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To promote the development and high-value application of the millet bran protein from Huangjingu, the

Osborne sequential extraction procedure was used to extract protein fractions (albumin, globulin,

prolamin and glutelin) from defatted millet bran, and the physicochemical and functional properties of

the extracted protein fractions were investigated. The results showed that the yield of albumin, globulin,

prolamin and glutelin was 1.22%, 0.98%, 3.25%, and 0.49%, respectively, and their purity was 84.87%,

76.02%, 80.80%, and 56.76%, respectively. Albumin and globulin had lower molecular weights than

prolamin and glutelin. The amino acid compositions of the four protein fractions were different. FTIR

spectra displayed that b-turns and b-sheets were the principal structures in the four protein fractions;

ultraviolet absorption spectra showed that the tertiary structures of the four protein fractions were

different, with prolamin having the highest absorbance. The denaturation temperature of the four protein

fractions was within the range of 85–95 °C. Prolamin and glutelin showed smaller particle sizes than

globulin and albumin. Prolamin exhibited the strongest surface hydrophobicity. pH and temperature

could affect the functional characteristics of protein fractions. Albumin exhibited the highest water

holding capacity and solubility, while prolamin had the highest oil holding capacity and emulsifying

capacity, and globulin displayed the best foaming capacity. These results showed that millet bran protein

fractions from Huangjingu have the potential to be applied in the food industry as a functional additive.
Sustainability spotlight

Millet has extremely high nutritional value, it can grow in arid land and resist climate change. Therefore, millet is an excellent crop for countries to enhance their
self-sufficiency and decrease reliance on imported grains. Their ability to adapt and resist severe climate change offers opportunities to enhance food security
and stimulate economic growth, potentially creating sustainable market prospects for both producers and consumers. Millet bran is composed of a millet seed
layer, an aleurone layer and the germ. By exploring the functional properties of millet bran protein, we can establish a new approach to developing protein-rich
foods or meat substitutes utilizing millet bran. This will promote the broader development and utilization of millet, contributing to sustainable food
production.
1. Introduction

Nowadays, many factors such as climate change, increasing
ination, water shortage, ecological pollution and socio-
economic impact lead to the decline of agricultural produc-
tivity. As grain supply decreases, while their demand remains
constant or increases, food prices will rise. Food insecurity
manifests as hunger, malnutrition, and unstable access to food.
In extreme cases, food shortages and price surges may trigger
social unrest, migration waves, or even conicts, further
Nanjing Agricultural University, Nanjing
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tion (ESI) available. See DOI:

the Royal Society of Chemistry
threatening global stability.1 The high yield and biological and
nutritional values of cereal proteins can ensure global food
security. Compared with animal foods containing protein,
cereal crops containing protein are easy to grow, renewable and
of low cost, thus becoming a regular source of protein for
consumption worldwide.2 From the viewpoint of nutrition,
cereal crops with enough protein content are very desirable for
the feeding of animals and people in developing countries;3,4

cereal proteins also have great biological potential for treating
chronic diseases such as obesity, diabetes, heart diseases,
inammatory diseases and cancer.3 In addition, cereal proteins
contribute to the sensory attributes of food such as texture,
aroma, avor and safety. For example, water absorption of rice
protein will affect the texture of rice; formation of a heat-
induced gluten network in wheat our allows the production
Sustainable Food Technol., 2025, 3, 1175–1188 | 1175
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and quality of various foods.4 These proteins can also be used as
building blocks and as a repository of amino acids for the
synthesis of bulk compounds and biopolymers.5 Therefore, the
existence of cereal proteins is essential for nutrition, food and
pharmaceutical applications. However, the millet bran protein
is a new research eld, which may be explored as a promising
source of high-quality protein.

Millet is a diverse group of nutritionally dense cereal crops
classied under various subfamilies of the Poaceae family. As
a climate-resilient crop, it adapts well to temperate, subtropical,
and tropical agroecological zones, including marginal lands.4

Globally, farmers cultivate major millets—such as sorghum
(Sorghum bicolor (L.) Moench), pearl millet (Cenchrus americanus
(L.) Morrone), nger millet (Eleusine coracana Gaertn.), foxtail
millet (Setaria italica (L.) P. Beauv.), kodo millet (Paspalum
scrobiculatum L.), barnyard millet (Echinochloa esculenta (A.
Braun) H. Scholz), proso millet (Panicum miliaceum L.) and little
millet (Panicum sumatrense Roth ex Roem. & Schult.).4 Foxtail
millet (Setaria italica (L.) P. Beauv.) is also known as Italian
millet and Setaria, which is known worldwide as a relatively
stress-tolerant C4 crop species.5 As a dehulled grain product,
foxtail millet is primarily cultivated in Asian countries such as
China and India, certain regions of Africa, and Southeastern
Europe, with classication criteria varying signicantly across
nations.4 In China, most foxtail millet varieties belong to the
Setaria italica species and are predominantly distributed across
Shanxi, Shaanxi, Henan, Hebei, Heilongjiang, and Inner Mon-
golia. These varieties are further classied into distinct regional
types, including Jingu (Shanxi Province), Yangu (Shaanxi Prov-
ince), Jigu (Hebei Province), Yugu (Henan Province), Zhangzagu
(hybrid variety), Longgu (Heilongjiang Province), Huangjingu
(Inner Mongolia), and Chigu (regional variety).6 Notably, due to
variations in cultivation regions, climatic conditions, and
topographical features, these millet varieties exhibit marked
differences in nutritional composition, particularly in protein
content and prole.6 Millet is rich in protein, fatty acids and
dietary ber, and provides key vitamins, minerals and poly-
phenols. The protein in millet is usually more than that in rice
or wheat, and it contains many important amino acids,
including sulfur-containing cysteine, methionine, and most
other essential amino acids.7 Millet has strong antioxidant and
antibacterial abilities and has many physiological functions,
such as anti-diabetic, promoting intestinal health, relieving
heart attack, preventing coronary artery disease and so on.8 This
shows that millet is a stable and healthy crop substitute for
traditional grains and helps to meet the growing global demand
for protein. Although millet has broad potential in improving
food security and dietary diversication, its economic viability
is oen limited by the reduction of total output caused by
current production methods. Therefore, we are committed to
expanding its production and processing value and achieving
its goal of helping global food achieve sustainable development.

