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A B S T R A C T

The envisioned research aims to investigate the functional characteristics of pearl millet’s dietary fiber to meet 
the growing demand for nutraceutical dietary fibers. Our results demonstrate that fiber extracted using various 
chemical-intensive and enzymatic methods possesses an impressive prebiotic index, cholesterol-absorbing ca
pacity, and remarkable oil and water-holding capabilities (WHC), making it a valuable asset for the food pro
cessing industry. The fiber extracted through the alkali-mediated (alkSDF) approach demonstrated the highest 
WHC (9.22 g/g) compared to the lowest values (1.01 g/g) observed through enzymatic treatment. Likewise, the 
highest free radical scavenging activity (92%) using ABTS assay was noted for alkSDF, whereas the enzymatic 
approach exhibited the lowest antioxidant characteristics (11%). A comprehensive morphological analysis 
indicated smooth surface with acid extracted fiber as compared to rough surface and higher crystallinity obtained 
by alkali treatment. Specifically, dietary fiber obtained through amylase-assisted ultrasonication exhibits 
improved thermal properties and superior abilities to absorb glucose (7.53 mM/g) and cholesterol (1.43 mg/g). 
Moreover, in-silico analysis has revealed the crucial active site amino acids involved in amylose binding and 
substrate catalysis, facilitating the release of reducing sugars into the medium. The structural and functional 
properties of pearl millet fiber establish it as a highly effective and accessible food supplement for various 
biomedical applications.

1. Introduction

Dietary fibers are classified as plant material with several compo
nents, including noncellulosic polysaccharides, e.g., gums, mucilages, 
and non-carbohydrate components (Dhingra et al., 2012). Their resilient 
characteristics against various enzymatic reactions and antioxidant 
properties have garnered broad-spectrum applications in food process
ing (Palafox-Carlos et al., 2011). Due to their commercial potential, the 

global dietary fibers market size was USD 7.45 billion in 2023, ac
counting for USD 8.16 billion in 2024, and is expected to reach around 
USD 19.97 billion by 2034, expanding at a compound annual growth 
rate (CAGR) of 9.4% from 2024 to 2034 (Research, 2024). However, the 
supply-chain imbalance has recently loomed over the predicted CAGR of 
dietary fibers. Numerous reports have been published on deploying 
enzymatic-gravimetric (Asp, 1987), chelation-based (Tejada-Ortigoza 
et al., 2020), and more (Wang et al., 2022) to extract dietary fibers 
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efficiently to maintain such a delicate balance of supply chain scenarios. 
Although published reports validate the role of a specific methodology 
in extracting dietary fiber, experimental advantages over other reported 
techniques have not been discussed comprehensively.

Like the myriad extraction methodologies deployed, various sub
strates and biomass types, e.g., plant-based waste (Buljeta et al., 2023), 
mushroom (Jia et al., 2020), fruit waste, seed (Feng et al., 2024), and 
more (Okrathok et al., 2022), have also been investigated for dietary 
fiber extraction. Considering the biomedical applications of dietary fi
bers (Yang et al., 2017), it is quintessential to exhaustively screen the 
biomass types, including underutilized crops growing in semi-dry and 
salt-affected areas (Lin et al., 2022). One such example is Pennisetum 
glaucum var. Dhania (aka pearl millet) that shows a low glycemic index 
(Pei et al., 2022) and high fiber contents (~7/100g) (Agrawal et al., 
2023), making it a promising biomass after buckwheat millet (Sofi et al., 
2023) for extracting dietary fibers. Remarkably, the nutrient composi
tions, i.e., protein (14.5%), crude fiber (2.0%), etc., of pearl millet are 
comparable to the popular grains (e.g., wheat, rice) (Devi et al., 2014). 
Additionally, its antioxidant characteristics will be vital for treating 
metabolic diseases by maintaining a healthy gut microbiota (Bala 
Durairajan et al., 2024; Pei et al., 2022).

Since the presence of phytates, polyphenols, and tannins in pearl 
millet has already been confirmed, it is imperative to correlate their 
presence with antioxidant activities. Because phenolics are not equally 
distributed in the grain and are mainly concentrated in the outer layers 
(Happi Emaga et al., 2008), it is vital to standardize the extraction 
methodologies, resulting in the highest yield of the polyphenols with 
their intact chemical structures. Considering that phenolic compounds 
primarily exist as soluble conjugates, soluble fractions of the dietary 
fibers are important parameters for evaluating the efficiency of any 
adopted extraction methodology (de Simas et al., 2010). Most of the 
phenolic compounds in the millet exist in the form of glycosides (Hilu 
et al., 1978). However, reports are available on ferulic acid as the major 
bound phenolic acid and protocatechuic acid as the major free phenolic 
acid of the millet (Subba Rao & Muralikrishna, 2002). The presence of 
ferulic acid is important as its concentration can be used as a standard 
compound to measure the total phenol concentration of the selected 
biomass.

