6)

Water solubility index ðWSI; %Þ

¼ weight of dried supernatent

weight of sample
� 100

Swelling power
�
SP; g g�1

�

¼ weight of sediments

weight of sample� weight of dried supernatant
(7)

2.7 Pasting properties

The pasting characteristics were estimated according to the
method described by Tangsrianugul et al. (2019) with some
modications.39 2.5 g of each sample was added to a container
© 2025 The Author(s). Published by the Royal Society of Chemistry
with 25 mL of DW and stirred well. The canister was tted into
a Rapid Visco-Analyzer (RVA-4C, Newport Scientic. Co., Aus-
tralia) and heated according to a prespecied heat cycle. The
samples were maintained at 50 °C for the initial 1 min and
heated to 95 °C with a uniform heating rate over 5 min. The
samples were held at 95 °C for 3 min. The samples were cooled
down to 50 °C in the next 3 min and maintained at that
temperature for 1 min. The viscosities were estimated through
thermocline soware.

2.8 Thermal denaturation analysis of powders

2 mg of sample was sealed hermetically in an aluminum pan
and placed at 25 °C to attain moisture equilibrium. The weights
of pans before and aer sample addition were recorded care-
fully. The samples were heated from 25–150 °C at a heating rate
of 10 °C min−1. The gelatinization temperatures were moni-
tored using a DSC instrument (Model-214, NETZSCH, Ger-
many). The onset, peak, conclusion temperatures, and enthalpy
(DH, J g−1) were recorded. An empty aluminum pan was used as
a reference (ref. 45).

2.9 X-ray diffractometry (XRD)

1–2 g of starch sample was poured and spread evenly on the
sample plate of an X-ray diffractometer and extra sample was
removed to form a at surface. The analysis of the structure was
carried out to measure the crystallinity using the X-ray diffrac-
tometer (Model 10190376, Bruker, Germany) at 25 °C. 2–3 g of
sample was evenly spread on the instrument sample plate and
locked on the stub. The instrument was controlled at 40 mA and
40 kV with Cu Ka radiation (k = 1.5406 Å). The samples were
scanned from 4–40° two theta angles with a step size of 0.05 and
a step time of 1.0 s.42

2.10 Fourier transform infrared spectroscopy (FTIR)

The structural changes in powder samples were evaluated using
FTIR to highlight the effect on the functional properties of
powders. 2–3mg of powder samples were pressed on the surface
of an optical crystal cell at 25 °C. The spectra of the samples
were recorded from 4000 to 500 cm−1 using a spectrometer
(Nicolet iS50, Thermo Scientic, USA).46

2.11 Scanning electron microscopy (SEM). A SEM equip-
ment (JSM-7800F, JEOL Ltd, Japan) was used to examine the
morphological properties of samples. The samples were coated
on adhesive tape (double-sided carbon) connected to the spec-
imen stub. The extra sample was removed using nitrogen on the
adhesive tape. A gold coating was smeared on the sample for
45 s, with a sputter coater (E-1010 Ion Sputter, HITACHI, Japan)
at a sputter current of 23 mA. The observations were recorded at
2000× magnication.45

2.12 In Vitro starch digestibility (IVSD)

Samples (50 mgmL−1 in 0.2 M phosphate buffer) at pH 6.9 were
added with pancreatic amylase (0.5 mL, 40 U mg−1) solution
(1.5 mg mL−1 in 0.2 M phosphate buffer, pH 6.9) and incubated
for 2 h at room temperature.47 2 mL of 3, 5-dini-trosalicylic acid
Sustainable Food Technol., 2025, 3, 215–226 | 217

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4fb00242c


Sustainable Food Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

2 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 7

/2
8/

20
25

 1
0:

22
:1

6 
PM

. 
 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 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
was poured into the suspension. The volume was adjusted to
25 mL with DW, and the samples were boiled for 5 min. Aliquot
samples (0.25 mL) were taken at 20 and 120 min of incubation
and mixed with 10 mL of ethanol (70% v/v) to stop the enzyme
activity. The aliquots were centrifuged (EBA 8S, Hettich, Ger-
many) for 10 min at 1500 × g and ltered to remove the large
particles. These aliquots were used to estimate the concentra-
tion of glucose in the sample liberated during 20 (G20) and
120 min (G120) with a GOPOD assay kit. The starch fractions
including rapidly digestible starch (RDS), slowly digestible
starch (SDS), and resistant starch (RS) were estimated using eqn
(8)–(10) respectively.