Millet bran consists of a millet seed layer, an aleurone layer
and the germ, accounting for about 10% of the total mass of
millet bran, and is rich in nutrients. Studies have shown that
the protein content of millet bran is about 8.1–19.6 g/100 g,
which is higher than that of other grain brans and even
1176 | Sustainable Food Technol., 2025, 3, 1175–1188
comparable to some plant protein content.1 However, in recent
years, the utilization of millet bran has been limited to animal
feed or boiler fuel, and its nutritional potential is not fully
utilized. The development of related products mainly focused
on millet bran oil, polysaccharides and other active ingredients,
and there is less research on protein extract and its structure
and function in food applications. Millet protein is regarded as
a healthy substitute for other protein sources (such as nuts,
meat and dairy products), and its functions, including solu-
bility, stability, emulsifying ability and foaming ability, have
been widely studied.9 At present, there are few studies on millet
bran protein, and themajority of them focus on the bioactivities
of millet bran peptides. Peptides from the concentrated
hydrolysate of millet bran were separated, and the changes in
their structure, function, activity and peptide spectrum under
different ultrasonication power were studied.10 A new protein
with anti-colon cancer activity was extracted and puried from
millet bran, which showed selective anti-tumor activity and
might be developed as an effective therapeutic agent for colon
cancer.11 Peptides with ACE inhibitory activity and Zn chelating
ability were puried and identied from millet bran albumin
hydrolysates.12 Antioxidant peptides from glutelin-2 hydrolysate
of millet bran were identied and characterized.13

Research related to millet bran protein is still relatively
lacking, especially a systematic study on the structural charac-
terization and physicochemical properties of different protein
fractions. Although there are many reports on foxtail millet
proteins, they are limited to non-Chinese varieties (e.g., India
and Africa) and domestic cultivars such as Jingu (Shanxi Prov-
ince) and Longgu (Heilongjiang Province),5 and the systematic
investigation of bran protein from Huangjingu—a regionally
distinctive variety—is few. Due to its strong lodging resistance,
stress resistance, ne grain texture and palatability, Huangjingu
is planted widely in northern areas such as Hebei Province,
Shanxi Province and Inner Mongolia.14 So, its millet bran is
selected as a raw material for protein fractions. To further
promote the comprehensive utilization of the defatted millet
bran protein (DMBP) from Huangjingu, different fractions of
DMBP (albumin, globulin, prolamin and glutelin) were extrac-
ted, and their structure and physicochemical properties were
investigated. This study will provide a theoretical basis for the
development and high-value application of DMBP from
Huangjingu in the food industry and make it a promising
source of functionally unique protein that has not yet been
developed. The research also shows the value of sustainable
development of the grain from production to processing.

2. Materials and methods
2.1. Materials

Millet bran from “Huangjingu” processing (Setaria italica (L.) P.
Beauv.) was purchased from Xingtai County (Hebei, China).
Fig. S1 and S2, ESI,† show millet and millet bran used in this
experiment. Pepsin (from porcine gastric mucosa, 15 000 units
per mg solids) was purchased from Shanghai Macklin Bio-
Chem Technology Co., Ltd (Shanghai, China), pancreatin
(from porcine pancreas, 250 units per mg of solids) was
© 2025 The Author(s). Published by the Royal Society of Chemistry
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purchased from Shanghai Aladdin Bio-Chem Technology Co.,
Ltd (Shanghai, China), 8-anilino-1-naphthalene sulfonic acid
ammonium salt (ANSA) was obtained from Shanghai Yuan Ye
Bio-Technology Co., Ltd (Shanghai, China), and sodium dodecyl
sulfate (SDS) was obtained from Shanghai Macklin Bio-Chem
Technology Co., Ltd (Shanghai, China). Soybean oil was
purchased from Lu Hua Group Co., Ltd (Shandong Province,
China). Anhydrous ethanol, sodium chloride, hydrochloric acid,
sodium hydroxide and other reagents used were of analytical
grade and purchased from National Medicine Group Chemical
Reagent Co., Ltd (Nanjing, China).

2.2. Preparation of defatted foxtail millet bran

Defatting was carried out following a previous method15 without
any modications. The detailed method is described in ESI
Method 1.†

2.3. Assay of the proximate composition of defatted foxtail
millet bran

The moisture content, ash content, fat content, crude bre
content and protein content were determined according to the
methods of GB/T 5009.3-2016,16 GB/T 5009.4-2016,17 GB/T
5009.6-2016,18 GB 5009.88-2023,19 and GB 5009.5-2016,20

respectively.

2.4. Preparation of millet bran protein fractions

Protein fractions (albumin, globulin, prolamin and glutelin)
were prepared from defatted millet bran (DMB) using the
method described by Van de Vondel et al.21 Fig. S3† illustrates
a schematic diagram of the fractionation protocol. In brief,
DMB was dispersed in distilled water (1 : 10 w/v), and the pH of
the mixture was adjusted to 9.0 using 1.0 M NaOH. Aer stirring
for 2 h at room temperature, the mixture was centrifuged at
5000 rpm for 20 min, allowing for the collection of the super-
natant and residue separately. Then, the residue was extracted
using 70% ethanol (1 : 8 w/v) and agitated at 45 °C for 2 h. Upon
the completion of the extraction, the slurry was centrifuged at
5000 rpm for 20 min to collect the prolamin-containing super-
natant. A rotary evaporator (model RE52-99, Yarong Biochem-
ical Instrument Factory, Shanghai, China) was used to
evaporate the ethanol, and the precipitated protein was
collected. Simultaneously, the supernatant was adjusted to pH
7.0 using 1.0 M NaOH and HCl and stirred for 1.5 h. Then, the
mixture was centrifuged at 5000 rpm for 20 min, and the
albumin-containing supernatant was collected. The precipitate
was redissolved in 1.0 M NaCl solution (1 : 10 w/v), agitated at
45 °C for 1 h, and then centrifuged at 5000 rpm for 20 min to
collect the supernatant containing the salt-soluble protein.
Furthermore, the precipitate was dissolved in 0.1 M NaOH
solution (1 : 10 w/v) and agitated at 50 °C for 1 h before centri-
fuging at 5000 rpm for 20 min to obtain the supernatant con-
taining glutelin fraction. Finally, the pH of supernatants
containing albumin, globulin and glutelin was adjusted to 4.0,
4.2 and 4.6, respectively. They were then allowed to precipitate
overnight and centrifuged at 8000 rpm for 10 min, with the
residues collected aerward. All protein fractions were dialyzed
© 2025 The Author(s). Published by the Royal Society of Chemistry
against deionized water at 4 °C for 48 h (molecular weight
cutoff, 6000–8000 Da), then lyophilized at −80 °C and under
a vacuum of −0.01 mbr (2492 Freeze Dryer, Taishida Company,
Spain) for 48 h to dry and stored at −20 °C for further use. Here,
the protein content in each supernatant was determined using
the Bradford method with bovine serum albumin as the gold
standard.22
2.5. Yield and purity of protein fractions

The yield of protein fractions extracted from DMB was deter-
mined according to eqn (1).

Yield (%) = Wp/Wmb × 100 (1)

where WP represents the weight of each protein fraction (g);
Wmb represents the dry weight of DMB (g).