Considering the status quo of India as the largest producer of pearl 
millet in the world (Agrawal et al., 2016) and the availability of 
extensive information on mineral accessibility of dietary fibers, in-depth 
characterization of functional and antioxidant properties of pearl millet 
will be vital for developing novel functional foods leveraging the 
bioactive component. However, low bioactivity, poor aqueous solubil
ity, and stringent metabolism are noteworthy challenges in character
izing the dietary fibers. In these challenging scenarios, molecular 
docking (Vijayakumar et al., 2020) has proven instrumental in deci
phering the underlying mechanisms that determine the bioactive prop
erties of dietary fibers (Elsafy et al., 2024). Likewise, high-performance 
analytical techniques (Coppin et al., 2013) for identifying the bio
functional constituents are vital in quantifying the flavonoid ratio.

To achieve the highest quantity of dietary fiber from pearl millet 
without compromising its bioactive properties and to decipher the un
derlying mechanisms governing the antioxidant characteristics, the 
current investigation aimed (i) a comparative analysis of the chemical 
and enzymatic extraction approaches, (ii) determination of the poly
phenols associated antioxidant activities and other functional activities 
such as prebiotic index of the dietary fiber, and (iii) docking amylose as 
ligand to identify the key amino acids facilitating the release of dietary 
fibers.

2. Material and methods

2.1. Raw material and reagents

Fresh raw pearl millet grain was obtained from a local farm in 

Haryana, India. Before processing, the raw material was screened and 
filtered through a 70 mm mesh sieve to eliminate cracked grains and 
weeds. Under aseptic conditions, the milled flour was soaked in 85% (v/ 
v) ethanol for 48 h to extract fat-soluble substances, rendering it fat-free, 
followed by drying at 40 ◦C. The dried slurry was stored at approxi
mately 25 ◦C in airtight containers until further use. The commercial 
enzyme preparations, namely α-amylase (EC 3.2.1.1, sourced from hog 
pancreas), amyloglucosidase (EC 3.2.1.3, sourced from Aspergillus niger), 
and protease (EC 3.4.21.62, sourced from Bacillus licheniformis), were 
purchased from Sigma Aldrich. All other chemicals and reagents were of 
high analytical grade.

2.2. Dietary fiber extraction methodologies

2.2.1. Acid and alkali-mediated fiber extraction
For acid extraction of the DF, 20 g of fat-free pearl millet flour was 

mixed with 400 mL distilled water, and the pH was adjusted to 2.0 using 
12M sulphuric acid (Fidriyanto et al., 2024). This mixture was stirred at 
80 ◦C for 4 h in a water bath, followed by centrifugation at 5000g (15 
min at 30 ◦C) and ethanol (95% v/v) mediated separation of the soluble 
fraction. A follow-up incubation of 1 h at 30 ◦C yielded a fraction of 
acid-soluble dietary fiber (AC-SDF). The insoluble residues were rinsed 
with distilled water until a neutral pH was observed, followed by oven 
drying (50 ◦C) to produce acid-extracted insoluble dietary fiber 
(AC-IDF). For alkali mediated extraction, the fat-free pearl millet flour 
(10 g) was soaked in 400 mL NaOH (1:40 w/v) at 30 ◦C for 3 h followed 
by the centrifugation (5000 g, 5 min, 4 ◦C) to separate SDF and IDF 
(Ding et al., 2020). The alkali soluble (AL-SDF) fractions were precipi
tated using 95% (v/v) ethanol and insoluble fraction was obtained as 
described above. Both the fractions were oven dried (50 ◦C) and pre
served at 4 ◦C.

2.2.2. Enzymatic approach of fiber extraction
The enzymatic extraction of the dietary fiber was accomplished using 

the method described for soluble (Karimi et al., 2018) and insoluble 
(Wang et al., 2020) fractions. For extracting the soluble fraction of di
etary fiber, α-amylase (~150 U/mg protein) was added to pearl millet 
and incubated at 75 ◦C for 1.5 h. The settled material was treated with 2 
M acetic acid to maintain a pH of 3.5. After enzyme denaturation 
(boiling at 100 ◦C for 1h), 95% (v/v) ethanol was used for fiber 
extraction through precipitation. For extracting the insoluble fraction, 
fat-free pearl millet flour was sequentially treated with α-amylase (~150 
U/mg protein), followed by protease (500 μL), and finally with amylo
glucosidase (200 μL) at 40 ◦C for 1.5 h. The treated residues were 
washed twice with distilled water and dried at 25 ◦C.

