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Iron and zinc and other mineral bioaccessibility improvement in African cereal-based porridges by food-to-food fortification
By
Oluyimika Yanmife Adetola

Degree: (PhD Nutrition)
Supervisor: Prof. John R.N. Taylor
Co-Supervisors: Dr. Johanita Kruger; Dr. Zelda White

Essential mineral deficiencies, notably iron and zinc are prevalent in Africa, especially among children and women of childbearing age, often resulting from monotonous cereal-based diets low in bioavailable minerals.
This study investigated the effects of food-to-food fortification of African-type wholegrain pearl millet and maize porridges with locally available plant foodstuffs rich in minerals (moringa leaves and hibiscus calyxes) and their bioavailability enhancers, organic acids (baobab fruit) and β-carotene (carrot and mango), at 5–15 g/100 g porridge (dry basis), on iron, zinc and other mineral bioaccessibilities, as measured by dialysability assay. 
Notwithstanding baobab’s high tannin and total phenolic contents, its fortification of pearl millet and maize porridges generally increased both the percentage and amount of bioaccessible iron.  Baobab was nearly as effective as citric and ascorbic acid inclusion and was more effective than just ascorbic acid inclusion, a known enhancer of iron absorption. Hence, the positive effect of baobab was very likely due it being high in citric and ascorbic acids. This positive effect was greatly enhanced (approximately 2-fold) when maize porridge was additionally conventionally fortified with iron as FeSO4. Baobab’s organic acids most likely enhanced the solubility of the iron in the porridges, thereby alleviating its chelation by phytate and phenolics. The baobab’s ascorbic acid enhanced the solubility of the porridges’ iron (Fe3+) primarily by reducing it to the soluble Fe2+ form. However, zinc bioaccessibility was generally not improved by baobab fortification alone, likely due to baobab’s high polyphenol content.
Moringa fortification of the porridges generally substantially decreased percentage and amount of bioaccessible iron and zinc. This was highly likely due to its high calcium and phytate contents, which would likely reduce iron and zinc solubility by forming insoluble calcium-phytate-iron/zinc complexes.
Carrot plus mango fortification of maize porridge moderately increased iron and zinc bioaccessibility, in terms of percentage and amount when in combination with baobab. The high β-carotene content of carrot and mango most likely contributed to this enhancement. Beta-carotene can enhance mineral bioavailability by forming soluble complexes with them. 
Food-to-food fortification with combinations of carrot, mango, papaya, baobab, hibiscus calyxes and small proportion of moringa (2.5 g/100 g porridge) or together with a commercial micronutrient premix (iron, zinc and vitamin A) generally increased mineral bioaccessibility in extrusion-cooked fortified-pearl millet-based porridges, both in term of percentage and amount by up to 22-fold for iron and 4-fold for zinc. However, the extruded products were notably high in iron, resulting from contamination during processing. The enhancement in iron and zinc bioaccessibility was very likely primarily because the organic acids and β-carotene in the food fortificants improved the solubility of the contaminating iron plus the iron and zinc in the porridges. 
Percentage calcium bioaccessibility was generally decreased by the food fortificants, likely because of their high contents of phenolics. However, percentage magnesium bioaccessibility were generally moderately increased with baobab and/or carrot plus mango fortification of the porridges. Only moringa decreased the percentage magnesium bioaccessibility, presumably due to its high contents of calcium and phenolics. Amounts of bioaccessible calcium and magnesium were generally substantially increased by the plant food fortificants with moringa fortified-cereal porridges being by far the highest in bioaccessible calcium and magnesium. This is because moringa is very high in calcium and high in magnesium.
Thus, a hybrid food-based strategy, such as food-to-food fortification of wholegrain cereal foods with baobab fruit, mango and carrot in combination with conventional iron and zinc fortification may be a viable strategy to improve bioavailable iron and zinc in the diets of at-risk populations in tropical Africa and also substantially increase their intake of provitamin A.
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1. [bookmark: _Toc65253540]INTRODUCTION
Essential mineral deficiencies, including iron and zinc deficiencies remain a major widespread public health challenge (Development Initiatives, 2018). Iron deficiency (ID) is the most common cause of anaemia, responsible for approximately 50% and 42% of all anaemia cases among women and children under age five, respectively worldwide (WHO, 2017). The World Health Organization (WHO) estimates that iron deficiency anaemia (IDA) affects 800 million children and women globally, with the highest prevalence in Africa, Eastern Mediterranean and South-East Asia (WHO, 2015). In Africa, approximately 39% of women of reproductive age (79 million) (WHO, 2015) and 30% of school-aged children (Best et al., 2010) have anaemia, respectively. ID and IDA in childhood results in impaired mental and cognitive development and consequently reduced learning achievements in children, impaired physical development and reduced work capability in adults. (Victora et al., 2008; WHO, 2017). Poor maternal and birth outcomes are also associated with anaemia (WHO, 2017). 

Zinc deficiency is also common. Several studies have documented high rates of insufficient zinc intake and deficiencies of between 29 and 59% in some countries in sub-Saharan Africa (Engle-Stone et al., 2014). Zinc deficiency has been implicated in increased risk and severity of infections, retarded growth in children and adverse pregnancy outcome (Hess et al., 2009). 

[bookmark: _Hlk50734514]Animal-based foods rich in readily available forms of iron and zinc are limited in the diet of much of the population in most developing countries (Fiorentino et al., 2016). Most people in low-income countries consume staple plant-based foods, including cereals, legumes and seeds, which contain poorly bioavailable iron and zinc (Gibson et al., 2018). Two of the most consumed cereal staples in Africa are pearl millet and maize. Pearl millet is widely produced and consumed by millions of people in Africa (Jukanti et al., 2016). Many countries in sub-Saharan Africa contribute significantly to pearl millet production worldwide, especially in Western and Central Africa (FAO, 2015), with the major countries being Niger, Mali, Burkina Faso, Nigeria, Chad and Senegal. There is also considerable production of the crop in the Eastern and Southern Africa (Jukanti et al., 2016; Taylor, 2016), with the major countries being Ethiopia, Sudan and Tanzania (Jukanti et al., 2016). Maize is the most widely grown food staple in sub-Saharan Africa (Smale et al., 2011). It accounts for 40% of cereal production, of which more than 80% is utilized as food (Ekpa et al., 2019). In Africa, it is estimated that 52–450 g maize is consumed per person/day. These cereal grains are therefore vital sources of food macronutrients such as carbohydrates, fat, proteins, and important sources of micronutrients like iron, zinc and vitamin E in many African countries (Ranum et al., 2014; Taylor, 2016). 

However, pearl millet and maize, like other grains, contain antinutritional factors which limit the bioavailability of essential minerals like iron and zinc (Taylor, 2016; Ekpa et al., 2019), which contributes to their deficiency in the diet of communities consuming monotonous cereal-based diets. Moreover, many poor communities at-risk of these mineral deficiencies often do not have access to conventional micronutrient fortified foods (Dairo & Ige, 2009; Bouis, 2018). Food-to-food fortification of commonly consumed staple cereal foods with micronutrient-dense fruits and vegetables is increasingly recognized as an emerging tool to fight mineral deficiencies in developing countries (Chadare et al., 2019; Kruger et al., 2020). Therefore, food-to-food fortification of pearl millet and maize with local African plant foods, rich in essential minerals and enhancers of mineral bioavailability could be an additional and sustainable food-based strategy to improve iron and zinc nutritive value of these widely grown and consumed cereals. Thus, this study aims to evaluate the potential of food-to-food fortification of wholegrain pearl millet and maize African-type porridges with locally available fruits and vegetables to improve essential mineral bioavailability.









[bookmark: _Toc65253541]2.	LITERATURE REVIEW
[bookmark: _Toc65253542]2.1	Overview
[bookmark: _Hlk38735963]In this literature review, the function of iron and zinc in the body, their absorption from dietary sources as well as iron and zinc nutritional issues among school-age children and women of reproductive age in Africa are reviewed and discussed. This is followed by a review of nutritional intervention strategies to combat mineral deficiencies. Cereals as dietary sources of essential minerals in Africa as well as the potential of antinutritional factors in these cereals to limit the bioavailability of the minerals are then reviewed. This is followed by a review of the research on food sources of iron and zinc, and improvement of iron and zinc bioavailability in plant foods with known enhancers of mineral bioavailability. The techniques for assessment of iron and zinc bioavailability are briefly reviewed. Lastly, the review is concluded by indicating that there is need for more scientific studies to demonstrate the effectiveness of food-to-food fortification as a complementing nutritional strategy to enhance mineral bioavailability in African cereal foods.

[bookmark: _Toc65253543]2.2	Iron and zinc functions in the body, their absorption from dietary sources, and their deficiencies – focus on African issues
[bookmark: _Toc65253544]2.2.1	 Iron
Iron is required for a variety of vital functions in humans. These include oxygen transport for cellular respiration, DNA synthesis (Gozzelino & Arosio, 2016), as well as optimal growth and cognitive function (Food & Nutrition Board, 2001). Approximately 4 to 5 g of iron is maintained in the body of a healthy individual (Gozzelino & Arosio, 2016) of which about 67% is in the red blood cells, while the rest and excess iron is stored in the liver (the major storage site for iron) as ferritin and haemosiderin (Kohgo et al., 2008). The required amount of iron in the body is maintained by a well-controlled absorption, mobilization, storage and recycling system (Gozzelino & Arosio, 2016). Iron uptake and absorption from adequate dietary sources as well as recycling of dead red blood cells in the body are efficient enough to supply the iron needs for the daily synthesis of haemoglobin. Haemoglobin is the iron-containing protein in the red blood cells responsible for oxygen transport in the body (Gupta, 2014). 

In human diet, the sources of iron are normally animal foods, for example: red meat, fish and poultry and plant foods such as cereals, green leafy vegetables, legumes, pulses and fruits (WHO & FAO, 2004). Animal source foods provide iron in the form of haem iron which has approximately 25% iron bioavailability when consumed (WHO & FAO, 2004). Haem iron is the major functional form of iron in mammals (Le Blanc et al., 2012) and it is absorbed with the aid of a haem carrier protein (HCP1) into the enterocytes (intestinal absorptive epithelial cells, lining the inner surface of the small intestine) where the haem iron is catabolised by hemeoxygenase-1 (HO-1) (Kohgo et al., 2008). However, in developing regions of the world, including sub-Saharan Africa, plant foods are the major dietary sources of most essential minerals. This is because of their relatively low cost compared to animal sources (Kumssa et al., 2015). The iron in plant foods is in the form of non-haem iron, mainly inorganic ferric iron (Fe3+), which is much less bioavailable (approx. 5%) compared to animal source foods (Food & Nutrition Board, 2001). Non-haem iron is absorbed into the duodenum with the aid of an enzyme called duodenal cytochrome b ferrireductase-Dcytb that reduces Fe3+ to Fe2+, which is then taken up into the enterocytes by the divalent metal transporter-1 (DMT-1) for cellular uptake (Gozzelino & Arosio, 2016). Thereafter, the pool of iron Fe2+ from both haem and non-haem iron in the enterocytes is then combined and released into the blood stream with the aid of ferroportin. The excreted Fe2+ is then oxidized to Fe3+, which is mostly bound to the serum transferrin for transport in the circulation. The transferrin-bound iron is mostly used for bone marrow erythropoiesis (the process which produces red blood cells) (Kohgo et al., 2008). 

As stated, dead red blood cells are recycled for the daily iron needs in the body (Le Blanc et al., 2012). Red blood cells, which have an average life span of about 120 days, are processed by macrophages, after which the resulting haem from the phagocytized red blood cells is degraded by the hemeoxygenase-1 (HO-1) and the free iron is released into the blood stream with the aid of ferroportin. The iron is then bound to transferrin in the circulation and utilized for bone marrow erythropoiesis (Le Blanc et al., 2012)

Despite the well-regulated processes to maintain iron homeostasis in the body, other factors, notably the high physiological needs of children and childbearing women coupled with inadequate dietary iron intake, can cause ID (WHO, 2017). This is especially the case in much of Africa where iron bioavailability is limited in the dietary plant staples (Jonker et al., 2017). In addition, where there is infection and inflammation, hepcidin, a regulator of iron homeostasis, inhibits processes such as the iron uptake from the duodenum and entry into the circulation as well as recycling of iron from dead red blood cells and the release of iron from iron stores (Gozzelino & Arosio, 2016). This may be an important factor in many regions in Africa where infection and inflammation are common especially among the vulnerable; consequently, reducing the iron supply for the essential body needs (WHO, 2017). Thus, poor iron availability, either from the diet or from recycled red blood cells, results in insufficient iron delivery to the bone marrow for adequate synthesis of haemoglobin (Jonker et al., 2017).  Consequently, this leads anaemia. Anaemia occurs when the concentration of the red blood cells in the blood is not sufficient to meet the physiologic needs of the body (WHO, 2011). For example, haemoglobin levels below 110, 115 and 120 g/L of blood in children (6–59 months), children (5–11 years) and women of reproductive age, respectively are referred to as anaemic conditions (Table 2.1) (WHO, 2017). Africa is one of the three regions (Africa, South-East Asia and Eastern Mediterranean) across the WHO population groups, having the lowest mean blood haemoglobin concentrations and the highest prevalence of anaemia (WHO, 2015). In Africa, 62% and more than 37% of children and women of childbearing age, respectively have anaemia. IDA is defined as a condition that results from insufficient intake of iron to meet the requirements for the synthesis of haemoglobin (WHO, 2017). In Africa, approximately 45% of childbearing women are reported to have IDA (WHO, 2015). Other nutritional causes of anaemia include deficiencies of folate, vitamin B12 and vitamin A (WHO, 2011). In IDA, the amount of each red blood cell’s haemoglobin declines, leading to smaller and less red coloured red blood cells than normal (WHO, 2017). The reduction in blood haemoglobin concentration in turn compromises the capacity of the blood to carry oxygen to all the tissues of the body. This consequently leads to fatigue, shortness of breath and reduced work capability in adults.

In children, ongoing developmental processes occur, notably in the brain (Best et al., 2010). Therefore, ID or IDA may result in mental retardation and reduced learning achievements (Victora et al., 2008). This impaired mental development is majorly due to impaired energy metabolism, and defective neurotransmitter function and defective myelination (the process by which formation of myelin sheath (fatty sheath) around the neuronal processes increases in order to increase electrical transmission efficiency (Baars & Gage, 2013)) in the brain (Abu-Ouf & Jan, 2015). In children, iron deficiency has also been linked to compromised immunity as a result of depression of T-lymphocytes, impaired neutrophil function and microbicidal quality of macrophages, consequently leading to increased risk of infection (Jonker et al., 2017).

[bookmark: _Toc65253623]Table 2.1: Haemoglobin levels to diagnose anaemia in children and women (g/L of blood)
	
	
	Anaemia

	Population
	Non-anaemia
	Mild
	Moderate
	Severe

	Children 6-59 months
	≥ 110
	100-109
	70-99
	< 70

	Children 5-11 years
	≥ 115
	110-114
	80-109
	< 80

	Children 12-14 years
	≥ 120
	110-119
	80-109
	< 80

	Non-pregnant women ≥ 15 years
	≥ 120
	110-119
	80-109
	< 80

	Pregnant women
	≥ 110
	100-109
	70-99
	< 70


 World Health Organization (2017)

As stated, women of reproductive age are also at risk of ID and anaemia due to iron losses from regular menstrual blood losses, increased iron requirement in pregnancy for placenta and foetal growth and maintenance, and increased maternal blood volume, as well as iron losses due to bleeding at childbirth (WHO, 2017). Another important cause of ID in women in low-and middle-income countries is consumption of diets low in bioavailable iron (WHO, 2017). For example, Ayoya et al. (2012) reported a severe public health problem of ID in western and central Africa among childbearing women due to poor intake of bioavailable dietary iron. Anaemia in the women was associated with fatigue, decreased work performance and productivity. IDA has also been associated with adverse pregnancy outcomes such as increased risk of perinatal infection, pre-eclampsia, premature labour, intrauterine growth retardation of infant, low birth weight, birth asphyxia and neonatal anaemia (Abu-Ouf & Jan, 2015) and high risk of maternal death (Ayoya et al., 2012). Increased tiredness, breathlessness, infection and depression in child-bearing women have also been associated with anaemia postpartum, the period after birth (WHO, 2017). 

[bookmark: _Toc65253545]2.2.2	Zinc
Zinc is the second most important mineral after iron (Baltaci et al., 2018) and plays many vital physiological functions. Approximately 2 g zinc is present in the human body, of which about 60% and 30% is in the skeletal muscle and bone mass, respectively (Gregory et al., 2017). This indicates that zinc is important for bone, muscle and cartilage tissue development (Baltaci et al., 2018). Zinc also forms metalloproteins with about 10% of the proteins in the body to enable them to attain structures needed to fulfil their roles in the body. For example, zinc binds to more than 7000 enzymes in the body, including the DNA and RNA polymerases and many hormones such as human prolactin and growth hormone, for proper functioning (Baltaci et al., 2018). Furthermore, zinc plays a vital role in the immune system. 

The richest dietary sources of absorbable zinc are animal source foods, especially the organs and flesh of cattle, poultry, pigs, fish and shell-fish (Hotz & Brown, 2004).  Some plant foods such as cereals, legumes and nuts, despite having low zinc bioavailability, are also important dietary zinc sources, especially in developing countries/low-income countries (Rousseau et al., 2020) where, as stated, consumption of animal source foods is often limited (Kumssa et al., 2015; Mantadakis et al., 2020). On consumption of these zinc-source foods, the pancreatic protease enzymes hydrolyse the protein components of the food with the aid of the gastric acid into smaller zinc-containing peptides (King et al., 2016). During this digestion process, zinc solute is released in the form of free Zn2+ ions which may also bind to endogenously secreted ligand before their uptake into the enterocytes (Roohani et al., 2013). Zinc is absorbed throughout the entire small intestine, with the highest rate of absorption occurring at the jejunum (King et al., 2016). However, the highest quantity of zinc is absorbed in the duodenum. Zinc absorption in the small intestine occurs either through a saturatable carrier-mediated process with the aid of zinc transporters situated on the enterocyte membrane or through a non-mediated passive process (King et al., 2016). The passive absorption can occur when the diets contain high amount of zinc (Roohani et al., 2013). Divalent cation transporter (DCT1), also known as the (DMT-1) (Sharp & Srai, 2007) is involved in zinc uptake into the enterocyte (Roohani et al., 2013). The zinc absorbed into the cells of the small intestine is transported within the enterocyte cells with the aid of two carrier proteins, metallothionein (MT) and the transporter ZnT7, while the ZnT1 transporter influences zinc transport from the enterocytes into the blood stream (King et al., 2016). The absorbed zinc is then directly carried to the liver, from where it is released into the circulation for its usage by the other tissues in the body (Roohani et al., 2013). 