% RDS = % G20 × 0.9 (8)

% SDS = (% G120 − % G20) × 0.9 (9)

% RS = % TS − (% RDS + % SDS) (10)

2.13 Statistical analysis

The statistical soware SPSS-16 (Chicago, USA) was employed to
conduct the statistical analysis of triplicate readings. One-way
ANOVA was applied with post hoc Tukey's test to observe the
signicant differences among the samples with a condence
interval of 95%.
3 Results and discussion
3.1 Effect of HMT on the composition and physico-chemical
properties of samples

The nutritional values of native and modied samples were
estimated and are listed in Table 1. A higher amount of carbo-
hydrate content was observed in FMF and FMS. The HMT
exerted a non-signicant (p > 0.05) effect on the nutritional
values of both FMF and FMS. The higher amount of carbohy-
drates in the samples demonstrates the purity of starch, which
serves as an energy and starch source.48 The carbohydrate
content was in the range of 78.5 to 92.4 for both native and
modied samples. Similarly, no changes were observed in
hydrothermally treated starch, ash, fat, and carbohydrates of
proso millet.49 The starch, protein, fat, and ash contents were in
the ranges of 59.0 to 96.2%, 0.5 to 8.6%, 0.6 to 4.6%, and 0.4 to
2.3%, respectively. These values were consistent with the values
obtained in previous studies for nger millet.50,51

Water activity (aw) and pH decreased signicantly (p < 0.05)
for modied samples (Table 1) as compared to native samples.
Table 1 Nutritional composition (%, w/w) and physico-chemical proper

Sample Total carbs Starch Protein Fat

FMF 79.0 � 2.4a 59.0 � 3.1a 8.6 � 0.3b 4.6 � 0.4b

HMT-FMF 78.5 � 1.7a 58.3 � 1.1a 8.4 � 1.3b 4.4 � 0.5b

FMS 91.1 � 2.1b 96.2 � 1.2b 0.6 � 0.9a 0.7 � 1.1a

HMT-FMS 92.4 � 1.2b 95.5 � 1.4b 0.5 � 1.1a 0.6 � 0.3a

a Different superscripts in the same column indicate signicant differenc

218 | Sustainable Food Technol., 2025, 3, 215–226
The aw of FMF and FMS was in the range of 0.25 to 0.31 and pH
values were in the range of 6.3 to 6.8 for modied and native
samples (Table 1). The oxidative species generated during pro-
cessing of starch may generate bonding with starch molecules
to produce acidic constituents, which ultimately reduce the pH
of samples.52 The pH reduction of samples depends on several
intrinsic factors such as starch type, presence of other constit-
uents, and processing time and temperature.53 The decrease in
the moisture content of starches greatly inuences the pH of
starch samples and starch solutions with low pH show
improved water sorption capabilities and tensile strength in
exible lms.54

The change in color due to processing provides valuable
information about enzymatic or browning reactions including
Maillard, caramelization, and degree of cooking.19 The color of
samples highly depends on the chemical composition. Since
the starch is different from our in chemical composition, the
FMF sample was signicantly darker than the FMS with a lower
WI value (69.4) (Table 1). The WI values were 69.4 and 63.4 for
native and modied FMF, respectively, while the WI for native
and modied starch was 92.2 and 91.21. The HMT decreased
the WI signicantly (p < 0.05) for FMF, while it remained almost
unchanged for FMS. The WI for FMS showed no change aer
HMT owing to low protein content, which did not allow the
Maillard reaction to occur.43 The HMT can also induce the
browning reaction (non-enzymatic), which subsequently
contributes to the darkening of color.55 The starch samples were
brighter even aer heat-moisture treatment. The chroma (DE)
value was also lower (1.2) for HMT-FMS as compared to native
and modied FMF (3.4) (Table 1). HMT-induced changes in
color can be related to non-enzymatic reactions, the Maillard
reaction between reducing sugars and amino groups of
proteins, and variations in the composition of FMF and
FMS.43,56
3.2 Effect of HMT on the functional characteristics of
samples