2.2.3. Ultrasounication followed by enzymatic extraction
The pearl millet substrate was activated by ultrasonication before 

any enzymatic treatment (Calcio Gaudino et al., 2022). The sample (10 
g) was mixed with distilled water, and pH was adjusted to 9.5 with 
continuous shaking for 1 h at 20 ◦C. The suspension was sonicated using 
an ultrasonic cleanser (LABWAN, Model no. LW-UC-12L) at 25 ◦C for 15 
min with 40% amplitude. The adopted extraction methodologies for 
soluble and insoluble fractions are similar to those described for the 
enzymatic approach. All fractions of the dietary fibers were stored at 
4 ◦C until further use.

2.3. Structural, surface, and stability characterization of fiber

The Fourier transform infrared (FTIR) spectra (Bruker Alpha II 
spectrometer) were used to determine the functional groups represent
ing the spectroscopic features of different dietary fiber fractions. The 
wavelength for the analysis ranged between 400 and 4000 cm− 1 with 32 
scans (Chylińska et al., 2016).

The crystallinity of the fiber’s fractions was determined using X-ray 
diffraction (XRD) patterns involving Cu-Kα radiation of samples and Ɵ- 
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compensated slit (20 mA, 30 kV) (Liu et al., 2019). The diffraction angle 
(2Ɵ) was performed scattering at 10–70 ◦C with a speed of 1 min− 1. The 
surface topology of the fiber’s fractions coated with 10 nm gold powder 
was determined by scanning electron microscopy (SEM) (SU8100, 
HITACHI) at a 3.0 kV acceleration voltage analysis (Wang et al., 2022).

The thermal stability of extracted fractions was assessed using Dif
ferential Scanning Calorimetry (DSC) (Polyma DSC21400A, Germany). 
The dietary fiber samples (10 mg) were loaded in hermetic aluminum 
pans, and temperatures were scanned from 10 to 400 ◦C at a heating rate 
of 10 ◦C min− 1 under nitrogen with a 10 mL min− 1 flow rate (Tolve 
et al., 2024).

The surface topology of the DF fractions was determined by SEM 
(Model: SU8100, HITACHI, Japan) at a 3.0 kV acceleration voltage 
analysis. The samples under vacuum were placed on specimen holder 
that contained a dual-sided adhesive and then samples were coated 
using 10 nm gold powder using spray method and image were assessed 
using electron microscope.

2.4. Characterization of functional properties

The extracted fiber fractions were evaluaed for Cholesterol and 
glucose absorption capacity, water and oil hydration capacities, anti
oxidant and prebiotic activities as described below:

Fiber fraction (0.5 g, dry weight) was mixed with 25 mL diluted egg 
yolk (1:2 with H2O) followed by pH adjustment (pH 7.0) and incubation 
(37 ◦C, 30 min, 200 rpm). After incubation, the mixture was centrifuged 
(3000 g, 10 min at 4 ◦C), and ~0.02 mL supernatant was collected and 
mixed with the 100 mL of glacial acetic acid and 2 mL H2SO4 (1 M) for its 
absorption analysis at 550 nm. The cholesterol adsorption capacity was 
calculated using the following equation: 

Cholesterol absorption capacity (mg/g) = (Abyolk – Absample)/ (dry 
weight of fiber) ….                                                                        (1)

For Glucose Absorption Capacity (GAC), 0.5 g (dry weight) of fiber 
fraction was mixed with 25 mL glucose (w/v) and incubated at 37 ◦C 
with continuous shaking (~200 rpm) for 6 h. After incubation, the 
mixture was centrifuged (4500 g, 10 min at 25 ◦C), and the supernatant 
was collected. To 1 mL of supernatant, 1 mL of phenol (5% w/v) and 5 
mL of H2SO4 (98% v/v) were added, followed by additional incubation 
for 20 min (at 30 ◦C). The GAC was determined by taking the absorbance 
of the mixture at 480 nm and calculated using the following equation: 

Glucose absorption capacity (mM/g) = (Ci – Cs) × Vi / Ws ….         (2)

Ci: Glucose concentration of 50 mM glucose; Cs: Glucose concentra
tion of sample; Vi: Supernatant (1 mL); Ws: sample weight.

The water hydration capacity (WHC), oil holding capacity (OHC), 
and swelling capacity (SC) of each dietary fiber’s preparation were 
determined according to the method previously described (Robertson 
et al., 2000).