The protein purity of each fraction was estimated using the
Kjeldahl method (GB 5009.5-2016).20
2.6. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE)

The detailed method is described in ESI Method 2.†
2.7. Amino acid content assay

The amino acid (AA) composition and content were determined
according to the method of GB5009.124-2016 with some
modications. The detailed description is provided in ESI
Method 3.†
2.8. Characterization of structural characteristics of protein
fractions from DMB

2.8.1. Fourier transform infrared (FTIR) spectroscopy. The
detailed method is described in ESI Method 4.†

2.8.2. Sulydryl group (SH) and disulde bond (SS)
contents. The detailed method is described in ESI Method 5.†

2.8.3. Ultraviolet spectra. The detailed method is described
in ESI Method 6.†
2.9. Physicochemical properties of protein fractions from
DMB

2.9.1. Solubility. The detailed method is described in ESI
Method 7.†

2.9.2. Determination of protein surface hydrophobicity.
The detailed method is described in ESI Method 8.†

2.9.3. Particle size and zeta potential. The detailed method
is described in ESI Method 9.†

2.9.4. Thermal properties of protein fractions. The detailed
method is described in ESI Method 10.†

2.9.5. Water and oil holding capacity. The detailed method
is described in ESI Method 11.†

2.9.6. Emulsifying capacity and emulsifying stability. The
detailed method is described in ESI Method 12.†

2.9.7. Foaming capacity and foaming stability. The
detailed method is described in ESI Method 13.†
Sustainable Food Technol., 2025, 3, 1175–1188 | 1177
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2.10. In vitro protein digestibility

In vitro protein digestibility (IVPD) was determined according to
the method of Yang et al.27 with slight modications. The
detailed method is described in ESI Method 14.†

2.11. Statistical analyses

The results are presented as mean ± standard deviation of
triplicate evaluations. One-way analysis of variance (ANOVA)
was performed to check the variation in properties. Origin 2024
was used to analyse experimental data and draw graphs.

3. Results and discussion
3.1. Proximate composition of DMB

We measured the proximate composition of DMB. All data were
presented on a dry basis (d.b.). It could be found that the dietary
bre was the main chemical composition accounting for
50.96%. The content of fat, moisture and ash was 2.36%, 5.82%
and 6.38%, respectively. The crude protein content was 15.54%.
Meena et al.28 also reported that millet bran crude protein was
6–9%. Here, the high protein content might be related to the
reduction of fat in DMB. This indicated that DMB could be
a potential protein resource.

3.2. Yield and purity of different protein fractions

The Osborne method was used to extract different protein
fractions, and Table 1 shows the yield and purity of the four
protein fractions. The yield of prolamin was the highest
(3.25%), followed by albumin (1.22%), globulin (0.98%) and
glutelin (0.49%). Prolamin and albumin accounted for the most
protein fractions, which was different from the reported results
that prolamin and glutelin made up the majority of the protein
content in most cereals.29 The difference might be attributed to
the differences in the extraction and purication methods used.
The purity of albumin, globulin and prolamin was more than
75%. Among them, the purity of albumin was the highest
(84.87%), while the purity of glutelin was the lowest, and this
might be related to the differences in the extraction solvents
used.

In this paper, the Osborne method was adopted to extract
four proteins from millet bran. However, the protein extraction
rate was relatively low. Many research reports have conrmed
this result. For instance, He et al.30 used the Osborne method to
extract buckwheat proteins, and the yields of the separated
albumin, globulin, prolamin, and glutenin were 1.32%, 0.44%,
Table 1 Yield and purity of the four protein fractions from DMBa

Protein fractions Protein yield (%) Protein purity (%)

Albumin 1.22 � 0.11b 84.87 � 3.71a

Globulin 0.98 � 0.07b 76.02 � 1.75b

Prolamin 3.25 � 0.39a 80.80 � 3.83 ab

Glutelin 0.49 � 0.02c 56.76 � 2.12c

a The data within a column with different superscript letters are
signicantly different (p < 0.05).

1178 | Sustainable Food Technol., 2025, 3, 1175–1188
0.30%, and 1.05%, respectively. Sun et al.31 employed the same
method and obtained the yields of 0.48%, 0.25%, 0.19%, and
0.08% for albumin, globulin, prolamin, and glutenin in wheat
bran, respectively. The Osborne method is a classical approach
for classifying cereal proteins based on their solubility in water,
salt solutions, alcoholic solutions, and alkaline solutions.
Compared to alkaline extraction and enzymatic extraction, this
method provides a more comprehensive separation of protein
fractions while preserving their distinct solubility properties.
However, its extraction conditions remain suboptimal, as the
results are highly sensitive to reagent concentration, stirring
intensity, extraction duration, and temperature.32 For albumin,
excessive dilution might reduce the protein concentration per
unit volume, leading to lower extraction efficiency. The low
yields of globulin and prolamin might result from partial
protein denaturation under prolonged exposure to salt ions and
ethanol, promoting aggregation and subsequent loss during
centrifugation. Glutenin exhibits peak solubility only at
a specic alkali concentration; insufficient alkali might lead to
incomplete dissolution, while excess alkali might induce partial
denaturation, aggregation, and precipitation.32
3.3. SDS-PAGE assay

SDS-PAGE can detect the subunit distribution of the four
protein fractions. The electropherograms showed the pattern
and molecular weight distribution of the four protein fractions
(Fig. 1). Albumin fraction (band 1) showed seven polypeptide
chains with themajor bands at 11, 16, 17 and 75 kDa, indicating
that most of the proteins had a relatively low molecular weight.
Globulin fraction (band 2) displayed two signicant subunit
bands at 35 and 36 kDa. Albumin and globulin displayed
similar band patterns ranging from 11 and 75 kDa, respectively.
This phenomenon might be attributed to the partial solubility
of the proteins in water and salt solutions. The faint bands for
proso millet were observed at approximately 65 and 48 kDa,
which were identied as the 7S globulin fraction.29 A small
Fig. 1 SDS-PAGE of the four protein fractions from DMB (bands 1–4:
albumin, globulin, prolamin and glutelin).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecular weight meant better physiological functions such as
solubility and foaming. The same results were also found in rice
and rice bran. The rice bran protein contained 9 major protein
bands; the molecular weight of glutelin was 53–61 kDa.33 And
glutelin (57–62 kDa) was identied as the major polypeptide in
rice protein.34 The separation results of albumin and globulin
subunits were much better than the other two proteins, which
might be due to their high solubility.35 The glutelin fraction
(band 4) exhibited few bands in the range of 11–75 kDa, and
only a major band was observed at 100 kDa. Determination of
the molecular weight of prolamin was difficult since its bands
were not visible, which might be due to the molecular weight of
prolamin being large and it could not enter the separated gel.36