However, the efficiency of absorption of zinc can be affected by several factors, including total zinc contents of meals and the absorbable zinc in the diet (Roohani et al., 2013). The efficiency (percentage) of zinc absorption is increased with low dietary intake of zinc, although, the total amount absorbed would still be lower compared to amount absorbed from a high zinc diet (Hotz & Brown, 2004). Other dietary factors such as phytates limit the bioavailability of zinc by forming insoluble chelates with it in gastrointestinal lumen, thereby limiting its absorption in the small intestine. Polyphenols in plant foods is also a possible inhibitor of zinc bioavailability (Krishnan & Meera, 2017). Inadequate dietary bioavailable zinc is considered as the major cause of its deficiency especially in low-income countries. Plant-based diets, including cereals, legumes and seeds which are the major sources of zinc in the diet of people in low-income countries, contain high amount of phytate (Gibson et al., 2018). The global zinc deficiency risks shown in Figure 2.1 indicate that Africa, especially sub-Saharan Africa is by far at the highest risk of zinc deficiency (Gregory et al., 2017).	

[image: ]
[bookmark: _Toc65253646]Figure 2.1: Global deficiency risks for zinc at national scale. 
Gregory et al. (2017)

Zinc deficiency has been implicated in compromised immunity: reduced number of T cells, impaired development, activation and maturation of lymphocytes and impairment of cells involved in innate and adaptive immunity such as the monocytes, polymorphonuclear cells and the killer T and B cells, and hence, increased risk of infection (Baltaci et al., 2018).

Zinc deficiency in children results in increased occurrence and severity of diarrhoea and stunting as well as increased morbidity and mortality due to lower respiratory tract infections and malaria (Gregory et al., 2017). Adverse pregnancy outcomes in women have also been associated with zinc deficiency (Hess et al., 2009). The WHO & FAO (2004) additionally state that delayed sexual and bone maturation, skin lesions, impaired appetite and appearance of behavioural change are some clinical features of zinc deficiency.

[bookmark: _Toc65253546]2.2.3	Other important minerals
There is also a high risk of calcium deficiency in Africa, approximately 54–80% of the population are at risk (Joy et al., 2014; Kumssa et al., 2015), primarily due to inadequate dietary supply. For example, in sub-Saharan Africa the estimated mean daily Ca dietary supply, only meets approximately half of the estimated average requirement (EAR) (Kumssa et al., 2015). Calcium plays vital role in the body. It constitutes approximately 0.1–0.2% of the fat-free weight of the foetus, rising to approximately 2% of an adult’s fat-free weight. Of the calcium in the body, approx. 99% is in the skeleton, indicating its essential role in bone integrity (WHO & FAO, 2004). Calcium salts confer rigidity to the skeleton while calcium ions are involved in most metabolic processes in the body. The mineral is particularly important in the first two years of life, at puberty and during adolescence as well as in the last trimester of pregnancy and in lactating women, hence, these population groups are regarded as mostly at risk of its deficiency. Calcium deficiency has been related to rickets in children and osteoporosis is adults (WHO & FAO, 2004). 

Concerning magnesium, Joy et al. (2014) and Kumssa et al. (2016) reported that the mean estimated risk of magnesium deficiency is low (<1%) in African population. The estimated mean daily dietary supply of magnesium was between 653 and 678 mg/person/day in Africa, which should meet more than three times the estimated average requirement (EAR). However, Kumssa et al. (2016) noted that deficiency risks could have been underestimated, as estimation based on dietary supply does not account for other dietary factors that could inhibit magnesium absorption, such as phytate, calcium and oxalate. Magnesium plays important role in the body. It is mainly located in the bone, muscles and soft tissues (Kumssa et al., 2016). It acts as a cofactor for various enzymes involved in energy metabolism, and in protein, RNA and DNA synthesis, and in maintaining the electrical potential of the cell membrane and the nervous tissues (WHO & FAO, 2004) as well as in metabolism of calcium, vitamin D and potassium (Kumssa et al., 2016). Its deficiency can result in metabolic syndrome, lower bone-mineral density, premenstrual syndrome and attention deficit hyperactivity disorder, especially in children (Kumssa et al., 2016). 
[bookmark: _Toc65253547]2.2.4	Incidence/Prevalence and dietary causes of ID among school-age children and childbearing age women in Africa
ID and IDA are still public health challenge among school-age children in Africa. A systematic review of iron intakes in children of age 5–19 years residing in selected urban and rural areas in Nigeria and South Africa, showed that 51–100% of the children had inadequate dietary iron intake (Harika et al., 2017a). ID and IDA have been shown to affect about two-thirds of some school-aged children (5–12 years) studied in Ghana (Abizari et al., 2017). According to the authors, one likely causal factor was the monotonous plant-based diet, which was high in antinutritional factors such as phytate and polyphenols. These antinutritional factors in plant-based foods limit iron absorption (Hurrell & Egli, 2010). Furthermore, the children consumed few green leafy vegetables, which are rich in iron, and fruits rich in ascorbic acid. Ascorbic acid is known to improve non-haem iron absorption in plant-based foods even in the presence of iron absorption inhibitors (Cercamondi et al., 2014a). Insufficient intakes of iron were also reported among approximately half of the school-aged Senegalese children attending 30 urban primary state schools (Fiorentino et al., 2016). Approximately 39% of the children were also at risk of ID. This was associated with the poor iron nutritive value of the foods consumed as their dietary iron intake was less than their daily iron requirements. Furthermore, findings from a study conducted in Nigeria to evaluate the nutritional quality of commonly consumed foods among school-age children, indicated that the daily foods consumed by the children provided less than a third of the daily recommended intakes for iron (Table 2.2) (Ayogu et al., 2017). According to the authors, the inadequate iron intake was associated with small portion sizes and the poor nutritional quality of the foods consumed. For example, a small quantity of animal source protein was consumed in meals. This was in part due to high food prices and food scarcity.

ID and IDA are also prevalent among women of reproductive age, especially in Africa (WHO, 2015). A meta-analysis study among women of reproductive age in sub-Saharan Africa revealed that the prevalence of anaemia associated with iron deficiency was approx. 33% (Petry et al., 2016a). The study further reported that about 40%, 22%, 39%, 45%, 33% of women in national representative data from Mozambique, Kenya, Cameroon, Sierra Leone and Liberia, respectively were anaemic. Furthermore, approx. 41%, 64%, 29%, 13.6%, 34% of the prevalence of anaemia was associated with ID among the women in Mozambique, Kenya, Cameroon, Sierra Leone and Liberia, respectively. Another study showed that iron intakes were moderate among some women who lived in rural areas of Burkina Faso (Martin-Pravel et al., 2016). However, their serum transferin concentration, suggested a high prevalence of ID (about 76–91%) among these women.  The high prevalence of ID among the women, despite their moderate intake of iron, was associated with poor iron bioavailability of the dietary iron. Their main dietary iron sources were from sorghum and other grains high in inhibitors of iron absorption such as phytate. Petry et al. (2019) similarly found that among 1703 non-pregnant women (15–49 years) studied in rural and urban areas in Gambia, about 41% and 51% were iron deficient and anaemic, respectively and that approx. 30% of the women had anaemia caused by ID. According to the authors, low intakes of iron as well as low dietary bioavailable iron could have contributed to the high prevalence of ID among the women as their diet consisted of plant-based foods high in inhibitors of iron absorption. Furthermore, another study showed that among some 410 healthy, urban South African women, approximately 57% were iron deficient (Phatlhane et al., 2016). According to the authors, one likely causal factor was low consumption of meat and fish known to be rich bioavailable iron. 

[bookmark: _Toc65253548]2.2.5	Incidence/Prevalence and dietary causes of zinc deficiency among school-age children and childbearing age women in Africa
A systematic review of South African children (5–19 years) living in rural and urban areas showed that about 87–98% had inadequate zinc intakes (Harika et al., 2017b). The review also showed that among some 2433 and 684 children (5–19 years) studied in Ethiopia and South Africa, approx. 29% and 37% had zinc deficiency, respectively. The zinc deficiency among the children was associated with the high prevalence of inadequate zinc intake plus the fact that their dietary sources of zinc was high in phytate. As previously stated, phytate chelates minerals including zinc and forms an insoluble complex, thereby preventing it from being easily absorbed in the body (Feil, 2001). Abah et al. (2015) similarly reported that the prevalence of zinc deficiency among school-age children (6–12 years) residing in a rural area of North Central Nigeria was about 99%. The major causal factors were low economic status and poor dietary sources of zinc. For example, about 95% of their diet consisted of maize, rice and yam, of which 80% was unrefined maize porridge. Maize, like other cereals is high in phytate, which can limit zinc from being well absorbed (Feil, 2001). Also, among some school-age children studied in Nigeria, less than 33% of the daily recommended zinc intake was met from their daily diet (Ayogu et al., 2017). The low zinc intake among the children was attributed to consumption of small food portion sizes and minimal quantities of dietary animal food products, which are rich in bioavailable zinc. This was again in part due to high food prices and food scarcity. Similarly, inadequate zinc intake in school children in Eastern Uganda was observed in a cross-sectional study (Tidemann-Andersen et al., 2011). The study showed that the children consumed mainly plant-based foods low in zinc, while animal-based foods were only occasionally consumed. 



[bookmark: _Toc65253624]Table 2.2: Recommended requirements (mg/day) of iron, zinc, calcium and magnesium for children and women of reproductive age
	Population and age (in years)
	Iron
	Zinc
	Calcium
	Magnesium

	
	RDA
	RNI (15% bioavailability)
	RNI (10% bioavailability)
	RNI (5% bioavailability)
	RDA
	RNI (High bioavailability)
	RNI (Moderate bioavailability)
	RNI (Low bioavailability)
	RDA£
	RNI
	RDA₸
	RNI

	Children

	1–3
	7
	3.9
	5.8
	11.6
	3
	2.4
	4.1
	8.4
	700
	500
	80
	60

	4–6
	10
	4.2
	6.3
	12.6
	5
	2.9
	4.8
	9.6
	1000
	600
	130
	76

	7–9
	10 (8)^
	5.9
	8.9
	17.8
	5 (7*)
	3.3
	5.6
	11.2
	1000 (1300)#
	700
	130 (240)$
	100

	Women

	19–50
	18
	19.6
	29.4
	58.8
	8
	3.0
	4.9
	9.8
	1000
	1000
	310 (320)¥
	220


RDA: Recommended Dietary Allowance (Food and Nutrition Board, 2001); *7 mg zinc/day is recommended for 9-year-old child, ^8 mg iron/day is recommended for 9-year-old child, £Ross et al. (2011), ₸IOM (1997), #1300 mg calcium/day is recommended for 9 year-old child, $240 mg magnesium/day is recommended for 9 year-old child, ¥320 mg magnesium/day is recommended for 31–50 year-old women
RNI: Recommended Nutrient Intake (WHO & FAO, 2004) for varying dietary iron/zinc bioavailability






With women of reproductive age, inadequate zinc intakes and zinc status have also been reported. Engle-Stone et al. (2014) investigated zinc intakes and zinc status of some childbearing age women in three ecological district zones of Cameroon. The study revealed a high prevalence of inadequate zinc intakes among the women (40–59%) from two of the zones. Their plasma zinc concentrations also showed a high rate of zinc deficiency (> 80%) even after adjusting for methodological variables and inflammation. Cereal grains such as maize, wheat, rice, sorghum and millets, which are high in antinutritional factors that limit zinc bioavailability, were their major zinc dietary sources. The participants from the third zone consumed porridges and meat more frequently, which could explain the lower zinc intakes in the first two zones. In all the three zones, however, 29% and 41% of the women had inadequate zinc intakes based on moderate and low bioavailability, respectively. Both the zinc intakes and plasma zinc concentrations revealed high risks of zinc deficiency in these women. Similarly, a study of the dietary zinc and plasma zinc concentration in some pregnant women in Southern Ethiopia revealed that 99% and 72% of the women had inadequate dietary zinc and low plasma zinc concentration, respectively (Abebe et al., 2008). The zinc inadequacies were also associated with low dietary zinc and the high phytate content of the foods commonly consumed by the women. Additionally, approx. 72% of lactating women studied in three districts of Ethiopia were found to be zinc deficient (Roba et al., 2018). It was noted that poor dietary diversity and high consumption of staple foods based on cereals such as sorghum and minimal levels of animal food products could have significantly contributed to the zinc deficiency. 

The findings from these studies are worrisome and indicate that there is an urgent need to improve the dietary iron and zinc intakes of many school-aged children and women of reproductive age in Africa.

Nutritional intervention strategies to combat mineral deficiencies currently being implemented and proposed are evaluated in the next section.

[bookmark: _Toc65253549]2.3 	Nutritional intervention strategies to combat mineral deficiencies
Globally, various interventions are being implemented to combat mineral deficiencies. These include mineral supplementation, food fortification, food biofortification and dietary modification and diversification (Gregory et al., 2017; WHO, 2017). 

[bookmark: _Toc65253550]2.3.1	Mineral supplementation
Mineral supplementation is a widely applied strategy to address IDA in populations where iron is generally deficient in the diet, especially among vulnerable groups (WHO, 2017). It involves distribution of iron in specific doses to groups of individuals at risk of ID. For example, the WHO recommends daily (30–60 mg) and weekly (45 mg) elemental iron supplementation in the form ferrous fumarate or ferrous sulphate heptahydrate or ferrous gluconate for school-age children (5–12 years) in areas where the prevalence of anaemia is ≥40% and ≥20%, respectively (WHO, 2017). Similarly, in areas where prevalence of anaemia is ≥40% and 20–39%, daily 30–60 mg and weekly 60 mg elemental iron supplementation are recommended, respectively in the form ferrous fumarate or ferrous sulphate heptahydrate or ferrous gluconate for adolescent girls and women of reproductive age (12–49 years) respectively.

A review study of 21 intervention trials (including randomised control and quasi-randomised trials) involving 10,258 non-pregnant women of reproductive age showed that women receiving intermittent iron supplementation alone (mostly in the form of ferrous sulphate) or with other nutrients had a 27% lower risk of having anaemia (Fernandez-Gaxiola & De-Regil, 2011). Iron supplementation also improved the concentration of their serum haemoglobin and ferritin compared to the women with no iron supplementation. Likewise, a meta-analysis conducted as part of a review study revealed that iron supplementation in pregnancy reduced the incidence of anaemia at term, reduced IDA and infant low birth weight by 69%, 66% and 29%, respectively (Imdad & Bhutta, 2012). Moreover, a systematic review of 17 randomized control trials involving children aged 6 months to 15 years showed that iron supplementation increased mental development score in the children (Sachdev et al., 2005). Furthermore, iron supplementation increased intelligence quotient (IQ) scores in children above 8 years. 

Concerning zinc supplementation, a review study including eight randomized control trials, revealed that it reduced diarrhoea and pneumonia by 13 and 19% respectively among under-five years children in developing countries (Yakoob et al., 2011). Another review study of 55 intervention trials on zinc supplementation (mostly in the form of zinc sulphate) in infants and pre-pubertal children revealed that there was an increase in the linear growth and weight of the children (Brown et al., 2009). Meta-analysis of 24 out of the 55 trials also revealed that zinc supplementation reduced the incidence of diarrhoea in the children by 20%.  Also, 12 of the 55 trials accessed the effect of zinc supplementation on acute lower respiratory infection. The meta-analysis of these 12 trials revealed a 15% reduction of the respiratory infection in the children. Furthermore, an overall marginal (6%) reduction in child mortality was reported and 18% further reduction in child mortality when data was restricted to children more than 12 months of age. This was likely due to the protective effect of breastfeeding during infancy as explained by the authors. 

An intervention study among some 675 healthy Egyptian pregnant women to evaluate the effect of zinc supplementation (30 mg ZnSO4 or 30 mg ZnSO4+multivitamins) on pregnancy outcomes was conducted by Nossier et al. (2015). The study revealed that zinc supplementation did not have any effect on infants’ birth weight but was effective in decreasing the risks of pregnancy complications, still birth and preterm delivery and early neonatal morbidity by 46–57%, 73–88% and 75–77%, respectively. However, a review study of 21 intervention trials among healthy pregnant women revealed that zinc supplementation had no effect on still birth or neonatal deaths and birth weight of infants and on other primary neonatal and maternal outcomes (Ota et al., 2015). In contrast, meta-analysis of 16 of the 21 trials revealed that there was a small (14%) reduction in preterm birth. 

As reviewed, iron and zinc deficiencies persist among vulnerable groups such as women and children in Africa despite the implementation of supplementation strategies (Haddad et al., 2015). Dairo & Ige (2009) reported that many individuals at risk are often not reached by supplementation programmes as they live in inaccessible geographical areas, while many other populations lack access to health care systems where supplementation is provided. Furthermore, some studies have shown that increased intake of iron from iron supplementation and food fortification is associated with increased inflammation and infection in the gastrointestinal tract, especially among children (Jaeggi et al., 2015; Jonker et al., 2017). As explained, inflammation and infection may further inhibit iron supply to the body (Gozzelino & Arosio, 2016). 
[bookmark: _Toc65253551]2.3.2	Food fortification
Food fortification is a process whereby specific essential micronutrients, for example iron, zinc and vitamins are deliberately added to staple foods to increase their levels in the food product, normally to provide a stated percentage of the nutrient reference values (NRV) for these micronutrients. This is done with the aim of improving the micronutrient quality of the food supply to a large population in a cost-effective way as well as to ensure public health benefits with little or no risks to health (WHO, 2017). The WHO (2017) recommended where maize and wheat products such as porridge and bread are consumed by large population in a country with a high prevalence of ID and IDA, their flours should be fortified with iron. 

There are various chemical forms of iron used in food fortification. These include NaFeEDTA (sodium iron ethylenediaminetetraacetate), ferrous sulphate (FeSO4), ferrous fumarate, ferrous lactate, ferrous gluconate and elemental iron powders e.g. electrolytic iron, carbonyl iron (WHO & FAO, 2006). The choice of iron chemical form used in a food formulation is usually based on its bioavailability, cost, and stability in the food. Encapsulation of iron compounds such as ferrous sulphate and ferrous fumarate is also done in order to improve the stability of the iron compounds in the fortified food product (WHO & FAO, 2006). This is achieved by coating the iron compound usually with hydrogenated vegetable oil, which in turn reduces iron contact and interaction with the other food components, thereby helping to prevent any sensory changes in the food product. Mono- and diglycerides, maltodextrins and ethyl cellulose may also be used for iron compound encapsulation.

