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Abstract 

Nearly 2 billion people worldwide suffer from iron and zinc deficiencies, with sub-Saharan Africa 

bearing a disproportionate share of this burden. Biofortified pearl millet (Pennisetum glaucum L.) has 

been promoted as a food-based strategy to address micronutrient malnutrition, yet total mineral content 

alone does not predict how much iron or zinc the human body can absorb. This research evaluated five 

biofortified pearl millet varieties—ICTP-8203Fe, Dhanashakti, AHB-1200Fe, HHB-299, and a local 

check—for total iron and zinc content and their in vitro bioavailability using the pepsin-pancreatin 

dialysis method. Grain samples were collected from research plots at the Central Kenya College of 

Agriculture, Nyeri, during the 2023 growing season. Total iron ranged from 4.18 mg/100 g (local 

check) to 8.64 mg/100 g (ICTP-8203Fe), while zinc varied between 2.97 and 5.41 mg/100 g. 

Dialyzable iron fractions were 7.3 to 14.8 percent of total iron, and dialyzable zinc ranged from 18.6 to 

29.4 percent. ICTP-8203Fe showed the highest bioavailable iron (1.28 mg/100 g), and Dhanashakti 

provided the greatest bioavailable zinc (1.59 mg/100 g). Anti-nutritional factors—phytate and tannin—

were inversely correlated with mineral bioavailability (r = −0.81 for phytate-iron and r = −0.74 for 

tannin-zinc). These findings indicate that breeding for high total mineral content must be paired with 

screening for low anti-nutrient levels to maximize nutritional benefit. 

 
Keywords: Iron bioavailability, zinc bioavailability, pearl millet, biofortification, nutritional quality, in 

vitro dialysis, anti-nutritional factors, micronutrient malnutrition, phytate, Pennisetum glaucum 

 

Introduction 

About 1.8 billion individuals across the globe are affected by iron deficiency anaemia, and 

zinc deficiency contributes to roughly 116,000 child deaths each year in low-income 

countries [1]. In East Africa, pearl millet is a dietary staple for millions of rural households, 

making it a logical vehicle for biofortification—the process of breeding crops with elevated 

micronutrient concentrations [2]. Programs led by ICRISAT and HarvestPlus have released 

several high-iron and high-zinc pearl millet varieties over the past decade, and adoption rates 

in India have been encouraging [3]. 

But a persistent question hangs over biofortification research: does higher total mineral 

content in grain translate into greater mineral absorption in the human gut? The answer 

depends on bioavailability, which is governed by the chemical form of the mineral, the food 

matrix, and the concentration of absorption promoters and inhibitors [4]. Phytic acid, the main 

storage form of phosphorus in cereal grains, binds iron and zinc into insoluble complexes in 

the intestinal lumen, reducing their absorption by 40 to 70 percent in some foods [5]. Tannins 

and polyphenols exert a similar, though weaker, chelating effect [6]. 

In vitro dialyzability assays—where a simulated gastrointestinal digestion is followed by 

measurement of the mineral fraction that passes through a dialysis membrane—offer a rapid 

and cost-effective proxy for in vivo absorption trials [7]. The method has been validated 

against human absorption data for iron in cereal-based meals and correlates well (r = 0.89) 

with Caco-2 cell uptake [8]. Despite this, few reports have applied the technique to 

biofortified pearl millet varieties grown in East African environments, where soil type and 

growing conditions can alter grain mineral density and anti-nutrient profiles [9]. 

This research aimed to (i) quantify total and bioavailable iron and zinc in five pearl millet 

varieties grown at Nyeri, Kenya, (ii) measure phytate and tannin levels in the same samples, 

and (iii) assess correlations between anti-nutritional factors and mineral bioavailability.  
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Material and Methods 

Material 
Grain samples of five pearl millet varieties—ICTP-8203Fe, 

Dhanashakti, AHB-1200Fe, HHB-299, and a local landrace 

(Nyeri Local)—were harvested from replicated trials at the 

Central Kenya College of Agriculture experimental farm, 

Nyeri (0.42°S, 36.95°E; altitude 1,759 m), during the 

October-February 2022-23 growing season. Each variety 

was grown in four replicated plots of 4 m × 3 m under 

uniform fertilizer management (60-30-20 kg N-P₂O₅-K₂O 

ha⁻¹). Grains were cleaned, dried to 12 percent moisture, and 

milled to pass through a 0.5 mm sieve before analysis. All 

reagents—pepsin (porcine, ≥250 U/mg), pancreatin 

(porcine, 4× USP), bile extract, and standard reference 

materials—were procured from Sigma-Aldrich (Steinheim, 

Germany). 