The phenolic acid contents in the fiber fractions were determined as 
these contribute toward antioxidant activities. The pretreated millet 
samples were soaked in the minimal volume of sodium phosphate buffer 
(100 mM, pH 7.0) for 24 h at 25 ◦C to dissolve loosely bound phenolic 
compounds for HPLC-based detection (Chandrasekara & Shahidi, 2011). 
Before injection, all samples were filtered through a 0.2 μm membrane 
syringe filter (Whatman Inc., USA). The separation of phenolic com
pounds was carried out with the C18 column using a 1% formic acid 
(eluent A) and methanol/acetonitrile/formic acid (94:5:1; v/v/v) 
(eluent B) as mobile phase for HPLC (Agilent Technologies, USA). The 
gradient elution method was followed with a flow rate of 0.5 mL min− 1, 
and compounds were detected at 254 and 280 nm.

The free radical scavenging activities of all the fractions were 
determined using 2,2-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid 
(ABTS) and ferric-reducing antioxidant power (FRAP) assays (Wang 
et al., 2021). In the case of FRAP assay, The standard curve was 

constructed using FeSO4 solution (0.5–10 mg mL− 1). The results were 
expressed as the raw material’s μmol Fe(II)/g-dry weight (Benzie & 
Strain, 1996).

The prebiotic activity (PI) of all the fractions was determined using 
the method described previously (Fidriyanto et al., 2023). Briefly, sugar 
free MRS base medium was supplemented with 2% of extracted fibre 
fraction individually and inoculated with activated standard probiotic 
strain Lacticaseibacillus rhamnosus GG (1.0 × 107 CFU/mL). The inocu
lated broth were incubated for 24 h at 37 ◦C and viable cell counts were 
determined on MRS agar. The Prebiotic Index (PI) was calculated ac
cording to Huebner et al. (2007) and compared with standard inulin as 
prebiotic substrate. A value greater than 1.0 for PI was considered as the 
substrate’s positive effect on the proliferation of probiotics.

2.5. In-silico analysis

The homology model (Raya et al., 2022) for the α-amyloglucosidase 
enzyme was developed using the corresponding gene sequence in the 
whole genome of the Aspergillus niger in the JGI database. Multiple 
sequence alignment (Raya et al., 2023) was carried out to model the 
structure, which was further checked and superimposed with the PDB ID 
2GVY as a template. The PROCHECK tool was used to cross-validate the 
authenticity and correctness of the modeled structure (Basotra et al., 
2019). The structure of the ligand (amylose) was retrieved from the 
PubChem database in the SVF format. Candidate poses were created 
using random rigid-body rotations followed by simulated annealing. The 
protein structure was subjected to energy minimization using a 
CHARMM force field (Selvaraj et al., 2016). The candidate pose was 
selected based on the DOPE score and probability distribution field 
(PDF) energy values. The docked ligand orientation, which gave the 
lowest interaction energy, was selected for in-depth analysis of the 
active site environment and participating residue’s stability. The Biovia 
Discovery Studio R2 licensed tool was deployed to simulate the protein 
structure, active site interactions, and energy calculations.

2.6. Statistical analysis

The data was analyzed using one-way analysis of variance (ANOVA) 
followed by Duncan’s multiple-range test was employed to identify 
significant differences (p < 0.05). The statistical analysis was performed 
using SPSS (Version 23.0, SPSS Inc.) for all experiments performed in the 
triplicates.

3. Results and discussion

3.1. Effect of extraction methods on yield of dietary fibers

Numerous experiments were conducted under chemical-intensive 
and enzyme-catalyzed reaction conditions to achieve the highest quan
tity of fibers with robust surface properties (Fig. S1). In the case of the 
chemical-intensive methodologies, alkaline treatment resulted in the 
highest yield for the soluble fraction of the dietary fiber (alkSDF), fol
lowed by the insoluble fraction (alkIDF). The relatively lower yield of 
soluble (acSDF) and insoluble (acIDF) fractions of acid-treated pearl 
millet (Fig. S2) could be attributed to two major reasons: firstly, the 
conversion of hemicellulosic components in lower sugars or mono
saccharides, and secondly, the destruction of the fragile monomeric 
structural elements into the unextractable byproducts (Bader Ul Ain 
et al., 2019). The acid-intensive methodology destroyed polysaccharides 
by breaking the glycosidic bonds and hydrolyzing the SDF into oligo
saccharides and monosaccharides that cannot be precipitated 
(Lovegrove et al., 2017).