The oil absorption capacity (OAC) is a crucial parameter in the
food matrix that correlates with the avor, mouthfeel, and other
sensory and functional properties of food formulation.33 The
effects of HMT on hydration properties (WAI, WSI, and SP) and
OAC are shown in Table 2. The values for OAC for FMF and FMS
were in the range of 1.9–2.5 g g−1 (Table 2). The OAC was
signicantly (p < 0.05) increased for modied samples as
compared to native samples. This change in OAC due to HMT
can be because of an improvement in the starch's ability to
ties of native and HMT samplesa

Ash pH aw WI DE

2.3 � 0.2b 6.7 � 0.01b 0.31 � 0.01b 69.4 � 0.3b —
2.2 � 0.7b 6.4 � 0.03a 0.25 � 0.01a 63.4 � 0.4a 3.4 � 0.03
0.4 � 0.3a 6.8 � 0.02b 0.31 � 0.01b 92.2 � 0.2c —
0.4 � 0.6a 6.3 � 0.01a 0.27 � 0.01a 91.1 � 0.4c 1.2 � 0.02

es at the condence interval of 95%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Functional characteristics of native and HMT samplesa

Sample OAC

WAI (g g−1) WSI (%) SP(g g−1)

70 °C 80 °C 90 °C 70 °C 80 °C 90 °C 70 °C 80 °C 90 °C

FMF 1.9 � 0.2a 2.1 � 0.1a 3.4 � 0.3a 4.8 � 0.3a 0.18 � 0.01b 0.22 � 0.01a 0.27 � 0.1a 3.4 � 0.1a 5.6 � 0.1a 7.7 � 0.1a

HMT-FMF 2.2 � 0.4b 2.7 � 0.2b 4.7 � 0.1b 6.7 � 1.1b 0.21 � 0.01c 0.31 � 0.01b 0.43 � 0.9c 4.2 � 0.1b 6.7 � 0.2b 9.2 � 0.2b

FMS 2.1 � 0.2b 2.8 � 0.1b 5.7 � 0.2c 7.8 � 0.1c 0.14 � 0.01a 0.24 � 0.01a 0.35 � 0.1b 4.4 � 0.2b 8.8 � 0.3c 12.3 � 0.1c

HMT-FMS 2.5 � 0.4c 3.3 � 0.1c 6.2 � 0.3d 10.7 � 0.5d 0.27 � 0.01d 0.34 � 0.01c 0.44 � 0.2c 4.9 � 0.2c 13.4 � 0.4d 18.4 � 0.1d

a Different superscripts in the same column indicate signicant differences at the condence interval of 95%.
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absorb oil due to a larger number of hydrophobic amino acids.
The aw and moisture content of the sample also play a signi-
cant role in OAC. The decrease in the aw of samples due to HMT
can be responsible for the increase in the OAC of samples.57

The water activity index (WAI) of FMF and FMS was in the
range of 2.1–10.7 g g−1 (Table 2). The WAI increased signi-
cantly (p < 0.05) due to the increase in the temperature of the
samples. The WAI for FMS was highly inuenced at the highest
temperature as compared to lower temperatures. The WAI of
samples is related to the hydrophilicity of macromolecules such
as proteins and starches.58Different samples have varied affinity
to water molecules due to differences in their polar amino acid
residues of proteins.59 The protein denaturation due to heat
treatment initiates protein unfolding, which increases the
number of polar side chains and improves the WAI of samples.
Similarly, in a previous study of nger millet, hydrothermal
treatment enhanced the water absorption capacity of samples.23