The preferred chemical forms of iron fortificants by the WHO are NaFeEDTA, ferrous sulphate and ferrous fumarate, especially for wheat flour (WHO, 2017). Iron in the form of NaFeEDTA, an iron chelate, is relatively more bioavailable compared to other iron fortificants even in high phytate foods (WHO & FAO, 2006; WHO, 2017), as shown in Table 2.3. For example, the quantity of ferrous fumarate and encapsulated ferrous sulphate required for the fortification of high extraction maize and wheat flours is twice the quantity of NaFeEDTA (WHO & FAO, 2006). Electrolytic iron is relatively the lowest in iron bioavailability as twice the quantity of ferrous sulphate and ferrous fumarate are required for the fortification of low extraction rate (refined) maize and wheat flours. During the process of digestion, the iron in NaFeEDTA fortified foods remains chelated to EDTA until it is transported into the epithelial cells of the small intestine. In this way, the iron is mostly spared from the inhibitory compounds in the food matrix that renders it unavailable for absorption in the gut lumen (Fairweather-Tait & Teucher, 2002). Furthermore, unlike most soluble iron fortificants, NaFeEDTA is stable in foods, i.e., it does not react with other components in the food matrix and does not affect the sensory properties of the fortified foods. However, NaFeEDTA is relatively costlier than the other iron fortificants (Table 2.3). Encapsulation of ferrous sulphate and ferrous fumarate increases the cost of the iron compounds by approximately 11 and 17 times, respectively, in relative to the use of ferrous sulphate (Table 2.3). 

[bookmark: _Toc65253625]Table 2.3: Iron content, relative bioavailability and cost of some commonly used iron compounds for food fortification (WHO & FAO, 2006)
	Iron compound
	Iron content (%)
	Relative bioavailability1
	Relative cost2 (per mg iron)

	FeSO4.7H2O
	20
	100
	1.0

	Anhydrous ferrous sulphate
	33
	100
	1.0

	Encapsulated ferrous sulphate
	16
	100
	10.8

	Ferrous fumarate
	33
	100
	2.2

	Encapsulated ferrous fumarate
	16
	100
	17.4

	Ferrous gluconate
	12
	89
	6.7

	Ferrous lactate
	19
	67
	7.5

	NaFeEDTA
	13
	>1003
	17.6

	Ferric pyrophosphate
	25
	21–74
	4.7

	Electrolytic iron
	97
	75
	<1.0

	Carbonyl iron
	99
	5–20 
	2.2


1 Relative bioavailability refers to the bioavailability of an iron compound relative to FeSO4.7H2O
2 Relative to anhydrous ferrous sulphate (per mg iron)
3 Bioavailability is 2–3 times higher than ferrous sulphate in high phytate foods.

As stated, mineral food fortification potential to improve a population’s mineral micronutrient status has been shown by numerous efficacy studies. For example, a systematic review of 60 intervention trials revealed that iron food fortification either as ferrous sulphate or NaFeEDTA for various groups, including children and women, significantly increased their blood haemoglobin concentration (weighted mean difference (WMD) 0.42 g/dL; 95% confidence interval (Cl) 0.28–0.56; p<0.001) and serum ferritin (WMD 1.36 µg/L; 95% CI 1.23–1.52; p<0.001) (Gera et al., 2012). Furthermore, there were 41% and 52% reductions in the risk of having anaemia and iron deficiency, respectively. Out of the 60 trials, 33 were on iron fortification of cereal products, of which 19 were wheat and rice. It was not specified whether the cereals were whole or refined. Meta-analysis of the 33 trials revealed a significant increase in the blood haemoglobin concentration (WMD 0.31 g/dL; 95% CI 0.14–0.48; p<0.001). Three of the 60 trials also measured the effect of iron fortification on the mental and motor development in the children. However, there was no significant effect on their mental and motor development. A systematic review of 10 intervention trials in low- and lower middle-income countries revealed that iron (mostly as ferrous sulphate and NaFeEDTA) food fortification (including processed foods and staples) for children improved the blood haemoglobin levels (standard mean difference SMD: 0.32; 95% CI 0.36–0.97) (Das et al., 2013). Furthermore, there was significant reduction (54%) in the risk of anaemia among the children who consumed fortified processed foods but not with children who consumed fortified staples. The review also investigated the impact of iron food fortification on women (including two randomized control trials). It revealed that iron food fortification did not improve the blood haemoglobin levels of the women. A significant increase was, however, observed in their ferritin levels. Also, one of the trials revealed a 26% reduction in the risk of having anaemia. In contrast, Garcia‐Casal et al. (2018) in a meta-analysis of three trials involving children and women found that iron fortification of maize flour and maize meal did not significantly improve blood haemoglobin concentrations, anaemia or iron deficiency risks. However, the authors explained that the findings were uncertain since the three studies included were of low-grade evidence and that the confidence interval were wide, crossing the line of no effect for blood haemoglobin concentrations and anaemia prevalence. The iron chemical forms used in the studies were either NaFeEDTA, electrolytic iron or ferrous fumarate.

Concerning zinc food fortification, commonly used fortificant compounds are zinc oxide and zinc sulphate (Moretti, et al., 2013). The bioavailability of these zinc compounds is similar. Unlike iron, studies on zinc food fortification are limited. However, some studies have shown that zinc food fortification may improve the zinc nutritional status of a population. For example, a systematic review of eight trials involving women and children from middle-income countries including Africa and Asia, revealed that zinc (mostly as zinc oxide or zinc sulphate) fortification of staple foods increased the serum or plasma zinc levels (mean difference, 2.12 µmol/L, 95% CI 1.25–3.00 µmol/L) (Shah et al., 2016). However, zinc plus other micronutrient fortification did not make any difference to the serum and plasma zinc levels of the participants. Furthermore, one of the trials revealed that zinc fortification of iron fortified wheat flour did not have any effect in reducing zinc deficiency among the participants. A randomised control trial by Rosado et al. (2012) revealed that fractional zinc absorption in women who consumed zinc (either as zinc oxide or zinc sulphate) fortified corn (maize) tortillas and unfortified corn tortillas were similar. However, zinc fortification of the corn tortilla (20 mg zinc/kg corn tortilla) increased the total amount of zinc absorbed in the participants by more than 100%. 

For food fortification to be effective as a public health micronutrient intervention, the food that is being fortified must be widely available, consumed regularly and adequately by a large proportion of a target population (WHO, 2017). However, many subsistence farming communities do not consume levels of large-scale commercially produced fortified foods such as maize meal or wheat flour as these communities essentially only consume food produced by local farms (Bouis et al., 2018). Moreover, many malnourished poor populations, especially in rural areas, may not be able to afford commercially fortified produced food products. Another limitation, especially with iron fortification of foods, is possible negative effects on the intestinal microflora. A study in Kenya showed that consumption of home-fortified maize porridge with either 2.5 mg iron as NaFeEDTA or 12.5 mg iron as iron fumarate, daily for 4 months, favoured multiplication of pathogens and intestinal inflammations in infants (Jaeggi et al., 2015). According to the authors, this was related to the fact that pathogenic enterobacteria flourish in the presence of high ingested amounts of iron. In a review, Paganini & Zimmermann (2017) also stated that iron food fortification and supplementation were associated with increase in diarrhoea risks. According to the authors, iron interventions increase the colonic iron levels because about 20% of the iron ingested (≥12.5 mg) from fortified foods is typically absorbed in children. The increase in the colonic iron levels in turn adversely affects the gut microbiome by reducing the numbers of beneficial bacteria such as the bifidobacteria and lactobacilli and increasing the numbers of pathogenic bacteria, including Escherichia coli. 

[bookmark: _Toc65253552]2.3.3	Food biofortification
[bookmark: _Hlk64911333]Food biofortification is the process by which essential nutrients, especially minerals, pro-vitamin A, proteins and amino acids are indirectly added to staple foods to improve their density in the food (WHO, 2017). This is done through plant cultivation using agronomic practices, or genetically by conventional plant-breeding techniques or modern biotechnology.  Biofortification is a relatively new strategy to combat micronutrient deficiency and is targeted towards the poor, especially in low-income countries, who generally live in subsistence farming communities and purchase little of the food that they consume (Bouis et al., 2018). Biofortification of food staples is therefore expected to provide continuous supply of food with increased nutrient content to the vulnerable in at-risk communities. Examples of staple grain foods that have already been biofortified with iron and zinc include pearl millet, sorghum, wheat and common beans.

Food biofortification has the potential to increase mineral intake and improve the micronutrient status of malnourished populations. However, cohort studies showing the efficacy of food biofortification are limited/lacking. Nevertheless, some randomized control trials have shown that food biofortification has potential to improve mineral status of a population. For example, in a study involving 20 young women, iron-biofortified pearl millet consumption improved iron absorption by 100% (Cercamondi et al., 2013). A randomized efficacy trial was conducted with some 246 school-age children in India for 6 months to test the effect of iron biofortified pearl millet consumption on the iron status (Finkelstein et al., 2015). The study revealed that iron biofortification of the pearl millet significantly increased their serum ferritin concentrations and total body iron compared to the consumption of unfortified pearl millet. Furthermore, iron biofortification increased the probability of the children who were iron deficient at baseline to become iron replete by 64%. In another study, the iron status of some 195 Rwanda university women was also improved after consuming iron-biofortified beans (14.5 mg Fe/day) for four and a half months in a randomised control trial (Haas et al., 2016). The blood haemoglobin and body iron of the women significantly increased by 3.8 g/L and 0.5 mg/kg, respectively compared to the women who consumed regular pearl millet (8.6 mg Fe/day).

Concerning zinc biofortification, a randomised control trial in Zambia by Chomba et al. (2015) revealed that consumption of zinc biofortified maize (5.0 zinc mg/day) increased the total zinc absorption of young rural children by 83% compared to those who had regular unfortified maize (2.3 mg zinc/day). 

However, the presence of high levels of phytate in grains can limit the bioavailability of essential minerals. For example, Petry et al. (2014) found that phytates strongly decreased iron bioavailability in biofortified beans seed and a meal made from blends of beans, potatoes, and rice. This was attributed to the higher phytate content of the biofortified beans as compared to control beans and beans-based meal. Concerning consumer acceptability, a study by Huey et al. (2017) showed that although there was similar consumption of iron and zinc biofortified pearl millet products among Indian children compared to unfortified pearl millet, their overall consumer acceptability rating by mothers was significantly lower.

[bookmark: _Toc65253553]2.3.4	Dietary diversification and modification
Dietary diversification is defined as increasing both the quantity and the range of micronutrient-rich foods in a diet through informed selection of food items from different food groups and through traditional food preservation and methods of processing (Kruger et al., 2020). Dietary diversification is widely recognized as a key, long-term and sustainable approach to ensure adequacy in micronutrient intakes including minerals. Therefore, communities at-risk of deficiencies are encouraged to cultivate and consume a wider variety of foods, including fruits and vegetables. For example, the WHO (2017) reported that increasing the amount and diversity of fruits, vegetables and animal-source foods in the diet will increase intake of bioavailable iron, vitamin A, vitamin B12 and folate and could help meet the requirements of these micronutrients, thereby preventing deficiencies. Increased dietary diversity can improve the micronutrient status of people in at-risk communities, especially in middle- and low-income countries where consumption of monotonous cereal or starchy-based diets is prevalent. Another benefit of food-based approaches such as dietary diversification is that they may reduce excessive dependence on external governmental and non-governmental support for adequate iron and zinc nutrition in at-risk communities (Gibson et al., 2000). Although food-based approaches may not provide as high as levels of micronutrients as provided from supplements or fortified foods at a single time, they are considered as an essential accompanying strategy that should always be in place to prevent micronutrient deficiencies (WHO, 2017). Dietary diversification is also valuable as it can simultaneously address several malnutrition issues, i.e. multiple micronutrients, proteins and energy without the risks of overload of nutrients (Ruel, 2003). 

Several studies have revealed the potential of diversified diets in improving essential mineral status in populations at-risk. For example, consumption of freshly sliced guava (100 g) with a rice-based meal (750 g, wet basis) improved iron absorption in Indian adolescent girls and boys (13–15 years) by 151% and 123%, respectively compared to consumption of unfortified rice-based meal (Nair et al., 2013). The major ingredients in the rice-based meal were rice, potatoes, tomatoes, pigeon peas, tamarind pulp, gourd, onions and green and red chilies. The iron contents of the meals were similar, ranging between 10–13 mg/meal. However, the fortified rice-based meal had higher levels of ascorbic acid, 20 times as high compared to the unfortified meal. The increase in ascorbic acid content of the fortified meal, which was due to the guava addition, most likely enhanced iron absorption. As previously stated, ascorbic acid chelates iron and keeps it in a soluble and absorbable form even in the presence of other food components like phytate and polyphenols that could limit iron absorption (Lönnerdal, 2000; Hurrell & Egli, 2010). Rao et al. (2014) investigated the effect of dietary diversity on the haemoglobin status of child-bearing age women in rural India. The study revealed that addition of lemon juice (as a source of ascorbic acid) and various green leafy vegetables, including spring onions, cabbage leaves, spinach, bathua leaves, safflower leaves, radish leaves in form of rolls, soups and salads as sources of iron to their diet, significantly improved the women’s haemoglobin status after a year of intervention. Another study revealed that the serum ferritin of Australian child-bearing women was significantly improved, from 8.9 µg/L to 11.0 µg/L, after consumption of iron-rich meals and fruits for 12 weeks and was further improved to 15.2 µg/L after 6 months (Patterson et al., 2001). The meals consumed by the women comprised beef, liver, mussels (which were the major sources of iron), breakfast cereals, bread, rice, vegetables, nuts and dried fruits.  

Dietary diversity and modification as an approach to improve zinc status has also been studied. For example, Chiplonkar & Kawade (2012) reported that incorporating millets, sesame, green leafy vegetables, soybean and chickpea in combination with food preparation methods such as sprouting, and fermentation improved the zinc status of some Indian adolescent secondary school girls (10–16 years). Over the study period of 10 weeks, there was a significant increase in their plasma zinc (9.9%), β-carotene (56.2%) and vitamin C (28%) levels. Furthermore, the prevalence of zinc deficiency and mild anaemia among the girls decreased by 27 and 26%, respectively. However, the study by Nair et al. (2013) showed that consumption of freshly sliced guava with the rice-based meal did not improve zinc absorption in the adolescent girls and boys. The enhancing effect of ascorbic acid on zinc bioavailability has not been demonstrated. 

Communities at risk of nutrient deficiencies are usually of low economic status and hence generally have limited access to a diversified diet, which for urban consumers is generally more expensive compared to monotonous diets based on starchy staples.

[bookmark: _Toc65253554]2.3.5	Food-to-food fortification 
Food-to-food fortification has been proposed to be a novel strategy to improve micronutrient status.  It is an approach that uses available and accessible local foodstuffs rich in the desired micronutrients to fortify food staple products that are low in particular micronutrients both at household and commercial levels (Chadare et al., 2019; Kruger et al., 2020). Food-to-food fortification may be considered as a form of dietary diversification (Parveen & Manjula, 2015). It is done with the aim of improving the intake and bioavailability of the micronutrients in a staple food product and ultimately the micronutrient status of at-risk populations who may not have access to conventionally fortified foods and nutrient supplements (Ruel, 2001). Ruel (2001) and Parveen & Manjula (2015) proposed that the concept of food-to-food fortification can also encompass enhancing the bioavailability of micronutrients, for example of iron in the non-haem form by combining certain foods to either increase the content of enhancers or decrease the content of inhibitors of its absorption, in the food product. Food-to-food fortification is also considered as a sustainable strategy due to its ability to make individuals and households responsible for their diet quality through informed food choices and preparation of foods that are rich in nutrients including essential minerals such as iron and zinc (Parveen & Manjula, 2015).  It also encourages utilization of locally available resources and create market opportunities for locally grown food products, and hence, contributes to economic growth (Kruger et al., 2020)

Very few efficacy studies involving food-to-food fortification have been performed. However, in vitro assays have revealed positive effects of food-to-food fortification in enhancing iron and zinc bioaccessibility in cereal staple food products. Foods that have been studied as food-to-food fortificants include: green leafy vegetables, flowers and some types of grains (mostly on account of their high iron content), fruits (as mineral absorption enhancers – ascorbic acid, citric acid and other organic acids), certain starchy foods and vegetables (on account of their high β-carotene content) and animal products (on account of their high bioavailable iron and zinc contents). For example, a study by Ayogu and Onah (2018) revealed that consumption of cowpea grain-fortified wheat cookies increased the blood haemoglobin concentration and serum ferritin in some Nigerian school children (6–12 years) by 15.5% and 28.3%, respectively. Although, the unfortified wheat cookies had higher iron contents, about 145% higher than the content in the cowpea-fortified wheat, the later was more effective in improving the iron status of the children. According to the authors, interactions between the amino acids and the iron, zinc and vitamin A in the cowpea-fortified wheat may have enhanced the haemoglobin synthesis in the children. However, Macharia-Mutie et al. (2012) revealed that in a six weeks randomised control trial, consumption of amaranth grain-fortified wholegrain maize porridge increased the iron intakes in some Kenyan preschool children by more than three-fold but did not improve the iron status of the children. According to the authors, the high phytate content of the amaranth grain could have inhibited the iron absorption from the fortified porridge. 