Due to the presence of hemicellulosic materials and lignin, appro
priate enzymatic preparations—specifically α-amylase, amyloglucosi
dase, and protease—were utilized in combinations to enhance recovery 
efficiency. The enzymatic methodologies resulted in a lower yield of 
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dietary fibers (Fig. S2). This decreased yield may be attributed to the 
absence of pretreatment (Dhiman et al., 2017) or substrate activation 
(Dhiman et al., 2016) prior to enzyme application (Jagtap et al., 2014). 
A sequential methodology, such as a chemical-intensive pretreatment 
followed by enzyme application, was not performed due to the signifi
cant volume of clean water required for washing steps (Jagtap et al., 
2013) and the toxicity of the furfurals (Kalyani et al., 2012) found in the 
resulting effluent. The motivation for adopting the UenzSD approach is 
to achieve structural disruption of the pearl millet biomass, thereby 
making the subsequent enzymatic treatment more efficient and 
enhancing the release of polysaccharides. However, the resilient fibrous 
seed coat structure (Pattanashetti et al., 2016), which is rich in fat, poses 
challenges in extracting dietary fibers even after ultrasonic pretreat
ment. As a result, a lower yield of approximately 1.5% was obtained 
through the UenzSDF approach (Fig. S2).

3.2. Structural, surface and stability characterization of fiber

The structural composition of dietary fibers observed through FTIR 
for all extracted samples is given in Fig. S1. The presence of an H-bond 
with hydroxyl or alcohol groups of polysaccharides from cellulosic 
components is validated by a strong peak of 3408–3445 cm− 1 in all 
extracted samples (Skowron et al., 2020). Likewise, irrespective of 
extraction methodology type, the band corresponding to 1638-1640 
cm− 1 represented the β-sheet structures, and the peak at 1658 cm− 1 

represented the α-sheet structures. Additional peaks from 750 to 910 
cm− 1 validating the C-H bending of the syringyl unit, aromatic ring, and 
anti-symmetric out-phase ring stretching were also observed. The ab
sorption peak corresponds to 2854-2961 cm− 1, representing the C-H 
bond stretching of carbohydrate methylene polysaccharides. A peak 
corresponding to 1400-1470 cm− 1 was observed for CH3 asymmetric 
vibration. The peak corresponding to 1500 cm− 1 confirms the stretching 
vibration of aromatic rings in lignin in all the samples except the acSDF. 
Additional peaks, viz. 1745 cm− 1 in acIDF, enzIDF, and enzSDF corre
sponded to strong C=O stretching vibration of hemicelluloses and lignin 
(Lin et al., 2019). Both these bands corroborate the higher degree of 
intermolecular hydrogen bonding and characteristic absorption of the 
benzene ring in lignin. C-H stretching band of hemicelluloses, cellulose, 
and asymmetric stretching vibration of methyl ester (pectin) at 
1200-1400 cm− 1 was observed in all the samples except alkSDF and 
alkIDF. A peak at 1009-1036 cm− 1 was observed to be associated with 
pyranose, galactomannan, and pectins in all samples, except enzSDF, 
which had a peak at 1074 cm− 1, indicating stretching of C-O groups of 
carbohydrate (Cheng et al., 2017).

Further, X-ray diffraction determined the fractions’ crystallinity 
index for in-depth characterization of the surface characteristics. The 
conclusions were drawn from the proven correlation between the peak 
intensity and crystallinity of the region, which subsequently represents 
higher tensile strength and hardness of the analyzed sample (Zheng 
et al., 2023). Fig. 1 illustrates the different 2θ values for each sample 
extracted through chemical-intensive approaches, which fall within the 
17-45◦ range and confirm the presence of cellulose I crystal structure 
(Kaur et al., 2024). Conversely, enzSDF, UenzSDF, and enzIDF had peaks 
at 2θ of 19.47, 20.09, and 23.47◦ (Fig. 1), representing the amorphous 
diffraction peaks of hemicelluloses and lignin (Zhang et al., 2023). The 
decrease in crystallinity by acid, enzyme, and ultrasonic treatment im
plies that some crystal regions were broken.

The thermal stabilities of all the fiber types were determined through 
differential scanning calorimetric (DSC) (Fig. 2). In the case of acSDF 
and acIDF, the peak temperature ranges from ~121 to 160 ◦C, primarily 
due to the evaporation of bound water (Menczel & Kohl, 2020). The 
second endothermic peak, ~250 ◦C in acIDF, indicated the pyrolysis 
peak of pectin. The multi-stage thermal degradation values for alkSDF 
were 122.21 ◦C, 177.91 ◦C, and 139.56 ◦C for respective transition, 
onset, and end peak. However, similar values were significantly higher 
(>20 ◦C) for alkIDF, indicating the change in their pectin structure due 

to the relocation of bound water from the crystalline to an amorphous 
region (Ma et al., 2021). Similar conceptual details were corroborated 
by the calculated enthalpy (ΔH) values for alkSDF (265.70 J g− 1) and 
alkIDF (339.95 J g− 1). The higher enthalpy values can be attributed to 
the presence of a higher content of bound water.