The modication of the WAI can signicantly inuence the
gelatinization properties of starch, which can help in the
development of new textures of food products.60 The gelatini-
zation of starch in water occurs when heated between 60 and
80 °C, which results in signicant changes in the functional
properties of starch. In gelatinization, the crystallites melt, the
granule loses its molecular order and structure and solubiliza-
tion occurs.61 During heating, water enters the amorphous
regions and alters the disruptive interaction in the crystalline
regions. Due to this water movement, amylopectin and amylose
recrystallize (retrogradation), which affects the food texture.
The higher rmness, staling, loss of crispness, avor, and
aroma of bakery products are the effects of this phenomenon.62

The water solubility index (WSI) also increased signicantly
with increasing temperature of samples. The WSI of FMF and
FMS was in the range of 0.14–0.44% (Table 2). The maximum
WSI (0.44) was obtained for HMT-FMS at 90 °C. The results of
HMT samples also indicated an increase in the WSI, conrming
Table 3 Pasting properties measured in RVU of samples before and afte

Samples PV TV BDV

FMF 122.3 � 1.8b 114.5 � 2.1b 7.8 � 0.2b

HMT-FMF 45.3 � 2.1a 38.4 � 2.2a 6.9 � 1.4a

FMS 345.4 � 3.1d 142.3 � 2.1d 213.1 � 0.8d

HMT-FMS 230.5 � 2.3c 128.7 � 3.1c 101.8 � 1.5c

a PV: peak viscosity, TV: viscosity at trough, FV: nal viscosity, BDV: break
same column indicate signicant differences at the condence interval o

© 2025 The Author(s). Published by the Royal Society of Chemistry
the effect of heat treatment.63 In the HMT, the starch granules
undergo structural reorientation, which improves the interac-
tion between amylopectin and amylose side chains, improving
the WSI of starch molecules.64 Ananthu et al. (2023) also
observed an improvement in the WSI due to microwave treat-
ment of white nger millet.65 The microwave treatment changes
the degree of depolymerization and weakens the starch struc-
ture, thereby improving the WSI.

The SP of samples also increased due to an increase in
temperature from 70 to 90 °C and increased signicantly due to
HMT. The SP of FMF and FMS was in the range of 3.4–18.4 g g−1

(Table 2). This increase in SP was due to surface modication
and damage of starch granules through HMT, which allowed
the swelling of amylopectin and more water molecules to
penetrate easily. However, at 80 and 90 °C, the SP was much
higher than that at 70 °C for FMF and FMS because these
temperatures were higher than the gelatinization temperatures
of nger millet.23 The hydration characteristics of starch gels
depend on the modifying treatment.9 Moreover, SP increase can
also be due to an increase in starch granule size due to HMT.
The amylopectin undergoes structural changes and exposes
a larger number of hydroxyl groups that increase the SP of the
starch samples.63 Similar results for the hydration properties of
proso millet starch,32 white nger millet starch,33 and nger
millet starch23 have been reported previously.
3.3 Pasting properties of samples

Pasting characteristics depend on the stiffness of starch parti-
cles in the sample, which affect the swelling power of granules
and amylose seeping ability in the solution. It is crucial for the
selection of binders and thickeners for food products.66 Peak
(PV), nal (FV), setback (SBV), and breakdown (BDV) viscosities
were in the ranges of 45.0–345.4, 67.2–364.4, 19.0–122.4, and
6.9–213.1 RVU, respectively, for all samples (Table 3). There was
r heat-moisture treatmenta

FV SBV Peak T (min) Pasting T (°C)

244.7 � 1.1b 122.4 � 0.2c 6.4 � 0.4b 84.5 � 2.4b

67.2 � 1.2 a 21.9 � 1.1a 6.8 � 0.5b 89.4 � 3.2c

364.4 � 2.3d 19.0 � 0.3a 5.4 � 0.6a 78.3 � 3.5a

297.2 � 2.2c 66.7 � 1.2b 6.3 � 0.7b 83.2 � 1.7b

down viscosity, and SBV: setback viscosity. Different superscripts in the
f 95%.
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Fig. 1 The X-ray diffractogram of samples before and after heat-
moisture treatment.
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a signicant difference (p < 0.05) in the pasting viscosities of
FMF and FMS, indicating the purity of starch as compared to
FMF with a high amount of protein, fat, and ber. Signicantly
(p < 0.05) higher values of PV, FV, TV, SBV, and BDV were
observed for FMS as compared to FMF. The HMT signicantly (p
< 0.05) reduced the pasting viscosities of FMF and FMS.

