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ABSTRACT  

Pearl millet porridge: improvement in iron and zinc bioaccessibilities through 

fortification with micronutrient-rich plant food components 

by 

Reneè van der Merwe 

Supervisor: Dr J. Kruger 

Co-supervisor: Prof J.R.N. Taylor 

The most prevalent micronutrient deficiencies in sub-Saharan Africa are iron, zinc and 

vitamin A. This is partly due to staple diets composed of mainly cereals, containing high 

levels of iron and zinc bioavailability inhibitors. In this study, pearl millet porridge was food-

to-food fortified with dried micronutrient-rich plant foodstuffs (moringa leaves, hibiscus 

calyces, baobab fruit pulp), and a mango-carrot premix (plus sunflower oil) as a provitamin A 

source, and the effect on iron and zinc bioaccessibilities evaluated. The foodstuffs were 

analysed for mineral and antinutrient contents. The effects of adding 5 and 15 g/100 g, dry 

basis (db) pearl millet plus provitamin A source of dried moringa leaves, hibiscus calyces or 

baobab fruit pulp on iron and zinc bioaccessibilities (in vitro dialysability assay) were 

determined. 

Baobab fruit pulp, despite containing high levels of tannins (2286 mg CE/100 g, db), 

increased the iron and zinc bioaccessibilities the most, when added as food-to-food 

fortificants to pearl millet. This could contribute >200% and >180%, respectively, more to 

the iron and zinc absolute requirements (defined as the sum of the daily basal losses of the 

mineral plus the amounts of the mineral needed for growth) than the pearl millet plus 

provitamin A source porridge, for 2–5-year-old children. Fortification with hibiscus calyces 

also resulted in substantial increases in iron and zinc bioaccessibilities. This is because 

baobab fruit pulp and hibiscus calyces contain substantial levels of iron and zinc 

bioavailability enhancing organic acids. The addition of moringa leaves generally resulted in 

the lowest increases and, in some cases, even reduced the iron and zinc bioaccessibilities, 

even though it had the highest level of iron (58.4 mg/100 g, db) of all the plant foodstuffs. 

Dried moringa leaves had the highest levels of calcium and total phenolics, and substantial 

levels of phytate, as well as possible low levels of organic acids, all which contributed to the 

low iron and zinc bioaccessibilities. 
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Including baobab fruit pulp and possibly hibiscus calyces in a cereal based meal, show 

potential to increase both the iron and zinc bioaccessibilities. The iron and zinc status of 

people consuming a cereal-based diet may be improved by the inclusion of baobab fruit pulp 

or possibly hibiscus calyces, as food-to-food fortificants, to cereal-based porridges. 
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 Introduction  Chapter 1:

This dissertation includes an in-depth literature review where the prevalence and 

consequences of iron, zinc and vitamin A deficiencies in sub-Saharan Africa is explored, 

followed by the nutrition offered from cereals and cereal-based porridges as staple foods. The 

intestinal mechanisms for iron and zinc absorption is explored next, followed by the potential 

of micronutrient-rich plant foodstuffs, used in food-to-food fortification of cereal-based 

porridges, to combat iron and zinc deficiencies. Iron and zinc bioavailability modifiers which 

are present in plant foods are discussed, followed by a brief review on the bioaccessibility of 

calcium and phosphorus. Lastly, some plant foodstuff candidates, available in Africa, are 

explored for their potential properties of enhancing iron and zinc bioavailabilities of pearl 

millet, as well as provitamin A contents. The literature review is followed by the hypotheses 

and objectives and then the effect of food-to-food fortification of pearl millet porridge with 

micronutrient-rich plant foodstuffs on the iron and zinc contents and bioaccessibilities is 

studied. The general discussion evaluates some of the research methodology used as well as 

suggesting some applications of the research findings and the possible impact it could have 

on contributions to recommended dietary allowances (RDA) as well as absolute physiological 

requirements (AR) of iron and zinc, with the focus on children. Possibilities of future 

research are also explored in the general discussion. The dissertation ends with the 

conclusions of the research work. 

Iron deficiency is the most prevalent micronutrient deficiency in the world, and is the main 

cause of anaemia (WHO/FAO 2006). Approximately 50% of anaemia cases are estimated to 

be due to iron deficiency (WHO 2015). Of all the World Health Organization (WHO) 

regions, Africa has the lowest mean haemoglobin concentration (104 g/L) and the highest 

prevalences of anaemia (62.3%) and severe anaemia (3.6%) for children aged 6 months to 5 

years (WHO 2015), some 89 million children. Iron deficiency anaemia is associated with low 

birth weight and increased risk of maternal and perinatal mortality, adversely affecting 

cognitive and motor development, and causing fatigue and low productivity (WHO/FAO 

2006). 

Information on zinc deficiency prevalence is lacking. However, it is believed that where iron 

deficiency persists, zinc deficiency may also occur (Bailey et al. 2015). In 2012 it was 

estimated that 17.3% of the world’s population was at risk of inadequate zinc intake, with the 

highest estimate of 25.6% in sub-Saharan Africa (Wessells and Brown 2012). Africa has the 
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highest prevalence of zinc deficiency in school-aged children, where some 54% of children 

are estimated to be affected (Best et al. 2010). Zinc deficiency contributes especially to the 

morbidity and mortality of infants, young children, and suboptimal pregnancy outcomes 

(IZiNCG 2004).  

About 1 in every 3 children, in developing countries, is affected by vitamin A deficiency 

(WHO 2009). Thus, it is considered a severe public health concern. Research 

recommendations are shifting from the high-dose periodic capsule distribution programmes 

towards frequent intakes of vitamin A at physiological levels (Mason et al. 2015). Food-

based approaches have been found to be highly effective in increasing serum retinol and 

reducing vitamin A deficiency (Greiner 2013). 

A large proportion of the population of sub-Saharan Africa, especially in the lower socio-

economic group, rely on monotonous cereal-based diets, as their major source of nutrition 

(WHO 2014). While cereal-based diets may contain adequate amounts of iron and zinc to 

meet daily requirements, the bioavailabilities of these essential minerals are low 

(Zimmermann and Hurrell 2007). Cereal staple diets are low in enhancers, and high in 

inhibitors of iron (Glahn et al. 2002) and zinc (Lönnerdal 2000) bioavailabilities, with 

approximately only 5% of iron, and 10% of zinc bioavailable for absorption (WHO/FAO 

2006). 

Food-based approaches, such as dietary diversification and food-to-food fortification using 

micronutrient-rich foods, have been emphasised as cost-effective and sustainable ways to 

reduce the prevalence of micronutrient deficiencies in low socioeconomic groups (Olney et 

al. 2012). Fortification, according to the WHO/FAO (2006) is “the practice of deliberately 

increasing the content of an essential micronutrient, in a food, so as to improve the nutritional 

quality of the food supply and provide a public health benefit with minimal risk to health.” 

Food-to-food fortification is where micronutrient-rich food combinations are used to promote 

the bioavailability of essential micronutrients by increasing the micronutrient levels, as well 

as increasing the levels of enhancers, and decreasing the levels of inhibitors of micronutrient 

bioavailabilities (Thompson 2007). Food-to-food fortification (as an intervention) has the 

potential to alleviate iron, zinc, and vitamin A nutritional deficiencies and can lead to self-

sustained success in improving the nutritional status of various at-risk populations. 

Pearl millet (Pennisetum glaucum L.) is the most widely grown millet grain and accounts for 

approximately 10% of the total cereal production in Africa. Pearl millet can form more than 
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50% of the total cereal production in the Sahel region of West Africa (FAOSTAT 2017). The 

crop’s ability to withstand difficult growing conditions, such as low rainfall and low soil 

fertility, makes it especially suitable for cultivation in sub-Saharan Africa. Pearl millet 

provides a major food staple for millions of people in sub-Saharan Africa and is consumed as 

thick or soft porridges or gruels (Svanberg et al. 1993). Like other cereals, the bioavailability 

of iron and zinc from pearl millet is low, due to inhibiting substances such as fibre, phytate 

and phenolics (Léder 2004). 

Evaluations which demonstrate the efficacy of food-to-food fortification, specifically 

concerning iron and zinc are lacking. This is partly due to the complexity of interactions 

between different components in the complementary foods promoted (Thompson 2007). 

Thus, the purpose of this study is to determine the effects of various micronutrient-rich plant 

foodstuffs on the iron and zinc bioaccessibilities of pearl millet porridge.  
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 Literature review Chapter 2:

 Overview 2.1

In this review, the prevalence and consequences of iron, zinc and vitamin A deficiencies in 

sub-Saharan Africa are described. Then, nutrition from cereals, especially pearl millet, and 

cereal porridges as staple foods are reviewed. Next, intestinal iron and zinc absorption is 

discussed. This is followed by a discussion on the potential of micronutrient-rich plant 

foodstuffs to combat iron and zinc deficiencies when used in cereal-based porridges as a form 

of food-to-food fortification. Modifiers which act as enhancers and inhibitors of iron and zinc 

bioavailabilities such as organic acids, phenolics and phytate are also described. Lastly, some 

plant foodstuffs as possible candidates for food-to-food fortification of a pearl millet porridge 

are described. 

 The prevalence and consequences of iron, zinc and vitamin A 2.2

deficiencies in sub-Saharan Africa  

Micronutrient deficiencies, often referred to as ‘hidden hunger’ affects some two billion 

people worldwide, of whom women of reproductive age, young children and the elderly are 

most susceptible (Muthayya et al. 2013). Sub-Saharan Africa has an alarmingly high 

prevalence of micronutrient malnutrition, with the highest hidden hunger rates in the world, 

18 of the 20 countries with the highest hidden hunger scores are in this region (WHO 2009). 

The most critical and widespread micronutrient deficiencies are iron, zinc, vitamin A, iodine, 

and folate; however, vitamin B12 and other B vitamin deficiencies are also common 

(WHO/FAO 2006). Multiple micronutrient deficiencies often occur together in the same 

population. Even mild to moderate micronutrient malnutrition, although often not apparently 

visible in those affected by it, has significant negative and lifelong consequences for health 

(Muthayya et al. 2013). Micronutrient malnutrition leads to impaired mental and physical 

development, reduced work productivity, increased risk for perinatal complications and 

morbidity from infectious disease and mortality (Muthayya et al. 2013). Of greatest concern 

is the detrimental consequences of micronutrient malnutrition extending across generations 

(Bailey et al. 2015).  
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Diets based on low-micronutrient-containing staple foods, as well as frequent infections, are 

likely to be contributory factors, further aggravated by poor economic conditions and 

repressive political systems (Muthayya et al. 2013). 

 

Figure 2.2-1: Anaemia prevalence of pre-school aged children in sub-Saharan Africa (WHO 

2008) 

Iron deficiency, the most prevalent micronutrient deficiency in the world, affects more than 

30% of the world population, an estimated 2 billion people (Bailey et al. 2015). Iron 

deficiency prevails in two forms, namely with or without anaemia, where the more severe 

form is associated with anaemia (WHO/UNICEF/UNU 2001). The prevalence of anaemia in 

Africa is classified as a severe public health problem as more than 40% of the population is 

affected (WHO 2008). The estimated population percentages affected by anaemia and iron 

deficiency include 64.6% of children under the age of 5 years (Figure 2.2-1), 55.8% of 

pregnant women, and 44.4% of non-pregnant women, all of which are the highest 

prevalences in the world (WHO 2008). It is estimated that if iron fortification reached 50% of 

the African population, 570 000 disability adjusted life years (DALYs) would be averted 

every year (Zimmermann and Hurrell 2007). Several vital functions in the body are 

dependent on iron. Iron is essential for sufficient growth, physical and mental development, 

cell maintenance, and an effective immune response (Thompson 2007). 
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Zinc deficiency is also a major public health concern as country-specific prevalence of 

inadequate zinc intake in the whole of sub-Saharan Africa is either at high (prevalence >25%) 

or medium (prevalence 15-25%) risk for zinc deficiency (Figure 2.2-2) (Wessells and Brown 

2012). High risk of zinc deficiency is classified as a stunting prevalence of more than 20% 

and estimated prevalence of inadequate zinc intake of more than 25%. It has been estimated 

that zinc deficiency in Africa accounts for more than nine million DALYs (Fischer Walker et 

al. 2009). In 2004, zinc deficiency was the underlying cause for some 260 000 deaths in 

Africa due to diarrhoea, malaria and lower respiratory infections (Fischer Walker et al. 2009). 

Adequate zinc nutrition is of critical importance to support normal growth and development, 

immune-competence, reproductive function, and to improve other aspects of human health 

and function (IZiNCG 2004). 

 

Figure 2.2-2: Estimated country-specific prevalence of inadequate zinc intake in sub-Saharan 

Africa (Wessells and Brown 2012) 

Vitamin A deficiency is of another major public health concern in African countries. 

Prevalences of preschool aged children with low serum retinol concentrations (<0.7 μmol/L) 

are highest in countries of Eastern and Southern Africa (37%), followed by Western and 

Central Africa (33%) (Mason et al. 2001). Vitamin A deficiency can limit growth, weaken 

immunity, cause xerophthalmia leading to blindness, and increase mortality (Low et al. 

2007). Vitamin A deficiency arises when a habitual diet contains too little bioavailable 

vitamin A to meet physiological needs. Such diets are usually poor in foods from animal 
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origin and plant sources rich in provitamin A carotenoids (Parker 1996). Beta-carotene is the 

major provitamin A component of most carotenoid-containing foods, smaller amounts of 

alpha-carotene and beta-cryptoxanthin can also be found. These are the only three natural 

important precursors for Vitamin A in humans. 

Suboptimal iron and zinc status may be caused by an inadequate dietary intake of iron and 

zinc and/or low bioavailable iron and zinc. Low bioavailability, caused by inhibitors of iron 

and zinc absorption, are the most common causative factor (Lönnerdal 2000). In many 

African countries, cereals are consumed as staple foods, which have poor bioavailable non-

haem iron and zinc due to inhibitory factors such as phytate, fibres, phenolic compounds and 

tannins (WHO/FAO 2006). The inhibitory effect of phytate on iron and zinc absorption may 

be further potentiated by calcium (Lönnerdal 2000). Thompson (2007) stated that the scale 

and magnitude of iron and zinc deficiencies, combined with its functional impact on the 

physiological and socioeconomical quality of life, require urgent attention and 

implementation of known and effective interventions. The lowest socioeconomic population 

groups are at greatest risk for iron and zinc deficiencies (WHO/UNICEF/UNU 2001) and 

should be an immediate target for intervention strategies. 

 Nutrition from cereals  2.3

Cereals are the largest single plant foodstuff in most diets, but especially in developing 

countries where up to 90% of the total diet can be cereals (Bender 1999). Cereal-based plant 

foodstuffs are considered the most important source of carbohydrates, proteins, certain 

vitamins, minerals, and dietary fibre, and can also provide vitamins E and B (thiamine, 

riboflavin and niacin) for the African population (McKevith 2004). However, apart from 

orange maize, which contains elevated levels of provitamin A, cereals are deficient in 

vitamins C, B12, and A (Poutanen et al. 2009). A major problem with cereals is that they can 

contain relatively high levels of antinutrients such as fibre, phytate, oxalate, phenolics, 

trypsin inhibitors, and sometimes tannins (McKevith 2004) (Table 2.3.1). Phytate, in 

particular, strongly binds minerals such as calcium, iron and zinc which renders them 

insoluble and reduces the bioavailability of these minerals for absorption, thus, iron and zinc 

deficiencies may result (Reale et al. 2007).  
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Table 2.3.1: Nutrient contents (mg/100 g, db) of important cereals in Africa, compared to the recommended nutrient intake (mg/day) for 1–3 and 

4–6 year-old children, adult females and lactating women 

Nutrient 

Recommended nutrient intake (mg/day) Nutrient content (mg/100 g, db) 

Children
1
 Adult 

females,  

18+ years
1
 

Lactating 

women
1
 

Yellow maize Wheat Sorghum
 

Pearl millet
 

1–3 

years 

4–6 

years 

Iron
d 11.6 12.6 27.4 30 1.4–2.7 

a
 

(2.0)
2,3,4,6,16 

1.1–7.3 

(3.9)
10,19,20 

1.1–8.8  

(5.2)
6,10,23,24 

11.0–32.0 

(20.3)
11,12 

Zinc
e 8.3 9.6 9.8 19 1.6–3.4 

(2.3)
2,3,4,6,16 

0.7–8.8 

(3.8)
10,19,20 

0.3–2.5  

(1.5)
6,10,23 

7.5–15.0 

(10.8)
11,12 

Calcium 500 550 750 750 0–43 

(14)
2,3,4,16 

16–20 

(18)
10 

3–22  

(16)
10,23, 24 

20–40 

(28)
11,12

 

Vitamin 

A (RAE
c
) 

0.40 0.45 0.50 0.85 61.2–187.0 

(145.4)
15,16 

0.0–10.6  

(2.1)
19,22 

0.6–1.4 

(1.0)
5 

None detected
 

Total 

Phenolics 

N.A.
b 

N.A. N.A. 523–581 

(554)
17,18 

35–82 

(57)
10,22 

109.2–413 

(213)
10,5 

148–790 

(495)
10,11,13, 14 

Phytate N.A. N.A. N.A. 215–8700 

(2464)
2,3,4,17, 6,7 

20–1290 

(522)
7,8,9,21 

439–1173 

(846)
6,7,8 

500–690 

(607)
12,13 

a
Nutrient content values are reported as minimum–maximum (mean) 

b
N.A.: Not applicable 

c
RAE: Retinol activity equivalent 

d
For a dietary iron bioavailability of 5% 

e
For a low bioavailability of zinc 

1
(WHO/FAO 2004), 

2
(Mendoza et al. 1998), 

3
(Beiseigel et al. 2007), 

4
(Hambidge et al. 2004), 

5
(Afify et al. 2012), 

6
(Lestienne et al. 2005), 

7
(Gibson and Hotz 

2001), 
8
(Frontela et al. 2008), 

9
(Dost and Tokul 2006), 

10
(Ragaee et al. 2006), 

11
(Ravindran 1991), 

12
(Gwamba 2016), 

13
(Saharan 2015), 

14
(Jukanti et al. 2016), 

15
(Muzhingi et al. 2011), 

16
(Ejigui et al. 2005), 

17
(Lopez-Martinez et al. 2009), 

18
(Žilić et al. 2012), 

19
(Ortiz-Monasterio et al. 2007), 

20
(Cakmak et al. 2004), 

21
(Febles et al. 2002), 

22
(Hidalgo and Brandolini 2014), 

23
(Glew et al. 1997), 

24
(Radhakrishnan and Sivaprasad 1980) 
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As stated, pearl millet is a staple food for millions of people in sub-Saharan Africa, especially 

populations below the poverty line (Suma and Urooj 2014). Pearl millet has the ability to 

withstand difficult ecological conditions; it can tolerate poor soil quality and can be grown in 

semi-arid and sub-tropical conditions. It can grow where annual rainfall is variable, 

unpredictable or very low (200-500 mm) and daily temperatures reach 30˚C and outperforms 

other cereal crops under these conditions (Suma and Urooj 2014). Pearl millet is thus, 

especially suitable for growth in sub-Saharan Africa and can contribute more than 50% of the 

total cereal production in the Sahel region of West Africa (FAOSTAT 2017). Pearl millet is 

nutritionally comparable and even superior to most other cereals as it is rich in iron, zinc, 

calcium, lipids, high quality protein and has a high energy value (Klopfenstein and Hoseney 

1995). However, pearl millet is rich in antinutrients such as phytate, phenolics, and may 

contain traces of oxalic acid, all of which reduce mineral bioavailability and also inhibit 

proteolytic and amylolytic enzyme activities (Jukanti et al. 2016). 