Some bands with the same molecular weight were found in four
protein fractions, and these similar bands might indicate the
similarity of the protein structure.37 Kumar et al.38 found that
the SDS-PAGE bands of albumin/globulin in foxtail millet
(TNAU-173) were observed at 54 kDa, 34 kDa, 22 kDa and 12
kDa, the bands of prolamin were distributed within the
molecular weight range of 12–27 kDa, and the glutelin revealed
many bands throughout the length of the gel. The distinct SDS-
PAGE bands between millet protein fractions and millet bran
protein fractions indicated divergences in their molecular
weight distribution. This showed that differences in the same
type of protein might arise either from different varieties or
Table 2 Amino acid profiles of the four protein fractions from DMBa

Amino acid mg/100 mg protein Albumin Globulin

Essential amino acids
Threonine (Thr) 2.36 � 0.12b 3.20 � 0.10a

Methionine (Met) 1.07 � 0.14c 1.64 � 0.02b

Isoleucine (Ile) 2.56 � 0.10b 3.06 � 0.10a

Leucine (Leu) 5.13 � 0.05c 6.29 � 0.22b

Valine (Val) 4.35 � 0.05a 4.60 � 0.36a

Phenylalanine (Phe) 3.78 � 0.08 ab 3.84 � 0.34a

Lysine (Lys) 3.71 � 0.05c 5.29 � 0.08a

Histidine (His) 2.58 � 0.04a 2.23 � 0.01b

Met + Cys 1.87 � 0.03c 2.56 � 0.18b

Phe + Tyr 6.44 � 0.11a 6.42 � 0.17a

EAA 25.54 � 0.14c 30.15 � 0.22a

Non-essential amino acids
Aspartic acid (Asp) 5.50 � 0.36b 6.55 � 0.04a

Serine (Ser) 4.22 � 0.28a 3.89 � 0.12 a

Glutamic acid (Glu) 11.60 � 1.56b 9.42 � 0.19c

Glycine (Gly) 4.23 � 0.07a 4.27 � 0.27a

Alanine (Ala) 4.29 � 0.07c 5.05 � 0.12b

Cysteine (Cys) 0.80 � 0.02b 0.92 � 0.02 a

Tyrosine (Tyr) 2.66 � 0.04b 2.58 � 0.02b

Arginine (Arg) 9.02 � 0.11a 7.05 � 0.28b

NEAA 42.32 � 0.40a 39.73 � 0.64b

BAA 15.31 � 0.74a 14.57 � 0.12b

BCAA 12.04 � 0.09c 13.95 � 0.64b

TAA 67.86 � 0.49 ab 69.88 � 0.46a

a EAA: Essential amino acid. Requirement by (FAO/WHO, 2007) for 2–5-yea
branched-chain amino acid (Val, Ile, and Leu). NEAA: non-essential amino
Means followed by different letter superscripts in the same row are signi

© 2025 The Author(s). Published by the Royal Society of Chemistry
from distinctions between millet bran-derived and millet-
derived proteins.

3.4. Amino acid content analysis

AA proles of protein play an important role in determining its
nutritional quality and properties. AA proles (mg/100 mg
protein) of the four protein fractions included essential AAs and
non-essential AAs (Table 2). The main AA compositions of
albumin, globulin and glutelin were Glu, Asp, Leu and Arg,
while it was Glu, Asp, Leu and Ala for prolamin. This was
consistent with the previous results of pearl millet.39 Generally
speaking, cereal proteins oen contain a high content of acidic
AAs,40 and the proportion of acidic AAs in the present study was
also high. Among the essential AAs, Leu (5.13–11.26 mg/100 mg
protein), Val (3.67–4.60 mg/100 mg protein) and Phe (3.50–4.12
mg/100 mg protein) were the most abundant extracts. Ile, Leu
and Val endowed related proteins with strong hydrophobic
components; simultaneously, this characteristic increased the
protein stability, as these AAs formed a more aggregated and
compact protein core.41 Among the non-essential AAs, Asp
(4.46–6.11 mg/100 mg protein), Glu (7.74–15.73 mg/100 mg
protein) and Ala (4.29–7.65 mg/100 mg protein) were more
abundant. Studies have shown that these non-essential AAs are
usually high in plant protein extracts,41 and these AAs are also
benecial to the human body, because all of them could react
Prolamin Glutelin

WHO/FAO

Children Adult

2.65 � 0.12b 3.25 � 0.24a 3.4 0.90
1.95 � 0.08a 1.64 � 0.06b

3.08 � 0.09 ab 3.01 � 0.08 ab 2.8 1.3
11.26 � 0.10a 6.25 � 0.21b 6.6 1.9
3.67 � 0.34b 4.30 � 0.04a 3.5 1.3
3.72 � 0.21 ab 3.50 � 0.13b

0.35 � 0.20d 4.99 � 0.05b 5.8 0.50
1.26 � 0.14d 1.98 � 0.04c 1.90 1.60
3.06 � 0.11a 2.47 � 0.10b 2.70 1.70
6.54 � 0.30a 6.18 � 0.12a 6.30 1.90

28.34 � 0.54b 28.92 � 0.53b

4.46 � 0.52c 6.11 � 0.52 ab

b 3.57 � 0.01bc 3.45 � 0.16c

15.73 � 0.20a 7.74 � 0.26d

1.32 � 0.14b 3.94 � 0.34a

7.65 � 0.16a 5.04 � 0.20b
b 1.11 � 0.15a 0.83 � 0.12b

2.82 � 0.08a 2.68 � 0.05b

1.43 � 0.06d 5.90 � 0.10c

37.69 � 0.62c 35.69 � 0.27d

3.04 � 0.02d 12.87 � 0.13c

18.01 � 0.11a 13.56 � 0.19b

66.03 � 0.58b 64.61 � 0.61b

r-old children or adults. BAA: basic amino acid (Lys, Arg, and His). BCAA:
acid. TAA: total Amino Acids. Values are expressed as mean± SD (n= 3).
cantly different (p < 0.05).
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Fig. 2 Fourier transform infrared spectra of the four protein fractions
from DMB (A); curve-fitting spectra of peaks of albumin (B), globulin
(C), prolamin (D) and glutelin (E) from DMB.
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with free radicals, thus preventing oxidative damage.42 In
addition, a little difference was observed in the content of Cys;
prolamin had the highest Cys content (1.11%), followed by
globulin (0.92%), glutelin (0.83%) and albumin (0.80%), which
was closely related to the formation of the SS.43 While millet
bran protein fractions and conventional millet protein fractions
share overlapping AA proles in terms of compositional cate-
gories, their quantitative distributions exhibited marked
disparities. For example, the Lys content of albumin, globulin,
prolamin and glutenin in the present study was 3.71, 5.29, 0.35
and 4.99 mg/100 mg protein, respectively, while that of
albumin–globulin, prolamin and glutenin in Italian millet
protein fractions reported in the literature was 7.14, 0.11 and
6.52 mg/100 mg protein, respectively.44 Therefore, millet bran
protein had a better AA composition structure, which can
improve the condition of limited AA deciency in the millet
protein core.41