Due to HMT, structural changes occur in the proteins and
carbohydrates of our samples.67 Less engorged starch particles
have a good propensity to be disrupted causing higher BDV,
which also reduces the complexes of amylose to lipids and
proteins causing a decrease in peak viscosities.39 The starch's
past inclination to retrograde is indicated by SBV and suscep-
tibility to mechanical and thermal shear is dened by BDV. The
decrease in BDV for proso millet was observed due to microwave
treatment, which altered the interactions and hydrogen
bonding between starch chains.68 The decrease in PV, BDV, and
SBV was also observed in sorghum our due to HMT.13 Due to
this lower SBV of modied samples, the retrogradation process
will be slower, indicating stability and a cold starch paste-like
aging trend.69 HMT-FMF showed a signicantly (p < 0.05)
higher decline in pasting viscosity than HMT-FMS, indicating
the higher effect of HMT on FMF. This can be related to protein
denaturation (FMF contains a higher amount of protein) due to
heat treatment, resulting in interactions between starch and
denatured proteins causing differences in pasting characteris-
tics.70 The higher lipid content in FMF can generate an insol-
uble matrix with amylose due to HMT, inhibiting the starch
granule swelling and causing a decrease in pasting viscosity and
an increase in pasting temperature. Similar trends for the
pasting properties of pearl millet due to HMT were observed by
Sharma et al. (2015).71 However, the pasting temperature for
FMF was higher (p < 0.05) than that of FMS, which increased
due to HMT for both samples. The increase in pasting
temperature could be because of the generation of double-
helical extremely structured clusters of amylopectin.72 This
trend for pasting temperature was also observed for heat
treatment of white nger, where protein is denatured causing
many interactions with starch.29

3.4 Gelatinization properties of samples

The gelatinization properties of samples were observed using
a DSC and are presented in Table 4. The To, Tp, and Tc values for
all samples were in the ranges of 64.4–77.2 °C, 71.8–83.3 °C, and
74.2–86.9 °C, respectively. Themaximum values of To, Tp, and Tc
were obtained for FMF. However, the HMT of the samples
Table 4 Gelatinization temperatures and relative crystallinity of samples

Samples To (°C) Tp (°C) Tc (°C)

FMF 72.4 � 0.4c 76.5 � 0.1c 78.3 � 0.3b

HMT-FMF 77.2 � 0.3d 83.3 � 0.2d 86.9 � 0.2c

FMS 66.2 � 0.2b 71.8 � 0.2a 74.2 � 0.4a

HMT-FMS 64.9 � 0.4a 73.7 � 0.2 ab 78.4 � 0.3b

a To: onset temperature, Tp: peak temperature, Tc: conclusion temperature
indicate signicant differences at the condence interval of 95%.

220 | Sustainable Food Technol., 2025, 3, 215–226
increased To, Tp, and Tc values both for FMF and FMS, while
decreasing the DH values. Since the DH value species the
double helical structure content, heat treatment can decrease
the DH value due to the gelatinization and rearrangement of
starch granules, increasing the ideal double helical order and
gelatinization temperature.73 The increase in gelatinization
temperatures indicates the melting of crystallites formed due to
amylopectin–amylose and amylose–amylose interactions along
the starch chains. These interactions are stronger in modied
our and starch, which hindered gelatinization by suppressing
the swelling of starch granule.23 During HMT, the gelatinization
temperature of starch increased because of melting of unstable
crystallites which le behind more stable crystallites. The
breakdown of starch crystallite increases the amorphous
portions and decreases the water accessibility to crystallites.
The lower DH value due to HMT indicated that melting
a smaller amount of crystallite required less quantity.66 The
higher Tc – To values due to HMT show a higher discrepancy in
amylopectin and amylose structures of starch granules.70 These
ndings were in agreement with previous studies on starch and
our from nger millet23 and wheat.72
3.5 X-ray diffraction analysis

The effect of HMT on the structure of native and modied
samples was evaluated using X-ray diffraction techniques and is
before and after HMTa