The soluble (enzSDF) and insoluble (enzIDF) fractions of dietary fi
bers extracted through enzymatic methodologies exhibited peak tem
perature values of ~111.96 and 173.98 ◦C, respectively. These results 
(Fig. 2) indicated that the alkali and enzymatic treatment reduced the 
external and internal connection within the soluble dietary fibers. The 
exothermic peak above ~290 ◦C observed in the sample could be due to 
cellulose, hemicelluloses, and lignin pyrolysis. The peak temperature 
value for UenzSDF (179.39 ◦C) is comparable to the peak temperature 
recorded (177.91 ◦C) for the alkSDF, indicating the similar thermal 
properties of the extracted fiber irrespective of the adopted methodol
ogy (Fig. 1). It is also an indicator of the efficiency of the enzyme 
combinations and ultrasonic pretreatment deployed for pearl millet 
preparation. However, the ΔH (159.56 J/g) for UenzSDF is relatively 
low, indicating less severeness of the ultrasonic pretreatment than the 
chemical-intensive methodologies.

The SEM has revealed the topographical characteristics of all the 
extracted fibers. The dietary fibers obtained through the acid-intensive 

Fig. 1. X-Ray diffraction pattern of different fractions of dietary fibers extrac
ted through various treatment methodologies.

Fig. 2. Differential scanning calorimetry thermal pattern of dietary fibers 
extracted through different treatment methodologies.
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approach resulted in smooth surface rheology (Fig. 3b) compared to the 
rough surface (Fig. 3c) of the soluble fraction extracted through the 
alkali-intensive approach. The observed surface smoothness after acid- 
driven methodology could be attributed to removing the lipids, crude 
proteins, and other components (Dong et al., 2020). In contrast, a sig
nificant loss of the polysaccharides due to the alkali-intensive method 
resulted in the observed surface roughness. Since both these method
ologies resulted in irregular massive surfaces, indicating more hydro
philic and lipophilic groups exposed to the surface. A compact 
thread-like surface with large pores (Fig. 3a–d) in the alkSDF and 
acSDF case indicates that starch and protein were removed completely 
(Fig. 3). Additionally, these cavities provide a larger surface within the 
internal areas of soluble dietary fiber. Contrarily to soluble fiber char
acteristics, both acid and alkali-intensive methodologies significantly 
impacted the insoluble fractions, resulting in the fragmented thread-like 
structure with irregular topology. This could be attributed to the loos
ening of the tightly packed structure of insoluble fractions due to the 
detrimental impacts of the chemical-intensive methodologies. The im
pacts of the enzymatic methodologies are relatively mild over the to
pological characteristics of both the soluble and insoluble fractions of 
the dietary fibers.

3.3. Characterization of functional properties

A myriad of analytical and biochemical tests were carried out to 
investigate the functional characteristics of the extracted dietary fibers. 
The initial characterization includes the determination of the water- 
holding (WHC) and oil-holding (OLC) capacities—an indicator of nu
trients released and the life of the fiber. In the present case, the WHC of 
the dietary fibers ranges from 1.01 to 9.22 g/g (Fig. S3). The fiber 
extracted as alkSDF exhibited the highest WHC (9.22 g/g) compared to 
the lowest values (1.01 g/g) observed for the enzSDF. The soluble 
fractions of the dietary fibers exhibited higher WHC values over their 
insoluble counterparts due to the structural compactness of the later 
fiber types (Lin et al., 2019). However, the dietary fibers extracted 
through the enzymatic methodologies are an exception to this 

observation. The lower WHC values for the enzymatically extracted fi
bers compared to the other methods could be attributed to the starch loss 
catalyzed by the α-amylase treatment (Skowron et al., 2020).

The OHC represents the fiber’s ability to absorb fat and prevent its 
loss during processing. Therefore, an inverse OHC data pattern was 
recorded and compared to WHC for alkSDF and enzSDF. The lowest 
value observed for the alkSDF (Fig. S3), could be attributed to the 
presence of lignin and other hydrophobic components of fibers 
(Gómez-Ordóñez et al., 2010). A similar trend was observed for the 
swelling capacity (SC), which represents the ratio of fiber’s volume to 
weight after being immersed in water. Higher SC values are desirable as 
they are an important indicator of food functionality and can help pre
vent food from shrinking, thus making them highly desirable for the 
food processing industry. The highest SC value of the alkSDF could be 
attributed to the deeper penetration into the fiber, which exposed many 
water absorption sites (Fig. S2) (Ma et al., 2021).