Hemalatha et al. (2007) analysed the iron bioaccessibility (dialysability assay) from rice, 

wheat, finger millet, sorghum and maize, with iron contents ranging from 1.32 to 6.51 

mg/100 g, dry basis (db). They reported only 4.13–8.05% bioaccessible iron. Suma and Urooj 

(2014) analysed the bioaccessibilities of two pearl millet varieties, namely Kalukombu (KK) 

and Maharashtra Rabi Bajra (MRB). The amount of bioaccessible iron was 0.16 mg/100 g 

and 0.44 mg/100 g, respectively, and the percentage bioaccessible iron was 2.5% and 7.1%, 

respectively. MRB had more than double the percentage and the amount of bioaccessible iron 

than KK. Tripathi et al. (2010) found percentage and amount of bioaccessible zinc in pearl 

millet flour of 17% and 0.69 mg/100 g, respectively, which was partially decorticated before 

milling. The differences in mineral bioaccessibilities between the various pearl millet 

varieties were likely due to varying levels of phytate, phenolics and other inhibiting 

substances (Suma and Urooj 2014). Hemalatha et al. (2007) also analysed the zinc 

bioaccessibility (dialysability assay) from various cereals, with zinc contents ranging from 

1.08 to 2.24 mg/100 g, db, and found 5.51–21.4% bioaccessible zinc. 

 Cereal-based porridges as staple food  2.4

The staple diet of adults and children in Africa is usually thick or soft porridges or gruels 

prepared from a local cereal (Svanberg et al. 1993). Cereal-based porridges are culturally 

acceptable products, for which the raw materials are readily bioavailable, and are 
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economically feasible to produce. Cereal-based porridges would thus, serve as an appropriate 

vehicle to which other foods can be added in order to improve their nutritional quality. 

Complementary foods with sufficient energy and nutrient density must be provided to infants 

at about six months of age, as the supply of energy and nutrients, especially iron, from breast 

milk is no longer adequate to meet the growing infant’s needs (Gibson et al. 1998). Soft 

cereal porridges are usually the first complementary foods introduced to infants as weaning 

foods in most of Africa, from as early as three months (Onofiok and Nnanyelugo 1998). As 

these cereal porridges are usually prepared as thin, low viscosity gruels, infants and small 

children may not be able to ingest a large enough volume to cover their energy and nutrient 

requirements (Onofiok and Nnanyelugo 1998). It has been estimated that a baby aged four to 

six months would need an impossible 920 g of thin cereal porridges to meet their daily energy 

(3000 kJ), iron (0.76 mg/kg body weight) and protein (13 g) requirements (Domellöf et al. 

2014). Thus, complementary porridges made from cereals are not sufficiently rich in energy 

and also lack proteins, essential vitamins and minerals (Oniang’o et al. 2003). It has been 

found that in most traditional settings, the same cooking pot or meal dishes laid out for the 

whole family are also used for complementary feeding of infants (Solomons 1999). 

Gibson et al. (1998) found that traditional cereal-based complementary foods in Africa and 

other developing regions consistently yielded less than the required 10.8 mg bioavailable iron 

per day for 9–11-month-old infants, when intake of the complementary food was between 

210 and 240 g, as eaten, per day. Thus, infants received insufficient iron (20.8 mg/day at 5% 

bioavailability), even when the basal requirement (10.8 mg/day) in association with moderate 

bioavailability (10%) was assumed. For zinc, none of the cereal-based (maize, wheat and 

sorghum) complementary foods provided the basal requirement (7.26 mg/day) when low 

bioavailability (15%) was assumed. They also found that the phytate content for the cereal-

based complementary foods varied from 50 to 221 mg/100 g, as eaten. Phytate:iron molar 

ratios were in the range of 4.7:1 to 28.5:1 (the critical level being 1:1), and most phytate:zinc 

molar ratios were above the critical level of 15:1, which is associated with suboptimal zinc 

status (Lopez et al. 2002). 

 Intestinal iron and zinc absorption  2.5

The process of iron absorption is complex and involves at least three steps: (i) digestion and 

release from the diet, (ii) active absorption into the enterocytes, and (iii) transport from the 
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enterocytes to the circulation (Salovaara et al. 2002). Non-haem iron is absorbed as an ion 

and needs to be in a soluble state. Iron from plant foods is dissociated and made soluble by 

the low pH of the stomach which maintains iron in the ferric (Fe
3+

) state (von Drygalski and 

Adamson 2012). Thereafter the free iron comes into contact with absorptive cells of the 

proximal small intestine where most iron absorption takes place (Figure 2.5-1). Ferric iron is 

converted to ferrous iron (Fe
2+

) by a reductase which is then taken into the absorptive cell. 

Haem iron is much more bioavailable and absorbed intact and more efficiently (by a factor of 

5–10 times) than elemental iron; however, the pathway of absorption for haem iron has not 

yet been clarified (von Drygalski and Adamson 2012). 

  

Figure 2.5-1: Haem and non-haem iron absorption by absorptive cells of the proximal small 

intestine (von Drygalski and Adamson 2012) 

Zinc absorption is concentration dependent and occurs throughout the proximal small 

intestine, with the jejunum having the highest absorption rate (WHO/FAO 2004). It is 

thought that the subcellular mechanisms of exogenous zinc absorption involve both saturable 

and unsaturable processes (Krebs 2000). Several transport proteins have been identified; 

however, the exact absorption mechanisms still remain to be elucidated. 
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Due to the complex absorption mechanisms of iron and zinc, even though adequate amounts 

of iron and zinc to meet daily requirements may be consumed, not all that is consumed is 

bioavailable for absorption (WHO/FAO 2006). The term ‘bioavailability’ is thus used to 

describe the proportion of the ingested nutrients that is actually absorbed and metabolised 

through the normal digestive pathways (Heaney 2001). The ‘bioaccessibility’ of nutrients is 

used as an estimate of their bioavailability, using in vitro methods. Bioaccessibility is the 

amount of a compound that is released from the food matrix and is considered to be available 

for absorption through the gut wall (Minekus et al. 2014).  

 Potential of micronutrient-rich plant foodstuffs, used in food-to-food 2.6

fortification of cereal-based porridges, to combat iron and zinc 

deficiencies  

As indicated, traditional cereal-based complementary foods can be improved by combining 

locally available plant foodstuffs which complement each other in such a way as to provide 

improved nutrient requirements (Onofiok and Nnanyelugo 1998). Such food-to-food 

fortification may reduce the inhibitory effects of antinutrients found in cereals. Icard-Vernière 

et al. (2015) improved the iron and provitamin A levels of sauces consumed in Burkina Faso, 

by increasing the amount of leafy vegetables, such as amaranth, sorrel, and spider plant 

leaves, and reducing the amount of ingredients rich in mineral absorption inhibitors, such as 

legumes. By means of the dialysability assay, Gautam et al. (2010) found that the addition of 

carrot or amaranth leaves (2.5 g and 5 g per 10 g, fresh weight (fw) of grain) significantly 

increased iron and zinc bioaccessibilities from rice and sorghum. The addition of carrot 

resulted in a 14–86% increase in iron and zinc bioaccessibilities and amaranth leaves yielded 

11–193% increases. In apparent contradiction, Cercamondi et al. (2014b) found that the 

maize paste-type porridge ‘tô’ accompanied by sauces made with amaranth or jute did not 

provide additional bioavailable iron, which the authors attributed to the high phenolic levels 

of their leaves. 
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 Modifiers of iron and zinc bioavailabilities present in plant foodstuffs 2.7

consumed in Africa  

2.7.1 Provitamin A 

It has been found that various provitamin A carotenoids are able to increase iron absorption 

from cereal based meals. Garcıa-Casal et al. (1998) studied the effect of varying beta-

carotene levels on iron absorption (as radioactive labelled 
59

Fe or 
55

Fe) from cereal-based 

meals fed to adults. They found that iron absorption increased 4.2-fold for rice (beta-

carotene: 0.95 μmol/100 g, fw), and 2.8-fold for wheat (beta-carotene: 0.67 μmol/100 g, fw) 

and 2.8-fold for maize (beta-carotene: 0.85 μmol/100 g, fw). Garcıa-Casal et al. (1998) also 

found that carotenoids promote iron absorption, from cereal-based meals, to the extent of 

counteracting the negative effects of tannins on iron absorption. The authors showed that the 

addition of coffee, contributing 200 mg tannin content, to beta-carotene fortified cereal-based 

meals did not significantly affect iron absorption in humans. They proposed that beta-

carotene may form a complex with iron which keeps the mineral soluble in the intestinal 

lumen and thus, prevents the inhibitory effects of phytates and phenolics on iron absorption. 

These findings were confirmed by García-Casal (2006), who found that coffee had no effect 

on iron absorption when added to wheat and maize-based breakfast cereals, containing 

different concentrations of lycopene, lutein, and zeaxanthin-carotenoids, without provitamin 

A activity. 

Green leafy vegetables such as amaranth and sweet potato leaves are traditionally grown and 

consumed in sub-Saharan Africa, and have been found to contain provitamin A (Odhav et al. 

2007) (Table 2.7.1). Other commonly available plant foodstuffs in sub-Saharan Africa, 

including moringa leaves, orange fleshed sweet potatoes, carrots and so forth, also contain 

provitamin A. Consumption of these plant foodstuffs could possibly improve iron 

bioavailability. 
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Table 2.7.1: Provitamin A contents (RAE/ 100 g, db) of plant foodstuffs, available in sub-

Saharan Africa 

Plant foodstuff Provitamin A content
1
 

(RAE/ 100 g, db) 

Amaranth leaves 1.76 

Sweet potato leaves 1.43 

Moringa leaves 1.77 

Orange fleshed sweet potatoes 3.12 

Carrots 7.13 
1
Values from USDA Nutrient Database (2015). 

2.7.2 Organic acids 

Organic acids, such as those found in plant foodstuffs, are able to increase, and some to 

decrease, iron (Hurrell et al. 2004) and zinc (Pabón and Lönnerdal 1993) bioavailabilities. 

Ascorbic acid is a strong reducing agent and has been shown to increase dietary iron 

absorption by reducing ferric iron to the ferrous state (Teucher et al. 2004). Iron is absorbed 

in the divalent (Fe
2+

) state as it is more soluble at the relatively high pH of the duodenum and 

small intestine (Lopez et al. 2002). 

Ascorbic acid has been shown to be the most effective promoter of non-haem iron absorption 

from the diet (Teucher et al. 2004). However, the impact of ascorbic acid on iron status is 

apparently dependent on the characteristics of the habitual diet (Sandström 2001). High levels 

of vitamin C supplementation (2 g) in subjects consuming meat had no significant effect on 

iron status (Cook et al. 1984), whereas 500 mg ascorbic acid given to strict vegetarians 

improved iron status after 2 months (Sharma and Mathur 1995). Salovaara et al. (2002) found 

that ascorbic acid had only a moderate effect on ferrous iron (Fe
2+

) absorption (human 

epithelial cell line Caco-2), with a 2-fold increased absorption in an almost linear manner. 

The effect of ascorbic acid on ferric iron (Fe
3+

) absorption was much larger, even at low acid 

concentrations, with 70-fold increased iron absorption at an ascorbic acid concentration of 80 

μml/L. 

Ascorbic acid has been shown to promote absorption of non-haem iron from the diet, to the 

extent of counteracting the negative effects of dietary phytate, phenolics, tannins (Siegenberg 

et al. 1991), calcium and the milk protein, casein (Stekel et al. 1986) on iron absorption. A 

study done with maize bread found that a dose of 30 mg ascorbic acid doubled the iron 

absorption in the presence of 58 mg phytate (Siegenberg et al. 1991). They found that a dose 
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of ~50 mg ascorbic acid restored iron bioavailability to normal values from any meal 

containing more than 100 mg tannic acid. For low phytate containing foods and powdered 

milk, a molar ratio of 2:1 ascorbic acid to iron is recommended and a ratio of 4:1 for high 

phytate containing foods (Hurrell 2002). It must be noted, however, that ascorbic acid is 

limited by its instability in aqueous solutions, during storage of powdered foods and during 

prolonged heat processing or cooking (Hurrell and Egli 2007). 

It has been found that citric, tartaric and malic acids can enhance or reduce iron absorption 

(Hurrell et al. 2004). However, these acids have not been studied as thoroughly as ascorbic 

acid and furthermore are only effective enhancers of iron bioavailability at molar ratios in 

excess of 100:1 (Gillooly et al. 1983). In a human subject study, Gillooly et al. (1983) found 

that in order to achieve an increase in iron absorption of two to threefold, more than one gram 

of citric, malic or tartaric acid was necessary, in a rice meal fortified with 3 mg ferrous 

sulphate. This is equivalent to molar ratios of 264:1, 378:1 and 337:1 (acid:fortified iron) for 

citric, malic and tartaric acids, respectively. 

Salovaara et al. (2002) studied the influence of organic acids on iron absorption using the 

Caco-2 human epithelial cell line assay. They found contradictory results to other studies and 

showed that 0.1 mmol/L citric acid and 0.5 mmol/L lactic acid additions reduced ferrous iron 

(Fe
2+

) absorption by 83 and 85%, respectively. The lowest absorption was with 4 mmol/L 

lactic acid and 0.8 mmol/L citric acid, which resulted in reduced iron absorption of 96%, and 

94%, respectively. With ferric iron (Fe
3+

) absorption on the other hand, there was increased 

absorption with citric acid concentrations of 0.01–0.5 mmol/L, which disappeared at 

concentrations between 0.5–2.5 mmol/L. Citric acid concentrations exceeding 2.5 mmol/L 

also resulted in increased absorption of ferric iron, with a maximum increase of 3.6-fold with 

4 mmol/L citric acid. The seeming contradictory findings of the effect of citric and lactic 

acids on iron absorption can partly be explained by ferrous iron (Fe
2+

) and ferric iron (Fe
3+

) 

being affected differently by the acids. The concentration of the acid used also plays a role in 

the positive or negative effect on iron absorption. 

Vegetables rich in oxalic acid have been found to reduce iron absorption (Gillooly et al. 

1983). Oxalic acid can inhibit ferric iron (Fe
3+

) absorption, even at very low concentrations 

(0.1 mmol/L); however, at concentrations below 0.5 mmol/L it has been found to enhance 

ferric iron (Fe
3+

) absorption (Salovaara et al. 2002). Very strong complexes are formed 

between ferrous iron (Fe
2+

) and citric or oxalic acids, which may cause substantial blocking 
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of ferrous iron (Fe
2+

) absorption (Salovaara et al. 2002). The dominating association between 

ferric iron (Fe
3+

) and citric acid is believed to be ferric dicitrate complexes which slow the 

transfer of iron to absorption proteins as these strong chelates can cause a reluctance to 

donate iron to the epithelial cells. 

Ascorbic acid has been found to have no influence on dietary zinc absorption, as 

demonstrated by Sandström and Cederblad (1987). They studied zinc absorption in a human 

subject study, a solution containing 100 mg ascorbic acid and 40 or 200 μmol zinc was 

administered and found to have no effect on zinc absorption. Likewise, 1000 mg ascorbic 

acid consumed with a high phytate meal, composed of wholemeal bread flour, did not affect 

zinc absorption. Solomons et al. (1979) found that ascorbic acid administered to human 

subjects in doses of 0.5, 1.0, and 2.0 g in combination with a 110 mg aqueous dose of 

ZnSO4.7H2O (containing 25 mg elemental zinc) had no demonstrable effect on the absorption 

of inorganic zinc. Ascorbic acid probably has no effect on zinc absorption because zinc has a 

filled d
10

 orbital in its third electron shell, and thus, has virtually no tendency to undergo 

oxidation or reduction (Solomons et al. 1979). 

Citric and acetic acids have been reported to facilitate zinc absorption (animal study) as it is 

able to form soluble ligands with zinc in the gastrointestinal tract (Pabón and Lönnerdal 

1993). This also prevents the formation of insoluble zinc-phytate complexes, although the 

magnitude of this effect has not been extensively studied (Gibson 2006). The effect citric acid 

has on zinc absorption is thought to be partly due to a ligand competition between phytate 

and citric acid for divalent cations (Walter et al. 1998). Citric acid mineral complexes are 

able to easily break down in the small intestine, thus, releasing cations bioavailable for 

absorption. Walter et al. (1998) found that zinc was the element with the highest 

enhancement of bioaccessibility by dialysability assay with citric acid supplementation. An 

increase in zinc bioaccessibility greater than 10 times was evident with the addition of 4% 

citric acid to the diet.  

Plant foodstuffs contain a wide variety of organic acids such as citric, acetic, malic, oxalic, 

succinic, fumaric, quinic, tartaric, and ascorbic acids, amongst others (Hounsome et al., 

2008). Malic and citric acids are the most predominant; succinic, fumaric, and quinic acids 

are also prevalent. Ascorbic acid has strong antioxidant properties and is commonly found in 

plant foodstuffs, common in sub-Saharan Africa, such as spinach, spring onions, cabbage, 
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broccoli, sweet peppers, peas, beans, tomatoes, citrus fruits, mango and papaya (USDA 

Nutrient Database 2015) (Table 2.7.2). 

Table 2.7.2: Total ascorbic acid contents (mg/ 100 g, db) of plant foodstuffs, available in sub-

Saharan Africa 

Plant foodstuff Total ascorbic acid content
1
 

(mg/ 100 g, db) 

Spinach 327 

Spring onions 185 

Cabbage 509 

Broccoli 834 

Peas 189 

Tomatoes 250 

Mango 220 

Papaya 510 

Oranges 402 
1
Values from USDA Nutrient Database (2015). 

2.7.3 Phenolics 

Phenolic compounds are one of the most highly diversified group of phytochemicals present 

in plants (Shahidi and Chandrasekara 2013). Pearl millet contains mainly free and conjugated 

forms of phenolic acids, as well as several flavonoids. The levels and types of phenolics in 

fruits and vegetables can vary greatly. 

Phenolics are multifunctional antioxidants which have metal-chelating and chain-breaking 

activities in the same molecule (Khokhar and Apenten 2003). Phenolics are divided into three 

main groups, namely the phenolic acids, the flavonoids, and tannins (Hurrell et al. 1999). 

Phenolic acids and their derivatives are widely distributed in plants where they are linked to 

cell wall components such as hemicellulose and proteins (Siegenberg et al. 1991). Phenolics 

(flavonoids and tannins) are major antinutritional factors as they inhibit several hydrolytic 

enzymes, form tannin-protein complexes which limit starch and protein utilisation, and they 

can reduce the availability of minerals and vitamins (Saharan 2015).  

Phenolics with galloyl and catechol groups are able to form insoluble complexes with iron 

which render the mineral unavailable for absorption (Towo et al. 2006). It has been suggested 

that the amount of iron binding phenolic galloyl groups in foods roughly correspond to the 

degree of inhibition of iron absorption (Brune et al. 1989). 
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The inhibitory effect of phenolics on iron absorption is likely due to the polymerisation with 

iron, which results in the formation of insoluble complexes (Siegenberg et al. 1991). It has 

been proposed that iron binds to phenolics via ortho-dihydroxy (catechol) or trihydroxy-

benzene (galloyl) groups (Brune et al. 1991). It has been found that iron binding by phenolics 

increases with increasing numbers of OH-groups (Khokhar and Apenten 2003). 

Hurrell et al. (1999) studied the effect of different phenolic-containing beverages on iron 

absorption from a bread meal in adult human subjects. It was found that iron absorption was 

reduced in a dose-dependent fashion, depending on total phenolic levels. Beverages 

containing 20–50 mg total phenolics per serving reduced iron absorption from the bread meal 

by 50–70%. Beverages containing 100–400 mg total phenolics per serving resulted in a 60–

90% iron absorption reduction. 