In an in vitro study, Van der Merwe et al. (2019) revealed that food-to-food fortification of pearl millet porridge with baobab fruit, moringa leaves and hibiscus calyxes in the presence of a provitamin A source (carrot and mango), increased the percentage bioaccessible iron (measured by dialysability assay) in the porridge by 98%, 56% and 42%, respectively and the total bioaccessible iron by 126%, 149% and 107%, respectively. The results indicated this food-to-fortification of the pearl millet-based porridge could potentially improve its contribution to the absolute requirement for iron by 20–24% for women of reproductive age. The enhancement of the iron bioaccessibility of the porridges was proposed to be due to the high iron contents of the moringa leaves and hibiscus calyxes and the high organic acid contents (ascorbic and citric acid) in the baobab fruit. Similarly, another study revealed that inclusion of baobab fruit in fermented cereals such as maize, red sorghum and white finger millet increased the percentage iron bioaccessibility (measured by dialysability assay) in the fermented cereal products from approximately 14% to 50%, 8% to 27% and 13% to 25%, respectively (Gabaza et al., 2018). The enhancement of the iron bioaccessibility was attributed to the presence of ascorbic acid in the baobab fruit. Also, Gautam et al. (2010) showed that addition of carrot to pressure-pot cooked rice and sorghum grains increased the percentage iron bioaccessibility (measured by dialysability assay) of the cooked rice and sorghum by 53% and 36–69%, respectively. The positive effect of carrot on iron bioaccessibility was suggested to be associated with its high β-carotene content. Beta-carotene has been proposed to enhance non-haem iron absorption in cereal products by chelating the iron and keeping it soluble in the gut lumen, thereby preventing it from the inhibitory effects of phytate and polyphenols in the food matrix (Garcia-Casal et al., 1998). Similarly, food-to-food fortification of conventionally iron and zinc fortified maize porridge with orange-fleshed sweet potato (as a β-carotene source) was found to increase the percentage and the total iron uptake by Caco-2 cells by 80% and 120%, respectively (Kruger, 2020). Furthermore, food-to-food fortification of the maize porridge with cowpea leaves (as β-carotene and essential minerals source) did not increase the percentage iron uptake in the Caco-2 cells but increased the total iron uptake in the cells by more than 5-fold. According to the author, the relatively higher levels of iron in the cowpea leaves may have significantly increased the total iron uptake by the Caco-2 cells.

Concerning zinc, the study by Van der Merwe et al. (2019) also showed that inclusion of baobab fruit, moringa leaves and hibiscus calyxes in the pearl millet-provitamin A source porridge increased the percentage bioaccessible zinc by 99%, 66% and 44%, respectively and the total bioaccessible zinc by 170, 135%, 106%, respectively. The data suggested that inclusion of the food fortificants in the porridge could potentially improve its contribution to the absolute requirement for zinc by 31–40% for women of reproductive age. The positive effect of the food fortificants on zinc bioaccessibility was proposed to be due to the appreciable zinc contents of the moringa leaves and the hibiscus calyxes, and the high citric acid content of the baobab fruit. Citric acid keeps minerals in solution by forming soluble ligands with it, thereby keeping it from forming insoluble zinc-phytate complexes and making it available for absorption (Lönnerdal, 2000). The study by Gabaza et al. (2018) showed that baobab fruit inclusion in fermented maize, red sorghum and white finger millet also increased the percentage bioaccessible zinc from approximately 1.7% to 15%, 1% to 17% and 13% to 26%, respectively. The positive effect of baobab fruit on zinc bioaccessibility was attributed to organic acids other than ascorbic acid in baobab fruit such as citric acid, malic and tartaric acid. The Gautam et al. (2010) study also showed that addition of carrot in cooked rice and sorghum increased the percentage zinc bioaccessibility, by 36–41% and 29–31%, respectively. The positive effect of carrot on zinc bioaccessibility was attributed to the β-carotene in the carrot. Similarly, Kruger et al. (2018) also showed that inclusion of foods rich in β-carotene such as orange-fleshed sweet potato and cowpea leaves to wholegrain sorghum and maize porridges had positive effects on the bioaccessibility of their zinc (as measured by a continuous flow dialysis assay). However, the study of Kruger (2020) showed that inclusion of orange-fleshed sweet potato in maize porridge increased the percentage but not the total zinc uptake by Caco-2 cells. The study also showed that inclusion of cowpea leaves in the maize porridge had no effect on the percentage zinc cellular uptake but increased the total zinc uptake by almost 3-fold.

However, for food-to-food fortification strategy to be effective in improving the mineral status of a population, it is essential that the minerals lacking in the diet and the appropriate food fortificant are identified (Chadare et al., 2019). Furthermore, the food fortificant and the vehicle staple should be commonly consumed by the target population.

[bookmark: _Toc65253555]2.4	Cereals as dietary sources of essential minerals in Africa
[bookmark: _Toc65253556]2.4.1	Essential mineral contents of commonly consumed cereals and their percentage contribution to the recommended nutrient intake (RNI)
Cereals are quantitatively the major foodstuff in most diets in the world, including much of Africa (Akhtar et al., 2011). They are also considered to be important sources of minerals especially iron and zinc for the African population (Kumssa et al., 2015; Gregory et al., 2017). However, the poor bioavailability of minerals from plant staples, including cereal food products, can put people at risk of mineral deficiencies (WHO, 2017). The cereal grains commonly consumed in Africa are maize, sorghum, wheat, millets and rice (Hadebe et al., 2017).  Table 2.4 shows their major essential mineral contents and their potential contribution to the iron and zinc requirements of school-age children and women of reproductive age.

As can been seen, consumption of 100 g of each of the cereals listed in Table 2.4 (equivalent to a porridge meal of 300-400 g, depending on its solids content) except pearl millet, will only meet less than a third of the daily requirements for school-age children for iron.  Rice would contribute the least iron, less than a tenth of the daily requirement at 5% bioavailability. However, pearl millet would contribute the highest iron, more than half of the daily requirement. The 5% and 15% levels of bioavailability are used to estimate iron and zinc contributions, respectively due to the high levels of antinutritional factors such as phytate in wholegrain cereals and in a typical African plant food-based diet in general (WHO & FAO, 2004).  Assuming a meal containing 100 g wheat, which has marginally the highest iron content compared to maize, rice and sorghum, is consumed three times a day, it may meet 68–96% of the daily RNI. In contrast, consumption of 100 g pearl millet three times a day may meet more than 100% of the daily RNI. However, small children will not be able to consume this high quantity of cereal porridge. Likewise, consumption of a 100 g of the cereals by women of reproductive age (19–50 years) will only meet less than a tenth of their daily iron requirements at a 5% level of bioavailability, except pearl millet which may meet up to 18% of their daily RNI. Also, assuming a meal containing 100 g pearl millet is consumed three times a day, it may only provide half of the daily iron requirement for the women. 


[bookmark: _Hlk64914904][bookmark: _Toc65253626]Table 2.4: Essential mineral contents (mg/100 g; dry basis) of commonly consumed cereals (wholegrain form) in Africa and their percentage contribution to the recommended nutrient intake (RNI) for iron and zinc for school children (aged 4-6 and 7-10 years) and women of reproductive age (19–50 years) considering the bioavailability of these minerals in a plant food-based diet*
	Cereal grain species
	IronA
	% contribution of iron to RNI for children (age 4-6B; 7-10C)
	% contribution of iron to RNI for childbearing womenD
	ZincA
	% contribution of zinc to RNI for children (age 4-6E; 7-10F)
	% contribution of zinc to RNI for childbearing womenG
	CalciumA
	MagnesiumA
	PhosphorusA

	Pearl milletH
	10.8
	85.7; 60.7
	18.3
	2.4
	25.0; 21.4
	24.5
	41
	125
	373

	Maize
	3.0
	24.0; 17.0
	5.1
	2.5
	25.7; 22.0
	25.2
	7.8
	142
	234

	Sorghum
	3.5
	27.8; 19.7
	5.9
	1.8
	18.9; 16.2
	18.5
	13.4
	137
	310

	Wheat
	4.0
	31.9; 22.6
	6.8
	2.9
	30.2; 25.9
	29.6
	37.9
	153
	398

	Rice
	0.9
	7.3; 5.1
	1.5
	1.3
	13.9; 11.9
	13.6
	10.3
	40.2
	124


*WHO & FAO (2004)
AUSDA (2019) 
BDaily RNI of iron at 5% bioavailability for children (4–6 years: 12.6 mg); CDaily RNI of iron at 5% bioavailability for children (7–10 years: 17.8 mg) DDaily RNI of iron at 5% bioavailability for women of reproductive age (58.9 mg)
EDaily RNI of zinc at low (15%) bioavailability for children (4–6 years; 9.6 mg); FDaily RNI of zinc at low (15%) bioavailability for children (7–10 years; 11.2 mg) GDaily RNI of zinc at low (15%) bioavailability for women of reproductive age (9.8 mg). HTaylor, 2016


With zinc, 100 g of each of the cereals may only meet less than a third of the daily requirements for school-age children and women of reproductive age, with rice contributing the least zinc, approximately a tenth of the daily requirement for both the children and women at low (15%) bioavailability. Assuming 100 g wheat which has relatively the highest zinc content, is consumed three times a day, it may meet 78–91% of the RNI for the children and women. It is, however, important to note that the refined form of these cereals, the form generally consumed, have much lower mineral contents although the minerals may be slightly bioavailable as the antinutritional factors as well as the minerals are mostly concentrated in the bran layers of the cereal grains (Gwamba et al., 2020). 

Cereal grains can also be important dietary sources of magnesium. For example, a 100 g (dry basis) of many of the commonly consumed cereals may provide more than 100% and 50% of the daily RNI for magnesium for school-age children and women of reproductive age, respectively as their daily RNIs for magnesium is 76–100 mg and 220 mg, respectively (Table 2.2). However, cereals will contribute little to the daily RNI for calcium as the RNIs for school-age children and women of reproductive age are 600–700 mg and 1000 mg, respectively.

[bookmark: _Toc65253557]2.4.2	Antinutritional factors in cereals
The primary antinutritional factors that affect iron and zinc bioavailability in cereals are phytates, certain phenolic compounds and dietary fibre (Lestienne et al., 2007). Mineral bioavailability in foods in general may also be limited by nutrient-nutrient interactions, including mineral-mineral interactions (Sandström, 2001).

[bookmark: _Toc65253558]2.4.2.1	Phytate
Phytate (myoinositol phosphate) is the complex formed from the phosphate salt of phytic acid and divalent minerals and is the major storage form of phosphorus in grains (Kumssa et al., 2015). As stated, cereal grains contain high levels of various phytates, primarily myoinositol hexaphosphate. Wholegrain pearl millet and maize, for example, contain about 570–800 mg/100 g (Lestienne et al., 2007; Suma & Urooj, 2014) and 790–2130 mg/100 g (Bryant et al., 2005; Kruger et al., 2014) of phytate, respectively. Phytate binds divalent cations of essential minerals such as iron, zinc, with high affinity, forming strong and insoluble complexes (Iyengar et al., 2010). The phytate-chelated minerals are consequently rendered inaccessible to the body for absorption, as the human digestive system lacks the phytase enzyme that can break down ingested phytates in foods (Kumssa et al., 2015).

Zimmermann et al. (2005) reported on a prospective cohort study of 15 months duration involving 126 iron-replete Moroccan school children (aged 6–10 years) who just completed a one-year iron food fortification programme and had resumed their normal habitual diets. In the study, the mean blood haemoglobin concentration of the children decreased. Also, about 75% and 33% of the children had reduced tissue iron and mild iron deficiency anaemia, respectively. Cereals and legumes were important component of the children’s diet, providing about 97% of the daily iron intake, but only about 2% of their iron intake was bioavailable. According to the authors, the poor iron bioavailability was due to high dietary phytate levels and low consumption of iron absorption enhancers. The importance of phytate in restricting iron bioavailability was shown by Hurrell et al. (2003).  These authors found that complete elimination of phytic acid in cereal-based porridges by applying an exogenous phytase enzyme increased iron absorption by approximately 209% from rice, 745% from oats, 396% from maize and 1066% from wheat in healthy American adults (21–38 years). Similarly, concerning zinc, Adams et al. (2002) reported that when phytic acid was reduced by 60% in a maize porridge through genetic modification, there was a 76% increase in the fractional zinc absorption in healthy American adults (24–39 years).  In a randomized control trial involving healthy adults (18–45 years) in Switzerland, addition of phytase to a wholegrain maize porridge increased the fractional zinc absorption by more than 80%e (Brnić et al., 2014). Also, Fredlund (2004) showed that zinc absorption was reduced in a dose dependent manner in healthy adults when sodium phytate was added to white wheat bread in increasing amounts. Significant zinc inhibition occurred when the phytate added to the meal was ≥50 mg.  

Similarly, numerous in vitro studies have demonstrated the adverse effects of phytate on mineral bioaccessibility. For example, iron and zinc uptake by Caco-2 cells was decreased by 60% and 45%, respectively when the cells were incubated with iron (50 µM) and zinc (50 µM) in the presence of phytate (500 µM) (Iyengar et al., 2010). Kruger et al. (2013) found that when the phytate content of wholegrain sorghum was reduced by 80–86% through genetic modification, iron and zinc uptake by Caco-2 cells increased by 14–16% and 25–57%, respectively. 
[bookmark: _Toc65253559]2.4.2.2	Polyphenols
Polyphenols comprise a very wide range of complex phenolic compounds that are present in all plants, including fruits, vegetables, pulses and cereals (Bravo, 1998). They are composed of a benzene ring with one or several hydroxyl groups, and in cereal grains range from simple phenolic acid-type molecules to the more complex flavonoids, including the highly complex polymeric condensed tannins, which are present in some sorghum varieties (Dykes & Rooney, 2007). The polyphenols in plant foods can adversely affect iron availability by forming non-absorbable complex chelates with iron in the intestinal lumen (Hurrell et al., 1999; Shashi et al., 2007). 

As described, Cercamondi et al. (2014a) showed in a randomised cross-over design study carried out in Switzerland that when women (18–40 years) consumed an iron-fortified sorghum-based meal with varying polyphenol contents (17, 73 and 167 mg), iron absorption decreased by 62–68% with sorghum meals containing the higher levels of polyphenols. Concerning zinc, Brnić et al. (2014) studied the effect of dietary sorghum polyphenols on its absorption in healthy women (18–45 years) consuming white (presumably non-tannin type) and brown (presumably tannin-type) sorghum porridges. Fractional zinc absorption decreased by approximately 21% in the women who consumed the brown sorghum porridge. The polyphenol content of the brown sorghum porridge was 3.5–fold higher than that of the white sorghum porridge. However, the phytate content of the brown sorghum porridge was slightly lower, about 27% than that of the white sorghum porridge. When both porridge types were dephytinized, there was no significant difference in the fractional zinc absorption between them. This indicates that the decrease in fractional zinc absorption observed in those that consumed the brown sorghum porridge may be due to both phytate and the relatively higher polyphenol contents in the brown sorghum porridge. 

In an in vitro study, Kruger et al. (2012) showed that reduction of phytate in a tannin-sorghum porridge, through genetic modification, had no effect on the iron bioaccessibility (as measured by dialysability assay). Furthermore, non-tannin sorghum porridge seemed to have higher percentage iron bioaccessibility, about 41–83% higher compared to the tannin-sorghum porridge. According to the authors, the inhibitory effects of tannins likely limited the iron bioaccessibility in the tannin-sorghum porridge.  
[bookmark: _Toc65253560]2.4.2.3	Dietary fibre
The high dietary fibre content of wholegrain cereals such as pearl millet has been reported to have a possible negative effect on iron and zinc bioavailability. For example, Lestienne et al. (2005) found that dephytination of the bran fraction of pearl millet grain (high in phenolics and in fibre (cellulose, hemicellulose and lignin)) did not increase its iron and zinc availability, unlike total dephytination of the decorticated endosperm (low fibre) fraction of the grain, which markedly improved its iron and zinc availabilities. However, Lönnerdal (2000) reported that the negative effects of fibre-rich foods on mineral absorption are most likely due to the co-presence of antinutritional factors such as phytate and phenolics in the foods and not necessarily due to the fibre present in the foods. In contrast, a study by Baye et al. (2015) showed that dietary fibre may have some adverse effects on iron bioaccessibility as dephytination in combination with partial hydrolysis of dietary fibre in wheat-red sorghum and teff-white sorghum flour blends increased the iron bioaccessibility of the flour blends by more than 60% and 100%, respectively. Furthermore, dephytination of the flour blends alone did not have any effect on the iron bioaccessibility. According to the authors, the hydrolysis of the cereal fibre, using a combination of xylanase and cellulase, may have disrupted the cell walls in the cereals, resulting in the release of bound minerals and thereby increasing the amounts of bioaccessible minerals. 

[bookmark: _Toc65253561]2.4.2.4	Mineral-mineral interactions
The co-occurrence of different minerals within a food matrix may also affect mineral bioavailability, depending on the relative concentration of the minerals. This is because minerals with similar chemical structures can compete for transport proteins and other mechanisms required for their uptake and absorption (Sandström, 2001). As described, fortification of cereal food products with iron has been widely implemented with the aim of improving the iron nutritional status of at-risk populations. However, concerns have been raised on the potential negative impact of iron food fortification on zinc absorption and that it could further exacerbate the zinc status of zinc deficient populations (Lönnerdal, 2000). According to a review by Sandström (2001), iron supplement doses of >60 mg/day reduced the serum zinc concentration in human subjects. Similarly, oral administration of aqueous iron (25 mg, 50 mg and 75 mg) as FeSO4 together with zinc (25 mg) as ZnSO4 in a ratio 1–3:1 was found to reduce zinc absorption in healthy adults (Solomons & Jacob, 1981). However, iron fortification of a wheat bread roll (65 mg/kg) and a weaning wheat-cereal (200–500 mg/kg) to provide iron and zinc ratio of 9:1 and 23–57:1, respectively, was found to have no negative effect on zinc absorption (Davidsson et al., 1995). Conversely, high doses of aqueous zinc was found to impair iron absorption in human subjects, by 56% (Rossander-Hulten et al., 1991). However, when the zinc was given as part of a hamburger meal, there was no inhibitory effect on the iron absorption. The zinc:iron ratio used in the study was 5:1. Thus, Lönnerdal (2000) proposed that iron and zinc interactions may not have significant negative effects on their absorption when they are consumed as part of a meal and that iron food fortification will not have a limiting effect on zinc absorption.

The inhibitory effect of calcium on iron absorption has also been demonstrated. For example, addition of calcium (300–600 mg) to baked wheat rolls decreased iron absorption by 50–60% (Hallberg et al., 1991). However, Abrams et al. (2001) found that addition of a moderate amount of calcium to a breakfast cereal, approximately 313 mg/60 g, had no effect on iron absorption compared to breakfast cereal without calcium addition (79 mg/60 g). In contrast, Hallberg & Hulthén (2000) found that in meals including plant-based foods, calcium levels of <50 mg/100 g had no inhibitory effect on non-haem iron absorption. However, at a higher calcium levels, iron absorption was impaired. As can be seen, the calcium levels in commonly consumed cereals in Africa are less than 50 mg/100 g (Table 2.4) and may, therefore, have no limiting effect on its non-haem iron absorption. With zinc, according to the review by Sandström (2001) calcium addition to meals at nutritionally relevant concentrations has little effect on zinc absorption. However, calcium has a negative effect on zinc absorption in the presence of phytate, which could be due to its co-precipitation with phytate and zinc in an insoluble complex.
 