CAC, specifically for the soluble dietary fiber fractions, holds enor
mous biomedical potential as it can reduce the cholesterol amount 
absorbed into the bloodstream by binding to it in the intestines, thus 
preventing cholesterol accumulation in arteries. Therefore, high CAC 
values for the extracted dietary fiber soluble fractions are desirable. 
Notably higher CAC values were observed for acSDF and alkSDF over 
their insoluble counterparts, confirming the biomedical potential of the 
extracted dietary fibers (Fig. 4). The SEM images (Fig. 3) further 
corroborated the observed CAC values, confirming the soluble fractions’ 
loosened structure and larger surface area. In the case of enzymatic 
approach, the CAC values were comparable for both soluble and insol
uble fractions of the dietary fibers (Fig. 4). However, for the UenzSDF, a 
significant reduction in the CAC value was observed. It might be due to 
the damaged functional groups interacting with the cholesterol mole
cule for its absorption resulting from the ultrasonication.

The soluble fractions are also reported to regulate postprandial 
serum glucose through binding with the released sugars from 
carbohydrate-rich diets. Dietary fibers can bind glucose within intestinal 
juice and may lower the postprandial serum glucose. Unlike CAC, the 
highest value for the GAC was observed for the enzSDF fraction (Fig. 4). 

Fig. 3. Scanning electron micrographs exhibit surface roughness, cavities present, and granular materials, enhancing the strength properties of dietary fibers 
extracted from the pearl millet.
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The extreme variations in the enzSDF characteristics towards CAC and 
GAC could be attributed to the preference of the polar/non-polar groups 
of the cholesterol and hydrophilic characteristics of the glucose towards 
the swollen surface of the enzSDF. Similar mechanisms have been re
ported for the GAC properties exhibited by the kiwifruit-derived dietary 
fiber (Wang et al., 2021).

The HPLC-based identification protocols were followed for qualita
tive analysis of various phenolic compounds present in the soluble 
fractions of the dietary fiber. Based on the reported details (Ogunsina, 
2020), the key phenolic compounds identified in the enzymatically 
treated sample is given in Fig. 5. The remarkable presence of vanillic 
acid (RT 11.598) and p-hydroxybenzoic acid (RT 12.489) also corrob
orated our hypothesis on the anti-inflammatory characteristics of the 
fiber extracted from the pearl millet and made it one of the suitable 
candidates for biomedical applications. The presence of cinnamic acid 
(RT 9.253) can be attributed to the aroma of the dietary fiber and is also 
reported for the diabetes treatments (Ruwizhi & Aderibigbe, 2020). 
Likewise, the presence of gentinsic acid (RT 10.085) confirmed the 
anti-inflammatory, antirheumatic, and anti-arthritic characteristics of 
the enzymatically extracted fiber (Mardani-Ghahfarokhi & Farhoosh, 
2020). It is also reported to inhibit LDL oxidation and lipid hydroper
oxide formation in human plasma. However, a few minor peaks remain 

unidentified due to low threshold concentrations for their extraction for 
subsequent validation.

The antioxidant activities of extracted fractions were determined 
through free radical scavenging activities using standard ABTS and 
FRAP assays (Fig. 6). The higher percentage of inhibition indicated an 
increased ability to donate hydrogen governing antioxidant activity. The 
highest ABTS free radical scavenging activity (92%) was observed for 
alkSDF in contrast to enzIDF, which exhibited the least antioxidant 
characteristics (11%). In the case of the FRAP assay, UenzSDF exhibited 
the highest activity (87%), and the least was observed with the enzIDF 
(29%). The antioxidant activity of soluble fractions was higher than 
their insoluble counterparts. This could be attributed to bound phenolic 
compounds with other structural constituents, e.g., hemicelluloses. A 
similar observation was reported that the antioxidant activity of foxtail 
millet bran SDF was higher than that of IDF (Dong et al., 2008). The 
improved antioxidant characteristics of the UenzSDF fraction could be 
hypothesized by enhanced release of phenolic compounds governing 
free radical scavenging activities.

The ability of the extracted fraction to enhance the growth of pro
biotic culture was determined in terms of the prebiotic index, which is 
the ratio of the growth of probiotics in the tested dietary fiber fraction to 
the growth of probiotics in a controlled carbohydrate (inulin). A value of 
PI > 1.0 indicates the substrate’s positive effect on probiotics’ growth. In 
contrast, PI < 1.0 indicated low effectiveness of the tested fiber 
(Fidriyanto et al., 2023). The prebiotic assessments of extracted frac
tions on the growth of the probiotic strain of L. rhamnosus GG in MRS 
broth were lowest for acSDF and highest for alkSDF. These results 
indicated a significantly higher PI value for dietary fibers extracted 
through alkaline and enzymatic methodologies. Contrarily, the acid 
treatment could might have damaged the structure of fibers serving as 
prebiotic components (e.g., oligosaccharides), resulting in lower PI 
values. The difference among these extracted fractions could be attrib
uted to the presence of specific metabolic enzymes and transport sys
tems within the bacterial cultures. Moreover, the acid treatment might 
have induced degradation of potential other prebiotic components 
during processing of the fiber fraction.