Khokhar and Apenten (2003) found that only phenolics possessing an ortho-dihydroxy 

(catechol) group reacted with an iron containing reagent. Compounds which lacked the 

catechol group did not react. They found that the relative order of decreasing iron-binding 

efficiency (at 0.2 mg/ml) was catechin > epicatechin (EC) > epicatechingallate (ECG) > 

epigallocatechin (EGC) > epigallocatechingallate (EGCG) ~ quercetin = gallic acid. In order 

for phenolics to bind to iron, a flavonoid ring B and a 3’,4’-dihydroxy group is required 

(Figure 2.7-1), which is transformed into a 3’,4’,5’-trihydroxy (galloyl) group. Thus, a vicinal 

di-hydroxyl group is required for efficient iron-binding (Khokhar and Apenten 2003). 

 

Figure 2.7-1: Structures of catechins (Khokhar and Apenten 2003) 
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Matuschek et al. (2001) studied the effect of oxidation of phenolics on in vitro iron 

accessibility (solubility). They found that bioaccessible iron increased with the addition of 

phenolic oxidase to phytate-reduced sorghum and finger millet, this was accompanied by a 

reduction in total phenols, as well as in the amount of catechol and resorcinol groups.  

Condensed tannins 

Some cereals, in particular sorghum and finger millet, can contain condensed tannins, namely 

proanthocyanidins, which are high molecular weight phenolics, consisting of polymerized 

flavan-3-ol and/or flavan-3,4-diol units (Devi et al. 2014).  

Tannins are biologically active and adversely affect the nutritional quality of such cereals by 

decreasing iron bioavailability. Tannins also complex proteins and carbohydrates and have 

been found to inhibit digestive enzymes which results in a lowered digestibility of most 

nutrients (Shashi et al. 2007). Tannins (Figure 2.7-2) form complexes with ferrous iron, 

[Fe
2+

n-tannic acid], which render the iron unavailable for absorption (Khokhar and Apenten 

2003).  

Iron binding by phenolics increases with increasing numbers of OH-groups (Khokhar and 

Apenten 2003). It is thought that the large size of tannin molecules may allow iron binding by 

mechanisms other than the galloyl group as catechin with no galloyl groups has a higher 

relative iron binding efficiency (121%) than epigallocatechin (45%) with 1 galloyl group, 

which in turn has higher relative iron binding efficiency than epigallocatechingallate (26%) 

with 2 galloyl groups (Khokhar and Apenten 2003). 

 

Figure 2.7-2: Condensed tannin structure, with R=H: catechin or epicatechin, R=OH: 

gallocatechin or epigallocatechin (Tsuruta et al. 2011) 
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Within a pH range of pH 1–7, tannins mainly form mixtures of mono- and bis-type 

complexes with iron, but may also form tris-complexes (Friman et al. 2004) (Figure 2.7-3). 

Siegenberg et al. (1991) found a significant inhibitory effect of tannic acid on iron absorption. 

Meals infused with a solution of 3 mg iron as FeSO4•7H2O were served with varying 

amounts of tannic acid. It was found that 12 mg tannic acid reduced iron absorption by one 

third, and 50 mg reduced absorption by 70%. Brune et al. (1989) found that inhibition of iron 

absorption by tannic acid was strongly dose-related. An amount of 5 mg tannic acid added to 

a test meal inhibited iron absorption by 20%, 25 mg by 67% and 100 mg by 88%. Gallic 

acid inhibited iron absorption to the same extent as tannic acid, per mole galloyl groups, 

whereas no inhibition was found when catechin was added to the test meal. 

Unlike iron, very few studies have documented the relationship between phenolic compounds 

in foods and zinc bioavailability. Greger and Lyle (1988) found a reduction in zinc absorption 

from tea in rats. 

 

Figure 2.7-3: Tannin-iron complexes, tannin-iron mono-, bis-, and tris- complexes. R = 

residual part of the tannin (Friman et al. 2004) 

2.7.4 Phytate 

Unrefined cereal and legume grains contain high levels of phytate, also referred to as phytic 

acid (myo-inositol hexaphosphate) (Figure 2.7-4A), which is a potent inhibitor of iron and 

zinc absorption in both adults and children (Gibson 2006). Both iron and zinc deficiencies 

have been reported as a consequence of high phytate intakes (Reale et al. 2007). Phytate 

forms strong, insoluble Fe-phytate or Zn-phytate complexes (Figure 2.7-4B) in the intestinal 

tract (Lönnerdal 2000), rendering the minerals unavailable for absorption and reabsorption. 
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The first step in mineral membrane transport for absorption requires that the mineral remain 

in the ionic state; however, in the ionic state the mineral is very unstable and highly 

susceptible to sequestering by phytate (Lopez et al. 2002). Phytate is able to reduce the 

bioavailability of some minerals such as zinc, iron, calcium, copper and magnesium as the 

phosphate groups can form strong and insoluble complexes with their divalent cations 

(Lönnerdal 2000). When precipitation by phytate occurs the metal is not in ionic state and the 

carrier proteins, located on the intestinal cell membrane, cannot bind themselves to the metal 

ion for membrane transport (Lopez et al. 2002). 

 

Figure 2.7-4: Structure of phytate (A) and mineral-phytate complexes (B) (Schinckel). 

Zinc appears to be the element whose bioavailability is most reduced by phytate (Walter et al. 

1998). Phytate has a dose-dependent response on zinc absorption, and the phytate:zinc molar 

ratio of a diet can be used to predict the proportion of bioavailable dietary zinc. Diets with 

molar ratios of more than 15:1 have been associated with biochemical zinc deficiency in 

humans (Gibson 2006). Phytate:zinc molar ratios greater than 20:1 are associated with 

clinical evidence of zinc deficiency, whereas ratios of 10:1 or less indicate adequate zinc 

bioavailability (Antony and Chandra 1998). 

Mixtures of different phosphorylated forms of inositol phosphate are found in plant foods, of 

which the major form is usually hexaphosphate (IP-6), but penta- (IP-5), tetra- (IP-4), and 

triphosphates (IP-3) are also present (Lönnerdal 2000). In a rat pup model, it has been found 

that only IP-6 and IP-5 inhibit zinc absorption, IP-4 and IP-3 had no significant effect 

(Lönnerdal 2000). Zinc absorption in women was measured by extrinsically labelling phytate 

containing meals with 
65

Zn and measurement of whole body retention (Sandström and 
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Sandberg 1992). White bread (22 μmol zinc) containing no detectable phytate had 43.3% zinc 

absorption, white bread containing 400 μmol inositol phosphates of forms IP-6, IP-5, and IP-

4 had 14.3%, 18.1% and 41.5% zinc absorption, respectively. These results indicated that 

only IP-6 and IP-5 also inhibit zinc absorption in humans. 

Degradation of phytate by processing techniques such as sprouting (malting) and 

fermentation can enhance the bioavailability of bound metals (Lopez et al. 2002). It should be 

noted; however, that phosphates from phytate hydrolysis can still react with mineral ions to 

form insoluble precipitates. Phosphates precipitate in alkaline condition, such as found in the 

intestine, trapping minerals within the insoluble compounds and thus, rendering the metals 

unavailable for absorption. 

2.7.5 Dietary fibre 

The level of total dietary fibre varies greatly between cereal grains. Values of total dietary 

fibre content for rye and maize have been reported as approximately 15%, db, and sorghum at 

11%, db, (Charalampopoulos et al. 2002). Elsewhere 18%, and 21%, db, total dietary fibre 

content have been reported for rye and sorghum, respectively (Ragaee et al. 2006). 

Péneau et al. (2008) using fibre-rich fruit and vegetable juices found that fibre only had an 

effect on non-haem iron absorption in groups whose non-haem iron absorption was high due 

to low iron stores. However, fibre had no effect on non-haem iron absorption in groups with 

high iron stores. In fact, conflicting results have been found concerning the effect of fibre on 

iron bioavailability. Studies have found weak associations (Cowin et al. 2001) or no 

associations (Thane et al. 2000) between serum ferritin and fibre intake in children. No effect 

of fibre on serum ferritin was found in woman (Cade et al. 2005), and conflicting results were 

found in elderly individuals (Fleming et al. 2002).  

Concerning zinc absorption, Turnlund et al. (1984) conducted studies with alpha-cellulose as 

an isolated fibre component, and found no significant inhibitory effect on zinc absorption. 

Cook et al. (1983) found that only bran had a statistically significant inhibition on iron 

bioavailability from wheat muffins, prepared with added bran, cellulose, or pectin. They 

demonstrated that inhibition of iron absorption is not a universal property of all fibre sources. 

Moreover, the modest effect of maximally altering the natural fibre levels of a meal, suggests 

that fibre is not a major determinant of food iron bioavailability in humans. Rather it is the 
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high phytate levels of some forms of fibre which inhibits non-haem iron absorption (Cook et 

al. 1997). 

Furthermore, high fibre containing foods with reduced phytate levels showed increased 

mineral absorption, to a degree similar to that of low fibre containing foods (Navert and 

Sandström 1985). Hence, Lönnerdal (2000) concluded that fibre on its own has little or no 

effect on mineral absorption. 

2.7.6 Oil / fat 

Few studies have been made on the effect of oils on iron bioavailability, and those on zinc 

bioavailability are even scarcer. Johnson et al. (1987) studied haem and non-haem iron 

absorption by altering the type and level of fat in diets fed to rats. They found that both haem 

and non-haem iron absorption was higher in diets containing high (30%) dietary fat, rather 

than low (5%) fat, regardless of the type of fat. However, rats fed coconut oil showed 

significantly greater haemoglobin (Hb), ΔHb and liver iron stores, compared to safflower oil 

(Johnson et al. 1987). The effect of a high fat diet on non-haem iron only showed increased 

liver iron, but not Hb or ΔHb as compared to a low fat diet; however, with haem iron, all 

three these indices increased significantly with high fat. 

It has been shown that high fat diets fed to rats favoured non-haem iron absorption and iron 

absorption was greater from diets containing more saturated fats (Bowering et al. 1977). It 

has been proposed that the effect of fatty acids on iron absorption may be either exerted 

directly on iron absorption or indirectly through alteration of the fatty acid composition of the 

intestinal brush border membrane (Pabón and Lönnerdal 2001). Dietary fat composition has 

been shown to have an effect on the membrane composition of different types of cells (Pabón 

and Lönnerdal 2001) and individual fatty acids have been shown to affect iron absorption by 

brush border vesicles (Chang and Chen 1992).  

Pabón and Lönnerdal (2001) fed rat pups with human milk, defatted human milk (DHM), 

DHM + 4% coconut oil, maize oil, soy oil, or olive oil to study the iron bioavailability as 

affected by oil. They found that pups dosed with a diet high in saturated fat (DHM + coconut 

oil), had higher iron absorption than those dosed with human milk or DHM + soybean oil. 

They thus, found a positive effect of fatty acid saturation on iron absorption. These findings 

support the hypothesis that the effects of fatty acids on iron absorption are mediated through 

changes in the fatty acid composition of the brush border membrane, which in turn modifies 
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the absorption capacity of the membrane. This would suggest that fatty acid saturation should 

also have a positive effect on zinc and other mineral absorptions. 

2.7.7 Other minerals 

Calcium 

Calcium is known to have an absorption depressing effect on iron, as demonstrated in single-

meal, as well as short-term diet intervention studies (Hallberg et al. 1991). The inhibitory 

effect of calcium on iron absorption has been found to be dose related. Hallberg et al. (1991) 

found that doses of 300–600 mg calcium added to wheat rolls, reduced iron absorption in 

human subjects by 50–60%. A calcium dose of 165 mg added to hamburgers, also showed a 

significant reduction in haem iron absorption. It has been found that the effect of calcium is 

related to the mucosal transfer of iron. Barton et al. (1983) studied the site of calcium effect 

on iron absorption in rats. It was found that animals given iron/calcium solution had 78 

intravillous deposits per 1000 microvilli, whereas mid duodenal microvilli exposed to iron 

alone had 395 intravillous stain deposits per 1000 microvilli. Thus, calcium affects iron 

absorption at the mucosal site of iron transfer. 

Calcium in itself appears unlikely to have a negative effect on zinc absorption (Lönnerdal 

2000). When calcium was added to cow’s milk formula to a level of 1300 mg/L, there was no 

significant difference in zinc absorption as compared to a formula with 500 mg/L calcium 

(Lönnerdal et al. 1984). Spencer et al. (1984) administered varying levels of calcium, up to 

2000 mg, to adult men and found no significant change in urinary or faecal zinc excretions or 

zinc balance. Similarly, Dawson-Hughes et al. (1986) administered 500 mg elemental 

calcium with a test meal to postmenopausal women and found no significant difference in 

zinc retention; however, iron retention was significantly reduced. They concluded that iron 

absorption, but not zinc, may be significantly reduced when calcium supplements are taken 

with meals.  

Yan et al. (1996) studied the effect of long-term supplementation with 1000 mg calcium, 

taken between meals, on indices of iron and zinc in women in Gambia. They found no 

deleterious effects on plasma ferritin or zinc concentrations in women who were at risk of 

iron and zinc deficiency. 
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However, the calcium levels of the diet may adversely affect iron and zinc bioavailability 

from phytate-containing meals (Lönnerdal 2000) as calcium has the tendency to co-

precipitate with phytate and zinc, forming insoluble Ca4Zn2-phytate complexes, thus, 

rendering the mineral unavailable for absorption (Sandström 2001). Calcium-bound phytate 

has a higher affinity for zinc than phytate alone, thereby reducing the reabsorption of 

endogenous zinc, as well as decreasing the bioavailability of dietary zinc. The 

[Ca]:([phytate]/[zinc]) ratio formula has been devised as a predictor of zinc bioavailability 

(Fordyce et al. 1987). 

Iron and zinc 

The potential negative impact of iron on zinc absorption and status has caused concern. Many 

iron fortification and supplementation programmes have been implemented to improve iron 

nutrition. However, such programmes could possibly further exacerbate poor zinc status due 

to the negative impact of iron provision on zinc absorption and status (Lönnerdal 2000). It 

has been found that high doses of inorganic iron can reduce zinc bioavailability, as measured 

by changes in plasma zinc in a fasted state (Solomons and Jacob 1981). Human adults were 

administered 25 mg zinc (as ZnSO4) in water solution, with 25, 50 or 75 mg of iron added. 

Plasma zinc absorption was significantly reduced when 25 mg iron was added, and the effect 

was magnified when 50 or 75 mg was added. However, Lönnerdal (2000) only found a 

significant reduction in zinc absorption in the fasting state when iron was added to zinc in a 

dose in solution at 25:1 molar ration, but not at 2.5:1 ratio. It was suggested that the iron and 

zinc interaction is much less pronounced when zinc intake is close to a physiological level. 

Lönnerdal (2000) also found that when high iron doses were given as part of a meal, no 

inhibitory effect on zinc absorption was found, even when the ratio between iron and zinc 

was 25:1. Davidsson et al. (1995) studied the effect of iron fortification of bread (65 mg/kg), 

weaning cereal (500 mg/kg) and infant formula (12 mg/L) in human adults and also 

demonstrated that iron has no significant negative effect on zinc absorption when given as 

fortification in food matrixes. This was also confirmed by Fairweather-Tait et al. (1995) 

WHO studied the effect of iron fortification of a weaning food on zinc absorption in infants. 

Lönnerdal (2000), thus, suggested that the effect of iron on zinc is exerted only at very high 

ratios of iron to zinc, as can only be achieved by supplementation, and only in water solution 

in fasting state. 
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 Bioaccessibility of calcium and phosphorus  2.8

Bioaccessibility of calcium and phosphorus is important as these minerals are required by the 

human body to provide skeletal rigidity and are also involved in most metabolic processes 

(WHO/FAO 2004). The maintenance of the concentration of ionised calcium in extracellular 

fluid of the body is vital as many neuromuscular and other cellular functions are dependent 

on this. Several intracellular signalling pathways, such as hormonal effects on target organs, 

are also dependent on the calcium concentration in extracellular fluid (WHO/FAO 2004). 

Concerning phosphorus, it is the second most abundant element in the human body, of which 

approximately 85% is found in bones and teeth (NHMRC 2006). The remainder of 

phosphorus is distributed through soft tissues where it forms part of many important 

compounds, acts as an acid buffer in urine, protects blood systematic acid/base balance, 

activates catalytic proteins, and acts as a temporary energy store and transport mechanism. 

 Plant foodstuff candidates available in Africa which could increase iron 2.9

and zinc bioavailabilities and provitamin A levels of pearl millet 

porridge 

2.9.1 Moringa leaves 

The moringa tree (Moringa oleifera Lam.) is considered as one of the most useful trees, as 

almost all the parts of the moringa leaves tree can be used for food and animal feed (Moyo et 

al. 2011). Leaves from the moringa leaves tree are rich in nutrients (Table 2.9.1), with a high 

protein content (33.5%, db). It is also rich in calcium (4.03%, db) potassium (1.66%, db), iron 

(54.1 mg/100 g, db), zinc (3.4 mg/100 g, db) and selenium (40.1 mg/100 g, db) (Moyo et al. 

2011). Moringa leaves contain 17 fatty acids, of which alpha-linolenic acid had the highest 

value (49.25%, db). Vitamin E (85 mg/100 g, db) and beta-carotene (20.4 mg/100 g, db) are 

also present in the leaves. 

2.9.2 Hibiscus calyces 

The calyces of hibiscus (Hibiscus subdariffa L.) are commonly used to make tea, jellies, jams 

and other beverages and also for medicinal purposes (Borrás-Linares et al. 2015). The calyces 
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are rich in acid and pectin and also contain protein, fat, antioxidants, and minerals such as 

calcium, iron, zinc, and phosphorus (Table 2.9.1).  

2.9.3 Baobab fruit pulp 

Baobab (Adansonia digitata L.) trees are indigenous to sub-Saharan Africa and are tolerant to 

high temperatures and drought (Osman 2004). They are used mainly for their fruit and leaves. 

The fruit pulp is mainly used in beverages and food preparation, it is an excellent source of 

carbohydrates (85.0%, db), but low in protein and fat (9.2% and 0.3%, db, respectively) 

(Table 2.9.1). The fruit pulp is high in potassium, sodium, calcium and magnesium content 

(1384, 31, 329, and 100 mg/100 g, respectively), but low in iron, zinc and copper (10.4, 2.0, 

and 1.8 mg/100 g, db, respectively). 

2.9.4 Mango-carrot premix (plus sunflower oil), as a provitamin A source 

Mango (Mangifera indica L.) is a highly important commercial crop in tropical regions 

(Rocha Ribeiro et al. 2007). Mangoes are a good source (Table 2.9.1) of ascorbic acid, 

carotenoids and phenolic compounds. Mango has high carotene content, with beta-carotene 

being the most abundant carotenoid. Bhaskarachary (1995) reported 13.0 mg/100 g, db, total 

carotene with 10.1 mg/100 g, db, being beta-carotene. 

Carrots (Daucus carota L.) are one of the most consumed plants in the world and is a major 

single source of provitamin A (Table 2.9.1), providing 14–17% of total vitamin A 

consumption (Nicolle et al. 2004). Alpha- and beta-carotene are the main pigments of orange 

carrots and levels of 14.3 and 34.4 mg/100 g, db, respectively, have been reported. 