[bookmark: _Toc65253562]2.5	Improving iron and zinc contents and bioavailability in plant-based foods
The mineral bioavailability of plant-based foods is of paramount importance and not just the mineral contents of the foods (Borg et al., 2009). Bioavailability of minerals can be defined as the proportion of ingested mineral that is absorbed into body circulation for normal physiological functions (Gibson et al., 2006). Improving the mineral bioavailability of plant-based foods is an important way to tackle iron and zinc deficiencies, especially in communities that consume a high proportion of plant-based food products (Raes et al., 2014). Various strategies have been proposed to improve the bioavailability of minerals in plant-based foods.  These include increasing the content of minerals and their absorption enhancers in food products (Hotz & Gibson, 2001).  Several dietary components that enhance iron and zinc bioavailability have been identified. These include organic acids especially ascorbic acid and citric acid, β-carotene (provitamin A) and amino acids or animal proteins (Hunt, 2005; Gibson, 2006).

[bookmark: _Toc65253563]2.5.1	Enhancers of mineral bioavailability
[bookmark: _Toc65253564]2.5.1.1	Organic acids (Ascorbic acid; Citric acid)
Ascorbic acid is a potent enhancer of iron bioavailability in foods (WHO & FAO, 2004). It chelates iron and keeps it in solution, thereby facilitating its uptake by intestinal mucosal cells (Lönnerdal, 2000). Ascorbic acid helps keep the iron in a soluble and bioavailable form despite the increase in the pH of digested food in the duodenum (Mackenzie and Garrick, 2005). It can, therefore, counteract the chelating effect of iron bioavailability inhibitors, including phytates and polyphenols (Sharp & Srai, 2007). Ascorbic acid, like the apical membrane-bound ferrireductases in the intestinal mucosal cells, primarily improves iron absorption by acting as a reducing agent by converting Fe3+ to Fe2+. This change in iron redox state is vital as the apical iron transporter (DMT-1: divalent metal ion transporter-1) can only transport non-haem iron in its reduced form (Fe2+). However, zinc, unlike iron, has not been shown to form complexes with ascorbic acid as reduction of zinc is not required for its uptake (Iyengar et al., 2010).

As mentioned, an efficacy study involving healthy women of reproductive age in Switzerland by Cercamondi et al. (2014a) showed that consumption of ascorbic acid with a brown (presumably a tannin-containing type) sorghum meal increased iron absorption in the women by approximately 196% despite the presence of the tannins, which inhibit iron uptake. Cepeda-Lopez et al. (2015) similarly showed that consumption of an ascorbic acid fortified wheat-based meal increased iron absorption by 55% in women of childbearing age. The ascorbic acid and iron in the meal was at a molar ratio 2:1. However, with regard to zinc, Sandström & Cederblad (1987) found that with healthy adults of 19–50 years, consumption of ascorbic acid with a wholegrain wheat bread (presumably with a high phytate content) did not increase zinc absorption. 

Citric acid has also been reported to facilitate increase in iron and zinc bioavailability. It keeps the minerals in solution by forming soluble ligands with them in the lumen of the gut, thereby facilitating their absorption (Lönnerdal, 2000). For example, Hackl et al. (2016) showed that inclusion of a citric acid-trisodium citrate mix in a ferric pyrophosphate fortified-extruded rice grains substantially increased iron absorption in women (aged 18–40 years) in Switzerland, when compared to unfortified grains. In a rat model study, it was found that consumption of a ferric iron solution containing citric acid increased the serum iron and haemoglobin concentrations (Takatera et al. 2012). Furthermore, in an in vitro study, citric acid fortification of pressure cooked, and uncooked rice grains was found to substantially increase the percentage iron and zinc bioaccessibility of the grains (Hemalatha et al., 2005).

Many widely consumed plants foodstuffs in Africa, including oranges, mango fruit, papaya, and baobab fruit, contain substantial levels of ascorbic and citric acid (Table 2.5). These plant foods could be potential plant food fortificants to improve iron and zinc bioavailability in cereal foods. However, very few studies have investigated the potential of these plant foods in improving iron and zinc bioavailability in African-type wholegrain cereal-based foods. Bhavya & Prakash (2012) found that amongst banana, strawberry and mango fortified refined breakfast cereal porridges, mango-fortified cereal porridge had the highest bioaccessible iron, presumably due to its high ascorbic acid and total carotene contents. The study of Hemalatha et al. (2005) also showed that mango fruit fortification of both uncooked and cooked rice grain substantially increased the zinc bioaccessibility of the rice grains (presumably due to its high citric acid contents). However, this food-to food fortification, unlike the study of Bhavya & Prakash (2012), had no effect on the iron bioaccessibility. Van der Merwe et al. (2019) also found that fortification of a wholegrain pearl millet-based porridge with baobab fruit, rich in ascorbic and citric acid, increased the iron and zinc bioaccessibilities of the porridge. 







[bookmark: _Toc65253627]Table 2.5: Ascorbic acid, citric acid and β-carotene contents (mg/100 g; dry basis) of plant foodstuffs commonly available in Africa
	Plant foodstuff
	Ascorbic acidA
	Citric acid
	Beta-caroteneA

	Orange
	402
	1125–1392B (8491–10506)C
	536

	Mango
	220
	84–2212D
	3869

	Baobab fruit
	194
	3705E
	-

	Papaya
	510
	1474–3174F
	2294

	Carrot
	50
	-
	70751


AUSDA (2019) 
Bdel Campo et al. (2006); Nour et al. (2010), amount of citric acid is expressed as mg/100 ml
CDry weight of orange estimated with USDA orange juice moisture values assuming 100 ml orange juice is equivalent to 100 g 
DGonzález-Aguilar et al. (2000), Liu et al. (2013), dry weight of mango estimated with USDA mango moisture values
ETembo et al. (2017) dry weight of baobab estimated with USDA baobab moisture values
FHernández et al. (2009), Kelebek et al. (2015) dry weight of papaya estimated with USDA papaya moisture values, -No available data

[bookmark: _Toc65253565]2.5.1.2	Beta-carotene (Provitamin A) 
Beta-carotene is the most important of all carotenoids and has the highest vitamin A activity (WHO & FAO, 2006). It has also been shown to be a possible enhancer of iron and zinc bioavailability (Garcı́a-Casal et al., 1998; Gautam et al., 2010). The β-carotene in foods can form a soluble complex with iron in the intestinal lumen, thus keeping and preventing the iron from the chelating effects of phytate and polyphenols present in the food matrix (Garcı́a-Casal et al., 1998). These authors found that iron absorption increased by 2–3-fold in Venezuelan healthy adults who consumed β-carotene fortified-rice, wheat and maize-based meals. The study also revealed that consumption of tea, which is rich in polyphenols (iron absorption inhibitors) together with the β-carotene-fortified meals did not reduce the iron absorption.  

Some in vitro studies have also shown a possible enhancing effect of β-carotene on iron and zinc bioaccessibility. Orange-fleshed sweet potatoes (OFSP), which are rich in β-carotene, increased iron uptake by Caco-2 cells by 30% as measured by ferritin formation compared to a cream-fleshed potato variety (Christides et al., 2015). Gautam et al. (2010) similarly showed that fortification of cooked rice and sorghum with β-carotene increased the percentage iron bioaccessibility by 30–38% and 20%, respectively and the percentage zinc bioaccessibility by 76–112% and 17%, respectively. Furthermore, inclusion of β-carotene in a pressure-cooked wheat and oat was found to increase the percentage iron bioaccessibility by 27–36% and 10%, respectively and the percentage zinc bioaccessibility by 63–92% and 12%, respectively (Luo & Xie, 2012). The study also showed that fortification of the cooked wheat and oat with carrot, rich in β-carotene, increased the percentage iron bioaccessibility by 46% and 31–61%, respectively and the percentage zinc bioaccessibility by 27% and 26%, respectively. 

Plant foodstuff rich in β-carotene such as, carrot, mango and papaya are widely available and consumed in Africa (Table 2.5). Some green leafy vegetables such as moringa leaves and cowpea leaves also contain substantial amounts of β-carotene, approximately 23.4 mg/100 g (Owusu et al., 2011) and 25.3 mg/100 g (Kruger et al., 2018), respectively. 

[bookmark: _Toc65253566]2.5.1.3	Amino acids and muscle proteins
Sources of animal proteins such as fish, poultry and beef, have been found to improve non-haem absorption (Hurrell & Egli, 2010). The positive effects of these animal proteins on non-haem absorption have been attributed to the protein fraction of the muscle tissue as well as actions of their cysteine-rich-peptides, which are released in the stomach during digestion. The cysteine-rich-peptides are rich in myofibrillar proteins which are, unlike other proteins, digested extensively in the stomach and hence could chelate and facilitate the reduction of iron Fe3+ to Fe2+, thereby enhancing the intestinal absorption of the iron (Mulvihill et al., 1998; Hurrell & Egli, 2010). Bæch et al. (2003) studied the dose-response effect of pork muscle meat consumption with a rice-wheat based meal on the non-haem iron absorption in healthy women of reproductive age in Denmark. The study revealed that consumption of 50 g and 75 g pork meat increased non-haem iron absorption from the meal by 44% and 57%, respectively. Etcheverry et al. (2006) showed that the consumption of beef protein with chili-tomato sauce together with corn chips, by American children (4–8 years), increased non-haem iron and zinc absorption by approximately 100% and 35%, respectively, when compared to chili-tomato sauce together with corn chips enriched with soy protein. 

[bookmark: _Toc65253567][bookmark: _Hlk28610882]2.5.2	Plant food sources of essential minerals
Many plant foodstuffs grown and consumed in Africa contain substantial levels of essential minerals including iron and zinc (Table 2.6). As reviewed earlier, vegetables such as moringa leaves, hibiscus calyxes, cowpea leaves among others are plant foods that can potentially increase the essential mineral contents of plant-based foods such as cereal products. For example, 30 mg (approximately two tablespoons) of moringa leaves, spinach and cowpea leaves on dry basis can meet more than 56% and 31% of the RDA for iron for children (4–9 years) and women (19–50 years) (Table 2.2), respectively, but may only meet less than 25% of the RDA for zinc for both the children and women. 

[bookmark: _Toc65253628]Table 2.6: Essential mineral contents (mg/100 mg; dry basis) of mineral-rich potential plant food fortificants commonly available in Africa
	Plant foodstuff
	IronA
	ZincA
	CalciumA
	MagnesiumA
	PhosphorusA

	Moringa leaves
	18.7
	2.8
	867
	197
	525

	Spinach leaves
	31.5
	6.2
	1151
	919
	570

	Cowpea leaves
	18.9
	2.8
	616
	420
	88

	Hibiscus calyxes
	11.0
	1.5–7.5B
	1602
	380
	276


AUSDA (2019) 
BCid-Ortega & Guerrero-Beltran (2015); Van der Merwe et al. (2019)

[bookmark: _Hlk535334624]The moringa tree (Moringa oleifera) is widespread in tropical Africa and the leaves are traditionally consumed as a sauce with rice or pearl millet in Senegal where it has been promoted as a nutritious leafy vegetable in rural communities (Fuglie et al. 2001). Concerning moringa leaves, a sensory trial involving 50 households in Malawi revealed that about 63% of the participants preferred moringa leaves to the commonly used pumpkin leaves (Babu, 2000). Spinach (Spinacia oleracea) is an important and widely consumed green leafy vegetable in Africa and could be an excellent source of essential minerals in the diet (Icard-Vernière et al., 2015). Hibiscus calyxes (Hibiscus sabdariffa) are also commonly used traditionally and industrially in teas and extract preparations in many countries of tropical and sub-tropical Africa (Monteiro et al., 2017). However, many of these plant foodstuffs contain substantial levels of mineral absorption inhibitors such as phytate and polyphenols and may limit the mineral absorption from these vegetables (Cercamondi et al., 2014b). 

Few studies have investigated whether fortifying African-type cereal-based foods with these plant foodstuffs has potential to improve mineral bioavailability. Cercamondi et al. (2014b) found that consumption of a green leafy vegetable sauce such as amaranth together with a maize paste slightly increased fractional iron absorption but did not increase the amount of absorbed iron in a study in Switzerland involving women. Likewise, genannt Bonsmann et al. (2008) found that consumption of a spinach fortified-wheat bread roll could potentially decrease iron absorption in childbearing women in Switzerland when compared to consumption of a kale-fortified wheat bread roll. 

In an in vitro study, Rodriguez-Ramiro et al. (2019) showed that spinach, although highest in iron, had the lowest iron bioaccessibility when compared to other green vegetables such as broccoli, cabbage, kale and green pepper. However, the study of Van der Merwe et al. (2019) showed that inclusion of a green leafy vegetable such as moringa leaves in a pearl millet-based porridge, in the presence of provitamin A source, increased the iron and zinc bioaccessibility of porridge (presumably due to its high iron and zinc contents and the presence of β-carotene in the food-matrix). Amagloh et al. (2017) also showed that in an in vitro digestion/Caco-2 cell model, moringa leaves had the highest iron bioaccessibility, some 52% higher compared to other commonly consumed green leafy vegetables such as orange-, white- and purple-fleshed sweet potato leaves, baobab leaves, cocoyam leaves and Corchorus leaves. In contrast to the findings of genannt Bonsmann et al. (2008), Luo & Xie (2012) found that fortification of cooked wheat and oat with spinach increased the percentage iron and zinc bioaccessibility of these cereal foods. The enhancing effect of spinach on mineral bioaccessibility was attributed to its high β-carotene content. Studies by Kruger et al. (2018) and Kruger (2020) have also shown the potential of fortifying cereal porridges with green leafy vegetables such as cowpea leaves, rich in minerals and β-carotene, in enhancing iron and zinc bioaccessibility and uptake by Caco-2 cells.

[bookmark: _Hlk28611046][bookmark: _Toc65253568]2.6	Assessment of iron and zinc bioavailability
One of the major factors limiting adequate nutrition in many poor at-risk communities is dietary quality. Bioavailability of micronutrient is as essential aspect of dietary quality with respects to micronutrient intakes (Hotz & Gibson, 2007). Thus, assessment of mineral bioavailability is crucial in determining the quality and adequacy of mineral intakes beyond mere quantification of mineral contents in food sources. Mineral bioavailability in humans can be determined using a sequential series of stages which includes bioaccessibility/availability (digestion and release of minerals into the lumen of the digestive tract), cellular uptake (transport of minerals from the intestinal lumen into the enterocytes), absorption (transport of the minerals across the enterocytes’ basolateral membrane into the blood circulation) and retention (storage of minerals in the body or excretion in urine and faeces) (Fairweather-Tait et al., 2005). Different assay methods can be used to measure these stages of mineral bioavailability. These include in vitro dialysability assay, in vitro cell culture assays and in vivo animal and human absorption trials.
[bookmark: _Hlk28611072][bookmark: _Toc65253569]2.6.1	In vitro dialysability assay
This assay is designed to predict bioaccessibility/availability of non-haem iron and zinc in the gastrointestinal tract (GIT) (Fairweather-Tait et al., 2005). The in vitro dialysability assay simulates digestion in and absorption from the human gastrointestinal tract (GIT) and involves the use of a semi-permeable dialysis membrane tubing/bag.  This only allows molecules up to a certain molecular size to pass through the tubing to mimic the intestinal barrier environment. A simulated digestion is usually performed with the use of digestive enzymes such as pepsin and pancreatic-bile solutions to release the soluble minerals as in the human body (gastric stage) from the food sample, while the content of the dialyses tubing is used to estimate how much of the minerals in the food matrix is available for human absorption (intestinal stage) (Miller et al., 1981). 
[bookmark: _Hlk28611093]
[bookmark: _Toc65253570]2.6.2	In vitro cell mineral uptake assay
Caco-2 cells are human intestinal epithelial cells (Lestienne et al., 2005) and are used as models for iron and zinc cellular uptake. The assay which is usually combined with in vitro digestion predict their uptake across the enterocytes of the small intestine  (Fairweather-Tait et al., 2005). Caco-2 cell lines exhibit enterocyte-like division and spontaneously differentiate into polarized monolayers with a well-developed brush border and associated digestive enzymes (Au & Reddy, 2000). The major trans-membrane transporters for iron and zinc identified in normal mammalian small intestine enterocytes have also been identified in Caco-2 cells (Fairweather-Tait et al., 2005). For example,  Caco-2 cells are able to synthesize ferritin and (apo) transferring basolaterally as well as the transferrin receptor (Halleux & Schneider, 1991). It has been demonstrated that Caco-2 cells predict the correct direction of response for all major iron absorption modifiers and may predict the correct direction for zinc in response to absorption modifiers (Fairweather-Tait et al., 2005). The measurements of iron or zinc uptake can be done using radioisotopes of iron and zinc by labelling intrinsic minerals (iron and zinc) in food samples with their respective radioisotopes. The assay measures the amount of exchanged minerals in the cell compared to the total minerals present in the food sample (Kruger et al., 2013). Another way of measuring iron uptake is by the measurement of ferritin formed in Caco-2 cells using an enzyme-linked immunoassay (ELISA) (Viadel et al., 2007). 
[bookmark: _Hlk28611116]
[bookmark: _Toc65253571]2.6.3	In vivo animal and human trials
In vitro dialysability and Caco-2 cell assays can be useful predictors of mineral absorptions in humans as they are convenient and require less time and ethical consideration. However, results from these assays cannot be directly extrapolated to humans (Fairweather-Tait et al., 2005). The in vitro dialysability assay usually, but not always, predicts the correct direction of response as in humans, while the Caco-2 cell assay, which usually predicts the direction of response, may over- or underestimate the magnitude of effects of some iron and zinc absorption modifiers. Therefore, it is necessary to measure the mineral bioavailability of fortified foods using animal models or human subject trials to guide food fortification programmes. 
[bookmark: _Toc65253572]2.7	Conclusions
Deficiencies of iron and zinc persist widely in Africa, especially among children and women of reproductive age. This is mainly due to the consumption of monotonous cereal and other starchy food-based diets high in antinutritional factors, particularly phytates, that limit iron and zinc absorption, and minimal consumption of animal source foods that are rich in bioavailable iron and zinc. Nutritional intervention strategies such as mineral supplementation and food fortification programmes may not reach many people at-risk in rural Africa.