Tc − To (°C) DH (J g−1) Relative crystallinity (%)

6.9 � 0.2a 1.85 � 0.01c 51.9
9.7 � 0.1b 1.16 � 0.01a 51.2

11.0 � 0.3c 1.61 � 0.01b 54.4
13.5 � 0.4d 1.17 � 0.01a 52.2

, and DH: change in enthalpy. Different superscripts in the same column

© 2025 The Author(s). Published by the Royal Society of Chemistry
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presented in Fig. 1. All samples showed diffraction single peaks
at 15.2°, 20.1°, and 23.2° (2q) and a double diffraction peak
between 17.2 and 18.3° (2q), which shows the typical X-ray
pattern of millet starch (A-type). However, the relative crystal-
linity and intensity peaks of FMF were slightly lower than those
of FMS. This difference could be due to protein, lipids, and ber
molecules inhibiting the interactions between starch mole-
cules. These molecules weaken the strength of crystalline
structure peaks.74 HMT-FMS showed no changes in the pattern,
while HMT-FMF showed a peak at a 2q value of 13°. The peak at
the 2q value of 13° indicates the complex formation of amylose
and lipids in HMT-FMF.72 The HMT-modied samples showed
a signicant decrease in the relative crystallinity, while FMS
showed the highest relative crystallinity (54.4) due to the higher
realignment of the structure (Table 4). The HMT caused some
alterations in the double-helical structures and gelatinization of
starch granules, which decreased the relative crystallinity.33

These changes in the structure could be due to the disruption of
crystallite or double helical reorientation. This decline in rela-
tive crystallinity is consistent with the previous results of nger
millet starch due to HMT.33,75
3.6 Morphological observations

The morphology of samples before and aer HMT was studied
using a scanning electron microscope and the micrographs are
shown in Fig. 2. The FMF has an irregular gritty surface due to
protein and other molecules over the starch granule surface.
The FMS displayed an irregular indented surface with spherical
and polygonal shapes containing some pores. FMF also
comprised some damaged granules of starch, which could be
because of physical damage to millet grains through the
grinding process. The porous starch granule surface could be
due to the elimination of protein and other molecules through
Fig. 2 The morphological observation of samples before and after heat

© 2025 The Author(s). Published by the Royal Society of Chemistry
the starch isolation procedure.69 Similar types of micrographs
were also observed for pearl millet starch,10 nger millet our,76

nger millet starch,23 and white nger millet.33 Slight changes
in themorphology of the samples were observed aer HMT, and
the FMF sample became clumpier due to protein molecules.73,77

The heat removed the surface water during HMT instigating
granule enlargement due to sticking with each other and with
protein particles. Upon completion of the HMT process, the
drop in temperature collapses the outer structure of the granule
and creates cracks.78 Aer HMT, the surface of FMS showed
more porosity and cracks. These changes aer HMT can be
associated with higher water levels on the starch granule
surface, which could not be absorbed by granules during
HMT.79 These ndings were consistent with previous work
showing the effect of the HMT process on white nger millet
starch,33 wheat,72 and rice70 our.
3.7 Structural changes in samples

FTIR examination was conducted using functional group
identication to observe the effect of HMT on FMF and FMS
samples. Major absorption peaks were observed in the regions
of 3300–3250, 2930–2850, 1750–1630, 1180–1070, and 930–
860 cm−1 (Fig. 3). These peak regions indicated the presence of
carbonyl (–COH), hydroxyl (–OH), alkane (–CH), amine (–NH),
and alkene (]CH) functional groups respectively.67,80 There was
no signicant change observed in the number of peaks of the
samples due to HMT but there were changes in the intensity of
absorption peaks. The wide and strong absorption peak in the
region of 3300–3250 cm−1 was observed due to –OH stretching
from the glucose unit, protein–starch interactions and carbox-
ylic acid.33 Due to HMT, a variation in the peak intensity was
observed, which indicated hydrogen bond formation.81 The
absolute peaks indicated that the heating affects the absorption
-moisture treatment at 2000×.
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Fig. 3 The structural changes observed in the samples before and after heat-moisture treatment.
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intensity due to the hydration reaction during the gelatinization
of starch. The hydration of the sample generates alterations and
hydrogen bonding in inter- and intra-molecular structures,
which cause these variations in the spectra.82 The alkene group
(–CH) caused the asymmetric stretching of the bond at
2924 cm−1, which changed in the modied starch sample.9 The
peak regions of 1700–1500 cm−1 and 1200–900 cm−1 represent
proteins in the sample. The region of amide I (1700–1600 cm−1)
mainly consists of the C–O stretching of polypeptides from the
backbone and the region of amid II (1600–1500 cm−1) consists
of the N–H bending and C–N stretching of proteins.83 The
absorption peak at 1638.8 cm−1 indicated the presence of water
molecules bound to starch.13 In HMT-FMS, an early Maillard
Fig. 4 Starch digestion of samples before and after heat-moisture treatm
resistant starch: RS.

