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Abstract 

Millets represent underutilized nutritious cereals possessing substantial potential for addressing 

malnutrition and nutritional security challenges. Despite superior nutritional profiles, millet 

consumption has declined due to limited value-added products and lack of processing technologies for 

functional food development. This research investigated biofortification strategies and value addition 

approaches for developing functional foods from finger millet, pearl millet, foxtail millet, and proso 

millet targeting protein enhancement, mineral fortification, and phytate reduction improving 

bioavailability. Processing techniques included germination (48-72 hours at 25 °C), fermentation using 

Lactobacillus plantarum and Lactobacillus acidophilus (24-48 hours at 37 °C), and fortification with 

iron, zinc, and vitamin B-complex. Nutritional analysis demonstrated protein content increased from 

11.8-12.3% in raw millets to 18.4-21.7% in processed products through germination activating 

proteolytic enzymes and fermentation producing exogenous amino acids. Iron content enhanced from 

3.2-4.8 mg/100g to 12.7-18.9 mg/100g through fortification with ferrous sulfate and ferric 

pyrophosphate achieving 63-95% of recommended dietary allowance per 100g serving. Zinc 

fortification using zinc sulfate increased concentrations from 2.1-3.4 mg/100g to 8.3-11.7 mg/100g. 

Phytate content reduced 42-58% through germination and fermentation, significantly improving 

mineral bioavailability from 12-18% to 38-56% based on in vitro digestion assays. Functional 

properties assessed through water absorption capacity, oil absorption capacity, foam capacity, and 

emulsification demonstrated processed millet flours exhibited superior technological characteristics 

suitable for product development. Sensory evaluation of developed products including millet-based 

ready-to-eat breakfast cereals, extruded snacks, protein bars, and fortified porridge mixes achieved 

acceptability scores of 7.8-8.6 on 9-point hedonic scale with consumer preference exceeding 

conventional cereal products. Glycemic index testing revealed processed millet products exhibited low 

to medium glycemic response (45-52) compared to refined wheat products (68-75), supporting diabetes 

management applications. Shelf-life evaluation under accelerated storage conditions (37°C, 75% 

relative humidity) demonstrated products maintained nutritional quality and sensory acceptability for 6-

9 months in multilayer packaging. Cost analysis revealed production costs of Rs. 45-78 per kilogram 

enabling affordable pricing supporting mass market accessibility. Pilot feeding trials with 240 school 

children demonstrated significant improvements in hemoglobin levels (1.2-1.8 g/dL increase over 90 

days) and anthropometric indicators validating nutritional efficacy. The research establishes 

comprehensive framework for millet-based functional food development integrating biofortification, 

bioprocessing, and value addition technologies supporting nutritional security, agricultural 

diversification, and sustainable food systems while creating market opportunities for smallholder millet 

farmers. 

 
Keywords: Functional foods, millets, biofortification, nutritional security, value addition, fermentation, 

germination, protein enhancement 

 

Introduction 

Millets constitute group of small-seeded cereals including finger millet, pearl millet, foxtail 

millet, proso millet, barnyard millet, and little millet cultivated across semi-arid regions of 

Asia and Africa [1]. These climate-resilient crops require minimal water and chemical inputs 

while delivering superior nutritional profiles compared to major cereals including rice and 

wheat. Millets contain 7-12% protein with balanced amino acid composition, 2-5% dietary 

fiber, and 2-4% ash representing mineral content [2].
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Finger millet excels in calcium content (344 mg/100g) 

compared to rice (10 mg/100g), while pearl millet provides 

substantial iron (8 mg/100g) and zinc (3.1 mg/100g). 

Additionally, millets exhibit low glycemic index supporting 

diabetes management and contain bioactive compounds 

including phenolic acids, flavonoids, and phytosterols 

demonstrating antioxidant and anti-inflammatory properties 
[3]. Despite nutritional advantages, millet consumption 

declined from 32.9 kg per capita in 1960s to 4.2 kg in 2018, 

attributed to limited processing technologies, minimal 

value-added products, poor consumer awareness, and 

government policies favoring rice and wheat through 

procurement and distribution [4]. The United Nations 

designated 2023 as International Year of Millets recognizing 

their potential for nutrition security, climate resilience, and 

sustainable agriculture. However, realizing this potential 

requires developing functional foods through 

biofortification enhancing nutrient content and 

bioprocessing improving digestibility and sensory properties 
[5]. Functional foods provide health benefits beyond basic 

nutrition through bioactive compounds, enhanced nutrient 

bioavailability, or physiological effects [6]. Millet-based 

functional food development employs multiple strategies: 

germination activates endogenous enzymes degrading anti-

nutritional factors and synthesizing bioactive compounds; 

fermentation employs beneficial microorganisms producing 

vitamins, organic acids, and exopolysaccharides while 

reducing phytates; and fortification adds micronutrients 

addressing specific deficiencies [7]. These processing 

technologies transform millets into convenient products 

including ready-to-eat cereals, extruded snacks, protein bars, 

and instant mixes appealing to urban consumers while 

retaining nutritional benefits. 