According to hydrophilicity, AAs could be categorized into
hydrophobic, hydrophilic and neutral AAs, including hydro-
phobic (Ala, Val, Leu, Ile, Met, Phe and Cys), hydrophilic (Arg,
Lys, Asp and Glu) and neutral amino acids (Gly, Ser, Thr and
Tyr). Among them, the hydrophobic AA content of the prolamin
was the highest accounting for 32.84%. Regarding hydrophilic
AAs, albumin had the highest content accounting for 29.83%.
Generally, the proportion of acidic AAs was higher than that of
alkaline AAs, indicating that the extracted DMBP fractions
might have relatively high solubility.

Table 2 also compares the AA content of DMBP with WHO/
FAO recommendations for adults and infants aged 2–5. This
helped to clarify the benets of DMBP AAs. It is noteworthy that
the protein fractions exhibited higher levels of all EAAs than the
FAO/WHO requirements for adults. Only some AA content such
as sulfur-containing amino acids, Lys and Thr, was slightly
lower than the recommended levels for children. And the
contents of Lys of prolamin were much higher than the rec-
ommended levels of 5.8 mg/100 mg protein for children.
Although the four protein fractions had a comparable AA
distribution, globulin had themost EAA (30.15%). Furthermore,
prolamin (18.01%) had a greater BCAA content than the others,
indicating it as a nutritionally better protein. The AA composi-
tion of DMBP fractions was comparable to FAO/WHO reference
proteins, indicating that they might be included in a range of
food products as potentially nutritional and functional
components. According to the FAO/WHO recommended stan-
dard, high-quality proteins typically have an EAA/TAA ratio of
around 40% and an EAA/NEAA ratio of above 0.6.45 All DMBP
fractions analysed in this study exhibited abundant EAA
content. Specically, the EAA/TAA ratios of globulin, prolamin
and glutelin were 43.15%, 42.92% and 44.76%, respectively,
exceeding the FAO/WHO standard by 3.15, 2.92 and 4.76
percentage points, respectively. The EAA/NEAA ratios of four
protein fractions reached 60.35%, 75.89%, 75.19% and 81.03%,
respectively, indicating that all DMBP fractions qualify as
excellent protein sources. According to reports, the EAA/TAA
ratios of albumin–globulin, prolamin and glutelin were
37.49%, 38.26% and 41.85%, respectively. Existing studies
report that the EAA/TAA ratio of albumin–globulin, prolamin,
1180 | Sustainable Food Technol., 2025, 3, 1175–1188
and glutelin in Italian millet proteins was 37.49%, 38.26%, and
41.85%, respectively.44 In contrast, the present analysis of millet
bran protein fractions revealed a marked disparity. This diver-
gence demonstrates that millet bran proteins exhibited a more
balanced AA distribution compared to conventional millet
proteins. This suggested that divergence in identical protein
types might stem from either inter-varietal differences or
contrasts between millet bran-derived and millet-derived
proteins.
3.5. Structural characterization

3.5.1. Fourier transform infrared analysis. The FTIR
absorption spectra of protein fractions in the 4000–400 cm−1

range are shown in Fig. 2A. The FTIR spectra included several
most important spectral regions (amide A, 3500–3300 cm−1;
amide B, 3200–3100 cm−1; amide I, 1700–1600 cm−1; amide II,
1480–1575 cm−1; amide III, 1220–1330 cm−1).43 The amide I
region is the most sensitive spectral region to protein secondary
structural components, which was due almost entirely to the
C]O stretching vibrations of the peptide linkages (approxi-
mately 80%).45 The frequencies of the amide I band compo-
nents are found to be closely correlated to each secondary
structural element of the proteins. The amide II band, in
contrast, is derived mainly from in-plane NH bending (40–60%
of the potential energy) and the CN stretching vibration (18–
40%), showing much less protein conformational sensitivity
than its amide I counterpart.41 Other amide vibrational bands
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Sulfhydryl (SH) and disulfide bond (SS) contents of the four
protein fractions from DMB (A); UV spectra (B) of the four protein
fractions from DMB. The results are expressed as the average of three
repeated experiments with standard deviation. The averages with
different superscript letters are significantly different (p < 0.05).
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are very complex, depending on the details of the force eld, the
nature of side chains and hydrogen bonding, which therefore
are of little practical use in protein conformational studies.41

Four peaks in the amide I band could be ascribed to b-sheet
(1600–1640 cm−1), random coil (1640–1650 cm−1), a-helix
(1650–1660 cm−1) and b-turn (1660–1700 cm−1) structures. Peak
separation calculations were performed through curve-tting of
the amide I region ranging from 1600 to 1700 cm−1, and the
proportion of each estimated secondary structure constituent is
shown in Table 3. For the four protein fractions, b-sheets and b-
turns were the main structures. Li et al.46 found in their study on
selenium-enriched millet that FTIR analysis also indicated b-
sheets as the predominant secondary structure of millet
protein. For each secondary structure, the highest content of a-
helix, b-sheet, b-turn and random coil occurred in albumin
(23.16%), glutelin (37.66%), globulin (41.32%) and prolamin
(20.78%), respectively. The hydrogen bond in a-helix is themain
factor in maintaining its structure, and a lack of it would lead to
more hydrophobic fragments exposed on the molecular surface
and reduce the solubility.47 It was reported that proteins rich in
b-sheet structure had high hydrophobicity and those rich in a-
helix had higher digestibility than others.48 In addition, studies
had indicated that a high b-sheet content in the secondary
structure could improve the thermal stability of proteins.49

3.5.2. Sulydryl group (SH) and disulde bond (SS)
contents. The content of the sulydryl group (SH) and disulde
bond (SS) in the protein was highly correlated with the stability
of the protein tertiary structure.23 As shown in Fig. 3A, the
highest free SH content was found in albumin (9.81 mmol g−1),
followed by globulin (5.57 mmol g−1), glutelin (5.37 mmol g−1)
and prolamin (3.19 mmol g−1), and the total SH content showed
the same trend. Therefore, albumin was easier to combine with
water, consistent with its subsequent properties of higher
solubility and lower hydrophobicity. It could also be seen from
Fig. 3 that the SS content of prolamin was the highest (1.55
mmol g−1), and the lowest was found in albumin (0.82 mmol
g−1). This might be attributed to the high content of Cys in
prolamin, as the deprotonation of the side chain of the Cys
residue would induce the formation of reactive SH groups and
eventually form SS. Proteins rich in SS tend to be more ther-
mally stable.43 Therefore, it could be speculated that prolamin
might have a more rigid structure than other protein fractions,
decreasing its solubility. The number of SS in globulin was also
high, which might have contributed to the thermal stability of
globulin.
Table 3 Distribution ratio of the secondary structure of the four protein

Protein fractions a-Helix (%) b-Sheet

Albumin 23.16 � 0.03a 31.25 �
Globulin 12.79 � 0.05c 35.62 �
Prolamin 12.22 � 0.01b 27.64 �
Glutelin 18.72 � 0.05b 37.66 �
a The results are expressed as the average of three repeated experiments
superscript letters are signicantly different (p < 0.05).