Sunflower oil may increase the bioavailability of provitamin A through the incorporation of 

provitamin A into micelles (van Het Hof et al. 2000). Formation of micelles is dependent on 

the presence of fat in the intestine which makes the ingestion of dietary fat along with 

provitamin A crucial. 
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Table 2.9.1: Literature values for mineral content, enhancers, and inhibitors in the micronutrient-rich plant foodstuffs, as compared to pearl 

millet 

Foodstuff: Moringa leaves Hibiscus calyces Baobab fruit 

pulp 

Mango Carrot Whole pearl millet 

Iron  

(mg/100g db) 

24.42 ± 13.63
a 

23.2 ± 15.32 8.05 ± 8.76 1.00* 3.56 ± 1.63 6.00 ± 2.40 

(4.10–49.00) (3.22–37.80) (1.00–29.20) 40 (2.04–6.58) (3.00–9.60) 
3,9,10,15,19,42,14 1,2,4,5,14,16 6,8,12,21,24  35,36,37,38,39,40 41 

Zinc  

(mg/100g db) 

2.82 ± 0.46 6.11 ± 4.39 4.78 ± 10.18 0.54* 2.06 ± 0.46 3.70 ± 0.67 

(2.18–3.24) (1.17–12.22) (0.47–31.80) 40 (1.43–2.73) (2.40–4.83) 
3,9,15,14 1,2,4,5,16 6,12,21,24  35,36,37,38,39,40 41 

Calcium  

(mg/100g db) 

2014 ± 1012 574 ± 697 535 ± 586 66* 225 ± 44 8 ± 3 

(346–3650) (3–1602) (3–2160) 40 (190–301) (4–14) 
3,9,15,19,42,14 3,9,10,15,19 6,8,12,21,24  35,36,37,38,39,40 41 

Ascorbic acid 

(mg/100 g, db) 

856 ± 426 57 ± 46 332 ± 166 107 ± 108 59 ± 49 Not reported 

(48–1667) (12–140) (142–572) (7–418) (0–167)  
9,22,23,42 1,2,4,14,16 6,8,18,24 29,1 35,36,37,38,39,40 23 ± 1 

Oxalic acid 

(mg/100 g, db) 

1067 ± 938 289 ± 250 5 ± 7 Not reported Not reported (21–23) 

(404–1730) (6–480) (0–10)   26, 27 

19 2 6,25    

Phytate 

(mg/100 g, db) 

1360 ± 1279 715 ± 1238 690* 49.17 ± 78.66 6 ± 6 1136 ± 207 

(255–3100) (0–2144) 25 (3.5–140) (0–14) (830–1395) 
9,13,20,14 2,16,17  30,31,32 32 41,43 

Total phenolics  

(mg/100 g, db 

GAE or TAE) 

10616 ± 13967 5759 ± 2388 3527 ± 12 202 ± 144 392 ± 470 495 ± 219 

(2020–45810) (2400–10000) (3500–3536) (54–617) (60–1690) (147.8–790) 
13,15,20,22,23,42 10 11 1 33,34 26,27,43,44 
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Foodstuff: Moringa leaves Hibiscus calyces Baobab fruit 

pulp 

Mango Carrot Whole pearl millet 

Condensed 

tannins 

(mg CE/100 g, 

db) 

1.67 ± 2.05 2.43 ± 2.68 0.74 ± 1.28 0* 6.50 ± 9.19 None detected 

(0.22–3.12) (0.00–5.30) (0.01–2.22) 32 (0.00–13.00)  
9,13,15,20 2,16,17 6,25  32  

B-carotene 

(mg/100 g, db) 

33.98 ± 19.3 Not reported Not reported 54.62 ± 43.88 64.4 ± 34 None detected 

(10.01–61.9)   (14.53–184.06) (3.3–91.7)  
42,14   1 35,36,37,38,39,40  

a
Values are reported as mean ± standard deviation (minimum–maximum) 

*Only one value found in literature  
1
(Manthey and Penelope 2009), 

2
(Adanlawo and Ajibade 2006), 

3
(Anjorin et al. 2010), 

4
(Lestienne et al. 2005), 

5
(Carvajal-Zarrabal et al., 2012), 

6
(Chadare et 

al., 2008), 
7
(Christian and Jackson, 2009), 

8
(Gebauer et al. 2002), 

9
(Gidamis et al., 2003), 

10
(Borrás-Linares et al. 2015), 

11
(Lamien-Meda et al., 2008), 

12
(Magaia et al., 2013), 

13
(Makkar and Becker, 1996), 

14
(Leone et al. 2015), 

15
(Moyo et al., 2011), 

16
(Nnam and Onyeke, 2003), 

17
(Ojokoh, 2006), 

18
(Parkouda 

et al., 2012), 
19

(Price, 2007), 
20

(Richter et al., 2003), 
21

(Sena et al., 1998), 
22

(Siddhuraju and Becker, 2003), 
23

(Sreelatha and Padma, 2009), 
24

(Stadlmayr et al., 

2013), 
25

(Umaru et al., 2007), 
26

(Ravindran 1991), 
27

(Ragaee et al. 2006), 
28

(Hess et al. 2005), 
29

(Bajaj and Kaur 1981), 
30

(Ferguson et al. 1988), 
31

(Nitithan et 

al. 2004), 
32

(Hallberg and Hulthén 2000), 
33

(Nicolle et al. 2004), 
34

(Stratil et al. 2006), 
35

(Frontela et al. 2008), 
36

(Dost and Tokul 2006), 
37

(Puupponen-Pimiä 

et al. 2003), 
38

(Zhou and Yu 2006), 
39

(Patras et al. 2009), 
40

(USDA Nutrient Database 2015), 
41

(Gwamba 2016), 
42

(Yang et al. 2006), 
43

(Saharan 2015), 
44

(Jukanti et al. 2016)  
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 Conclusions  2.10

The most critical and widespread micronutrient deficiencies are iron, zinc and vitamin A. 

Suboptimal iron, zinc and vitamin A status may be caused by an inadequate dietary intake of 

the nutrients and/or low bioavailability. It is of utmost importance that economically feasible 

approaches to alleviate these deficiencies be addressed as even mild to moderate 

micronutrient malnutrition, although often not apparently visible in those affected by it, has 

detrimental and lifelong consequences for health. Most populations in sub-Saharan Africa are 

dependent on cereals as their major source of nutrition, however, cereals have poor 

bioavailable non-haem iron and zinc due to inhibitory factors such as phytate, phenolic 

compounds and tannins. Cereal-based staple foods could possibly be improved by combining 

locally available plant foodstuffs which complement each other in such a way as to provide 

improved levels and bioavailabilities of iron, zinc and provitamin A. Food-to-food 

fortification of cereal-based foods with micronutrient-rich plant foodstuffs should be 

investigated as this may increase the levels of iron, zinc and provitamin A in the cereal-based 

foods while simultaneously reducing the inhibitory effects of the antinutrients found in 

cereals. This may be one of the best ways to provide nutritious diets to the sustainability of 

populations in sub-Sahran Africa and may lead to improved iron, zinc and vitamin A statuses. 

Micronutrient-rich foodstuffs, such as moringa leaves, hibiscus calyces, mango fruit pulp, 

carrots and sunflower oil could possibly be used as natural fortificants to increase the iron, 

zinc and provitamin A bioavailabilities from cereal-based foods.  
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 Hypotheses and objectives  Chapter 3:

 Hypotheses  3.1

3.1.1 Hypothesis 1 

The addition of mango-carrot premix (plus sunflower oil) (to aid micellisation) (van Het Hof 

et al. 2000), as a provitamin A source, to pearl millet porridge will increase the iron and zinc 

bioaccessibilities. It has been found that the addition of beta-carotene to cereal-based meals 

(sorghum, rice, wheat, maize), increased iron and zinc bioaccessibilities (Gautam et al. 2010) 

and iron absorption in adults (García-Casal et al. 1998). Provitamin A carotenoids such as 

beta-carotene, lycopene, and lutein have an enhancing effect on nonhaem iron absorption as 

soluble complexes with iron in the intestinal tract are formed (García-Casal 2006). 

3.1.2 Hypothesis 2 

The addition of micronutrient-rich plant foodstuffs to pearl millet porridge will improve iron 

and zinc bioaccessibilities in increasing order moringa leaves < baobab fruit pulp < hibiscus 

calyces. This is because moringa leaves, although rich in iron and zinc, contains high levels 

of calcium, total phenolics and phytate (Negesse et al. 2009). With the exception of tannins, 

baobab fruit pulp has the lowest levels of iron and zinc bioavailability inhibitors, and has the 

highest levels of organic acids, but is very low in iron and zinc (Magaia et al. 2013). Hibiscus 

calyces are rich in iron and zinc, and contains less calcium, total phenolics and phytate than 

moringa leaves, and also contains organic acids (Ojokoh 2006).  

Calcium has an absorption depressing effect on iron, but seemingly not on zinc (Hallberg et 

al. 1991). Phytate is a potent inhibitor of iron and zinc absorption (Gibson 2006) as it forms 

strong, insoluble iron-phytate or zinc-phytate complexes in the intestinal tract (Lönnerdal 

2000), rendering the minerals unavailable for absorption. Phenolics chelates metal (Khokhar 

and Apenten 2003) and are thus able to interact with iron and zinc, to form insoluble 

complexes, unavailable for absorption (Siegenberg et al. 1991). Tannins can form complexes 

with iron and zinc, which render the minerals unavailable for absorption (Khokhar and 

Apenten 2003).  
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Some organic acids, such as citric and acetic acids, are able to form soluble ligands with iron 

and zinc in the gastrointestinal tract, which easily break down in the small intestine, thus, 

releasing bioavailable iron and zinc for absorption (Pabón and Lönnerdal 1993). Some 

organic acids, such as malic, citric and ascorbic acids, prevent the formation of insoluble 

mineral-phytate complexes, thus, overcoming phytate inhibition of iron and zinc 

bioavailabilities (Siegenberg et al. 1991). 

 Objectives  3.2

3.2.1 Objective 1 

To evaluate the effect of adding a mango-carrot premix (plus sunflower oil), as a provitamin 

A source, to a pearl millet porridge, on the bioaccessibility of iron and zinc as measured by 

the in vitro dialysability assay. The purpose of this study is to combat vitamin A, iron and 

zinc deficiencies in malnourished African populations by using plant foodstuffs as 

fortificants, through a food-to-food fortified cereal-based porridge that delivers provitamin A 

and bioavailable forms of iron and zinc. 

3.2.2 Objective 2 

To evaluate the effects of adding varying concentrations and combinations of micronutrient-

rich plant foodstuffs (moringa leaves, hibiscus calyces, and baobab fruit pulp) on the iron and 

zinc bioaccessibilities (in vitro dialysability assay) of a pearl millet porridge. The purpose of 

this study is to combat iron and zinc deficiencies in malnourished African populations by 

using plant foodstuffs as fortificants, through a food-to-food fortified cereal-based porridge 

that delivers bioavailable forms of iron and zinc. 
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 The effect of addition of micronutrient-rich Chapter 4:

plant foodstuffs on the iron and zinc contents and 

bioaccessibilities of pearl millet porridge  

 Abstract 4.1

Sub-Saharan Africa has alarmingly high rates of micronutrient malnutrition, partly due to 

monotonous cereal-based diets which are high in iron and zinc bioavailability inhibitors. The 

effect of micronutrient-rich plant foodstuffs (moringa leaves, hibiscus calyces, and baobab 

fruit pulp) on the mineral bioaccessibilities of pearl millet porridge was evaluated. The plant 

foodstuffs were analysed for mineral (Ca, Fe, Zn, P), and antinutrient contents. The effects of 

adding 30 g/100 g pearl millet, db, of mango-carrot premix (plus 5 g/100 g pearl millet, db, 

sunflower oil) as a provitamin A source, plus 5 or 15 g/100 g pearl millet, db, of moringa 

leaves, hibiscus calyces or baobab fruit pulp to whole pearl millet porridges on iron and zinc 

bioaccessibilities (in vitro dialysability assay) were determined. 

Addition of the mango-carrot premix (plus sunflower oil), as a provitamin A source, to pearl 

millet porridge increased the bioaccessible iron and zinc. This is because provitamin A 

carotenoids have an enhancing effect on nonhaem iron and zinc absorption as the carotenoids 

are able to form soluble complexes with these minerals in the intestinal tract.  

The addition of hibiscus calyces and baobab fruit pulp to pearl millet porridges increased the 

iron and zinc bioaccessibilities, and even more so at increased levels of the foodstuffs. 

Baobab fruit pulp caused the greatest increases in iron and zinc bioaccessibilities. These 

increases were probably due to high levels of organic acids found in hibiscus calyces and 

baobab fruit pulp as most organic acids are able to form soluble complexes with iron and zinc 

which renders the minerals bioaccessible. The addition of moringa leaves to pearl millet 

porridge increased, and in some cases, decreased the iron and zinc bioaccessibilities. Moringa 

leaves, although it had the highest iron content of all the plant foodstuffs, had the highest 

levels of calcium and total phenolics as well as a substantial level of phytate. With such high 

levels of iron and zinc bioaccessibility inhibitors, the addition of moringa leaves at 15 g/100 g 

pearl millet, db, probably negatively affected the bioaccessibility of the iron and zinc 

contained in the pearl millet itself. 
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Dietary diversification by means of complementing pearl millet porridges with baobab fruit 

pulp, possibly hibiscus calyces, but not moringa leaves, increases the iron and zinc 

bioaccessibilities, as an indication of bioavailability, thus possibly leading to improved iron 

and zinc statuses of malnourished populations in sub-Saharan Africa. 
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 Introduction  4.2

Sub-Saharan Africa has the highest hidden Hunger rates in the world, with 18 of the 20 

countries with the highest micronutrient malnutrition scores in the world (Muthayya et al. 

2013). Women of reproductive age, young children and the elderly are most susceptible to 

micronutrient malnutrition (Bain et al. 2013). Some of the most critical and widespread 

micronutrient deficiencies are of iron, zinc and vitamin A (WHO/FAO 2006). Micronutrient 

malnutrition leads to impaired mental and physical development, reduced work productivity, 

increased risk for perinatal complications and morbidity from infectious disease and mortality 

(Muthayya et al. 2013). Of greatest concern is the detrimental consequences of micronutrient 

malnutrition extending across generations (Bailey et al. 2015). 

Monotonous plant-based diets, which are predominantly cereal-based, form the staple diet of 

a great proportion of the African population (WHO 2014). Cereal foods are low in iron and 

zinc bioavailability enhancers and high in inhibitors. Thus, although cereals may contain 

adequate amounts of these minerals to meet daily requirements, the bioavailabilities are low 

(Zimmermann and Hurrell 2007). Often less than 5% of iron, and less than 10% of zinc is 

bioavailable for absorption (WHO/FAO 2006). 

Pearl millet grain is a major food staple for millions of people in sub-Saharan Africa and 

accounts for approximately 10% of the total cereal production in Africa (FAOSTAT 2017). 

In some countries of sub-Saharan Africa, millets, and in particular pearl millet, can form 

more than 50% of the total cereal production. Millet foods are consumed in sub-Saharan 

Africa as thick or soft porridges or gruels (Svanberg et al. 1993). Such porridges serve as 

meals for the whole family and usually the first complementary foods introduced to infants as 

weaning foods in most of Africa, from as early as three months (Solomons 1999). 

Phenolics, condensed tannins, phytate, calcium and organic acids are modifiers of iron and 

zinc bioavailabilities which are often present in cereals and other plant-based foods. Certain 

types of food phenolics, such as phenolic acids and flavonoids, strongly inhibit non-haem 

iron absorption (Hurrell et al. 1999) and possibly zinc absorption (Greger and Lyle 1988). 

Condensed tannins are known to negatively affect iron absorption (Khokhar and Apenten 

2003). However, few studies have documented their effect on zinc bioavailability (Afsana et 

al. 2004). Phytate is a very strong inhibitor of both iron and zinc absorption and is a 

contributory factor to iron and zinc deficiencies (Reale et al. 2007). Calcium on its own has 
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an absorption depressing effect on iron, but seems to have no negative effect on zinc 

absorption (Lönnerdal 2000). Calcium has a tendency to co-precipitate with phytate and zinc 

which renders the mineral unavailable for absorption, even more so than just phytate 

(Sandström 2001). 

Combining locally available plant foodstuffs, high in iron and zinc and bioavailability 

enhancers, and low in bioavailability inhibitors, with cereal-based porridges has been 

advocated as a means of increasing iron and zinc contents as well as bioavailabilities 

(Onofiok and Nnanyelugo 1998). Pearl millet porridge could serve as a vehicle to which plant 

foodstuffs can be added in order to improve micronutrient levels and bioavailability. Moringa 

leaves, hibiscus calyces and baobab fruit pulp were selected as micronutrient-rich plant 

foodstuffs based on their production and consumption in Western Africa and their high iron 

and/or zinc contents. A mango-carrot premix (49% carrot and 51% mango) (plus sunflower 

oil), as a provitamin A source, was used to address underlying vitamin A deficiency. The 

food-to-food fortified cereal-based porridges would be served as a complete meal, addressing 

the three most critical micronutrient deficiencies (iron, zinc and vitamin A), thus the base 

porridge would consist of the cereal plus provitamin A source. 

Dietary interventions to address vitamin A deficiency have been relatively established; 

however, research on how iron and zinc malnutrition can be addressed through dietary 

diversification and inclusion of specific foods to a cereal-based diet is still lacking. The 

purpose of this study was to evaluate the impact of micronutrient-rich plant foodstuffs on the 

mineral nutritive value of pearl millet porridge.  
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 Materials and methods  4.3

Characterisation of the plant foodstuffs included determination of the mineral (iron, zinc, 

calcium and phosphorus), tannin, total phenolic, and phytate contents (Figure 4.3-1). This 

was followed by preparing various porridge formulations, which were then analysed for iron, 

zinc, calcium and phosphorus bioaccessibilities by the in vitro dialysability assay. 

 

Figure 4.3-1: Experimental design–Plant Foodstuffs characterisation and porridge preparation 

with various amounts and combinations of micronutrient-rich plant foodstuffs (5 and 15 

g/100 g pearl millet, db) and mango-carrot premix (30 g/100 g pearl millet, db) (plus 

sunflower oil) (5 g/100 g pearl millet, db) 

4.3.1 Materials 

Whole pearl millet, variety Kuphanjala-2, was obtained from International Crops Research 

Institute for the Semi-Arid Tropics (ICRISAT), Bulawayo, Zimbabwe. Commercially 

available dried moringa leaves, hibiscus calyces, and baobab fruit pulp were obtained as 
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micronutrient-rich plant foodstuffs. The plant foodstuffs were obtained from two suppliers: 

Maria Production (Dakar, Senegal) and Free Work Service (Dakar, Senegal). Four samples of 

a mango-carrot premix, comprising freeze-dried mango (51%) and carrot (49%), was 

supplied by Purdue University.  

4.3.2 Porridge ingredient preparation 

Whole millet grains were rubbed between gloved hands to remove glumes. The grain was 

further cleaned by sieving to remove foreign matter. Clean grain was quickly rinsed with 

distilled water, to remove dust contamination, and allowed to air dry at 24˚C for 24 hours. 

The grain was milled using a laboratory hammer mill (Falling Number 3100, Perten, 

Huddinge, Sweden) fitted with a 0.5 mm opening screen. All flour samples were stored at 

10°C prior to porridge preparation and analyses. 

The dry moringa leaves, hibiscus calyces and baobab fruit pulp was milled with an air cooled 

knife-type laboratory mill (A11 basic analytical mill, IKA®, Staufen, Germany) and passed 

through a 0.5 mm opening stainless steel screen. The resulting powders were stored at 10°C 

in double sealed, airtight plastic bags. The mango-carrot premixes were stored at -20°C in 

vacuum sealed plastic bags and wrapped in foil. 

4.3.3 Pearl millet porridge preparation 

Distilled water was added to pearl millet flour in a ratio of 1:10, flour: water (w/w). The 

mixture was heated to 100˚C and maintained with constant stirring for 15 min. The mixture 

was left to cool at ambient temperature, after which it was placed in plastic containers and 

frozen to -20˚C and freeze dried. Freeze dried porridge flour was crushed to a particle size 

that passed through a 0.5 mm opening screen before further analyses. The pre-cooked 

porridge flour was stored at 10°C in double sealed, airtight plastic bags. 