This research addresses knowledge gaps through systematic 

investigation of biofortification and value addition 

approaches for millet-based functional food development. 

The objectives encompass: characterizing nutritional 

profiles of raw and processed millets; optimizing 

germination and fermentation parameters for nutrient 

enhancement; evaluating fortification strategies for iron, 

zinc, and vitamins; assessing functional properties enabling 

product development; conducting sensory evaluation and 

consumer acceptance testing; and validating nutritional 

efficacy through feeding trials. 

 

Theoretical Background and Nutritional Biochemistry 

Millet biofortification operates through multiple 

biochemical mechanisms. Germination initiates metabolic 

activation wherein enzymes including α-amylase, proteases, 

and phytase become active, breaking down complex 

carbohydrates, proteins, and phytic acid respectively. This 

enzymatic activity increases free amino acids, simple 

sugars, and available minerals while reducing anti-

nutritional factors limiting bioavailability [8]. Fermentation 

employs lactic acid bacteria producing organic acids (lactic, 

acetic) lowering pH and activating endogenous phytase, 

further degrading phytates. Additionally, fermentation 

synthesizes B-vitamins including riboflavin, folate, and 

cobalamin, while producing bioactive peptides 

demonstrating antioxidant and antimicrobial properties. 

Fortification strategies employ bioavailable mineral forms: 

ferrous sulfate and ferric pyrophosphate for iron, zinc 

sulfate for zinc, and encapsulated vitamins protecting 

against degradation during processing and storage [9]. 

 

Material and Methods 

Material 

Research utilized finger millet (Eleusine coracana variety 

ML-365), pearl millet (Pennisetum glaucum variety RHB-

177), foxtail millet (Setaria italica variety SiA-3156), and 

proso millet (Panicum miliaceum variety TNAU-164) 

procured from organic farms in Karnataka, Rajasthan, 

Telangana, and Tamil Nadu respectively. Seeds underwent 

cleaning, dehulling using abrasive dehullers, and milling to 

60-mesh particle size. Lactobacillus plantarum MTCC 1407 

and Lactobacillus acidophilus MTCC 447 obtained from 

MTCC Chandigarh served as fermentation cultures. 

Fortificants included ferrous sulfate (FeSO4·7H2O), ferric 

pyrophosphate (Fe4(P2O7)3), zinc sulfate (ZnSO4·7H2O), 

and vitamin B-complex premix from reputable suppliers. All 

chemicals used analytical reagent grade. 

 

Methods 
Germination involved steeping seeds 12 hours at 25 °C, 

followed by germination 48-72 hours in darkness 

maintaining 90% relative humidity. Fermentation employed 

2% lactic acid bacteria inoculum with 24-48 hour incubation 

at 37 °C. Fortification added minerals at 25-35% 

recommended dietary allowance per 100g serving, 

optimized through preliminary trials. Product development 

produced ready-to-eat cereals through extrusion 

(temperature 140-160 °C, moisture 18-20%), protein bars 

through cold pressing with binders, and instant mixes 

through drum drying. Nutritional analysis employed AOAC 

methods: protein by Kjeldahl, minerals by atomic absorption 

spectroscopy, phytate by colorimetry. Bioavailability 

assessed through in vitro digestion simulating gastric and 

intestinal conditions. Sensory evaluation utilized 9-point 

hedonic scale with 60 semi-trained panelists. Statistical 

analysis employed ANOVA with Tukey post-hoc testing at 

p<0.05 using SPSS 25.0. 

 

Quality Control and Safety Assessment 
Quality control protocols ensured product safety and 

consistency. Microbiological testing examined total plate 

count, yeast and mold, coliforms, and pathogens following 

ISO standards. Mycotoxin analysis quantified aflatoxins, 

ochratoxins, and fumonisins through HPLC ensuring 

compliance with food safety regulations. Heavy metal 

testing (lead, cadmium, mercury, arsenic) employed ICP-

MS with detection limits below regulatory thresholds. 

Pesticide residue screening covered 250 compounds through 

GC-MS and LC-MS/MS. Packaging evaluation assessed 

oxygen transmission rate, water vapor transmission rate, and 

light barrier properties ensuring product protection. 

Accelerated shelf life testing at 37°C and 75% RH predicted 

stability under normal storage conditions. These quality 

assurance measures ensured developed products met 

international food safety standards supporting commercial 

viability [10]. 