222 | Sustainable Food Technol., 2025, 3, 215–226
reaction caused a variation in the intensity of this peak due to
heat.84 These results indicate that there were no major changes
in the molecular composition and no new functional group
formation in modied FMF and FMS, which elucidates the
effect of these processing methods with improved functional
and physicochemical characteristics.
3.8 In vitro starch digestibility (IVSD)

Starch digestion is a crucial nutritional parameter for millets,
indicating the product value and health benets. Higher frac-
tions of RS and SDS provide many health benets, such as a low
glycemic index, reduction in fat and cholesterol levels, and
cancer prevention in the colon.85 The digestibility of starch
ent. Rapidly digestible starch: RDS, slowly digestible starch: SDS, and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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fractions was estimated in FMF and FMS before and aer HMT
(Fig. 4). RDS, SDS, and RS values were in the ranges of 14.3–
22.4%, 28.0–60.9%, and 30.9–55.7%, respectively. RDS and SDS
fractions increased signicantly (p < 0.05) in both starch and
our, while the RS fraction decreased signicantly (p > 0.05) due
to the HMT process. Similar results for the digestibility of our
and starches of buckwheat77 and Chinese Yam74 due to the HMT
process were observed in previous studies. The inuence of
HMT on the enzymatic digestibility of starch is inuenced by
the starch source, moisture content, temperature and duration
during HMT and amylose–lipid interactions.86 The HMT
process can increase or decrease the digestibility of starch,
which depends on the millet type, processing operation, lipids,
protein fractions, amylose content, and amylose lipid
complexes in the sample.87 It has been described in several
studies that the HMT process can increase the RDS and SDS
content, which is good for health.88 Aer HMT, the surface of
FMS showed more porosity and cracks as observed in Fig. 2.
This implies that the increase in the porosity of starch enables
the entry of the enzyme into the granule, increasing the enzy-
matic susceptibility of samples. Due to increased enzymatic
activity, the RDS and SDS fractions of modied FMF and FMS
increased.86
4 Conclusion

Heat-moisture treatment (HMT) showed a signicant inuence
on the structural characteristics of nger millet starch. These
structural changes inuenced the physico-chemical and func-
tional characteristics of modied our and starch samples. The
nutritional composition of the samples remained unchanged
due to the HMT process of the samples. Functional properties
including OAC, WSI, WAI, and SP were improved due to struc-
tural breakdown of the complex molecule and an increase in the
concentration of hydrophilic components and protein. The
pasting viscosity decreased due to HMT, indicating the
improved SP of starch granules. The gelatinization tempera-
tures were improved in both FMF and FMS samples and relative
crystallinity decreased due to the HMT of the samples. FTIR
spectra conrmed that there were no changes in the functional
groups of the samples due to HMT. In vitro, digestibility results
indicated that the starch digestibility was improved for all
samples due to HMT. Increases in the RDS and SDS fractions of
native starch and our were observed. This processing tech-
nique can be used to improve the functional, pasting and
digestibility properties of millet starch, which have great
potential in the food industry for new product formulations
such as confections, retort foods, salad dressings, batter prod-
ucts, gluten free bakery products, porridges, and steam-cooked
and boiled products.
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