4.3.4 Moisture 

Moisture content was determined by an air oven, one stage, drying procedure, method 44-

15A (AACC International, 2000). This method is based on gravimetric determination of 
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moisture contents, by calculating loss in moisture as the percentage of the original weight of 

the sample. 

4.3.5 Mineral contents 

Mineral contents (iron, zinc, calcium and phosphorus) were quantified using approved 

methods of the AOAC International (2000). Samples of accurate weight (0.500 g) were 

digested using a combination of 65% nitric acid and 70% perchloric acid (5:2, v/v) at 2400˚C 

(AOAC method 935.13). Once digested, the samples were diluted to 50 mL in a volumetric 

flask, with deionised water. A GBC 905 atomic absorption spectrometer (Braeside, Australia) 

was used to quantify iron and zinc, according to AOAC method 999.10. 

Calcium content was determined according to AOAC method 935.13. A solution of 1% 

lanthanum chloride heptahydrate and anhydrous nitric acid was used to inhibit the interaction 

of other elements with calcium (Giron, 1973). A Perkin-Elmer, 5100 atomic absorption 

spectrometer (Walluf, Germany) was used. 

Phosphorus content was measured colorimetrically (400 nm) according to AOAC method 

965.17. The reaction of ammonium molybdate tetrahydrate and ammonium vanadate with 

phosphorus in the sample develops a yellow colour which is measured against a phosphorus 

standard. 

4.3.6 Total phenolic contents 

A modified Folin-Ciocalteu method, as described by Waterman and Mole (1994), was used to 

measure total phenolic contents. Extractions were prepared by using acidified methanol (1% 

HCl in methanol). Absorbance of a reagent blank was included in the calculation as the 

modification. This method is based on the reduction of the Folin-Ciocalteu phenol reagent 

(phosphomolybdic-phosphotungstic acid), in the presence of phenolic compounds, to a blue 

colour in alkaline solution. Maximum absorption of the blue molybdotungstophosphate 

pigments are at alkaline pH (Cicco et al. 2009). Total phenolic content was reported as mg 

catechin equivalents per gram (mg CE/g) sample, dry weight basis. 
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4.3.7 Condensed tannin contents 

A modified Vanillin HCl method was used to measure condensed tannins, catechin 

equivalent, as described by Maxson and Rooney (1972). Extractions were prepared by using 

acidified methanol (1% HCl in methanol). Absorbance of a reagent blank was included in the 

calculation as the modification. The method is based on the reaction of vanillin with 

condensed tannins, which results in the formation of coloured complexes (Schofield et al. 

2001). Colour blanks were prepared by reacting sample extract with 4% concentrated HCl in 

methanol (v/v) instead of vanillin reagent.  

4.3.8 Phytate contents 

Phytate content was determined by indirect quantitative analysis of phytate through anion 

exchange chromatography, as described by Frühbeck et al. (1995). Glass barrel Econo-

columns, 0.7 x 5 cm and Dowex 1-anion-exchange resin-AG 1 x 4 (4% Cross-linkage, 

chloride form, 100–200 mesh) was used for purification. Samples were treated with Wade 

reagent after which absorbance was measured. Sodium phytate solutions were used to 

produce a standard curve. 

4.3.9 Porridge formulations 

The formulations of the pearl millet porridge consisted of up to 15 g/100 g pearl millet, db, of 

micronutrient-rich plant foodstuffs (moringa leaves, hibiscus calyces, and/or baobab fruit 

pulp), plus 30 g/100 g pearl millet, db, of mango-carrot premix (plus 5 g/100 g pearl millet, 

db, of sunflower oil), as a provitamin A source. Based on this, porridge formulations (Table 

4.3.1) were formulated with varying concentrations (5 and 15 g/100 g pearl millet, db) and 

combinations of the micronutrient-rich plant foodstuffs, with or without the provitamin A 

source. Deionised water was used as filler for formulations which contained less than 15 

g/100 g pearl millet, db, of micronutrient-rich plant foodstuff, in order to keep the provitamin 

A and pearl millet contents constant. Thus, in the experimental design, the micronutrient-rich 

plant foodstuffs were added as additional nutrient sources to the pearl millet, and did not act 

as a replacement or to reduce the cereal nutrient contributions. 
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Table 4.3.1: Porridge formulations with dried moringa leaves (M), hibiscus calyces (H) and baobab fruit pulp (B) alone and in combination with 

freeze dried pearl millet (PM) porridge plus provitamin A source 

Formulation 

Composition (g/100 g, db)
 

Dried 

moringa 

leaves 

Dried 

hibiscus 

calyces 

Dried 

baobab 

fruit pulp 

Precooked 

millet flour 

Dried 

Mango-

carrot 

premix 

Sunflower 

oil 

Deionised 

water 

PM + provit A source 0 0 0 50 30 5 15 

PM alone 0 0 0 50 0 0 50 

PM + provit A source + 5M + 5H + 5B 5 5 5 50 30 5 0 

PM + 5M + 5H + 5B 5 5 5 50 0 0 35 

PM + provit A source + 5M 5 0 0 50 30 5 10 

PM + provit A source + 15M 15 0 0 50 30 5 0 

PM + provit A source + 5H 0 5 0 50 30 5 10 

PM + provit A source + 15H 0 15 0 50 30 5 0 

PM + provit A source + 5B 0 0 5 50 30 5 10 

PM + provit A source + 15B 0 0 15 50 30 5 0 

PM + provit A source + 5M + 5H 5 5 0 50 30 5 5 

PM + provit A source + 5M + 5B 5 0 5 50 30 5 5 

PM + provit A source + 5H + 5B 0 5 5 50 30 5 5 
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4.3.10 Phytate:mineral molar ratios of porridge formulations 

The mineral and phytate levels of each porridge formulation were calculated from the mineral 

and phytate levels of each ingredient. Phytate:mineral molar ratios were also calculated for 

each of the formulations, to predict mineral bioavailability. 

4.3.11 Mineral bioaccessibility by the in vitro dialysability assay 

The porridge formulations (Table 4.3.1) were subject to in vitro digestion to simulate human 

gastric and intestinal digestion. Mineral bioaccessibilities (iron, zinc, calcium and 

phosphorus) were determined according to the dialysis method of Miller et al. (1981). 

Digestive enzymes and bile salts used were pepsin (P-7000), pancreatin (P-1750), and bile 

extract (B-8631) (Sigma-Aldrich, Johannesburg, South Africa). Dialysis tubing used was 

Spectra/Por 7 (Ø = 20.4 mm) with a molecular weight cut-off (MWCO) of 10 kDa (G.I.C. 

Scientific, Johannesburg, South Africa). 

Gastric stage 

Triplicates of each formulation (6 g) were mixed with 40 g deionised water in a 250 ml 

Erlenmeyer flask. The pH was adjusted to pH 2.0 with 6 M HCl. After 10 minutes 

equilibration time, the pH was checked and, if necessary, readjusted to 2.0. Freshly prepared 

pepsin solution (16 g pepsin in 100 ml 0.1 M HCl) was added (1.8 g) and the mixture made 

up to 60 g with deionised water. Samples were incubated in a shaking water bath (150 rpm, 

circular arm movement of 2 cm) at 37˚C for 120 min. The gastric digests were cooled to 0˚C 

while titratable acidity was measured. 

Titratable acidity 

A homogeneous aliquot of the gastric digest (12 g) was heated to 20˚C and mixed with 3 g 

freshly prepared pancreatic mixture (4 g pancreatin, 25 g bile extract, mixed in 1 litre 0.1 M 

NaHCO3). The pH was adjusted to pH 7.5 with 0.5 M NaOH, and if necessary, readjusted 

after an equilibration period of 30 minutes. Titratable acidity was defined as the amount of 

0.5 M NaOH required to attain a pH of pH 7.5, when titrated against 12 g of the gastric digest 

plus 3 g pancreatic mixture. 
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Intestinal stage 

Homogenised gastric digest aliquots (12 g) were weighed into 250 ml wide-necked 

Erlenmeyer flasks, in triplicate, and placed in a water bath at 37˚C for 5 minutes. Segments of 

dialysis tubing (15 cm from clamp to clamp) containing 15 g NaHCO3 solution were then 

added, NaHCO3 concentration being equivalent in moles NaOH titre. The segments of 

dialysis tubing were immediately added into the Erlenmeyer flasks, which were closed with 

parafilm to prevent CO2 loss. Flasks were in the water bath for 30 minutes, after which 3 g of 

the pancreatic mixture was added. The digests were incubated in the shaking water bath for 

two hours at 37˚C. The dialysis bags were rinsed with deionised water, and the levels of each 

bag transferred into 15 ml centrifuge tubes. Dialysates were acidified with 0.45 ml HNO3 

(65%) to keep minerals in suspension. Tubes were made up to 15 ml with deionised water 

and frozen till analysis. 

Dialysate mineral analysis 

The mineral contents (iron, zinc, calcium, and phosphorus) of the dialysates were determined 

in duplicate by Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) 

according to method 200.7 of the United States Environmental Protection Agency (U.S. EPA. 

1994). The dialysate mineral analyses were carried out at Central Analytical Facilities (CAF), 

Stellenbosch University. Characteristic atomic-line emission spectra were measured by 

optical spectrometry and a background correction technique was used to compensate for 

variable background contribution to the determination of the analytes.  

Bioaccessible minerals were expressed as the percentage of the mineral in the dialysate 

relative to the total mineral contents in the digests. 

% bioaccessible mineral =
Dialysable mineral (μg)

total mineral (μg)
× 100 

The amount of bioaccessible mineral was calculated based on the mineral levels of the 

porridges and % bioaccessible mineral. 
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4.3.12 Statistical analysis 

Values are presented per 100 g of dry matter. Bioaccessibility values were calculated per 100 

g, as consumed and data are presented as means ± 1 standard deviation (SD). The data 

analysed using a one-way analysis of variance (ANOVA) with XLSTAT software, using 

Fisher’s least significant difference (LSD) test to separate means, with confidence level for 

significant differences at p ≤ 0.05. Outliers of bioaccessibility results were identified using 

Grubbs test for outliers with XLSTAT software and not included in mean calculations. 

 Results and discussion  4.4

4.4.1 Mineral contents 

The iron levels of moringa leaves were significantly (p ≤ 0.05); however, not substantially, 

different between suppliers (Table 4.4.1). The iron levels of hibiscus calyces from Free Work 

Service was approximately double (p ≤ 0.05) that from Maria Production. Also, the iron 

levels of baobab fruit pulp from Maria Production was approximately ten times (p ≤ 0.05) 

that from Free Work Service. Variation in nutrient levels of plants from the same species can 

be due to genetic variation within species, variation in soil nutrients, and due to post-

harvesting storage and treatments (Vreugdenhil et al. 2005). Iron is the second most abundant 

mineral on Earth (Reilly 2008), thus soil particulate inclusion during the crop’s growth, 

would lead to increased iron content. The mean iron levels of moringa leaves (58.4 mg/100 g, 

db) and hibiscus calyces (47.1 mg/100 g, db) were the highest of the plant foodstuffs, and 

were the only plant foodstuffs with higher (p ≤ 0.05) iron contents than pearl millet (7.5 

mg/100 g, db). Moringa leaves had a rather higher iron content than the maximum reported in 

literature (49.0 mg/100 g, db) (Moyo et al. 2011). 

None of the zinc levels of the plant foodstuffs differed significantly (p > 0.05) between 

suppliers (Table 4.4.1). The zinc levels of all the plant foodstuffs, apart from hibiscus calyces 

(2.70 mg/100 g, db), were lower than (p ≤ 0.05) the zinc levels of the pearl millet sample 

(2.95 mg/100 g, db). The zinc levels of all the plant foodstuffs were within ranges reported in 

literature (Table 2.9.1). 
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Table 4.4.1: Iron (Fe), zinc (Zn), calcium (Ca), and phosphorus (P) contents (mg/100 g, db) 

of dried moringa leaves, hibiscus calyces, baobab fruit pulp, mango-carrot premix, and pearl 

millet 

  Mineral contents (mg/100 g, db
2
 ± SD) 

Plant foodstuffs Fe Zn Ca P 

Moringa leaves 

(MP
3
; FWS

4
) 

58.4 ± 4.9 
A 1

 

(61.9 ± 3.1
a
;  

54.9 ± 1.1
b
) 

2.28 ± 0.15
B
 

(2.17 ± 0.15
d
;  

2.38 ± 0.00
cd

) 

2115 ± 56
A
 

(2075 ± 77
b
;  

2154 ± 43
a
) 

284 ± 1
B
 

(285 ± 1
b
;  

283 ± 1
b
) 

Hibiscus calyces 

(MP; FWS) 

47.1 ± 19.0
A
 

(33.7 ± 0.4
c
;  

60.6 ± 0.0
a
) 

2.70 ± 0.14
A
 

(2.60 ± 0.16
bc

;  

2.80 ± 0.24
ab

) 

970 ± 22
B
 

(985 ± 33
c
;  

955 ± 24
c
) 

163 ± 43
C
 

(132 ± 0
e
;  

193 ± 2
c
) 

Baobab fruit pulp 

(MP; FWS) 

13.8 ± 16.1
B
 

(25.2 ± 0.8
d
;  

2.4 ± 0.2
g
) 

1.24 ± 0.12
C
 

(1.15 ± 0.08
ef
;  

1.33 ± 0.07
e
) 

273 ± 27
C
 

(292 ± 8
d
;  

254 ± 6
d
) 

53 ± 3
E
 

(55 ± 1
f
;  

51 ± 1
f
) 

Mango-carrot 

premix
5 

4.3 ± 0.3
B
 1.23 ± 0.02

C
 140 ± 1

D
 138 ± 2

D
 

Pearl millet 

(Whole grain, 

raw) 

7.5 ± 0.1
B
 2.95 ± 0.08

A
 7 ± 1

E
 416 ± 10

A
 

1
Mineral contents values are the mean ± 1 standard deviation of samples analysed in duplicate (n=2). 

Values followed by different letter superscripts differ significantly according to Fisher’s LSD test (p ≤ 

0.05). Lower case letters indicate differences between suppliers of each plant foodstuff and upper case 

letters indicate differences between means of each foodstuff. 
2
db: dry weight basis 

3
MP: Maria Production 

4
FWS: Free Work Service 

5
Mango-carrot premix composed of freeze-dried mango (51%) and carrot (49%) 

The calcium levels of all the plant foodstuffs, apart from moringa leaves, did not differ 

significantly (p > 0.05) between suppliers (Table 4.4.1). Compared to the pearl millet (7 

mg/100 g, db), the calcium levels of the plant foodstuffs were approximately 300, 150, 40 

and 20 times greater for moringa leaves, hibiscus calyces, baobab fruit pulp, and mango-

carrot premixes, respectively. The calcium levels of pearl millet were lower than reported in 

literature. Ragaee et al. (2006) found 51 mg/100 g, db, and Léder (2004) found 28 mg/100 g, 

db. Calcium values for the other plant foodstuffs were within the ranges previously reported 

(Table 2.9.1). 
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Phosphorus levels of only hibiscus calyces, differed (p ≤ 0.05) between suppliers (Table 

4.4.1). Phosphorus levels of all the plant foodstuffs were below that in pearl millet (416 

mg/100 g, db). 

4.4.2 Antinutrients 

The total phenolic levels of only hibiscus calyces differed (p ≤ 0.05) between suppliers; 

however, not substantially (Table 4.4.2). The total phenolics in the moringa leaves, hibiscus 

calyces, and baobab fruit pulp fruit were approximately ten times higher than the total 

phenolics in the pearl millet. The total phenolic levels of all the plant foodstuffs were within 

ranges reported in literature (Table 2.9.1). Yang and Chang (2006) found the total phenolic 

contents in mature moringa leaves to be 3063 mg/100 g, db, which is somewhat lower than 

the 4655 mg/100 g, db found here. Borrás-Linares et al. (2015) reported the total phenolic 

levels of a collection of 25 hibiscus varieties with varying calyx colour intensities, from 

green-yellow to deep red. For the deep red varieties, as used in this study, they reported total 

phenolic contents to range from 3000 to 10000 mg GAE/100 g, db. 

Even though there were no phenolics detected in the mango-carrot premix, literature values 

reported for raw carrots range from 60 to 1690 mg of gallic acid equivalents/100 g, db, (Table 

2.9.1) and can vary greatly between different cultivars (Nicolle et al. 2004). Puupponen-

Pimiä et al. (2003) reported a reduction in total phenolic levels of carrots after blanching, 

freezing and frozen storage. No total phenolic levels of mango on dry basis could be found in 

literature; however, total phenolic contents, fw, varied greatly, from 19 to over 300 mg/100 g, 

fw (Reddy et al. 2010). Hung and Duy (2012) investigated the effect of freeze-drying and 

heat-drying (55˚C) on the total phenolic levels of various deep-coloured vegetables, including 

carrots. They found that heat-drying significantly reduces the total phenolic contents; heat-

dried beetroot had approximately 13 times less total phenolic contents than freeze-dried 

beetroot. It could be that the levels of phenolics in the mango-carrot premix powder had been 

drastically reduced as a result of drying. 

Condensed tannins were only detected in baobab fruit pulp (2286 mg/100 g, db), and did not 

differ significantly (p > 0.05) between the suppliers (Table 4.4.2). The levels of condensed 

tannins in baobab fruit pulp was very similar to the 2220 mg/100 g, db, reported by Umaru et 

al. (2007). 
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Table 4.4.2: Total phenolics, tannin, and phytate levels of dried moringa leaves, hibiscus 

calyces, baobab fruit pulp, mango-carrot premix, and pearl millet on dry weight basis 

Plant foodstuffs 

Total phenolic 

contents
1 

Condensed tannin 

contents
1 Phytate contents

2 

(mg CE
4
/100 g ± SD) (mg CE/100 g ± SD) (mg/100 g ± SD) 

Moringa leaves 

(MP
7
; FWS

8
) 

4655 ± 49
A 3

 

(4689 ± 43
a
; 

4620 ± 175
a
) 

nd 

(nd; 

nd) 

829 ± 23
BC

 

(844 ± 45
d
; 

812 ± 28
d
) 

Hibiscus calyces 

(MP; FWS) 

3451 ± 289
B
 

(3247 ± 31
c
; 

3655 ± 53
b
) 

nd 

(nd; 

nd) 

4833 ± 799
A
 

(5398 ± 360
a
; 

4268 ± 150
b
) 

Baobab fruit pulp 

(MP; FWS) 

3738 ± 3
B
 

(3740 ± 166
b
; 

3736 ± 75
b
) 

2286 ± 328
A
 

(2054 ± 106
a
; 

2518 ± 101
a
) 

321 ± 26
C
 

(339 ± 15
e
; 

302 ± 7
e
) 

Mango-carrot 

premix 

nd
6 

nd 290 ± 85
C
 

Pearl millet (whole 

grain, raw) 

353 ± 13
C
 nd

 
1360 ± 30

B
 

1
Total phenolic and condensed tannin contents values are the mean ± 1 standard deviation of at least 

two samples analysed in triplicate (n=6). 
2
Phytate contents values are the mean ± 1 standard deviation of at least two samples analysed in 

quadruplicate (n=8) 
3
Means followed by different letter superscripts differ significantly according to Fisher’s LSD test (p 

≤ 0.05). Lower case letters indicate differences between suppliers of each plant foodstuff and upper 

case letters indicate differences between means of each foodstuff. 
4
CE: Catechin equivalents 

5
db: dry weight basis 

6
nd: not detected 

7
MP: Maria Production 

8
FWS: Free Work Service 

The phytate levels of only hibiscus calyces differed (p ≤ 0.05) between the suppliers (Table 

4.4.2). Hibiscus calyces were the only plant foodstuff to contain more (p ≤ 0.05) phytate 

(4833 mg/100 g, db) than pearl millet (1360 mg/100 g, db). In fact, the phytate levels of 

hibiscus calyces was more than twice higher than the maximum value reported in literature 

(2144 mg/100 g, db) (Ojokoh 2006). 
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4.4.3 Mineral bioaccessibility as measured by the in vitro dialysability assay 

Iron bioaccessibility 

With the addition of the micronutrient-rich plant foodstuffs to the pearl millet plus provitamin 

A source porridge, the percentage bioaccessible iron increased (p ≤ 0.05) by a minimum of 

32% and a maximum of 129%. With regard to the amount of bioaccessible iron, increases (p 

≤ 0.05) from 33 to 241% were observed (Table 4.4.3). However, with the addition of 15 

g/100 g pearl millet, db, of moringa leaves to pearl millet porridge, the percentage 

bioaccessible iron was reduced (p ≤ 0.05) by 52%. 