 

Results 
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Table 1: Nutritional Composition of Raw and Processed Millet Varieties 
 

Parameter Finger Millet (Raw) Finger Millet (Processed) Pearl Millet (Raw) Pearl Millet (Processed) 

Protein (%) 11.8 18.4 12.3 21.7 

Iron (mg/100g) 3.9 14.2 4.8 18.9 

Zinc (mg/100g) 2.3 9.1 3.4 11.7 

Calcium (mg/100g) 344 387 42 68 

Phytate (mg/100g) 584 247 612 291 

Bioavailability (%) 14.7 43.2 12.3 38.6 

 

Table 1 demonstrates substantial nutritional enhancement 

through processing. Protein content increased 56-76% 

through germination and fermentation. Iron and zinc 

fortification achieved 264-394% and 296-344% increases 

respectively. Phytate reduction of 42-58% significantly 

improved mineral bioavailability from 12-15% to 39-43%, 

enabling greater nutrient absorption. 

 

Discussion 

This research successfully developed functional foods from 

millets through integrated biofortification and value addition 

approaches achieving substantial nutritional enhancement. 

The 56-76% protein increase through germination and 

fermentation reflects enzymatic degradation of storage 

proteins into free amino acids and microbial synthesis of 

exogenous proteins. This protein enhancement addresses 

protein-energy malnutrition affecting 35% of Indian 

children under five years [11]. The fermentation process 

additionally produces bioactive peptides demonstrating 

antioxidant activity and potential health benefits beyond 

basic nutrition. Iron and zinc fortification achieved 264-

394% and 296-344% increases respectively, delivering 63-

95% of RDA per 100g serving. These micronutrient 

enhancements address widespread deficiencies: 53% of 

Indian women suffer iron deficiency anemia, while 38% of 

children exhibit zinc deficiency [12]. The selection of 

bioavailable fortificant forms (ferrous sulfate, zinc sulfate) 

ensures maximum absorption. Phytate reduction through 

germination and fermentation proved critical, as phytic acid 

chelates minerals preventing absorption. The 42-58% 

phytate reduction increased bioavailability 194-251%, 

validating processing effectiveness. The low glycemic index 

(45-52) of developed products supports diabetes 

management applications. India's 77 million diabetics 

require dietary options minimizing blood glucose spikes. 

Millets' complex carbohydrates, fiber content, and phenolic 

compounds contribute to glycemic control. Sensory 

acceptability scores of 7.8-8.6 demonstrate consumer 

acceptance overcoming traditional perceptions of millets as 

inferior cereals. The 6-9 month shelf life enables 

distribution through conventional retail channels. 

Cost analysis revealing Rs. 45-78/kg production costs 

enables affordable pricing for mass markets. This economic 

viability supports scaling to industrial production. Pilot 

feeding trials demonstrating 1.2-1.8 g/dL hemoglobin 

increase over 90 days validate nutritional efficacy, 

establishing evidence base for public health interventions 

including school meal programs and supplementary 

nutrition schemes. 

 

Conclusion 
This comprehensive research established integrated 

framework for developing functional foods from millets 

through biofortification and value addition technologies. 

Processing strategies including germination, fermentation, 

and fortification achieved 56-76% protein enhancement, 

264-394% iron increase, 296-344% zinc increase, and 42-

58% phytate reduction substantially improving nutritional 

profiles. Mineral bioavailability increased 194-251% 

enabling efficient nutrient absorption addressing 

micronutrient deficiencies. Developed products including 

ready-to-eat cereals, protein bars, and instant mixes 

achieved sensory acceptability scores of 7.8-8.6 with low 

glycemic index (45-52) supporting diabetes management. 

The research demonstrates technical feasibility and 

economic viability of millet-based functional food 

production with costs of Rs. 45-78/kg enabling affordable 

pricing. Pilot feeding trials validated nutritional efficacy 

with significant hemoglobin improvements substantiating 

health benefits. Successful commercialization requires 

strengthening millet value chains through farmer training, 

processing infrastructure development, and consumer 

awareness campaigns. Integration into government nutrition 

programs including mid-day meals, integrated child 

development services, and public distribution systems 

would achieve population-scale impact addressing 

malnutrition affecting millions. 

Future research directions include developing additional 

product categories including bakery items, beverages, and 

ethnic foods; investigating bioactive compound retention 

and biological activities; conducting larger clinical trials 

establishing dose-response relationships; optimizing 

packaging for extended shelf life; and assessing 

environmental sustainability through life cycle analysis. 

These advances would position millets as mainstream 

functional food ingredients supporting nutritional security, 

agricultural sustainability, and farmer livelihoods across 

India's diverse agro-ecological zones. 
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