 

Quality Control 

Certified reference material (NIST SRM 1568b, rice flour) 

was analysed alongside every batch of samples to monitor 

analytical accuracy. Recovery rates for iron and zinc from 

the reference material were 96.3 ± 2.1 percent and 97.8 ± 

1.7 percent, respectively. All glassware was acid-washed in 

10 percent HNO₃ and rinsed with deionized water before 

use. Analyses were run in triplicate, and results were 

accepted only when the coefficient of variation was below 5 

percent. 

 

Methods 

Total iron and zinc were determined by atomic absorption 

spectrophotometry (AAS; Shimadzu AA-7000, Kyoto, 

Japan) after wet digestion of 1.0 g sample in a tri-acid 

mixture (HNO₃:HClO₄:H₂SO₄ at 9:2:1 v/v) [10]. In vitro 

bioavailability was measured using the pepsin-pancreatin 

dialysis procedure described by Luten et al. [11]. Briefly, 5 g 

of milled grain was suspended in 50 mL deionized water, 

adjusted to pH 2.0 with 6 M HCl, and incubated with pepsin 

(16 mg) at 37 °C for 2 hours. The pH was then raised to 7.0, 

pancreatin-bile solution was added, and a cellulose dialysis 

membrane (MW cutoff 12 kDa) was introduced. After 2 

hours of dialysis at 37 °C, the dialysate was collected and 

mineral content measured by AAS. Phytate was estimated 

by the method of Haug and Lantzsch [12], and tannin content 

was measured using the vanillin-HCl assay [13]. Data were 

analysed by one-way ANOVA with Tukey's HSD test at 

p<0.05 using R software (version 4.3.1). 

 

Results 

 
Table 1: Total and dialyzable iron and zinc content (mg/100 g dry weight) and bioavailability index of five pearl millet varieties grown at 

Nyeri, Kenya 
 

Variety Total Fe Dial. Fe Fe BI (%) Total Zn Dial. Zn Zn BI (%) Phytate (mg/g) 

ICTP-8203Fe 8.64 1.28 14.8 4.73 1.21 25.6 7.82 

Dhanashakti 7.31 0.94 12.9 5.41 1.59 29.4 6.94 

AHB-1200Fe 7.89 1.07 13.6 4.96 1.34 27.0 7.41 

HHB-299 5.62 0.51 9.1 3.84 0.87 22.7 9.18 

Local check 4.18 0.31 7.3 2.97 0.55 18.6 10.63 

SEm(±) 0.34 0.07 - 0.22 0.06 - 0.41 

CD (p=0.05) 1.02 0.21 - 0.66 0.18 - 1.23 

 

ICTP-8203Fe recorded the highest total iron (8.64 mg/100 

g) and dialyzable iron (1.28 mg/100 g), giving a 

bioavailability index of 14.8 percent. Dhanashakti, despite 

having lower total iron than AHB-1200Fe, showed the 

highest zinc bioavailability index (29.4%) due to its 

comparatively low phytate content (6.94 mg/g). The local 

check was consistently the poorest performer across both 

minerals. Phytate levels were inversely associated with 

bioavailability—HHB-299 and the local check carried the 

highest phytate loads (9.18 and 10.63 mg/g) and the lowest 

dialyzable mineral fractions. 

 

 
 

Fig 1: Proportional contribution of each pearl millet variety to total iron content in the trial 
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Figure 1 shows that ICTP-8203Fe contributed the largest 

share (26.3%) of the pooled iron content, followed by AHB-

1200Fe (24.0%) and Dhanashakti (22.2%). The local check 

accounted for just 12.2 percent. 