The porridge consisting of only pearl millet had very low percentage bioaccessible iron 

(1.30%) (Table 4.4.3), and because it also had the lowest iron contents (7.5 mg/100 g, db) 

(Table 4.4.1) of all the plant foodstuffs analysed, it had the lowest (p ≤ 0.05) amount of 

bioaccessible iron (0.044 mg/100 g, db).  

Addition of the mango-carrot premix at 30 g/100 g pearl millet, db, (plus sunflower oil at 5 

g/100 g pearl millet, db), as a provitamin A source, to the pearl millet porridge alone (Table 

4.4.3) increased (p ≤ 0.05) the percentage bioaccessible iron by 37% and the amount of 

bioaccessible iron by 84%. When the provitamin A source was added to the pearl millet plus 

5 g/100 g pearl millet, db, of each micronutrient-rich plant foodstuff (moringa leaves, 

hibiscus calyces and baobab fruit pulp) porridge, the percentage bioaccessible iron increased 

(p ≤ 0.05) by 47% and the amount of bioaccessible iron increased (p ≤ 0.05) by 67%. 

It has been reported that provitamin A carotenoids (beta-carotene, lycopene, lutein, and 

zeaxanthin), have an enhancing effect on nonhaem iron absorption in both in vitro and human 

absorption studies (García-Casal 2006). These carotenoids were found to form a soluble 

complex with iron in the intestinal tract. Gautam et al. (2010) found that the addition of carrot 

as a source of beta-carotene to the cereals sorghum and rice, had positive effects on iron 

bioaccessibility, as measured by the dialysability assay. Carrot added at 25 and 50 g (roughly 

providing 2 and 4 mg beta-carotene) per 100 g of cereal, fw, resulted in 37 to 68% increased 

iron bioaccessibility. The positive effect of beta-carotene on iron bioaccessibility was 

confirmed by including pure beta-carotene (2 and 4 mg/100 g cereal, fw). Beta-carotene 

added at the 2 and 4 mg level resulted in increases from 22 to 71% and up to 102%, 

respectively in iron bioaccessibility.  
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Table 4.4.3: Effects of adding 5 and 15 g/100 g pearl millet plus provitamin A source, db, of dried moringa leaves (M), hibiscus calyces (H) and 

baobab fruit pulp (B) alone and in combination to freeze dried pearl millet (PM) porridge on iron and zinc bioaccessibilities 

Formulation Percentage 

bioaccessible iron 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

iron 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

Percentage 

bioaccessible zinc 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

zinc 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

PM + provit A source 1.79 ± 0.22
f 1

 0.081 ± 0.010
g
 10.8 ± 2.7

gh
 0.178 ± 0.045

ef
 

PM alone 1.30 ± 0.34
g
 (-27%)

2 
0.044 ± 0.011

h
 (-46%) 10.5 ± 1.6

h
 (-3%) 0.139 ± 0.021

f
 (-22%) 

PM + provit A source + 

5M + 5H + 5B 

2.15 ± 0.27
de

 (20%) 0.213 ± 0.027
b
 (163%) 14.1 ± 1.1

ef
 (30%) 0.271 ± 0.022

d
 (53%) 

PM + 5M + 5H + 5B 1.46 ± 0.17
g
 (-19%) 0.128 ± 0.015

ef
 (58%) 13.0 ± 2.1

fg
 (20%) 0.208 ± 0.034

e
 (17%) 

PM + provit A source + 

5M 

2.50 ± 0.40
c
 (40%) 0.180 ± 0.029

c
 (123%) 20.1 ± 3.9

c
 (87%) 0.353 ± 0.069

c
 (99%) 

PM + provit A source + 

15M 

0.86 ± 0.12
h
 (-52%) 0.108 ± 0.015

f
 (33%) 10.0 ± 1.5

h
 (-8%) 0.196 ± 0.029

e
 (10%) 

PM + provit A source + 

5H 

2.37 ± 0.40
cd

 (32%) 0.156 ± 0.026
d
 (93%) 15.8 ± 0.7

de
 (47%) 0.280 ± 0.013

d
 (57%) 

PM + provit A source + 

15H 

2.57 ± 0.24
c
 (44%) 0.276 ± 0.026

a
 (241%) 16.8 ± 1.2

d
 (55%) 0.336 ± 0.024

c
 (89%) 

PM + provit A source + 

5B 

3.28 ± 0.25
b
 (83%) 0.168 ± 0.013

cd
 (109%) 24.4 ± 3.9

b
 (126%) 0.416 ± 0.067

b
 (134%) 

PM + provit A source + 

15B 

4.10 ± 0.65
a
 (129%) 0.263 ± 0.042

a
 (225%) 27.5 ± 2.8

a
 (154%) 0.500 ± 0.050

a
 (181%) 
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Formulation Percentage 

bioaccessible iron 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

iron 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

Percentage 

bioaccessible zinc 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

zinc 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

PM + provit A source + 

5M + 5H 

1.98 ± 0.29
ef

 (11%) 0.184 ± 0.027
c
 (127%) 15.6 ± 1.5

de
 (45%) 0.293 ± 0.028

d
 (65%) 

PM + provit A source + 

5M + 5B 

1.90 ± 0.33
ef

 (6%) 0.149 ± 0.026
de

 (84%) 15.3 ± 2.1
de

 (42%) 0.278 ± 0.038
d
 (56%) 

PM + provit A source + 

5H + 5B 

2.98 ± 0.48
b
 (66%) 0.215 ± 0.035

b
 (166%) 22.7 ± 3.5

b
 (111%) 0.415 ± 0.063

b
 (133%) 

1
Values are reported as mean ± 1 standard deviation, values followed by different letter superscripts differ (p ≤ 0.05). Each formulation was, in duplicate, 

subjected to three gastric stages, which in turn were subjected to three intestinal stages; each intestinal stage was measured for mineral content in duplicate (n 

= 36). Outliers were removed using Grubb’s test for outliers. 
2
Numbers in brackets are the percentage difference in bioaccessibility compared to pearl millet plus provitamin A source 
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Moringa leaves addition at 5 g/100 g pearl millet, db, to pearl millet plus provitamin A source 

porridge had a seemingly positive effect on iron bioaccessibility, however, when moringa 

was added at 15 g/100 g pearl millet, db, it had a negative effect on iron bioaccessibility. 

When compared to the pearl millet + provitamin A source porridge, the addition of moringa 

leaves at 15 g/100 g pearl millet, db, the percentage bioaccessible iron was reduced by 52% 

and the amount of bioaccessible iron only increased by 33%, as opposed to increases of 40% 

and 123%, respectively, with its addition at 5 g/100 g pearl millet, db. The positive effect on 

the iron bioaccessibility with the addition of moringa leaves at 5 g/100 g pearl millet, db, was 

probably because of the high iron content of moringa leaves. The negative effect of the 

addition of moringa leaves at 15 g/100 g pearl millet, db, on bioaccessible iron was possibly 

due to the high levels of antinutrients it contains which could have affected the iron contained 

in the pearl millet itself. While moringa contained less than 0.1% tannins, it contained 

approximately 5% total phenolics, the highest total phenolic levels of all the plant foodstuffs 

and more than ten times that of pearl millet (Table 4.4.2). Moringa also contained substantial 

levels of phytate (829 mg/100 g, db) (Table 4.4.1) and the highest level of calcium (2115 

mg/100 g, db) (Table 4.4.2), all which reduce iron bioaccessibility. 

The percentage and the amount of bioaccessible iron was reduced (p ≤ 0.05) by 66% and 

40%, respectively, with the addition of moringa leaves at 15 g/100 g pearl millet, db, as 

compared to its addition at 5 g/100 g pearl millet, db. For most of the porridge formulations, 

addition of moringa leaves, plus hibiscus calyces, plus/or baobab fruit pulp (each at 5 g/100 g 

pearl millet, db) reduced (p ≤ 0.05) the percentage bioaccessible iron by at least 17%, with a 

maximum reduction of 42%, as compared to hibiscus calyces plus/or baobab fruit pulp 

addition alone (at 5 g/100 g pearl millet, db). 

Sreelatha and Padma (2009) found 4581 mg/100 g, db, total phenolics in mature moringa 

leaves, similar to what was found in this study (Table 4.4.2). All porridge formulations with 

moringa leaves thus, contained between 400 and 880 mg/100 g, db, total phenolics, such 

levels would probably have had an inhibitory effect on iron bioaccessibility (Khokhar and 

Apenten 2003). Moringa leaves have also been reported to contain appreciable levels of 

saponins (8000 mg/100 g, db) (Ferreira et al. 2008), which form insoluble saponin-mineral 

complexes with iron, zinc and calcium, thus, inhibiting the bioaccessibility of these minerals 

(Milgate and Roberts 1995). 
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Phenolics, such as those in moringa leaves, hibiscus calyces, baobab fruit pulp, and pearl 

millet have metal-chelating properties (Khokhar and Apenten 2003), resulting in the 

formation of insoluble polymerised complexes with iron and zinc (Siegenberg et al. 1991). 

The galloyl and catechol groups on phenolics can form insoluble complexes with iron and 

possibly zinc, which render the minerals unavailable for absorption (Towo et al. 2006). 

The addition of hibiscus calyces to the pearl millet plus provitamin A source porridge (Table 

4.4.3) increased (p ≤ 0.05) the percentage bioaccessible iron by a minimum of 32% and a 

maximum of 44%. The amount of bioaccessible iron was increased by a minimum of 93% 

and a maximum of 241%. The highest amount of bioaccessible iron was found with the 

addition of hibiscus calyces (0.276 mg/100 g, db) at 15 g/100 g pearl millet, db. 

Hibiscus calyces were the plant foodstuff with the second highest iron contents (47.1 mg/100 

g, db) (Table 4.4.1). The phytate (4833 mg/100 g, db) and total phenolic (3451 mg/100 g, db) 

levels of hibiscus calyces were respectively, four and ten times higher than that of pearl millet 

(Table 4.4.2). Porridge formulations containing hibiscus calyces, thus, had the highest phytate 

contents (between 930 and 1440 mg/100 g, db) and among the highest total phenolic contents 

(between 350 and 770 mg/100 g, db) of all the formulations. However, when compared to the 

pearl millet plus provitamin A source porridge, formulations with hibiscus calyces had up to 

1.7 times the percentage bioaccessible iron and up to 3.4 times the amount of bioaccessible 

iron (Table 4.4.3). 

As described, phytate is a potent inhibitor of iron and zinc absorption in both adults and 

children (Gibson 2006). Even though hibiscus calyces had the highest phytate contents, its 

addition to the pearl millet plus provitamin A source porridge resulted in increased iron 

bioaccessibility. This was likely due to the organic acids in hibiscus calyces. Hibiscus calyces 

are rich in organic acids, with citric acid, hydroxycitric acid, hibiscus acid, malic acid and 

tartaric acid being the major organic acids, and oxalic and ascorbic acids being minor 

compounds (Da-Costa-Rocha et al. 2014). Most of these organic acids have the ability to 

chelate iron, through binding with carboxyl and hydroxyl groups, and thus, increase the iron 

solubility and bioaccessibility (Lönnerdal 2000). 

The addition of baobab fruit pulp increased (p ≤ 0.05) the iron bioaccessibility in all 

formulations. The iron bioaccessibility increased by up to 225% (Table 4.4.3). Adding a 

higher amount of baobab fruit pulp resulted in a larger increase in the percentage and the 



53 

 

amount of bioaccessible iron, probably also due to the high levels of organic acids. Tembo et 

al. (2017) analysed fresh baobab fruit pulp for organic acids and found very high 

concentrations of ascorbic, citric, and malic acids (466, 3300, and 2360 mg/100 g, 

respectively), as well as tartaric acid (174 mg/100 g, db). Such organic acids are enhancers of 

iron bioavailability (Lönnerdal 2000). Salovaara et al. (2002) studied the effect of nine 

organic acids on the absorption of ferric (Fe
3+

) iron (10 μmol/L) in the human epithelial cell 

line Caco-2. They found that tartaric acid (4 mmol/L) increased ferric iron (Fe
3+

) absorption 

43-fold. Malic, succinic, fumaric, citric, and oxalic acids also enhanced ferric iron (Fe
3+

) 

absorption and ascorbic acid (80 μmol/L) resulted in a 70-fold increase in ferric iron (Fe
3+

) 

absorption. 

The addition of 15 g/100 g pearl millet, db, of baobab fruit pulp yielded the highest 

percentage bioaccessible iron (4.10%) of all the porridge formulations. Increased iron 

bioaccessibility was found, despite the substantial levels of antinutrients in baobab fruit pulp. 

Baobab fruit pulp contained less than 1% phytate but had considerable amounts of tannins 

and phenolics (>2% and >3.5%, respectively) (Table 4.4.2). Formulations with baobab fruit 

pulp thus, had the highest tannin contents (between 117 and 343 mg CE/100 g, db) and 

among the highest total phenolic contents (between 363 and 769 mg/100 g, db) of all the 

formulations. 

Condensed tannins (proanthocyanidins) are high molecular weight phenolics, consisting of 

polymerized flavan-3-ol and/or flavan-3,4-diol units (Devi et al. 2014). Tannins are 

biologically active and adversely affects iron bioavailability as it is a potent chelator of iron 

ions, forming complexes with ferrous iron (Fe
2+

) which renders the iron unavailable for 

absorption (Khokhar and Apenten 2003). The phenolic hydroxyl groups are the sites for 

chelation with metal ions. The presence of organic acids in baobab fruit pulp may have 

overcome the inhibitory effects of the phytates and tannins (Cercamondi et al. 2014a), and 

possibly accounts for the positive effects from the addition of baobab fruit pulp, in this study. 

Despite the low iron levels, and high tannin and phenolics levels of baobab fruit pulp, as 

compared to pearl millet, its addition to pearl millet porridges increased the iron nutritive 

value. 
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Zinc bioaccessibility 

With the addition of the micronutrient-rich plant foodstuffs to the pearl millet plus provitamin 

A source porridge, the percentage bioaccessible zinc increased (p ≤ 0.05) by a minimum of 

30% and a maximum of 154%. The amount of bioaccessible zinc increased (p ≤ 0.05) by a 

minimum of 53% and a maximum of 181% (Table 4.4.3). 

The porridge consisting of only pearl millet had low percentage bioaccessible zinc (10.5%) 

and the lowest (p ≤ 0.05) amount of bioaccessible zinc (0.139 mg/100 g, db) (Table 4.4.3). 

Zinc contents, as well as the percentage and the amount of bioaccessible zinc of the pearl 

millet porridge were similar to the cereals analysed by Hemalatha et al. (2007). 

With the addition of the mango-carrot premix at 30 g/100 g pearl millet, db, (plus sunflower 

oil, 5 g/100 g pearl millet, db), as a provitamin A source, plus 5 g/100 g pearl millet, db, of 

each micronutrient-rich plant foodstuff (moringa leaves, hibiscus calyces and baobab fruit 

pulp), the amount of bioaccessible zinc increased (p ≤ 0.05) by 31%, as compared to pearl 

millet alone. 

As described, provitamin A carotenoids has an enhancing effect on iron bioaccessibility. The 

study by Gautam et al. (2010) also found that the addition of carrot to the cereals studied, had 

a positive effect on zinc bioaccessibility. Carrot added at 25 and 50 g (roughly providing 2 

and 4 mg beta-carotene) per 100 g of cereal, fw, resulted in 16 to 94% increased zinc 

bioaccessibility. With the inclusion of pure beta-carotene, zinc bioaccessibility was increased 

by 16 to 56%, with 2 mg beta-carotene /100 g cereal, fw, and increased by up to 118% with 4 

mg beta-carotene /100 g cereal, fw. 

Moringa leaves addition at 5 g/100 g pearl millet, db, to pearl millet plus provitamin A source 

porridge had a seemingly positive effect on zinc bioaccessibility, however, when moringa 

was added at increased levels (15 g/100 g pearl millet, db), it reduced the zinc 

bioaccessibility. When compared to the pearl millet + provitamin A source porridge, the 

addition of moringa leaves at 15 g/100 g pearl millet, db, the percentage bioaccessible zinc 

was reduced by 8% and the amount of bioaccessible zinc only increased by 10%, as opposed 

to increases of 87% and 99%, respectively, with its addition at 5 g/100 g pearl millet, db. The 

positive effect on the zinc bioaccessibility with the addition of moringa leaves at 5 g/100 g 

pearl millet, db, was probably because of the additional zinc that was added to the porridge, 

from the moringa leaves. The negative effect of the addition of moringa leaves at 15 g/100 g 
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pearl millet, db, on bioaccessible zinc, as with iron bioaccessibility, was possibly due to the 

high levels of antinutrients found in the moringa leaves.  

The percentage and the amount of bioaccessible zinc was reduced (p ≤ 0.05) by 51% and 

45%, respectively, with the addition of moringa leaves at 15 g/100 g pearl millet, db, as 

compared to its addition at 5 g/100 g pearl millet, db. For most of the porridge formulations, 

addition of moringa leaves, plus hibiscus calyces, plus/or baobab fruit pulp (each at 5 g/100 g 

pearl millet, db) reduced (p ≤ 0.05) the percentage bioaccessible zinc by 37 to 38% and 

reduced (p ≤ 0.05) the amount of bioaccessible zinc by 33 to 35%, as compared to hibiscus 

calyces plus/or baobab fruit pulp addition alone (at 5 g/100 g pearl millet, db). Only when 

moringa was added together with hibiscus calyces alone (each at 5 g/100 g pearl millet, db), 

there was no significant (p > 0.05) change in the percentage or the amount of bioaccessible 

zinc, as compared to hibiscus calyces addition alone (at 5 g/100 g pearl millet, db). 

Although moringa leaves had lower phytate contents than hibiscus calyces, moringa leaves 

had more than double the calcium contents. Calcium has the tendency to co-precipitate with 

phytate and zinc forming insoluble Ca4Zn2-phytate complexes (Kumar et al. 2010). Calcium-

bound phytate has a higher affinity for zinc than phytate alone, thereby reducing the 

reabsorption of endogenous zinc, as well as decreasing dietary zinc bioavailability. 

The addition of hibiscus calyces to the pearl millet plus provitamin A source porridge (Table 

4.4.3) increased (p ≤ 0.05) the percentage bioaccessible zinc by a minimum of 7% and a 

maximum of 55%. The amount of bioaccessible zinc was increased by a minimum of 57% 

and a maximum of 89%. Apart from pearl millet, hibiscus calyces were the plant foodstuff 

with the highest zinc contents (2.70 mg/100 g, db) (Table 4.4.1). Compared to the pearl millet 

plus provitamin A source porridge, formulations with hibiscus calyces had up to 2.1 times the 

percentage bioaccessible zinc and up to 2.3 times the amount of bioaccessible zinc (Table 

4.4.3). 