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.5.3. Ultraviolet spectra. The four protein fractions
showed similar shapes in their UV absorption (Fig. 3B). There
were two absorption peaks observed at 220 and 260–280 nm for
proteins, where the strong absorption peak near 220 nm was
associated with the secondary structure, while the weak and
broad peak near 280 nm was induced by absorption of Tyr and
Trp.50 From Fig. 3B, we could also see that prolamin had
a powerful feature absorption peak at 280 nm; albumin and
glutelin had a weak characteristic absorption peak at 275 nm,
which might be due to that prolamin had more exposed Tyr
residues, giving rise to an intensication of the absorption
peak; globulin had a strong characteristic absorption peak at
260 nm, which might be related to the more exposed Phe resi-
dues, indicating that Phe in globulin was highly expressed,51

and the result was consistent with the AA analysis. In addition,
the SS between two Cys residues also showed an absorption
band close to 260 nm.50
3.6. Physicochemical properties of DMB proteins

3.6.1. Solubility. Protein solubility represents the thermo-
dynamic stability between protein–protein and protein–solvent
interactions. The electrostatic repulsion and pH value would
inuence the solubility of proteins. Therefore, the solubility of
DMBPs at different pHs (3.0–11.0) was measured, and the
results are shown in Fig. 4A. In general, all samples exhibited
a pH-dependent U-shape solubility curve, with the lowest solu-
bility at a pH near the pI of proteins (pH 5.0) (about 13%, 10%,
5% and 7% for albumin, globulin, prolamin, and glutelin,
respectively), higher solubility at pH 3.0, and the maximum
solubility at the alkaline pH (e.g., 10.0 and 11.0) (>70% for
fractions from DMBa

(%) b-Turn (%) Random coil (%)

0.01cb 34.35 � 0.05c 11.24 � 0.03b

0.06b 41.32 � 0.04a 10.28 � 0.04d

0.02d 39.36 � 0.05b 20.78 � 0.01a

0.01a 32.24 � 0.02d 10.38 � 0.03c

with standard deviation. The averages within a column with different
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Fig. 4 Effect of pH on solubility of the four protein fractions fromDMB
(A); surface hydrophobicity (H0) (B), particle size distribution (C), zeta
potentials (D) and DSC curves (E) of the four protein fractions from
DMB. The results are expressed as the average of three repeated
experiments with standard deviation. The averages with different
superscript letters are significantly different (p < 0.05).
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albumin and glutelin, ∼60% for globulin, and ∼50% for
prolamin). Xu et al.43 demonstrated that foxtail millet protein
exhibited higher solubility under acidic and alkaline pH
conditions, reaching its minimum (1.68%) at pH 5 and
maximum (75.42%) at pH 10. This observation aligns with the
solubility trend of fractionated DMBPs reported in our study.

It was obvious that albumin solubility was the best and the
worst for prolamin. Prolamin was hydrophobic due to its high
hydrophobic AA content such as Leu, Ala, and Phe (Table 3),
which made it difficult to dissolve in water. Glutelin is an alkali-
soluble protein, and its solubility increased signicantly in the
alkaline environment, even exceeding that of albumin when the
pH was beyond 9. As shown in the SDS-PAGE assay, the albumin
fraction was mainly composed of low molecular weight
peptides, which contributed greatly to its structural exibility
and solubility. The ionization of neutral and acidic AAs may also
strongly affect solubility.47 The higher solubility fraction would
facilitate the emulsifying and foaming capacity of proteins.52

3.6.2. Surface hydrophobicity. The H0 of protein depended
on the distribution, structure, and content of hydrophobic
residues, which is one of the factors affecting the functional
characteristics of protein. H0 plays a signicant role in the
expansion and aggregation of protein molecules.23 As shown in
Fig. 4B, prolamin exhibited the highest H0 (1340.16), followed
by glutelin (1200.91), globulin (960.19) and albumin (840.14).
1182 | Sustainable Food Technol., 2025, 3, 1175–1188
The lowest H0 of albumin indicated that most of its hydro-
phobic groups were embedded in the molecules (which was
consistent with its solubility). H0 is related to the AA composi-
tion and the existence of hydrophobic groups on the surface of
proteins.49 Generally, exposure of more buried hydrophobic AA
residues on the surface of the protein would enhance the
hydrophobic interaction between protein and oil molecules,
which would facilitate the emulsifying properties. In addition,
the a-helix content negatively correlated with the value of H0,
while b-sheet and random coil contents positively correlated
with the value of H0. The probable reason was that the low
content of a-helix in protein meant a relatively loose protein
molecular structure, while high b-sheet and random coil
contents meant that the hydrophobic sites in the protein were
exposed largely, which improved the H0.53 Here, the high H0

values of prolamin and glutelin might be related to their lower
a-helix content and high b-sheet and random coil contents.

3.6.3. Particle size and zeta potential. As shown in Fig. 4C,
the particle size distribution of the four protein fractions ranged
from 11.69 nm to 6438.51 nm, which was wide and uneven,
indicating that they might not be in an unstable state. Prolamin
had a bimodal distribution, and others had three different
heights of peaks in the distribution. Among them, the main
peaks of albumin and globulin were in the range of 100–
1000 nm, while those of prolamin and glutelin were between 10
and 100 nm, indicating that the particle sizes of prolamin and
glutelin were smaller than the others. In addition, the distri-
bution of prolamin was relatively concentrated around 100 nm,
which illustrated that its particle size was relatively uniform
than that of others. The difference in the particle size distri-
bution might be due to the formation of aggregates through
precipitation or treatment during the isolation of proteins.36