3.4. In-silico analysis

The 3D structure of α-amylglucosidase was modeled using 
homology-based techniques (Basotraet al., 2019). Position-Specific 
Iterative Basic Local Alignment Search Tool (PSI-BLAST) was 
employed to identify homologous protein structures, and the top five 
matches, with PDB IDs: 6FRV, 1GAI, 6FHV, 2VN4, and 6FHW, were
selected as templates. The sequence identity and similarity with these 

Fig. 4. Determination of biomedical characteristics of the dietary fiber 
extracted through various chemical-intensive and enzymatic approaches from 
pearl millet.

Fig. 5. Chromatogram validating the phenolic compounds of fiber. The 
retention time of the compounds is similar to the extracted phenolics reported 
for the pearl millet.

Fig. 6. Quantitative representation of the antioxidant activities observed for 
the extracted dietary fiber as measured using ABTS and FRAP assay.
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templates were 31.3% and 20.1%, respectively. Based on these tem
plates, five homology models were generated, and the model with the 
lowest DOPE score (− 70166.164) and the most favorable PDF energy 
(− 13720.17) was selected for further analysis. Structural alignment of 
the selected model with the 6FRV template was performed, and root 
mean square deviation (RMSD) analysis was carried out using C-alpha 
atoms. This analysis yielded an RMSD of 1.26 Å, indicating a high degree 
of structural conservation between the model and the template and 
supporting the reliability of the homology model (Fig. S4a). A Ram
achandran plot was generated (Fig. S4b) to assess the stereochemical 
quality of the model. More than 95% of residues were found to be in the 
acceptable regions, which signifies the appropriateness of the modeled 
structure and is consistent with a well-folded protein structure. The 
Profile-3D score for the amylglucosidase model was 238.86, out of a 
maximum expected score of 281.96. This score is notably higher than 
the 190.64 observed for the 2CDU template, further confirming the high 
quality and structural reliability of the derived amylglucosidase model. 
Finally, structural validation using the PROCHECK program confirmed 
that the overall protein fold met the expected quality standards.

The docking process yielded a CDOCKER energy of − 40.505 kcal/ 
mol. The lowest energy docking position was selected for further anal
ysis. The binding energy of the ligand-receptor complex was determined 
to be − 101.8434 kcal/mol, with a total complex energy of 17065.51 
kcal/mol. The catalytic center of glucoamylase, shown in this structure, 
provides insight into the detailed interactions between the enzyme and 
its amylase substrate (Fig. S4c). Key residues like Asp136 (D136), 
Thr638 (T638), Asp584 (D584), and Asp637 (D637) are strategically 
positioned to interact with the substrate through a series of hydrogen 
bonds, which stabilize the substrate within the binding pocket and align 
it for catalytic hydrolysis (Fig. S4d). The amylase substrate forms direct 
hydrogen bonds with Asp584, Thr638, and Asp637, suggesting that 
these residues play an essential role in anchoring the substrate. In 
particular, Asp637 appears to be in close proximity to the substrate’s 
glycosidic bonds. Additional stabilization is provided by residues such as 
Trp587 (W587) and Tyr588 (Y588), which are involved in van der Waals 
interactions that further anchor the substrate. Val589 (V589) and 
Thr634 (T634) also contribute through non-covalent interactions, 
maintaining the structural integrity of the enzyme-substrate complex. 
The secondary structure elements surrounding the active site, such as 
α-helices (red) and β-sheets (cyan), create a confined environment that 
limits substrate movement, directing it toward catalytically active resi
dues. This structural arrangement ensures that the substrate is correctly 
oriented, maximizing the efficiency of the hydrolysis reaction.

4. Conclusions

Despite the immense potential of bioactive components in millet, 
further exploration is needed for it to be utilized as a major food grain in 
society. Due to the nutraceutical potential of the fibers and their eco
nomic implications, the impact of various extraction methods on the 
yield and activity of dietary fibers from pearl millet flour has been re
ported. The extraction method significantly influences the yield and 
physicochemical characteristics of the fiber components. Alkali treat
ment led to higher yields and enhanced functional activities, such as 
increased prebiotic activities. The green route using ultrasonication 
followed by enzymatic-assisted extraction did not improve yield, rheo
logical characteristics, or other functional activities, except for 
enhanced glucose absorption capacity and cholesterol-lowering prop
erties. Based on the physicochemical and functional characteristics of 
fibers from pearl millet, it can be concluded that these fibers can be 
incorporated into different food matrices to enhance texture and rheo
logical qualities. These findings support the potential of pearl millet 
fiber as a functional ingredient, however futher beneficial effects on 
structural and functional diversity of gut microbiota can be tested using 
in vivo models.
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