As with iron, the increased zinc bioaccessibility with the addition of hibiscus calyces to the 

pearl millet plus provitamin A source porridge was also likely due to its organic acids. Most 

organic acids have positive effects on zinc bioaccessibility as soluble complexes with zinc are 

formed in the intestinal tract (Lönnerdal 2000). These complexes easily break down in the 

small intestine, thus, releasing mineral cations, bioaccessible for absorption. It is thought that 



56 

 

the organic acids prevent the formation of insoluble zinc-phytate complexes, although the 

magnitude of this effect has not been extensively studied (Gibson 2006). 

The addition of baobab fruit pulp increased (p ≤ 0.05) the zinc bioaccessibility in all 

formulations, zinc bioaccessibility increased by up to 181% (Table 4.4.3). Adding a higher 

amount of baobab fruit pulp resulted in a larger increase in the percentage and the amount of 

bioaccessible zinc, and was probably also due to the high levels of organic acids. The 

addition of 15 g/100 g pearl millet, db, of baobab fruit pulp yielded the highest percentage 

bioaccessible zinc (27.5%), as well as the highest amount of bioaccessible zinc (0.500 

mg/100 g, db) of all the porridge formulations. As with iron, increases in zinc bioaccessibility 

were found, despite the substantial levels of antinutrients in baobab fruit pulp and can also be 

explained by the high levels of organic acids, such as ascorbic, citric, malic and tartaric acids 

(Tembo et al. 2017), found in baobab fruit pulp. The presence of these organic acids may 

have overcome the inhibitory effects of phytates and tannins on zinc bioaccessibility 

(Cercamondi et al. 2014a). Despite baobab fruit pulp having low zinc levels, and high tannin 

and phenolics levels, its addition to the pearl millet plus provitamin A source porridges 

increased the zinc bioaccessibilities. 

Phytate to mineral molar ratios as predictions of iron and zinc bioavailabilities 

Phytate to mineral molar ratios can be used as predictions of mineral bioavailability. The 

phytate:iron, phytate:zinc, and phytate×calcium:zinc molar ratios for each porridge 

formulation was thus calculated (Table 4.4.4). Phytate:mineral molar ratios ranged from 5.8:1 

to 23.6:1 for iron, from 31.4:1 to 54.2:1 for zinc, and from 3:1 to 293:1 for calcium-bound 

phytate:zinc molar ratios. These molar ratios indicate inadequate iron and zinc 

bioavailabilities for all the formulations. As previously discussed, iron and zinc 

bioaccessibilities were mostly increased with fortification of the micronutrient-rich plant 

foodstuffs. The addition of the provitamin A source reduced the phytate:iron and phytate:zinc 

molar ratios; but, increased the phytate×calcium:zinc molar ratios. Baobab fruit pulp added at 

15 g/100 g pearl millet, db, resulted in the lowest phytate:zinc molar ratio of 31.4:1 and also 

had the highest increase in bioaccessible zinc, thus indicating some correlation between 

phytate:zinc molar ratio and the dialysability assay. The low phytate:zinc molar ratio of 

baobab fruit pulp added at 15 g/100 g pearl millet, db, may in part explain why its addition 

resulted in the highest bioaccessible zinc (Table 4.4.3). However, moringa leaves added at 15 

g/100 g pearl millet, db, gave the lowest phytate:iron molar ratio of 5.8:1 but had the lowest 
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percentage bioaccessible iron and the lowest increase in amount of bioaccessible iron. This 

indicates that the phytate:iron molar ratios of this study did not correlate with the 

bioaccessibility results found. 

Table 4.4.4: Calculated mineral (iron, zinc, calcium) and phytate contents (mg/100 g, db) and 

calculated phytate:mineral molar ratios of each formulation 

Formulation Phytate:mineral molar ratios
1 

phytate:iron phytate:zinc phytate×calcium:zinc 

PM + provit A source 17.1  31.8  36  

PM alone 23.6 33.4 3 

PM + provit A source 

+ 5M + 5H + 5B 

9.0  39.6  211  

PM + 5M + 5H + 5B 9.5 42.3 181 

PM + provit A source 

+ 5M 

9.9 32.0 121 

PM + provit A source 

+ 15M 

5.8 32.4 293 

PM + provit A source 

+ 5H 

13.7 40.1 94 

PM + provit A source 

+ 15H 

11.5 54.2 259 

PM + provit A source 

+ 5B 

14.6 31.7 47 

PM + provit A source 

+ 15B 

11.5 31.4 68 

PM + provit A source 

+ 5M + 5H 

9.6 39.9 199 

PM + provit A source 

+ 5M + 5B 

9.1 31.9 131 

PM + provit A source 

+ 5H + 5B 

12.5 39.8 107 

1
Phytate and mineral contents for each formulation are based on the mean phytate and mineral 

contents from the different suppliers for each plant foodstuff (moringa leaves [M], hibiscus calyces 

[H], baobab fruit pulp [B], pearl millet porridge [PM], and mango-carrot premix (plus sunflower oil) 

[as provitamin A source]) (Table 4.4.1 and Table 4.4.2). Phytate:mineral molar ratios were calculated 

based on mineral contents and molecular weights of each element. Composition of formulations are 

shown in Table 4.3.1  

It has been proposed that the molar ratios of phytate:iron should be below the critical level of 

1:1 and preferably below 0.3:1 in order to achieve significant increases in iron bioavailability 

(Gibson et al. 2010). Concerning zinc, phytate has a dose-dependent effect on its absorption 

(Tripathi and Platel 2010), and the phytate:zinc molar ratio of a diet can be used to predict the 

proportion of dietary zinc bioavailability. Diets with molar ratios of phytate:zinc of more than 
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15:1 have been associated with biochemical zinc deficiency in humans (Gibson 2006). All the 

formulations had phytate:zinc molar ratios above 30, despite the increased zinc 

bioaccessibilities. Phytate:zinc molar ratios greater than 20:1 are associated with clinical 

evidence of zinc deficiency, whereas 10:1 or less indicate adequately bioavailable zinc from 

the diet (Antony and Chandra 1998). Molar ratios of phytate×calcium:zinc are also used as an 

indicator of zinc bioavailability, ratios above 200:1 are associated with inadequate zinc 

bioavailability (Bindra et al. 1986). There seems to be some contradiction in the above 

mentioned ranges as some formulations had very low phytate×calcium:zinc ratios (i.e. 3, 36 

and 47:1) however, still had phytate:zinc ratios above 30. It is suggested that phytate:mineral 

molar ratios should not be used in isolation to predict bioavailability as other antinutrients 

and mineral bioavailability enhancers also play a role and should also be considered. 

Calcium bioaccessibility 

Of the micronutrient-rich plant foodstuffs, added to the pearl millet plus provitamin A source 

porridge, only baobab fruit pulp at 15 g/100 g pearl millet, db, resulted in a significant 

increase (p ≤ 0.05) in the percentage bioaccessible calcium, it increased by 202% (Table 

4.4.5). Concerning the amount of bioaccessible calcium, moringa leaves, hibiscus calyces and 

baobab fruit pulp all resulted in significant increases (p ≤ 0.05). Addition of hibiscus calyces 

at 15 g/100 g pearl millet, db, resulted in the highest increase (by 750%) in amount of 

bioaccessible calcium. 

The percentage bioaccessible calcium was highest (50.15%) (Table 4.4.5) in the porridge 

consisting of only pearl millet, however, this porridge had the lowest amount of bioaccessible 

calcium (1.8 mg/100 g, db). Pearl millet had very low calcium contents (7 mg/100 g, db) 

(Table 4.4.1), thus, even with high percentage bioaccessibility, the amount of bioavailable 

calcium was still rather low. 

With the addition of the mango-carrot premix (plus sunflower oil), as a provitamin A source, 

plus 5 g/100 g pearl millet, db, of each micronutrient-rich plant foodstuff (moringa leaves, 

hibiscus calyces and baobab fruit pulp), an increase (p ≤ 0.05) in amount of bioaccessible 

calcium was found (Table 4.4.5). When the provitamin A source was added to the porridge 

containing only pearl millet, a reduction (p ≤ 0.05) in the percentage bioaccessible calcium 

was found. 
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Table 4.4.5: Effects of adding 5 and 15 g/100 g pearl millet plus provitamin A source, db, of dried moringa leaves (M), hibiscus calyces (H) and 

baobab fruit pulp (B) alone and in combination to freeze dried pearl millet (PM) porridge on calcium and phosphorus bioaccessibilities 

Formulation Percentage bioaccessible 

calcium 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

calcium 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

Percentage bioaccessible 

phosphorus 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

phosphorus 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

PM + provit A source 6.26 ± 2.24
cd 1

 2.8 ± 1.0
fg

 14.0 ± 5.1
f
 34.9 ± 12.8

f
 

PM alone 50.15 ± 16.69
a
 (701%)

2 
1.8 ± 0.6

g
 (-36%) 13.3 ± 3.4

f
 (-5%) 27.7 ± 7.0

f
 (-21%) 

PM + provit A source + 

5M + 5H + 5B 

7.23 ± 1.97
cd

 (15%) 15.4 ± 4.2
c
 (443%) 23.7 ± 3.1

d
 (70%) 65.1 ± 8.6

cd
 (87%) 

PM + 5M + 5H + 5B 3.32 ± 1.16
d
 (-47%) 5.7 ± 2.0

ef
 (104%) 14.7 ± 4.8

f
 (5%) 34.2 ± 11.3

f
 (-2%) 

PM + provit A source + 

5M 

9.53 ± 2.01
c
 (52%) 14.4 ± 3.0

cd
 (408%) 25.8 ± 3.3

bcd
 (84%) 68.0 ± 8.6

bcd
 (95%) 

PM + provit A source + 

15M 

5.61 ± 0.70
cd 

(-10%) 20.3 ± 2.5
b
 (617%) 19.4 ± 1.9

e
 (38%) 56.6 ± 5.5

e
 (62%) 

PM + provit A source + 

5H 

6.78 ± 0.91
cd

 (8%) 6.4 ± 0.9
e
 (124%) 29.7 ± 2.2

a
 (112%) 76.4 ± 5.6

a
 (119%) 

PM + provit A source + 

15H 

12.63 ± 0.31
bc

 (102%) 24.1 ± 0.6
a
 (750%) 28.6 ± 1.7

ab
 (104%) 78.2 ± 4.6

a
 (124%) 

PM + provit A source + 

5B 

10.93 ± 3.87
c
 (75%) 6.4 ± 2.3

e 
(127%) 29.6 ± 3.2

a
 (111%) 74.5 ± 8.2

ab
 (113%) 

PM + provit A source + 

15B 

18.90 ± 2.98
b 

(202%) 16.3 ± 2.6
c
 (475%) 27.8 ± 2.0

abc
 (99%) 71.6 ± 5.3

abc
 (105%) 

PM + provit A source + 

5M + 5H 

11.12 ± 2.63
c
 (78%) 22.2 ± 5.3

ab
 (683%) 26.0 ± 1.2

bcd
 (86%) 70.6 ± 3.3

abc
 (102%) 
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Formulation Percentage bioaccessible 

calcium 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

calcium 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

Percentage bioaccessible 

phosphorus 

[% ± SD (percentage 

difference)] 

Amount of bioaccessible 

phosphorus 

[mg/100 g porridge, db ± 

SD (percentage 

difference)] 

PM + provit A source + 

5M + 5B 

7.08 ± 0.56
cd

 (13%) 11.7 ± 0.9
d
 (311%) 23.6 ± 2.0

d
 (68%) 62.7 ± 5.3

de
 (80%) 

PM + provit A source + 

5H + 5B 

10.78 ± 0.90
c
 (72%) 11.6 ± 1.0

d
 (309%) 25.1 ± 2.8

cd
 (79%) 65.2 ± 7.2

cd 
(87%) 

1
Values are reported as mean ± 1 standard deviation, values followed by different letter superscripts differ (p ≤ 0.05). Each formulation was subjected to three 

gastric stages, which in turn were subjected to three intestinal stages (n = 27). Outliers were removed using Grubb’s test for outliers. 
2
Numbers in brackets are the percentage difference in bioaccessibility compared to pearl millet plus provitamin A source 
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Phosphorus Bioaccessibility 

The addition of the micronutrient-rich plant foodstuffs to the pearl millet plus provitamin A 

source porridge resulted in an increase (p ≤ 0.05) in the percentage and the amount of 

bioaccessible phosphorus for all the formulations (Table 4.4.5). Porridge formulations with 

hibiscus calyces or baobab fruit pulp addition (5 or 15 g/100 g pearl millet, db) to the pearl 

millet plus provitamin A source porridge resulted in the greatest increases (p ≤ 0.05) in 

bioaccessible phosphorus. The percentage bioaccessible phosphorus was increased by a 

maximum of 112% and the amount of bioaccessible phosphorus was increased by a 

maximum of 124%, with the addition of hibiscus calyces, as compared to the pearl millet plus 

provitamin A source porridge. However, when 5 g/100 g pearl millet, db, of hibiscus calyces 

were added together with 5 g/100 g pearl millet, db, baobab fruit pulp, the percentage and the 

amount of bioaccessible phosphorus only increased (p ≤ 0.05) by 79% and by 87%, 

respectively. Moringa leaves addition at 15 g/100 g pearl millet, db, resulted in the smallest 

increase (p ≤ 0.05) in the percentage (by 38%) and amount (by 62%) of bioaccessible 

phosphorus.
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 Conclusions  4.5

Food-to-food fortification of pearl millet porridge with baobab fruit pulp has the greatest 

positive effect on the iron and zinc bioaccessibilities. When baobab is added at 15 g/100 g 

pearl millet, db, percentage bioaccessible iron is increased by 129%, the percentage 

bioaccessible zinc is increased by 154% and the amount of bioaccessible zinc is increased by 

181%, as compared to the pearl millet plus provitamin A source porridge. Fortification with 

hibiscus calyces also increases the iron and zinc bioaccessibilities. Hibiscus calyces added at 

15 g/100 g pearl millet, db, increases the amount of bioaccessible iron the most, by 241%, as 

compared to the pearl millet plus provitamin A source porridge. These increases are probably 

due to the high levels of organic acids in baobab fruit pulp and hibiscus calyces. Most organic 

acids are able to form soluble complexes with iron and zinc which renders the minerals 

bioaccessible for absorption in the gastrointestinal tract.  

Fortification with moringa leaves to pearl millet porridge increases as well as decreases the 

iron and zinc bioaccessibilities. When moringa is added at 15 g/100 g pearl millet, db, a 

reduction of 52% in the percentage iron bioaccessibility and a reduction of 8% in the 

percentage zinc bioaccessibility, as compared to peal millet plus provitamin A porridge, is 

observed. This is because moringa leaves, even though it has the highest iron content (58.4 

mg/100 g, db) of all the plant foodstuffs, has the highest levels of calcium and total phenolics 

as well as a substantial level of phytate. With such high levels of iron and zinc 

bioaccessibility inhibitors, fortification with moringa leaves, probably negatively affects the 

bioaccessibility of the iron and zinc contained in the pearl millet itself. 

Addition of the mango-carrot premix (plus sunflower oil), as a provitamin A source, to pearl 

millet porridge results in increased bioaccessible iron and zinc. This is because provitamin A 

carotenoids have an enhancing effect on nonhaem iron and zinc absorption as the carotenoids 

are able to form soluble complexes with these minerals in the intestinal tract.  

Dietary diversification by means of fortifying pearl millet porridges with baobab fruit pulp, 

possibly hibiscus calyces, but not moringa leaves, could increase the iron and zinc 

bioavailabilities of the porridge. This may possibly lead to improved iron and zinc statuses of 

populations in sub-Saharan Africa with micronutrient deficiencies. 
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 General discussion  Chapter 5:

This chapter is divided into three sections. The first part critically evaluates the experimental 

design and important methods as applied in this study and also lists additional in vitro and in 

vivo methods that can be applied. The second section evaluates the applicability of major 

findings concerning the effect of porridge composition on the contribution to iron and zinc 

recommended dietary allowances (RDA) and absolute (physiological) requirements (AR). 

The third section discusses how porridges can further be improved and suggests additional 

research which can be done in the future. 

 Methodological considerations  5.1

5.1.1 Porridge preparation and formulation 

The preparation of the pearl millet porridge included cooking it with water in a pot, to mimic 

in home cooking of porridge. The porridge was then freeze dried as a means to preserve the 

cooked porridge. Freeze drying, although not economically feasible to produce porridge flour 

for communities in sub-Saharan Africa, was used for the purpose of this study as it is the least 

damaging to nutrients. Extrusion cooking of the pearl millet would be a better approach as it 

could be used to produce economically feasible instant porridge flour. However, only small 

amounts of cooked pearl millet porridge flour was needed for the purposes of this study, 

hence, stove cooking and freeze drying was used. 

The micronutrient-rich plant foodstuffs (moringa leaves, hibiscus calyces, baobab fruit pulp), 

used in this study, were chosen as they are commercially available in Senegal and could 

possibly be used to produce food-to-food fortified pearl millet porridges for people living in 

that region of sub-Saharan Africa. These plant foodstuffs were added to the pearl millet at 

levels of 5 and 15 g/100 g pearl millet, db. The addition of the plant foodstuffs at 5 g/100 g 

pearl millet, db, was chosen as a realistic food-to-food fortification amount with respect to 

cost, as well as sensorial properties of the porridge. The addition of the plant foodstuffs at 15 

g/100 g pearl millet, db, was used mainly to determine an observable effect, such high levels 

of food-to-food fortification with these plant foodstuffs, in practice, would be uneconomical 

and would also be unfavourable to the sensory properties of the porridge. 
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The mango-carrot premix (plus sunflower oil) as a provitamin A source was included in the 

study to address underlying vitamin A deficiency. It was also used to determine if plant 

foodstuffs, rich in provitamin A, could increase the iron and zinc bioaccessibilities from pearl 

millet porridge. 

5.1.2 Calcium and phosphorus contents and bioavailabilities 

The calcium content of the foodstuffs were determined as calcium is known to reduce iron 

bioaccessibility, and when bound to phytate, can reduce the bioaccessibility of zinc, as 

discussed previously. With regard to phosphorus contents, its levels in the foodstuffs are 

related to phytate, which is a potent inhibitor of iron and zinc absorption (Gibson 2006). Each 

phytate molecule has 6 phosphate groups, containing phosphorus, attached to its inositol ring. 

Free phosphates, as those from phytate hydrolysis, can also react with mineral ions to form 

insoluble precipitates which renders the minerals unavailable for absorption (Lopez et al. 

2002). Although it was not the focus of this project, the calcium and phosphorus 

bioaccessibilities were also determined as these are important minerals for growth and 

development (FAO/WHO 2001).  

5.1.3 The Folin-Ciocalteu method to determine total phenolic contents 

The Folin-Ciocalteu method, used to determine the total phenolic contents, is a non-specific 

assay as other oxidation substances can interfere with the assay in an inhibitory, additive or 

synergistic way (Magalhães et al. 2010). Inhibitory effects are not likely to occur as reactions 

from oxidants competing with the Folin-Ciocalteu reagent should have been completed in 

advance. The Folin-Ciocalteu reagent is added before the alkali, thus, avoiding the inhibitory 

effect of air oxidation. Some nonphenolic compounds such as organic acids, reducing sugars, 

ferrous sulphate, and sodium sulphite, can directly reduce the Folin-Ciocalteu reagent, 

resulting in an additive effect. A clean-up procedure using solid phase extraction have been 

proposed as a means to separate phenolic compounds and eliminate interfering oxidising 

substances (Magalhães et al. 2010). A synergistic effect is produced by the regeneration of 

oxidised phenols to allow further oxidation by the Folin-Ciocalteu reagent (Magalhães et al. 