The average particle size could reect the average size of the
protein particle population. The terms d4,3 and d3,2 represent
the volume and surface mean diameter of particle diameter
distributions, respectively, which could reect the uniformity of
particle sizes. The term D50 represents the particle size at which
50% of the sample's mass was composed of particles smaller
than this size (Table 4). The d4,3 and d3,2 of albumin and glob-
ulin were similar, indicating that they had similar particle sizes.
The D50 values of prolamin and glutelin were smaller than the
other two proteins, reecting that prolamin and glutelin had
smaller particle sizes. It could be seen that the D50 values of
prolamin and glutelin were more consistent with d4, 3, indi-
cating that their particle sizes were relatively uniform. The small
particle size indicated that protein molecules were difficult to
aggregate, and the solution system was relatively stable.
Although smaller protein aggregates were helpful to increase
water solubility, more hydrophobic groups from hydrophobic
AAs could be exposed on the molecular surface, thus reducing
the solubility.54

Zeta potential generally represents the intensity of reciprocal
repulsion or attraction between particles, expressed as the
potential of electrostatic charge on the surface of a sample in
a liquid.43 The absolute value of zeta potential could reect the
stability of the suspension. When the absolute value of zeta
potential was more than 30mV, it implied stability.15 It is shown
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Average particle size of the four protein fractions from DMBa

Index Albumin Globulin Prolamin Glutelin

d4,3 467.45 � 19.26a 446.30 � 11.40a 341.19 � 14.42b 263.64 � 13.87c

d3,2 337.67 � 15.82a 318.19 � 15.79a 241.44 � 10.74b 195.38 � 7.51c

D50 396.06 � 17.31b 342.00 � 10.79c 295.31 � 18.32a 255.00 � 12.99c

a d4,3, volume mean diameter of particle diameter distribution; d3,2, surface mean diameter of particle diameter distribution; D50, 50 percentile of
particle diameter distribution. The averages within a row with different superscript letters are signicantly different (p < 0.05).

Fig. 5 Effect of temperature on the water holding capacity (WHC) (A)
and oil holding capacity (OHC) (B) of the four protein fractions from
millet bran; effect of pH on the emulsifying activity index (ESI) (C),
emulsifying stability index (EAI) (D), foaming capacity (FC) (E) and
foaming stability (FS) (F) of the four protein fractions from DMB.
Different capital letters A and B in the figure indicate the significant
difference between the proteins of millet bran (p < 0.05); different
lowercase letters a–f indicate significant differences between different

Paper Sustainable Food Technology

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

2/
7/

20
25

 1
2:

07
:4

1 
A

M
. 

 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
in Fig. 4D that the zeta potentials of the four protein fractions
from DMB were all negative because when the pH value was
higher than their isoelectric point, the protein surface was
negatively charged due to the existence of deprotonated
carboxyl groups (COO–). The zeta potentials of albumin, glob-
ulin and prolamin were −13.45 mV, −14.52 mV and −7.28 mV,
respectively, and they were all less than 30 mV, indicating that
prolamin is more prone to precipitate due to its poor stability in
a suspension, which echoed the above solubility results
(Fig. 4A). However, the linear relationship between the zeta
potential and solubility was not obvious.55 The absolute value of
the zeta potential of glutelin was the highest (−34.97 mV) and
more than 30 mV, indicating the high stability of glutelin
suspension and long storage time.

3.6.4. Thermal deformation analysis. Differential scanning
calorimetry (DSC) curves of all protein fractions are shown in
Fig. 4E. The denaturation temperatures of the four protein
fractions were determined to be within 100 °C, which was
comparable to that of some plant proteins.56 The denaturation
temperature of prolamin was the highest (94.24 °C), followed by
globulin (93.43 °C), glutelin (92.66 °C), and albumin (87.65 °C).
Guo et al.57 conducted DSC analysis on four protein fractions in
millet and found a consistent conclusion with our results. The
denaturation temperature of proteins positively correlated with
the content of hydrophobic AAs, as well as hydrophobicity.49

The content of hydrophobic AAs in prolamin being higher than
that of other proteins might lead to its high thermal stability. Its
thermal properties were also positively correlated with the b-
sheet content while inversely related to the a-helix content, and
the low content of a-helix and high content of b-sheet structure
might have contributed to the thermal stability of prolamin.49

The denaturation temperature and DH of all protein fractions
were approximately 91.20 ± 3.5 °C and 42.51 J g−1 on average,
respectively. There was no signicant difference in the
maximum denaturation temperature for all fractions, while
a signicant difference existed in their DH. The DH of the
absorption peak reected the energy required for protein
denaturation and could be attributed to the molecular changes
from the unfolding of these proteins.36 The highest values were
found for the prolamin fraction (57.18 J g−1), indicating that
a higher amount of energy was required to unfold this protein.
In contrast, the lowest values were observed for the albumin
fraction (34.82 J g−1), suggesting the easy denaturation of this
protein.

3.6.5. Water holding capacity and oil holding capacity.
WHCmeans the ability of the moistened protein to retain water
© 2025 The Author(s). Published by the Royal Society of Chemistry
in protein tissues without losing it, which is associated with the
quality of many foods, especially meat dishes.24 Fig. 5A displays
the WHC of the four protein fractions from DMB at different
temperatures. The WHC of foxtail millet protein concentrate
ranged from 0.39 to 2.65 g g−1,58 which encompassed the WHC
values observed for the four DMBPs at 30 °C in this study. It was
observed that the WHC of the four protein fractions rst
increased and subsequently decreased when the temperature
was increased from 30 to 70 °C, which was consistent with the
result of the WHC change of camphor tree seed protein.59 The
WHC of albumin was the highest, followed by glutelin, globulin,
and prolamin. All of them showed a high WHC at a relatively
high temperature, which might be related to the exible
pH values (p < 0.05).
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structure and hydrophobicity.60 The inner structure of the
protein might be altered or destroyed when the temperature
changed from low to high levels, which led to the elongation of
the protein and enhancement of water–protein interactions,
thus increasing the WHC.61 However, as the temperature
increased continuously, the WHC of proteins decreased, which
might be due to the aggravation of protein denaturation at high
temperatures, which reduced the hydration between hydrogen
bonds and ionic groups of protein molecules.60

The OHC is dened as the protein's ability to bind the oil
with its nonpolar (hydrophobic) side chains, which can preserve
its avor and make food more palatable.60 The OHC of foxtail
millet protein concentrates (2.22–3.03 g g−1)58 was found to
encompass the OHC range exhibited by the four DMBPs at 30 °C
in our study. Fig. 5B shows that the OHC of the four protein
fractions increased rst and then decreased within 30–70 °C,
which might be attributed to the low uidity of oil at low
temperatures, and it was easily intercepted by protein mole-
cules and combined with small molecules, so the OHC
increased.62 As the temperature increased, the protein exposed
more polar groups and its capacity to bind oil decreased, thus
the OHC reached saturation and decreased. Within the
designed temperature range, prolamin exhibited the highest
OHC of 2.76 g g−1 at 30 °C, which was equivalent to the OHC of
soybean protein (2.61 g g−1),63 followed by albumin (2.09 g g−1),
and glutelin had the lowest OHC (1.27 g g−1). The difference
might be related to the structure and the ratio of surface
hydrophilicity to hydrophobicity of the four protein fractions.61