There is some evidence that the iron and zinc nutritive value of African starchy foods can potentially be improved by food-to-food fortification with widely available African plant foodstuffs that are rich in these essential minerals and mineral absorption enhancers such as ascorbic and citric acid. Thus, food-to-food fortification could be an additional and sustainable food-based strategy to alleviate iron and zinc deficiencies in at-risk communities in rural Africa. 

However, to date there are too few studies involving food-to-food fortification of African starchy foods with locally available mineral- and absorption enhancer-rich plant foodstuffs to clearly establish whether such a technology has real potential to significantly improve the bioavailability of iron and zinc in these foods. 

As an essential first step, there is need to determine whether food-to-food fortification of African staple cereal foods with commonly available local plant foodstuffs, rich in minerals and their absorption enhancers, either singly or in combination, can significantly enhance the iron and zinc bioaccessibility as measured by in vitro bioaccessibility assay, as a model for mineral bioavailability. Additionally, there is a need to compare the effects of this food-to-food fortification on mineral bioaccessibility relative to the effects of conventional fortification, particularly iron fortification and inclusion of ascorbic acid, citric acid and β-carotene (known enhancers of mineral bioavailability).


[bookmark: _Toc65253573]3.	 HYPOTHESES AND OBJECTIVES
[bookmark: _Toc65253574]3.1	Hypotheses
1. Food-to-food fortification of cereal porridges such as wholegrain pearl millet porridge and wholegrain white maize porridge with baobab fruit will increase iron and zinc bioaccessibility. Baobab fruit is exceptionally high in organic acids, including ascorbic acid and citric acid (Tembo et al., 2017), which have been found to enhance iron and zinc absorption (Lönnerdal, 2000; WHO & FAO, 2004; Mackenzie & Garrick, 2005). 

2. Food-to-food fortification of cereal porridges such as wholegrain pearl millet porridge and wholegrain maize porridge with moringa leaves or hibiscus calyxes alone or in combination with baobab fruit will increase iron and zinc bioaccessibility. Moringa leaves and Hibiscus calyxes contain high levels of essential minerals, including iron and zinc (Joshi & Mehta, 2010; Glover-Amengor et al., 2016; Van der Merwe et al., 2019). Moringa also contain substantial amounts of mineral bioavailability enhancers such as carotenoids and ascorbic acid (Moyo et al., 2011), while Hibiscus calyxes is notably rich in citric acid, malic acid, ascorbic acid and tartaric acid (Da-Costa-Rocha et al., 2014). 

[bookmark: _Hlk64995484]3. Food-to-food fortification of cereal porridges such as wholegrain pearl millet porridge and wholegrain maize porridge with plant foods rich in provitamin A sources such as carrot, mango or papaya (USDA, 2019) will increase iron and zinc bioaccessibility. Beta-carotene has been shown to enhance iron bioavailability in plant-based foods (Garcı́a-Casal et al., 1998).

[bookmark: _Toc65253575]3.2	Objectives
The general objectives of this study are:
1. To determine the effect of food-to-food fortification of wholegrain pearl millet porridge and wholegrain white maize porridge with plant foodstuffs rich in minerals, namely moringa leaves and hibiscus calyxes, and enhancers of their absorption, namely baobab fruit pulp and, carrot, mango and papaya, on iron, zinc and other mineral bioaccessibilities. 

2. To compare the effects of this food-to-food fortification on iron, zinc and other mineral bioaccessibilities with that of conventional fortification with iron in the form of ferrous sulphate and/or inclusion of enhancers of mineral absorption, namely ascorbic and, citric acid and β-carotene. 

Specific objectives:
Research Chapter 4.1 
To determine the effects of food-to-food fortification of wholegrain pearl millet porridge with baobab fruit pulp and/or moringa leaf powder on iron, zinc and other mineral bioaccessibilities in comparison with the effect of inclusion of ascorbic acid or citric acid.

Research Chapter 4.2
To determine the effects of food-to-food fortification of wholegrain white maize porridge (in the forms of a simple porridge meal and a more complex porridge meal containing plant food provitamin A sources, namely carrot and mango powders) with baobab fruit pulp and/or moringa leaf powder, on iron, zinc and other mineral bioaccessibilities. 

To determine the effects of this food-to-food fortification on iron, zinc and other mineral bioaccessibilities in comparison with conventional fortification with iron in the form of ferrous sulphate and/or inclusion of enhancers of mineral absorption, namely ascorbic and citric acid. 

Research Chapter 4.3
To determine the effects of food-to-food fortification of wholegrain white maize porridge with plant food provitamin A sources (carrot and mango) on iron, zinc and other mineral bioaccessibilities in comparison with the effects of inclusion of β-carotene.
To determine the effects of food-to-food fortification with various combinations of carrot, mango, and papaya powders, baobab fruit, moringa leaf and hibiscus calyx powders or together with micronutrient premix on iron, zinc and other mineral bioaccessibilities in extrusion-cooked wholegrain pearl millet-based porridges.

















[bookmark: _Toc65253576]4.	RESEARCH
[bookmark: _Toc65253577]4.1	Comparison between Food-to-Food Fortification of Pearl Millet Porridge with Moringa Leaves and Baobab Fruit and with adding Ascorbic and Citric acid on Iron, Zinc and other Mineral Bioaccessibilities
[bookmark: _Hlk535325996]
Keywords: antinutritional factors; dialysability assay; mineral absorption enhancers; mineral bioavailability 

Abbreviation: RNI = Recommended Nutrient Intake

Published as: Adetola, O. Y, Kruger, J., White, Z. & Taylor, J. R. N. (2019) Comparison between food-to-food fortification of pearl millet porridge with moringa leaves and baobab fruit and with adding ascorbic and citric acid on iron, zinc and other mineral bioaccessibility. LWT - Food Science and Technology 106, 92-97.


[bookmark: _Toc65253578]
4.1.1	Abstract
Mineral deficiencies remain high in Africa, especially in rural communities subsisting on monotonous cereal-based diets. The effects of adding locally available plant foodstuffs rich in minerals as food-to-food fortificants, namely moringa leaf powder and promoters of mineral bioavailability, namely baobab fruit powder at 15:100 parts pearl millet porridge on mineral bioaccessibility was compared with ascorbic acid and citric acid addition. Percentage bioaccessible and total bioaccessible iron were improved only in millet+baobab and millet+citric acid, by 36%, and 52%, and by 30%, and 52%, respectively compared to millet alone. Only addition of citric acid improved zinc bioaccessibility. However, millet+moringa reduced bioaccessible zinc, probably because of the phenolics, very high calcium content and low organic acid content in moringa. Baobab, moringa and citric acid addition improved calcium and magnesium bioaccessibilities. Notwithstanding its high phenolic content, food-to-food fortification of cereal porridge with baobab fruit enhances iron, calcium and magnesium bioaccessibilities.  This is highly likely because it is rich in both citric acid and ascorbic acid.  It is nearly as effective as citric acid addition in enhancing bioaccessibility of these minerals. Hence, food-to-food fortification of staple cereal food products with baobab fruit pulp could be a useful alternative or complement to conventional fortification for communities in rural semi-arid Africa.



[bookmark: _Toc65253579]4.1.2	Introduction
Many households in rural sub-Saharan Africa subsist on cereal-based diets for energy and micronutrients (Uusiku et al., 2010). Such communities that are at risk of mineral deficiencies are often not reached by conventional food fortification and micronutrient supplementation strategies because of limited financial resources and inadequate health infrastructure (Dairo & Ige, 2009). Therefore, it has been advocated that a combined approach of conventional food fortification and local food-to-food fortification using locally available, micronutrient-dense foods is needed to ensure sustainable adequate micronutrient nutrition (Kruger, et al., 2015). 

[bookmark: _Hlk535430403]Pearl millet is an important staple cereal crop in semi-arid Western Africa where it is widely produced and consumed (FAO, 2015). This makes pearl millet an important potential food vehicle for food-to-food micronutrient fortification in the region.  However, like other cereals, it contains antinutritional factors that limit mineral bioavailability (Taylor, 2016). Thus, there is need that other locally available African plant foods, that are high in essential minerals, for example moringa leaves (Glover-Amengor et al., 2016) and high in enhancers of mineral bioavailability (ascorbic acid and citric acid), for example baobab fruit (Tembo, et al., 2017), be added to pearl millet-based foods to improve their mineral nutritional quality.  Moringa leaves are an important cash crop in West Africa and, for example, are traditionally consumed as a sauce with rice or millet in Senegal (Fuglie, 2001).  Baobab fruit is a widely consumed food across tropical Africa, including being added to millet- or sorghum-based gruels (Buchmann et al., 2010). 

Van der Merwe (2017) showed that in the presence of provitamin A-rich plant sources, baobab fruit, moringa leaves and roselle calyxes can enhance the amount of bioaccessible iron in pearl millet-based porridge. Therefore, this study evaluated the effects of addition of dried moringa leaf and baobab fruit powder as food-to-food fortificants on iron, zinc and other mineral bioaccessibilities in pearl millet porridge alone in comparison with adding ascorbic acid and citric acid, known promoters of mineral bioavailability (Lönnerdal, 2000; Iyengar et al., 2010).


[bookmark: _Toc65253580]4.1.3	Materials and methods
[bookmark: _Toc65253581]4.1.3.1	Raw materials and processing
Whole pearl millet grain (variety Kuphanjala-2) was sourced from the International Crops Research Institute for the Semi-Arid Tropics, Bulawayo, Zimbabwe. Naturally dehydrated organic baobab fruit powder, obtained from the endocarp, was from Nautica Organic Trading, Durban, South Africa. Moringa leaves were obtained from the University of Pretoria experimental farm, Pretoria, South Africa. Ascorbic acid and citric acid monohydrate were from Merck-Millipore, Johannesburg, South Africa. The millet grain was milled using a laboratory hammer mill fitted with a 500 µm opening screen (Falling Number 3100, Perten Instruments, Stockholm, Sweden) to produce a wholegrain flour. Moringa leaves were sorted, rinsed with deionised water and drained on stainless steel trays for 15 min, after which they were frozen at -20oC, freeze dried and milled to fine powder using an air-cooled, knife-type laboratory mill (IKA A11, Staufen, Germany). The baobab fruit powder was vacuum packed and other flour samples were stored in zip-lock plastic bags at -20°C prior to analysis. 

[bookmark: _Toc65253582]4.1.3.2	Preparation of pearl millet porridge
Deionised water (100 mL) was added to the whole grain millet flour (25 g). The millet slurry was heated to 100˚C and maintained for 10 min with constant stirring. The cooked millet porridge was cooled, frozen at -20˚C and freeze dried. The dried porridge was finely milled using the IKA A11 mill and stored at -20oC prior to further analyses. 

[bookmark: _Toc65253583]4.1.3.3	Porridge formulations
Moringa leaf powder and baobab fruit powder were added to the cooked pearl millet porridge powder at a dry mass ratio of 15:15:100 and compared to millet porridge fortified with ascorbic acid and citric acid. The levels of ascorbic and citric acid used were equivalent to the levels in baobab powder. The details of the pearl millet porridge formulations are presented in Figure 4.1.1 



[image: ]
[bookmark: _Toc65253647]Figure 4.1.1: Flow chart of wholegrain pearl millet porridge formulations and preparation
[bookmark: _Hlk55059128]The different pearl millet porridge formulations studied are highlighted in yellow,
1Amount of ascorbic acid used was similar to the levels in the baobab fruit pulp, 2Amount of citric acid used was similar to the levels in the baobab fruit pulp.

[bookmark: _Toc65253584]4.1.3.4	Analyses
Moisture 
Moisture contents of the plant materials were determined by an air oven, one stage, drying procedure, method 44-15A (AACC, 2000).
Total phenolics
[bookmark: _Hlk799944]The Folin-Ciocalteu method was used to quantify total phenolic content, as described by Waterman & Mole (1994) using 0.103 mol/litre HCl in methanol as the extractant at a volume to flour mass ratio of 40:1, according to the method of Price et al., (1978).  
Phytate
[bookmark: _Hlk535254437][bookmark: _Hlk535322620]Phytate content was determined using the extraction and assay procedure of Frühbeck et al., (1995) based on the method of Latta & Eskin (1980). Dowex1-anion-exchange resin-AG 1 x 4 (4% Cross-linkage, chloride form, 100-200 mesh (74-149 μm) in glass barrel Econo-columns, 7 x 5 mm was used for purification of the extracts. The standard, sodium phytate (P-8810, Sigma-Aldrich, Johannesburg, South Africa) and purified extracts were reacted with Wade reagent, after which absorbance was measured at 500 nm. 
Condensed tannins
Condensed tannins were measured by the Vanillin-HCl method of Price et al., (1978). Blanks were included to take into account the colour of the extracts. Vanillin reacts with the condensed tannins forming coloured complexes, which were measured colorimetrically at 500 nm.
Organic acids
The extraction and quantification of organic acids was done according to the method of Tembo et al. (2017) with slight modification. Powdered sample (2 g) was extracted in 20 ml metaphosphoric acid (0.3 g/litre and centrifuged (3500 x g, at 4oC for 10 min). The supernatants were filtered through Millipore 0.45 µm PTFE filters (Merck-Millipore, Johannesburg, South Africa) to obtain a clear filtrate. Quantification of organic acids was conducted by reversed–HPLC using acidified (pH 2.6) 0.01 mol/litre KH2PO4 as mobile phase, a Phenomenex-C18 column (250 x 4.6 mm, Torrance, USA), and simultaneous absorbance at 254 nm was used to detect ascorbic acid and at 210 nm to detect citric, malic and tartaric acids. The identity and quantification of the individual organic acids was confirmed by spiking with standards of these organic acid standards.
Minerals
[bookmark: _Hlk535255286][bookmark: _Hlk535255732]Acid digestion of all the plant foods was performed using conc. nitric acid plus hydrogen peroxide according to EPA method 3051A (U.S. EPA, 2007). Iron, zinc, calcium, magnesium, phosphorus and aluminium contents of the digested flour samples were analysed by EPA method 200.7 (U.S. EPA, 1994) using inductively coupled plasma-atomic emission spectrometry (ICP-AES) (iCAP 6000 series, Thermo Scientific, Bremen, Germany). Elements were analysed using wavelengths 239.5 nm for Fe, 206.7 nm for Zn, 315.8 for Ca, 285.2 nm for Mg, 214.9 nm for P and 308.2 nm for Al. To ensure accuracy, samples were analysed against National Institute for Standards and Technology traceable standards and independent quality control solutions. A calibration acceptance criteria of R2> 0.9995 was used and an internal standard technique was also used to ascertain the accuracy of the results.
In vitro dialysability mineral bioaccessibility
The porridge formulations were subject to in vitro digestion to simulate human gastric and intestinal digestion. The in vitro dialysability method of Miller et al., (1981) was used. 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 Spectra/Por 7 (Ø = 20.4 mm) with a molecular weight cut-off of 10 kDa was used (G.I.C. Scientific, Johannesburg, South Africa). Mineral contents of the dialysates were determined by ICP-AES as described above, but without the digestion step. Mineral bioaccessibility (%) was calculated as the percentage of the mineral in the dialysate as compared to the total mineral content in the digest. 
Assessment of nutrient content in relation to nutrient requirements
The contributions of iron, zinc, calcium and magnesium from an average portion of porridge to the recommended nutrient intakes (RNI) for women of reproductive age were calculated and expressed as a percentage of the RNI.
Statistical analyses
[bookmark: _Hlk788731]The compositional analyses on the plant foods were conducted in duplicate and analysed twice.  Independent bioaccessibility experiments were performed two times with the intestinal step being each time performed three times. Data were analysed by one-way analysis of variance (ANOVA) using IBM SPSS Statistics 25.0, Armonk, USA. Turkey’s HSD Post-hoc test was applied to determine significant differences between specific means at a confidence level of 95% (p<0.05). Fisher’s LSD Post-hoc test was also applied for pair-wise comparison between the control formulation and the treatments. 

[bookmark: _Toc65253585]4.1.4	Results and discussion
Except where stated otherwise, all composition data from this study are given on a dry basis.

[bookmark: _Toc65253586]4.1.4.1	Mineral contents
Table 4.1.1 shows that moringa leaf powder contained more than twice the iron (19.1 mg/100 g) compared to the pearl millet porridge (9.0 mg/100 g).  As a result, the iron content of the food-to-food fortified porridge containing moringa was increased by 19%. The iron level in the moringa was within the range reported in Leone et al. (2015) and similar to the value in the USDA Food Composition Database (20.0 mg/100 g) (USDA, 2019). The moringa was more than 6- and 200-fold higher in magnesium and calcium, respectively compared to the millet porridge. As a result, addition of moringa to millet porridge greatly increased its magnesium and calcium contents by more than 65% and 26-fold, respectively. Brilhante et al. (2017) also reports levels as high as 1050 mg/100 g magnesium and 3650 mg/100 g calcium in moringa powder). Porridges containing moringa could substantially increase the contribution of iron, calcium and magnesium to the RNI for women of reproductive age (WHO & FAO, 2004) (Table 4.1.1).

The baobab fruit powder, although low in iron, zinc and phosphorus contained substantial levels of magnesium and calcium compared to the millet porridge, 2-fold and 24-fold higher, respectively (Table 4.1.1). However, food-to-food fortification of the millet porridge with baobab only slightly increased the calcium and magnesium contents of the composite porridge but was not statistically significant. Regarding zinc, both moringa and baobab had much lower contents than millet porridge. Similar low levels of zinc in moringa powder (0.2–3.3 mg/100 g) (Brilhante et al., 2017) and baobab (0.4–2.4 mg/100 g) (Stadlmayr et al., 2013) are reported. As a result, the zinc contents of the millet porridge+moringa and millet porridge+baobab formulations were slightly but not significantly lower (p<0.05) than in the millet porridge. 

Moringa was highest in aluminium (12.8 mg/100 g) (Table 4.1.1). High levels of aluminium in plant foods could be an indication of soil contamination (Salvo et al., 2018), and hence artificially high levels of essential minerals, particularly iron. However, the high aluminium in moringa is unlikely to be from soil contamination as other researchers have shown that it is high in aluminium (Kawo et al., 2009). In addition, as stated above, the leaves were thoroughly rinsed with deionised water, which would have removed any contaminating soil.