2010). It is not clear what the rate of regeneration is and whether the time limit applied in the 

methodology would nullify the synergistic effect. It has been found that ascorbic acid at 

concentrations higher than 1.0 mg/L had considerable interference with the Folin-Ciocalteu 
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assay, as an additive effect, thus, correction based on ascorbic acid contents should be applied 

(Magalhães et al. 2010). Moringa leaves, hibiscus calyces, and baobab fruit pulp contain 

ascorbic acid (Table 2.9.1), thus, the total phenolic contents determined might have been 

overestimated. 

Alternative, more specific methods, such as analysing methanolic extracts of plant samples 

by liquid chromatography-mass spectrometry can provide profiling of specific phenolic 

compounds (Leone et al. 2015). Qualitative HPLC profiling may also be used (Puupponen-

Pimiä et al. 2003). 

Iron bioaccessibility may have been overestimated. Some phenolic compounds, such as those 

found in tea or spinach (Brown et al. 1990), can bind iron in soluble complexes (Moran et al. 

1997). Because these compounds are soluble, they readily diffuse through the dialysis 

membrane and thus, are measured as bioaccessible iron (Luten et al. 1996). However, the iron 

bound to soluble phenolic compounds is not bioavailable for absorption in the gastrointestinal 

tract. 

5.1.4 Provitamin A 

The increases in iron and zinc bioaccessibilities from the addition of the provitamin A source 

were in agreement with research by Gautam, Platel and Srinivasan (2010). However, in this 

present study it is not possible to clarify whether the improved bioaccessibilities were due to 

the provitamin A or other iron and zinc bioaccessibilities enhancers present in the provitamin 

A source. To confirm that the positive effect of the provitamin A source (mango-carrot 

premix plus sunflower oil) on the bioaccessible iron and zinc was due to the provitamin A, 

the provitamin A content would need to be measured. The same amount of provitamin A as 

detected in the mango-carrot premix should then be added to the pearl millet porridge and 

iron and zinc bioaccessibilities measured. 

5.1.5 The in vitro dialysability assay as a measure of bioaccessible minerals 

The in vitro dialysability assay as a measure of bioaccessibility is limited as it cannot assess 

the rate of absorption, absorption, or transport kinetics. Furthermore, it cannot measure 

nutrient or food competition at the site of absorption (Etcheverry et al. 2012). A major 

drawback of the in vitro dialysability assay is that a significant amount of the iron diffused 
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into the dialysis bag immediately becomes insoluble due to the higher pH of the dialysate, 

this amount of insoluble iron may have a significant effect on the results (Van Campen and 

Glahn 1999). The dialysability assay has, however, been validated against human absorption 

studies and found to agree to some extent (Etcheverry et al. 2012). Dialysable iron values 

from a study done by Luten et al. (1996) were similar to some extent to non-haem iron 

absorption values from a human subject study, in ranking and magnitude. The dialysability 

assay should rank meals in the same order and direction of the response to inhibitors and 

enhancers as absorption studies. 

The in vitro dialysability assay has significant variation in the parameters between the 

individual models described in literature. This makes it challenging to compare results 

between different research-groups and to deduce general findings (Minekus et al. 2014). To 

aid the production of more comparable data in future studies, Minekus et al. (2014) proposed 

a “general standardised and practical static digestion method based on physiologically 

relevant conditions”. A frameset of parameters were suggested and included the specific 

digestion fluids, the oral, gastric and intestinal phase as well as suggestions of sampling 

during digestion. Justifications for the recommendations of the digestion parameters were 

included. 

An extension to the dialysis method developed by Miller et al. (1981) is a continuous-flow 

dialysis system which is performed by means of a hollow-fibre system (Wolters et al. 1993). 

The continuous-flow dialysis system takes the removal of dialysable components into 

account and thus, leads to a better estimate of in vivo bioavailability (Etcheverry et al. 2012). 

Sophisticated gut models have also been developed which simulate the human digestive 

system. The Netherlands Organization (TNO) for Applied Scientific Research has developed 

a computer controlled gastrointestinal model (TIM) which simulates conditions in the human 

stomach, duodenum, jejunum and ileum (Minekus et al. 1995). This gastrointestinal model 

has a much greater in vivo predictive value than typical in vitro dissolution assays (TNO 

2013). 

5.1.6 Estimation of bioavailability 

A human colon adenocarcinoma cell line, Caco-2 cells, have demonstrated numerous 

morphological and biochemical characteristics of enterocytes (Au and Reddy 2000). Caco-2 

cells differentiate into polarised monolayers with a well-developed brush border and 
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associated enzymes. These cells can be used to assess bioaccessibility through the 

determination of nutrient uptake, transport, or both (Etcheverry et al. 2012). Iron uptake can 

be estimated by the Caco-2 human epithelial cell line via ferritin formation, via atomic 

absorption spectroscopy or via radio-isotopic forms of the mineral. The latter two are also 

used for zinc and calcium uptake studies. 

The in vitro Caco-2 absorption model has been suggested as the recommended 

bioaccessibility method for iron and zinc (Etcheverry et al. 2012). This assay can provide 

more information than bioaccessibility studies alone, such as the impact of food or nutrient 

components on the absorption rate and efficiency, as well as possible competition at the 

absorption site (Glahn et al. 2002). The Caco-2 absorption model has been validated against 

human absorption results, with a significant correlation found (Au and Reddy 2000). The 

Caco-2 cell model is thus a useful assay to assess human iron absorption and is also feasible 

to study iron and zinc bioavailability from various food combinations. 

 Application of research findings  5.2

5.2.1 Contribution to recommended dietary allowances (RDA) 

Recommended dietary allowances (RDA) of iron and zinc for 2–5-year-old children, vary 

according to the types of diets followed (National Institute of Health 2016). Mixed western-

type diets contain meat with haem iron which is the highest bioavailable form of iron (≈18%) 

and zinc (≈45%), whereas strict vegetarian diets have the lowest bioavailable iron (≈5%) and 

zinc (≈15%). Vegetarian diets are mostly followed by poor populations in developing 

countries where access to a variety of foods is limited. The iron RDA for vegetarian diets is 

1.8 times higher than for mixed diets and is associated with moderate iron bioavailability 

(≈10%). People following vegetarian diets have 50% greater zinc requirements than those 

following mixed western diets and is based on dietary phytate:zinc molar ratios greater than 

15. RDA of iron and zinc is 11.6 mg/day and 8.3 mg/day, respectively for 2–3-year-old 

children, and 12.6 mg/day and 9.6 mg/day, respectively for 4–5-year-old children, following 

a diet with low iron and zinc bioavailabilities (WHO/FAO 2004). As a large proportion of the 

populations in sub-Saharan Africa are reliant on vegetarian diets, the contribution one portion 

of each porridge formulation could have on the RDA’s of iron and zinc for 2–5-year-old 

children, following a vegetarian diet, was calculated (Table 5.2.1). RDA’s for children in this 



68 

 

age group were chosen as they are at greatest risk of mineral deficiencies (WHO 2014). 

Calculations were based on porridge-type portion sizes of 100 g, fw, for 2–3 years and 120 g, 

fw, for 4-5 years (derived from Mahan and Raymond 2016). The calculations were based on 

a porridge consisting of 30% solids. The amount of porridge required to meet 25% of iron 

and zinc RDAs for 2–5-year-old children was calculated for each of the formulations (Table 

4.3.1). A porridge providing 25% of iron and zinc RDAs would be sufficient as the porridge 

would not be the only source of iron and zinc in the diet. If two portions were consumed 

during a day, 50% of iron and zinc RDAs for 2–5-year-old children would be met. 

With the addition of the provitamin A source to pearl millet, the contribution to iron and zinc 

RDAs increased by 34 and 25%, respectively, as compared to pearl millet alone. For the 

various porridge formulations, the highest percentage contribution one portion of porridge on 

the iron RDA for 2–5-year-old children could make, was 35.7 and 39.5%, respectively, for 2–

3 and 4–5-year-old children (Table 5.2.1). This was with moringa leaves addition at 15 g/100 

g pearl millet, db, as moringa leaves had the highest levels of iron of all the plant foodstuffs. 

However, in Chapter 4, it was found that porridge fortified with this level of moringa leaves 

had the lowest bioaccessible iron, even though its contribution to the iron RDA was the 

highest. Concerning zinc, the highest percentage contribution of one portion of porridge 

could make on the zinc RDA for 2–5-year-old children was 5.8 and 6.4%, respectively, for 2–

3 and 4–5-year-old children (Table 5.2.1) and was achieved with hibiscus calyces added at 15 

g/100 g pearl millet, db. Hibiscus calyces were the foodstuff with the highest levels of zinc, 

thus it had the greatest percentage contribution to zinc RDA. Even though food-to-food 

fortification of pearl millet porridge with the suggested micronutrient-rich plant foodstuffs 

increases the zinc content of the porridges, the contribution to RDA is still very low and 

might not be sufficient to improve zinc statuses of children. 

RDA only takes the content of nutrients into account and not the bioaccessibility of these 

nutrients (National Institute of Health 2016). Even though RDA’s take into account the 

effects of the type of diet followed on the nutrient bioavailability, it is difficult to make true 

comparisons between the different plant foodstuffs as they affect nutrient bioavailabilities 

differently. Thus to be able to make better comparisons between the effects of the different 

plant foodstuffs on iron and zinc bioavailabilities from pearl millet porridge, the iron and zinc 

contents, as well as their bioaccessibilities have to be taken into account 

(WHO/UNICEF/UNU 2001). The contribution, various pearl millet porridge formulations 

could make to the absolute requirements for iron and zinc should rather be estimated. 
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Table 5.2.1: Effects of adding 5 and 15 g/100 g pearl millet plus provitamin A source, db, of dried moringa leaves (M), hibiscus calyces (H) and 

baobab fruit pulp (B) alone and in combination to freeze dried pearl millet (PM) porridge on the percentage contribution of one portion (30% 

solids) to the recommended dietary allowances (RDA) for iron and zinc for 2–5-year-old children, and the amount of porridge required to meet 

25% of their RDA 

Formulations
 

% Contribution to RDA Grams of porridge required to meet 25% of RDA 

2–3 years 

(Portion of 100 g) 

4–5 years 

(Portion of 120 g) 

2–3 years 4–5 years 

Iron Zinc Iron Zinc Iron Zinc Iron Zinc 

PM + provit A source 13.1 4.8 14.4 5.3 191 524 173 475 

PM alone 9.7 3.8 10.7 4.2 257 655 233 593 

PM + provit A source + 

5M + 5H + 5B 

28.5 5.6 31.5 6.2 88 449 79 406 

PM + 5M + 5H + 5B 25.1 4.6 27.8 5.1 99 541 90 490 

PM + provit A source + 

5M 

20.6 5.1 22.8 5.6 121 494 110 447 

PM + provit A source + 

15M 

35.7 5.7 39.5 6.2 70 442 63 400 

PM + provit A source + 

5H 

19.2 5.1 21.2 5.7 131 488 118 442 

PM + provit A source + 

15H 

31.3 5.8 34.6 6.4 80 430 72 389 

PM + provit A source + 

5B 

14.8 4.9 16.4 5.4 168 507 152 459 

PM + provit A source + 

15B 

18.4 5.2 20.3 5.8 136 476 123 431 
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Formulations
 

% Contribution to RDA Grams of porridge required to meet 25% of RDA 

2–3 years 

(Portion of 100 g) 

4–5 years 

(Portion of 120 g) 

2–3 years 4–5 years 

Iron Zinc Iron Zinc Iron Zinc Iron Zinc 

PM + provit A source + 

5M + 5H 

26.7 5.4 29.5 6.0 94 462 85 418 

PM + provit A source + 

5M + 5B 

22.4 5.2 24.7 5.8 112 479 101 433 

PM + provit A source + 

5H + 5B 

20.9 5.3 23.1 5.8 119 474 108 429 
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5.2.2 Contribution to iron and zinc absolute (physiological) requirements (AR) 

The contribution various pearl millet porridge formulations could make to the AR for iron 

and zinc, relative to the pearl millet plus provitamin A source porridge was calculated for 2–

5-year-old children (Figure 5.2-1). The AR for a mineral is equal to the sum of the daily basal 

losses of the mineral (via faeces, urine, skin and its appendages, milk, menstrual blood, and 

semen) plus the amounts of the mineral needed for growth (WHO/UNICEF/UNU 2001). For 

2–5-year-old children, the absolute iron requirement is 0.5 mg/day (WHO/UNICEF/UNU 

2001) and the absolute zinc requirements is 1.09 mg/day (FAO/WHO 2001). The absolute 

bioaccessible mineral (per portion) was calculated as the amount of bioaccessible mineral 

multiplied by portion weight, db. 

Percentage contribution of porridge formulation to AR

=
Absolute bioaccessible mineral (per portion)

AR
× 100 

Relative contribution of porridge formulation to AR

=
Percentage contribution to AR of formulation

Percentage contribution to AR of pearl millet + provitamin A source
 

Baobab fruit pulp addition had the highest relative contribution to the AR for both iron and 

zinc (Figure 5.2-1). Its addition at 5 g/100 g pearl millet, db, contributed 1.9 and 1.6 times, 

respectively more to the AR for iron and zinc, than the pearl millet plus provitamin A source 

porridge. Likewise, its addition at 15 g/100 g pearl millet, db, contributed 3.3 and 2.9 times, 

respectively more to the AR for iron and zinc, than the pearl millet plus provitamin A source 

porridge. Hibiscus calyces added at 15 g/100 g pearl millet, db, had the highest relative 

contribution to the AR for iron, however, baobab fruit pulp was the best overall food-to-food 

fortificant among the plant foodstuffs as it had the greatest positive effect on both iron and 

zinc bioaccessibilities. 
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Figure 5.2-1: Effects of adding 5 and 15 g/100 g pearl millet plus provitamin A source, db, of dried moringa leaves (M), hibiscus calyces (H) and 

baobab fruit pulp (B) alone and in combination to freeze dried pearl millet (PM) porridge on the relative contribution to iron and zinc absolute 

(physiological) requirements (AR) of 2–5-year-old children, as compared to pearl millet plus provitamin A source porridge
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Even though the maximum percentage contribution to zinc RDA was 5.8 and 6.4% for 2–3 

and 4–5-year-old children, respectively (Table 5.2.1), and indicated insufficient zinc content 

to improve zinc statuses of children, the contribution to zinc AR was 2.9 times that of pearl 

millet plus provitamin A source and 6.8 times that of pearl millet alone. This strongly 

indicates that zinc statuses of children consuming such food-to-food fortified porridges would 

increase; however the extent of improved statuses cannot be predicted. 

 Future research  5.3

Iron and zinc bioavailability enhancers are also present in the micronutrient-rich plant 

foodstuffs. Determination of the iron and zinc bioavailability enhancers should be carried out 

to better explain the effects of the foodstuffs on the iron and zinc bioaccessibilities. 

Determination of bioavailability enhancers, such as organic acids can be measured by liquid 

chromatography (Nisperos-Carriedo et al. 1992). 

Processing techniques of the moringa leaves, hibiscus calyces and baobab fruit pulp should 

be considered. It may be that heat processing was used during the drying of the moringa 

leaves, if that was the case, many of the organic acids which enhance iron and zinc 

bioavailabilities would have been destroyed (Asami et al. 2003). Other processing techniques 

which further improve mineral bioavailabilities should be explored; such processes may 

involve extrusion cooking, or acidification of the porridge by means of fermentation or 

artificial acidification (Motarjemi and Nout 1996). Extrusion cooking, a combined thermo-

mechanical treatment, of the pearl millet and co-extrusion of the pearl millet plus the 

micronutrient-rich plant foodstuffs should be investigated. Research has indicated that 

extrusion cooking is a quicker and more consistent way to increase nutrient bioavailability, as 

compared to traditional processing methods (Nikmaram et al. 2017). Extrusion cooking 

causes thermal and chemical breakdown of antinutritional factors, such as mineral 

bioavailability inhibitors, and simultaneously could alter the physical, chemical and 

nutritional nature of nutrients in a desirable manner.  

The in vitro Caco-2 absorption model is a closer predictor of bioavailability than the 

dialysability assay alone, and should be considered for future studies. Evidence for the 

enhancing effect of baobab fruit pulp and hibiscus calyces on iron and zinc bioavailability 

also needs to be confirmed in in vivo studies (stable isotope absorption) (Johnson 1982).  
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 Conclusions and Recommendations  Chapter 6:

Fortification of pearl millet with a mango-carrot premix (plus sunflower oil) improves the 

iron and zinc bioaccessibilities as mango and carrots contain very low levels of iron and zinc 

bioavailability inhibitors, and are rich in organic acids and provitamin A, which can act as 

iron and zinc bioavailability enhancers. 

Additional fortification of the pearl millet plus provitamin A source porridge with the 

micronutrient-rich plant foodstuffs (moringa leaves, hibiscus calyces or baobab fruit pulp) 

further improves the iron and zinc bioaccessibilities. Baobab fruit pulp addition results in the 

highest iron and zinc bioaccessibilities as it contains the lowest levels of calcium and phytate, 

of the micronutrient-rich plant foodstuffs. Even though baobab fruit pulp contains low levels 

of iron and zinc, and substantial levels of tannins, it is very rich in organic acids which can 

act as potent iron and zinc bioavailability enhancers. Additional fortification of the pearl 

millet plus provitamin A source porridge with baobab fruit pulp could contribute >200% and 

>180% more to the iron and zinc absolute requirements (defined as the sum of the daily basal 

losses of the mineral plus the amounts of the mineral needed for growth), respectively, for 2-

5-year-old children. 

The addition of hibiscus calyces to the pearl millet plus provitamin A source porridge also 

considerably improves iron and zinc bioaccessibilities as it contains substantial levels of iron, 

zinc, and organic acids, even though it has substantial levels of phytate. The addition of 

moringa leaves generally results in the lowest increases and, in some cases, even reduces the 

iron and zinc bioaccessibilities, even though it has the highest level of iron of all the plant 

foodstuffs. Dried moringa leaves have the highest levels of calcium and total phenolics, and 

substantial levels of phytate, as well as possible low levels of organic acids, all which 

contribute to the low iron and zinc bioaccessibilities.  

The addition of baobab fruit pulp or hibiscus calyces (with or without the mango-carrot 

premix) to the pearl millet plus provitamin A source porridge considerably improves the iron 

and zinc bioaccessibilities. Thus, the iron and zinc status of people consuming a cereal-based 

diet may be improved by the inclusion of baobab fruit pulp or hibiscus calyces, as natural 

food fortificants, to cereal-based porridges. Dietary diversification, with mango, carrots, 

hibiscus calyces and baobab fruit pulp, as locally available plant-based foods, to produce 

cereal-based porridges is one of the best ways to provide nutritious diets to the sustainability 
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of a population. Furthermore, locally grown and processed food can contribute substantially 

to economic growth and food security in both urban and rural communities in sub-Saharan 

Africa. Production of a porridge also has the potential to be marketed in distant markets, as it 

is a microbiologically stable product. 

It is recommended that future studies should include phenolic profiling and organic acid 

profiling to further explain the iron and zinc bioaccessibility results. The results of this study 

cannot be applied to humans yet as further studies have to be done to confirm the 

dialysability findings. Thus, further in vitro studies (Caco-2 absorption model) as well as in 

vivo studies (stable isotope absorption) should be carried out.  
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Figure A-1: Micronutrient-rich plant foodstuffs has the potential to increase iron and zinc 

nutritive values from an cereal-based porridge 
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Figure A-2: Food-to-food fortification of pearl millet instant porridge to increase iron and 

zinc nutritive values. 