3.6.6. Emulsifying activity and emulsifying stability.
Emulsication, as one of the most important properties of
plant proteins, is the ability of proteins to form stable emul-
sions between immiscible oil and water phases.24 The emulsi-
cation properties of proteins are presented by the emulsion
activity index (EAI) and emulsion stability index (ESI). The
emulsication properties of the protein fractions obtained
from DMB at pH 3.0–11.0 are shown in Fig. 5C and D. The EAI
and ESI of the four protein fractions were rst high, which then
decreased and increased as the solution pH changed from
acidic to alkaline. The decrease of EAI and ESI between pH
3.0–5.0 might be related to the increase of the content of b-
sheet structure and the decrease of H0.43 When the pH was 5.0
(equal to pI), the net charge of the four protein fractions from
DMB was low, thus repulsion interaction between protein
molecules was reduced, and protein particles were easy to
collide, coagulate and precipitate, reducing the ESI of the four
protein fractions.52 Then, when the pH was increased to alka-
line, the increase of protein solubility and surface net charge
could render a higher EAI.25

Regarding each protein fraction, prolamin displayed the best
EAI and ESI in tested pH, followed by albumin, glutelin, and
globulin (Fig. 5C and D). This observation is consistent with the
ndings of Qi et al. regarding the EAI and ESI of millet our
proteins.64 Prolamin with high H0 might inhibit the interaction
between protein and water,49 facilitate the adsorption of protein
particles to the oil–water interface, and nally lead to higher EAI
and ESI values in a strongly alkaline environment than the other
three protein fractions. Additionally, a relatively small particle
1184 | Sustainable Food Technol., 2025, 3, 1175–1188
size might be helpful for the high EAI and ESI of prolamin. Zhu
et al.65 found that proteins with high emulsion activity were
tinier, which promoted the adsorption of protein particles onto
the oil–water interface. Thus, prolamin could be used as an
emulsier in the food industry.

3.6.7. Foaming capacity and foaming stability. Protein
foaming properties, including FC and FS, are oen used to
improve the texture, consistency, and appearance of many
foods. FC refers to the ability of the protein to reduce the surface
tension at a liquid–air interface and promote the formation of
bubbles.66 FS refers to a protein's ability to stabilize foam under
gravity and mechanical strength.26 The FC of the four protein
fractions was pH-dependent; it was the lowest at pH 5.0 (Fig. 5E)
and higher at pH 3.0, which were mainly attributed to the
increased net charges on the protein surface, thus the hydro-
phobic interactions within protein molecules were mitigated
and a exible structure with a minimal level of protein aggre-
gation occurred, resulting in higher protein solubility. Such
changes allowed the protein to adsorb onto and recognize at the
air–liquid interface and quickly encapsulate air bubbles.61 FC
did not change signicantly with the increase of protein solu-
bility as the adsorption capacity of the interface was limited.
Regarding each protein fraction, globulin presented better FC
than the others (73.5% at pH 3.0, 65.0% at pH 5.0, 93.4% at pH
11.0), which was consistent with previous studies.54 This might
be due to that globulin had a less rigid conformation structure,
small molecular weight and low H0, which led to a faster
adsorption rate at the air–liquid surface, preventing bubbles
from coalescing, thus contributing to a better FC.67

Regarding the FS, opposite results were observed, and the
highest FS of the four protein fractions was found at the pI of
proteins about 5.0 (Fig. 5F). This might be due to that the
maximum electrostatic attraction at the pI of proteins and the
rheological properties of the protein lm, especially viscosity
and rigidity, enhanced the FS. Denatured proteins could adsorb
easily at the interface because of minimal repulsion of the
molecules at the pI.68 Prolamin had a better FS than the other
three fractions, and this might be due to its highH0 and the role
of high content of SS at the interface, which could enhance
protein–protein interactions, thus leading to thicker adsorbed
lms, improving the FS.68 The FC and FS of pearl millet protein
were determined to be 18.35% and 51.33%, respectively,69

which were much lower than those of DMBPs we studied.
3.7. In vitro digestibility of protein fractions from DMB

IVPD indicates the amount of ingested protein absorbed in the
body.27 Thus, IVPD affects the bioavailability of AAs and the
nutritional quality of proteins.27 As shown in Fig. 6, the IVPD of
albumin was the highest (46.67%), followed by globulin
(41.68%), glutelin (38.55%), and prolamin (24.82%). Current
research on the digestibility of DMBP remains limited. More-
over, variations in research methodologies and sample charac-
teristics have led to inconsistent ndings across studies. A study
revealed that proteins in millet milk exhibited relatively low
digestibility (35.2%), which was attributed to the presence of
prolamins in millet.70 This is consistent with our experimental
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 In vitro digestibility of the four protein fractions (IVPD) from
DMB. The results are expressed as the average of three repeated
experiments with standard deviation. The averages with different
superscript letters are significantly different (p < 0.05).
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results. With an increase of protein's exibility (a-helix) and
solubility, the IVPD would increase, but it would decrease with
increasing b-sheet content (structural stability).48 The albumin
fraction had a high content of a-helix and high solubility, thus
showing the highest IVPD; prolamin had a low a-helix content
and low solubility, resulting in low IVPD. Additionally, a small
protein molecule is easy to be digested and absorbed in the
human body.36 As albumin and globulin fractions had relatively
low molecular weights (Fig. 1), their IVPD was higher. It was
reported that there was a strong negative correlation between
IVPD and Cys.43 In addition, His, Val, Ser, Arg, total non-
essential AAs, positive charge, hydrophilicity and hydroxyl AA
positively correlated with IVPD.42

4. Conclusions

Themillet bran protein fractions extracted fromHuangjingu and
separated by the Osborne method were found to be composed of
albumin, globulin, prolamin, and glutelin. All protein fractions
met the requirements of the FAO/WHO for most AAs in adults.
FTIR had conrmed that b-turns and b-sheets were the main
structures of all protein fractions. The fractionated proteins of
millet bran could be developed as different functional ingredi-
ents according to their structural and functional properties. For
instance, albumin with good solubility and WHC could serve as
a suitable ingredient in food formulations; globulin with better
FC could be used in ice cream; prolamin, which had poor solu-
bility but excellent OHC and EAI, could be used as a good
emulsier. The primary motivation behind this work was to
investigate the potential applications of each protein fraction of
millet bran in the food industry, enhance the high-value utili-
zation of millet bran proteins and promote the sustainable
development of millet bran. Further studies on the optimization
of the extraction conditions of millet bran protein and its frac-
tions will be conducted.
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