[bookmark: _Toc65253629]Table 4.1.1: Mineral contents (mg/100 g dry basis) of pearl millet porridge, baobab fruit powder, moringa leaf powder and the food-to-food fortified porridges, and their estimated percentage nutrient contribution of an average porridge portion size (100 g dry weight basis) to the daily Recommended Nutrient Intake (RNI) for women of reproductive age 
	Plant foods and porridge formulations 
(dry mass ratios)
	Fe
	Zn
	Ca
	Mg
	P
	Al
	Percentage contribution of Fe to RNI (29.4 mg/day)3
	Percentage contribution of Zn to RNI (9.8 mg/day)4
	Percentage contribution of Ca to RNI (1000 mg/day)
	Percentage contribution of Mg to RNI (220 mg/day)

	Millet porridge
	9.0c ± 0.11,2
	6.6d ± 0.1
	20a
± 0
	137a ± 2
	306bcd ± 4
	3.1a 
± 0.3
	30.6
	67.3
	2.0
	62.3

	Baobab
	3.7a ± 0.2
	0.9a ± 0
	470b ± 11
	259b ± 4
	50a ± 1
	3.1a ± 0.3
	Not applicable
	Not applicable
	Not applicable
	Not applicable

	Moringa
	19.1f ± 0.1
	2.0b ± 0
	4252c ± 72
	896c ± 28
	330cd ± 3
	12.8b ± 0.1
	Not applicable
	Not applicable
	Not applicable
	Not applicable

	Millet porridge
+Baobab (100:15)
	8.6b  ± 0.0
	6.3cd ± 0.2
	72a 
± 1
	150a ± 6
	282b 
± 9
	3.6a 
± 0.3
	29.3
(35.15)
	64.3
	7.2
	68.2

	Millet porridge
+Moringa (100:15)
	10.7e ± 0.6
	6.4cd ± 0.4
	547b ± 14
	227b ± 5
	318cd ± 11
	4.2a 
± 0.3
	36.4
	65.3
	54.7
	103.2

	Millet porridge
+Baobab
+Moringa (100:15:15)
	9.9d 
± 0
	5.9c ± 0.1
	547b ± 6
	231b ± 1
	293bc ± 3
	4.5a 
± 0.8
	33.7
	60.2
	54.7
	105

	Millet porridge
+Ascorbic acid6
	9.0
	6.6
	20
	137
	306
	3.1
	30.6
(36.75)
	67.3
	2
	62.3

	Millet porridge
+Citric acid6
	9.0
	6.6
	20
	137
	306
	3.1
	30.6
(36.75)
	67.3
	2
	62.3


1Values are the means ± 1 SD of at least two samples of each plant food analysed independently in duplicate (n = 4), 2Means with different superscripts letters in a column differ significantly (p<0.05), 3RNI at 10% iron bioavailability; 4Percentage contribution of iron to the RNI at 12% bioavailability (numbers in brackets); 5RNI at low (15%) zinc bioavailability (WHO & FAO, 2004), 6Quantities of ascorbic acid and citric acid used were equivalent to the levels in the baobab fruit powder


[bookmark: _Toc65253587]4.1.4.2	Inhibitors of mineral bioavailability
As stated, antinutritional factors in plant foods, such as phytate, polyphenols and tannins limit bioavailability of essential minerals such as iron and zinc (Gabaza et al., 2017). Table 4.1.2 shows that both moringa and baobab had high total phenolic contents, about 10 times higher than the millet porridge. The total phenolic contents of moringa and baobab powders were in the ranges of other studies, 1390–5350 mg/100 g (Vongsak et al., 2013) and 1560–4075 mg/100 g (Kamatou et al., 2011; Tembo et al., 2017), respectively. The baobab also had a very high apparent tannin content (approximately 8000 mg/100 g). This was likely due to contamination of the fruit pulp with seed fragments, which were observed in this study and are unusually high in tannins (Osman, 2004). Concerning phytate, millet porridge had much higher phytate content, more than five times higher than in moringa and baobab. 

[bookmark: _Toc65253630]Table 4.1.2: Total phenolic, tannin and phytate contents of pearl millet porridge, baobab fruit powder and moringa leaf powder (mg/100 g dry basis), and their phytate:iron molar ratios
	Plant foods and porridge formulations (dry mass ratios)
	Total phenolics2
	Tannins3
	Phytate2
	Phytate:iron molar ratio

	Millet porridge
	278a ± 421
	Not detected
	1417b± 65
	13:1

	Baobab
	2560b ± 156
	8353 ± 201
	254a± 1
	5.8

	Moringa
	2650b± 42
	37 ± 1
	268a± 11
	1.2

	Millet porridge+Baobab (100:15)4
	573
	1090
	1265
	12:1

	Millet porridge+Moringa (100:15)4
	587
	5
	1267
	10:1

	Millet porridge+Baobab
+Moringa (100:15:15)4
	813
	968
	1150
	10:1


1Values are the means ± 1 SD of at least two samples of each plant food analysed independently in duplicate (n = 4), 2Tannin content values are the mean ± 1 SD of four samples of each food analysed independently in duplicate (n = 8), 3Means with different superscripts letters in a column differ significantly (p<0.05), 4Total phenolics, tannins and phytate values of porridge formulations were calculated from the individual plant food values


[bookmark: _Toc65253588]4.1.4.3 Enhancers of mineral bioavailability
Table 4.1.3 shows that baobab was high in organic acids, especially ascorbic acid (140 mg/100 g) and citric acid (3345 mg/100 g) when compared to the millet porridge, which contained no detectable ascorbic acid. The citric acid content of baobab was approximately 22-fold higher compared to the millet porridge. Standlmayr et al. (2013) also reported high levels of ascorbic acid in baobab powder (126–509 mg/100 g). Also, the level is similar to those in the USDA Food Composition Database (150.0 and 272.7 mg/100 g) (USDA, 2019). Likewise, the citric, tartaric and malic acid contents of baobab powder found here are similar to literature values, 3300 mg/100 g (Tembo et al., 2017), not detected and 160 mg/100 g (Magaia et al., 2013), respectively. Therefore, the calculated levels of ascorbic and citric acid in the composite porridges including baobab increased substantially to 17–18 mg/100 g and more than 500 mg/100 g, respectively.  Moringa was also much higher in citric acid compared to millet porridge, some 13 times higher but unlike baobab contained low level ascorbic acid (10 mg/100 g), slightly lower than the 17 mg/100 g in the literature (Gopalakrishnan et al., 2016). 

Ascorbic acid and citric acid are known to be potent enhancers of mineral bioavailability in foods. They chelate minerals and keep them in a soluble and absorbable form (Lönnerdal, 2000; Iyengar et al., 2010). Furthermore, ascorbic acid acts as a reducing agent like apical membrane-bound ferrireductase which reduces Fe3+ to Fe2+, the only form in which non-haem iron is transported across the intestinal membrane (Mackenzie & Garrick, 2005).

[bookmark: _Toc65253631]Table 4.1.3: Organic acid contents (mg/100 g dry basis) of pearl millet porridge, baobab fruit powder and moringa leaf powder and the food-to-food fortified porridges, plus organic acid:iron molar ratios
	Plant food and porridge formulations (dry mass ratios)
	Ascorbic acid
	Citric acid
	Tartaric acid
	Malic acid
	Ascorbic acid:iron molar ratio
	Citric acid:iron molar ratio

	Millet porridge 
	Not detected
	150a± 91,2
	713b± 66
	194a± 9
	0.0:1
	5:1

	Baobab
	140b± 7
	3345c± 63
	Not detected
	210b± 9
	12.0:1
	263:1

	Moringa
	10a± 1
	2017b± 113
	228a± 26
	Not detected
	0.2:1
	31:1

	Millet porridge+Baobab (100:15)3
	18
	567
	620
	196
	0.7:1
	19:1

	Millet porridge+Moringa (100:15)3
	1
	393
	650
	169
	0.0:1
	11:1

	Millet porridge+Baobab+Moringa (100:15:15)3
	17
	734
	575
	173
	0.6:1
	22:1


1Values are the means ± 1 SD of at least two samples of each plant food analysed independently in duplicate (n = 4), 2Means with different superscripts letters in a column differ significantly (p<0.05), 3Organic acid values of porridge formulations were calculated from the individual plant food values


[bookmark: _Toc65253589]4.1.4.4	Mineral bioaccessibility
As indicated, mineral bioaccessibility from foods depends on modifiers of absorption as well as their mineral content (Krishnan et al., 2012). Table 4.1.4 shows that the percentage iron bioaccessibility was significantly increased (p<0.05) only in the baobab- and citric acid-fortified millet porridges, in terms of percentage by 36 and 52%, respectively, and in terms of amount by 30% and 52%, respectively compared to millet porridge alone.  Although, in the in vitro dialysability bioaccessibility assay, the exact bioaccessible mineral is not directly comparable to bioavailable mineral in humans, its prediction of the direction of effect is likely reliable (Fairweather-Tait et al., 2005). Thus, it seems that addition of baobab and citric acid to millet porridge would have a positive effect on iron bioavailability. Assuming that this positive effect would be to improve mineral bioavailability from low to moderate, the contribution of iron from 100 g of porridge to the RNI for women of reproductive age (WHO & FAO, 2004) would increase from 29.3% to 35.1% for millet porridge+baobab and similarly from 30.6% to 36.7% for millet porridge+citric acid (Table 4.1.1). 

As addition of citric acid increased iron bioaccessibility, whereas addition of ascorbic acid had no significant effect (p>0.05) (Table 4.1.4), the positive effect of baobab addition is likely mainly due to its high citric acid content. This is notwithstanding the fact that the molar ratios of citric acid:iron (19:1) and ascorbic acid:iron (0.7:1) in the millet porridge+baobab were below the citric acid:iron and ascorbic acid:iron ratios of 100:1 and 2:1, respectively required for optimal iron absorption in cereal foods (Hunt, 2005; Troesch et al., 2011). However, organic acids at lower ratios have been found to improve iron bioaccessibility. Porres et al., (2001) showed that addition of 600–800 mg citric acid to 100 g of a wheat-based food, similar to the 567 mg citric acid/100 g porridge in this present study, improved iron dialysability by 12-fold. The findings of this present study are in apparent contrast to those of Gabaza et al. (2018) who found percentage iron bioaccessibility was not improved when fermented pearl millet was fortified with baobab at a ratio 100:10. The difference is likely due to the effect of the organic acids in baobab being obscured in the study of Gabaza et al. (2018) by the effect of fermentation, which is well known to improve iron bioavailability (Proulx & Reddy, 2007).

[bookmark: _Toc65253632]Table 4.1.4: Effects of fortification with baobab fruit powder and moringa leaf powder alone, and in combination, to pearl millet porridge on percentage and total iron and zinc bioaccessibilities of the porridges
	Porridge formulation (dry mass ratios)
	Percentage bioaccessible iron
	Amount of bioaccessible iron (mg/100 g, dry basis)
	Percentage bioaccessible zinc
	Amount of bioaccessible zinc (mg/100 g, dry basis)

	Millet Porridge
	6.66 ab ± 0.471,2
	0.60a ± 0.04
	30.5bc ± 3.9
	2.01bc ± 0.26

	Millet porridge+Baobab (100:15)
	9.05cd ± 1.94 
(36%)3
	0.77bc ± 0.17 
(30%)
	33.1c ± 3.9
	2.07bc ± 0.24

	Millet porridge
+Moringa (100:15)
	5.00a ± 0.28 
(-24%)
	0.53a ± 0.03
	23.8a ± 3.8 
(-22%)
	1.52a ±0.24 
(-24%)

	Millet porridge+Baobab
+Moringa (100:15:15)
	6.07 ab ± 0.44
	0.60a ± 0.04
	31.7bc ± 2.2
	1.87ab ± 0.13

	Millet porridge
+Ascorbic acid4
	7.53bc ± 0.35
	0.68ab ± 0.03
	27.5ab ± 2.7
	1.81ab ± 0.18

	Millet porridge
+Citric acid4
	10.11d ± 1.40 
(52%)
	0.91c ± 0.13 
(52%)
	35.8c ± 1.8 
(17%)
	2.36c ± 0.12 
(17%)


1Values are the means ± 1 SD of two completely independent dialysability experiments, with the intestinal step being each time performed in triplicate 
(n = 6), 2Means with different superscripts letters in a column differ significantly (p<0.05), 3Percentage difference in brackets is significantly different when compared to millet porridge alone with pairwise comparison test using Fisher’s LSD test (p<0.05), 4Quantities of ascorbic acid and citric acid used were equivalent to the levels in the baobab fruit powder.

As baobab and moringa contained high amounts of total phenolics and tannins, especially baobab, and significant amounts of phytate (Table 4.1.2), the presence of these antinutritional factors likely affected iron bioaccessibility. For example, the phytate:iron molar ratios for the formulations fortified with both baobab and moringa were high, in the range 10:1 to 12:1. Iron availability can be seriously impaired at phytate:iron molar ratios ≥1 (Hurrell, 2003). Although the porridge formulations including moringa had the highest iron contents (Table 4.1.1), there was a significant reduction in % iron bioaccessibility (by 24% compared to millet porridge only) (Table 4.1.4). This could also have been due to its high calcium content (Table 4.1.1), which was more than 10 times higher than the 50 mg/100 g reported to inhibit non-haem iron absorption in plant foods (Hallberg & Hulthén 2000). Even though baobab contained high levels of total phenolics and tannins (Table 4.1.2), their potential negative effect on iron bioaccessibility was presumably counteracted by its high levels of organic acids. 

Concerning zinc bioaccessibility, the only significant (p<0.05) improvement compared to millet porridge alone was with citric acid fortification and this was only small (17%) (Table 4.1.4). The high phytate:zinc molar ratios of all the porridge formulations (19.0–21:1) could explain this effect as the phytate:zinc ratios were above the critical values (≥10–14:1) at which zinc bioavailability is impaired (Hunt, 2003). Furthermore, the polyphenols and tannins in baobab could have also limited zinc bioaccessibility in the millet+baobab porridge. Concerning the millet+moringa porridge, this showed a significant reduction in both percentage and amount of bioaccessible zinc, by 22% and 24%, respectively, possibly due to the lowish levels of organic acids and high levels of total phenolics and calcium in moringa. Calcium becomes highly inhibitory in plant foods like millet porridge which contain high levels of phytate through forming strong insoluble complexes with phytate and zinc, consequently reducing zinc bioavailability (Lönnerdal, 2000). 

Table 4.1.5 shows that only millet porridge+ascorbic acid and millet porridge+citric acid formulations had significantly higher percentage calcium bioaccessibility, by 18% and 56% respectively. The formulations containing baobab and moringa decreased the percentage calcium bioaccessibility, presumably due to their high content of phenolics. However, there was an appreciable increase of amount of bioaccessible calcium in the composite porridges containing baobab and moringa, which is likely due to their high calcium contents (Table 4.1.1).
Percentage and amount of bioaccessible magnesium was only improved in the millet+baobab and millet+citric acid porridges, with percentage bioaccessibility increases of 12% and 25% and amounts by 22% and 25%, respectively (Table 4.1.5). This indicates that the citric acid in baobab was also promoting magnesium bioaccessibility. Moringa fortification of millet porridge also appreciably increased the amount of bioaccessible magnesium, due to its high magnesium content (Table 4.1.1).

[bookmark: _Toc65253633]Table 4.1.5: Effects of adding baobab fruit powder and moringa leaf powder alone, and in combination, to pearl millet porridge on percentage and total calcium and magnesium bioaccessibilities
	Porridge formulations (dry mass ratios)
	Percentage bioaccessible calcium
	Amount of bioaccessible calcium (mg/100 g, dry basis)
	Percentage bioaccessible magnesium
	Amount of bioaccessible magnesium (mg/100 g, dry basis)

	Millet porridge
	23.3c ± 1.61,2
	4.6a ± 0.3
	35.5a ± 1.0
	48.7a ± 1.4

	Millet porridge+Baobab (100:15)
	20.1bc ± 3.3 
(-14%)3
	14.6b ± 2.4 
(220%)
	39.6b ± 2.6 
(12%)
	59.4b ± 3.8 
(22%)

	Millet porridge+Moringa (100:15)
	14.5a ± 0.5 
(-37%)
	79.3c ± 3.0 
(1641%)
	36.1a ± 1.1
	82.3c ± 2.5 
(69%)

	Millet porridge+Baobab
+Moringa (100:15:15)
	17.2ab ± 1.7 
(-26%)
	94.0d ± 9.0 
(1967%)
	37.2ab ± 3.1
	86.1c ± 7.1 
(77%)

	Millet porridge
+Ascorbic acid4
	27.4d ± 1.9 
(18%)
	5.4a ± 0.4
	37.5ab ± 1.1
	51.5a ± 1.5

	Millet porridge
+Citric acid4
	36.4e ± 2.2 
(56%)
	7.1a ± 0.4
	44.4 c ± 1.6 
(25%)
	60.9b ± 2.3 
(25%)


1Values are the means ± 1 SD of two completely independent dialysability experiments, with the intestinal step being each time performed in triplicate 
(n = 6), 2Means with different superscripts letters in a column differ significantly (p<0.05), 3Percentage difference in brackets is significantly different when compared to millet porridge alone with pairwise comparison test using Fisher’s LSD test (p<0.05), 4Quantities of ascorbic acid and citric acid used were equivalent to the levels in the baobab fruit powder.

[bookmark: _Toc65253590]4.1.5	Conclusions
Food-to-food fortification of pearl millet porridge with baobab fruit powder, like citric acid addition, improves the percentage and amount of bioaccessible iron in the porridge.  However, food-to-food fortification with moringa leaves has a negative effect on iron bioaccessibility. Food-to-food fortification with baobab, like citric acid addition, also improves magnesium bioaccessibility. However, only citric acid improved zinc bioaccessibility. The positive effect of baobab is most likely primarily due to its high contents of citric acid and ascorbic acid, despite its high levels of phenolics especially tannins.  The negative effect of moringa is highly likely due to its lower levels of organic acids and its high levels of phenolics and particularly of calcium.  
[bookmark: _Hlk65033638]Food-to-food fortification of cereal porridge with baobab fruit seems to be nearly as effective as citric acid addition in enhancing bioaccessibility of iron and magnesium. As baobab fruit is a very popular food in semi-arid tropical Africa, food-to-food fortification of staple cereal food products with baobab fruit pulp could be a useful alternative or complement to conventional fortification in rural communities.