 
Table 2: Tannin content and Pearson correlation coefficients between anti-nutritional factors and mineral bioavailability 

 

Variety Tannin (mg CE/g) Phytate:Fe molar ratio Phytate:Zn molar ratio Tannin:Fe molar ratio 

ICTP-8203Fe 1.43 8.6 14.2 2.7 

Dhanashakti 1.28 9.1 11.0 2.8 

AHB-1200Fe 1.51 8.9 12.8 3.1 

HHB-299 2.17 15.6 20.5 6.3 

Local check 2.84 24.3 30.7 11.1 

r (Phytate vs Fe BI) −0.81**    

r (Tannin vs Zn BI) −0.74*    

 

The phytate-to-iron molar ratio exceeded the critical 

threshold of 14 (above which iron absorption is severely 

impaired) only in HHB-299 (15.6) and the local check 

(24.3). All three high-iron varieties maintained ratios below 

10, which is considered favorable for adequate iron 

absorption [5]. 

 

 
 

Fig 2: Schematic pathway of the bioavailability assessment protocol from grain sampling to variety ranking 

 

Discussion 

The two-fold difference in total iron between ICTP-8203Fe 

(8.64 mg/100 g) and the local check (4.18 mg/100 g) 

confirms the genetic gains achieved by biofortification 

breeding programs. Comparable ranges have been reported 

from multi-location trials in India, where biofortified lines 

averaged 7.5-9.2 mg Fe/100 g against 3.8-4.6 mg/100 g in 

conventional cultivars [3]. That said, total mineral content 

alone can mislead: HHB-299 contained 34 percent more 

iron than the local check but delivered only 64 percent more 

bioavailable iron, because its higher phytate load offset the 

mineral advantage. 

The strong negative correlation between phytate and iron 

bioavailability (r = −0.81) aligns with earlier work on finger 

millet and sorghum [5, 14]. Phytate chelates divalent cations in 

the gut lumen, forming insoluble complexes that resist 

enzymatic breakdown. The practical implication is 

straightforward: breeders should screen for low-phytate 

genotypes alongside high-mineral density. Low-phytate 

mutants exist in pearl millet and could be crossed into 

biofortified backgrounds without yield penalty [15]. 

Zinc bioavailability was generally higher than iron across all 

varieties—a pattern explained by the weaker binding 

affinity of phytate for zinc compared with iron at intestinal 

pH [16]. Dhanashakti's superior zinc bioavailability index 

(29.4%) reflects both its moderate zinc content and the 

lowest phytate:zinc molar ratio (11.0) in the trial. 

A limitation of this research is the use of a single growing 

season and location. Soil zinc status, rainfall distribution, 

and temperature during grain filling are known to modify 

mineral loading in pearl millet [9]. Multi-season and multi-

site evaluations would strengthen variety recommendations 

for the East African context. 

 

Conclusion 
This research demonstrated that biofortified pearl millet 

varieties grown at Nyeri, Kenya, contain markedly higher 

iron and zinc than the local landrace, and—more 

importantly—deliver greater bioavailable mineral fractions 

when assessed through in vitro dialysis. ICTP-8203Fe was 

the top performer for bioavailable iron (1.28 mg/100 g, BI 

14.8%), while Dhanashakti excelled in bioavailable zinc 

(1.59 mg/100 g, BI 29.4%). 

Anti-nutritional factors, particularly phytate, had a strong 

inverse relationship with mineral bioavailability. Varieties 

with phytate-to-iron molar ratios below 10 consistently 

showed higher dialyzable iron, reinforcing the need to 

incorporate low-phytate screening into biofortification 

breeding pipelines. 
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For nutrition programs targeting iron and zinc deficiency in 

East Africa, ICTP-8203Fe and Dhanashakti appear well 

suited for promotion. Pairing these varieties with simple 

household processing techniques—soaking, germination, or 

fermentation—that reduce phytate could further improve 

mineral absorption. Multi-season trials across different agro-

ecological zones of Kenya are warranted to confirm these 

findings before large-scale dissemination. 
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