[bookmark: _Toc65253591]4.2	Potential of Baobab Fruit and Moringa Leaf Food-to-Food Fortification of Maize Porridge to improve Iron, Zinc and other Mineral Bioaccessibilities

[bookmark: _Toc65253592]4.2.1	Abstract
[bookmark: _Hlk44886042][bookmark: _Hlk44886853]Mineral deficiencies persist in Africa, often due to monotonous cereal- and other starchy-based diets low in bioavailable minerals. The effects of baobab fruit (as source of mineral bioavailability enhancers: citric and ascorbic acids) and moringa leaf (as source of iron) food-to-food fortification of wholegrain white maize porridge (at 13–15 g/100 g porridge) as a simple porridge and complex porridge containing carrot and mango (provitamin A sources) on iron, zinc and other mineral bioaccessibilities (dialysability assay) were evaluated. This was also compared with conventional iron fortification using FeSO4 and ascorbic and citric acids inclusion as mineral absorption enhancers. With the simple porridge, percentage bioaccessible and total bioaccessible iron were increased with baobab fortification and ascorbic+citric acids inclusion by up to 27%. The percentage and bioaccessible iron of the complex porridges fortified with baobab plus FeSO4 and FeSO4 plus ascorbic acid, were doubled. This was most likely due to baobab’s high ascorbic and citric acids contents, which would enhance the solubility of the iron in the porridge, thereby preventing the chelating effects of phytate and phenolics.  However, moringa fortification of the simple and complex porridges greatly decreased iron bioaccessibility, highly likely due to its high calcium and phytate contents. Zinc bioaccessibility was not improved by either baobab or moringa fortification. This was likely due to baobab’s high phenolics content. With moringa, this was likely due to formation of insoluble calcium-phytate-zinc complexes. Baobab fruit food-to-food fortification of staple cereal foods, in the presence of enough potentially available iron, could complement existing nutritional interventions to improve bioavailable iron in the diet of people in rural Africa.





[bookmark: _Toc65253593]4.2.2	Introduction
Mineral deficiencies, especially iron and zinc, are still prevalent in low-income countries, including Africa, particularly among children and women of reproductive age (Gupta et al., 2020; Mantadakis et al., 2020). The prevalence of these deficiencies is, in part, due to consumption of monotonous cereal- and other starchy-based foods that are often low in bioavailable minerals due to them containing high mineral bioavailability inhibitors, notably phytate and polyphenols (Lestienne et al., 2005; Gibson et al., 2018). Furthermore, the situation is exacerbated by the fact that poor and subsistence farming communities do not consume commercially produced fortified foods to any significant extent (Bouis et al., 2018).

Thus, communities at-risk of mineral deficiencies are encouraged to consume a wider variety of foods, including vegetables rich in essential minerals and fruits rich in promoters of mineral bioavailability, including organic acids and carotenoids (WHO, 2017). Food-to-food fortification of staple cereal foods with micronutrient-dense fruits and vegetables has been increasingly recognized as a tool in the fight against mineral deficiencies in developing countries (Chadare et al., 2019; Kruger et al., 2020). Thus, food-to-food fortification of African cereal staple foods with locally available foodstuffs, for example baobab fruit, which is rich in organic acids, notably ascorbic acid and citric acid (Tembo et al., 2017) is a potentially useful strategy to improve mineral bioavailability in cereal-based foods. Fortification with green leafy vegetables such as moringa leaves, which are rich iron, calcium and zinc and their bioavailability promoters such as organic acids and β-carotene, (Moyo et al., 2011) may also be useful to improve mineral bioavailability in cereal-based foods. Amagloh et al. (2017) found that moringa leaves had the highest iron bioaccessibility when compared to other commonly consumed green leafy vegetables, despite its high polyphenol content. Furthermore, Van der Merwe et al. (2019) showed that moringa leaves and/or baobab fruit substantially increased iron and zinc bioaccessibility in a pearl-millet-based porridge containing about 40% plant sources (carrot-mango mix) rich in provitamin A (β-carotene). However, in the first research chapter of this thesis (Chapter 4.1), fortification of a simpler wholegrain pearl millet porridge meal with moringa leaves decreased both iron and zinc bioaccessibility. In contrast, baobab fruit fortification of the millet porridge increased iron bioaccessibility, despite its low iron content, but had no effect on the zinc bioaccessibility. The high contents of phytate (1417 mg/100 g) and polyphenols (278 mg/100 g) in pearl millet, plus those present in the moringa leaves and the baobab fruit likely limited iron and zinc bioaccessibility in the fortified millet porridge meals.

[bookmark: _Hlk42610642][bookmark: _Hlk42610423]White maize contains considerably lower levels of polyphenols (approx. 172 mg/100 g) (Lopez-Martinez et al., 2011) compared to pearl millet. Also, maize is by far the most widely grown and consumed cereal staple in Africa, especially sub-Saharan Africa (Smale et al., 2013) and considered an important food vehicle for nutrient value addition (De Groote et al., 2013). Thus, the aim of this research was to determine the potential of baobab fruit and moringa leaf food-to-food fortification of African-type wholegrain white maize porridge both in the form of a simple porridge and a complex porridge containing plant food provitamin A sources (carrot and mango), to improve iron, zinc and other mineral bioaccessibilities. This study also evaluated the effect of this food-to-food fortification on mineral bioaccessibility in comparison with the effects of conventional iron fortification and inclusion of ascorbic acid and citric acid.

[bookmark: _Toc65253594]4.2.3	Materials and methods
[bookmark: _Toc65253595]4.2.3.1	Raw materials
Non-genetically modified (GM) white maize (cultivar PHI 2369) was kindly donated by Tongaat Hulett Starch, Germiston, South Africa. It was milled into a coarse wholegrain flour using a hammer mill fitted with the 1 mm opening screen;
Naturally dehydrated baobab fruit pulp was sourced from Nautica Organic Trading, Durban, South Africa; Moringa leaf powders were from Mor Nutritional Product, Tooseng Village, and Supa Nutri, Oudtshoorn, South Africa;
Carrot powder and mango fruit powder (which were used as provitamin A sources) were from Sunspray Food Ingredients, Johannesburg, South Africa; Ascorbic acid and citric acid monohydrate were from Merck-Millipore, Johannesburg, South Africa; Ferrous sulphate was from Brenntag, Johannesburg, South Africa. 
All these materials were stored in airtight containers at 10oC prior to analysis.

[bookmark: _Toc65253596]4.2.3.2 Porridge formulations and preparation
Two sets (without or with provitamin A sources) of five wet-cooked maize-based porridges were formulated. The maize-based porridges consisted of the wholegrain maize flour without or with carrot-mango and then with moringa leaf powder (rich in minerals) and/or baobab fruit pulp (rich in ascorbic acid and citric acid, promoters of mineral absorption). Maize-based porridges containing equivalent amounts of ascorbic acid and citric acid as in the baobab fruit or containing approximately twice the level of ascorbic acid present in baobab fruit, or containing equivalent quantity of iron (as ferrous sulphate, (FeSO4)) as in the moringa leaf powder were also formulated. This research study therefore comprised two experiments: 

Experiment 1 (simple porridge) 
Wholegrain maize flour was fortified with moringa leaf powder or baobab fruit pulp (at a ratio 100:15 w/w) or FeSO4 or ascorbic acid+citric acids. The maize porridge formulations and preparation are presented in Figure 4.2.1. 

[image: ]
[bookmark: _Toc65253648][bookmark: _Hlk55059144]Figure 4.2.1: Flow chart of simple maize porridge formulations and preparation (Experiment 1) 
The different maize porridge formulations studied are highlighted in yellow
1Maize (100.0 g) (Control); 2Maize (87.0 g) with baobab fruit pulp (13.0 g)/100 g porridge formulation (dry basis); 
3Maize (87.0 g) with moringa leaf powder (13.0 g)/100 g porridge formulation (dry basis); 
4Maize (100.0 g) with ascorbic acid (23.3 mg), citric acid (595.0 mg)/100 g porridge formulation (dry basis) (Amount of ascorbic and citric acid used were similar to the levels in the baobab fruit); 
5Maize (100.0 g) with iron (4.7 mg) as FeSO4/100 g porridge formulation (dry basis) (Amount of iron used was similar to the levels in the moringa leaf powder).

Deionised water (100 ml) was added to 30 g each of the wholegrain maize flour, moringa leaf powder fortified-maize flour and wholegrain maize flour+FeSO4. The maize slurries were heated to boiling and maintained for 15 min with constant stirring. The cooked maize porridge formulations were cooled, frozen at -20˚C and freeze-dried. The dried porridge formulations were finely milled using an IKA A11 micro hammer mill (Staufen, Germany) and stored at -20oC prior to analysis. Baobab fruit pulp or ascorbic acid+citric acid was added to the cooked maize porridge after milling, as baobab fruit is usually consumed raw like most fruits.

Experiment 2 (complex porridge)
The wholegrain maize porridge formulations were composed of wholegrain maize porridge and carrot-mango powders + moringa leaf powder and/or baobab fruit pulp or FeSO4 with or without ascorbic acid, plus corn starch (added to ensure all the formulations contain the same proportion of maize). The porridges were formulated to be similar in iron contents. A 100 g (dry basis) serving of each porridge formulation was designed to meet approx. 20% of the daily iron requirement for women of childbearing age at low (5%) bioavailability, as would be expected from a mainly plant-based diet (WHO & FAO, 2004), either through fortification with moringa leaf powder or by conventional iron fortification. The details of the maize porridge formulations and preparation are presented in Figure 4.2.2.

Deionised water (100 ml) was added to the wholegrain maize flour (30 g). The maize slurry was brought to boiling and maintained for 10 min with constant stirring. Carrot powder was added to the porridge and allowed to cook for another 5 min with constant stirring. The cooked porridge was cooled to ambient temperature (25oC), after which mango powder was added to the porridge and thoroughly mixed. As with moringa and conventionally iron fortified-maize-based porridges, the moringa leaf powder or FeSO4 was added to the maize slurry at the start of the cooking of the porridge. However, for the baobab fruit+FeSO4 fortified-maize-based porridge and FeSO4 fortified-maize-based porridge containing ascorbic acid formulations, the baobab fruit or ascorbic acid was added after cooking and cooling. All the porridge formulations were then frozen at -20˚C and freeze-dried. The freeze-dried porridges were then finely milled and stored as described above.

[image: ]
[bookmark: _Toc65253649]Figure 4.2.2: Flow chart of complex maize-based porridge formulations and preparation (Experiment 2)
The different maize-based porridge formulations studied are highlighted in yellow
1Maize (64.5 g) with iron (9.4 mg) as ferrous sulphate, mango (3.5 g), carrot (3.5 g), starch (28.5 g)/100 g formulation (dry basis) (Control); 2Maize (64.5 g) with iron (9.4 mg) as ferrous sulphate, ascorbic acid (63.3 mg), mango (3.5 g), carrot (3.5 g), starch (28.5 g)/100 g formulation (dry basis); 
3Maize (64.5 g) with moringa leaf powder (13.5 g), mango (3.5 g), carrot (3.5 g), starch (15.0 g)/100 g formulation (dry basis); 4Maize (64.5 g) with iron (9.4 g) as ferrous sulphate, baobab fruit pulp (15.0 g), mango (3.5 g), carrot (3.5 g), starch (13.5 g)/100 g formulation (dry basis);
5Maize (64.5 g) with baobab fruit powder (15.0 g), moringa leaf powder (13.5 g), mango (3.5 g), carrot (3.5 g), starch (0 g)/100 g formulation (dry basis).

[bookmark: _Toc65253597]4.2.3.3	Analyses
Moisture content
[bookmark: _Hlk46180234]The moisture and dry matter contents of the plant food ingredients were determined using the high constant temperature oven method of ISTA (2018). Ingredient flours were dried at 103oC for 17 hours.


Mineral contents
Acid digestion of the ingredient flours was performed by the U.S. EPA method 3051A (U.S. EPA, 2007). Iron, zinc, calcium, magnesium and phosphorus contents of the digested plant food ingredients were analysed by EPA method 200.7 (U.S. EPA, 1994) using Inductively Coupled Plasma-Atomic Emission Spectrometry (ICP-AES) (iCAP 6000 series, Thermo Scientific, Bremen, Germany). Elements were then analysed using wavelengths 239.5 nm for Fe, 206.7 nm for Zn, 315.8 for Ca, 285.2 nm for Mg and 214.9 nm for P.
Phytate content 
Phytate content was measured using the extraction and indirect quantitative assay described by Frühbeck et al. (1995). Dowex1-anion-exchange resin-AG 1 x 4 (4% Cross-linkage, chloride form, 100-200 mesh) in glass barrel Econo-columns (0.7x5 cm) was used to purify the sample extracts and to separate the inorganic and organic (phytate) phosphorus. The sodium phytate standard (P-8810, Sigma-Aldrich, Johannesburg, South Africa) and purified extracts were reacted with Wade reagent, after which absorbance was measured colorimetrically at 500 nm.
Total phenolics content
The Folin-Ciocalteu method was used to quantify total phenolic content, as described by Waterman & Mole (1994) and reported as mg catechin equivalents (CE)/100 g, dry basis.
Tannins
Condensed tannins were measured by the modified Vanillin-HCl method of Price et al. (1978). Blanks were also included to account for the colour of the extracts. Vanillin reacts with the condensed tannins forming coloured complexes which were measured colorimetrically at 500 nm and expressed as mg catechin equivalents (CE)/100 g, dry basis.
Organic acids
The organic acid (ascorbic, citric and malic acids) contents were determined using the extraction and quantification assay procedure of Tembo et al. (2017), with slight modification. Two grams sample was extracted in 20 ml metaphosphoric acid (0.3 g/L) and centrifuged (3500 x g, at 4oC). The supernatants and the ascorbic acid (100468, Merck, Johannesburg, South Africa), citric acid and malic acid standards (251275 and 240176, respectively (Sigma-Aldrich) were then filtered through Millipore 0.45 µm PTFE filters, after which the organic acids were quantified by RP–HPLC using acidified (2.6) 10 mM KH2PO4 as mobile phase and a Phenomenex-C18 column 250 x 4.6 mm (Torrance, California, USA). Simultaneous absorbance at 254 nm was used to detect ascorbic acid and at 210 nm to detect citric and malic acids.
In vitro mineral dialysability assay
The porridge formulations were subject to in vitro digestion to mimic the gastric and intestinal digestion in humans. The in vitro equilibrium dialysability assay procedure of Miller et al. (1981) was used. Digestive enzymes and bile salts used were pepsin (P-7000), pancreatin (P-1750), and bile extract (B-8631) (Sigma-Aldrich). Dialysis tubing Spectra/Por 7 (Ø = 20.4 mm) with a molecular weight cut-off of 10 000 Da was used (G.I.C. Scientific, Johannesburg, South Africa). Mineral contents of the dialysates were measured using ICP-AES as described above. Mineral (iron, zinc, calcium and magnesium) bioaccessibility (%) was calculated as the percentage of the mineral in the dialysate relative to the total mineral content in the porridge sample. The total amount of bioaccessible mineral was then calculated as percentage mineral bioaccessibility multiplied by the total mineral content. This was expressed as mg/100 g, dry basis.
Assessment of mineral contents as compared to mineral requirements
The contribution of iron, zinc, calcium and magnesium from 100 g porridge (dry basis) (a 300–400 g serving size depending on its solid content) to the recommended nutrient intakes (RNI) for women of 19–50 years was calculated and expressed as a percentage of the RNI. Likewise, the percentage contribution that the bioaccessible iron and zinc in 100 g (dry basis) of the different porridge formulations could potentially make to the daily iron and zinc absolute requirement (AR) for the women (WHO & FAO, 2004; Sandstead, 2015) was calculated. 
Statistical analyses
Data were analysed using one-way analysis of variance (ANOVA) with IBM SPSS Statistics software 25.0 (Armonk, New York). Tukey’s Honest Significant Difference (HSD) Post-hoc test was applied to determine significant differences between specific means at a confidence level of 95% (p<0.05). Fisher’s Least Significant Difference (LSD) Post-hoc test was also applied for pair-wise comparison between the control simple porridge and the test formulations and between control complex porridge and the test formulations at a confidence level of 95%. 

[bookmark: _Toc65253598]4.2.4	Results and discussion 
[bookmark: _Toc65253599]4.2.4.1 Mineral contents
Wholegrain white maize was relatively low in iron (Table 4.2.1), more than 4-fold lower compared to wholegrain pearl millet studied in Chapter 4.1. Hence, in Experiment 1 (simple porridges), fortification of the maize with moringa leaf powder would result in the iron content of the 100:15 ratio maize:moringa porridge being approximately 3-fold higher than the unfortified maize porridge. Notwithstanding this, a 100 g (dry basis) serving (about 300–400 g actual porridge) of the moringa fortified-maize porridge would only contribute <11% of the iron recommended nutrient intake (RNI) for women of 19–50 years, at 5% iron bioavailability. This increase in contribution to the iron RNI may not be significant. According to the CODEX standards, a food source is recognized as a significant source of mineral only if one serving meets ≥15% of the RNI (Lewis, 2019). In contrast, due to the relatively higher iron content of pearl millet, the contribution of iron by moringa-fortified-pearl millet porridge to the RNI (18%), would meet this recommendation. 

Due to the high contents of calcium and magnesium in moringa leaf powder (Table 4.2.1), fortification of the maize porridge with the moringa would greatly increase the calcium and magnesium contents of the porridge compared to the maize porridge alone. In fact, the calcium and magnesium contents of the moringa fortified-maize porridge would be more than 60-fold and 76% higher, respectively, compared to maize porridge. As a result, the contribution of calcium and magnesium to the RNI, would increase from <1% and 53% in the maize porridge to 31% and 94%, respectively in the moringa fortified-maize porridge. However, the zinc contents of the maize and the moringa fortified-porridge would be similar, as would their percentage contribution of zinc to the RNI. This is because the zinc content of the moringa leaf powder (3 mg/100 g), although it was significantly higher (p<0.05) than that of maize (1.9 mg/100 g), was not high enough to substantially increase the zinc content of the moringa fortified-porridge at the 15:100 ratio level of fortification. 

Fortification of maize porridge with baobab fruit pulp at the 100:15 ratio had no effect on the iron content of the fortified-maize porridge as the iron content of baobab fruit pulp and maize were similar (Table 4.2.1). Fortification of maize porridge with baobab would also have no effect on the zinc content or the percentage contribution of zinc to the RNI compared with maize porridge alone. This is because the zinc content of baobab, although was approximately half that of maize, was not low enough to substantially decrease the zinc content of the baobab fortified-porridge at the 15:100 level of fortification. Baobab fruit was substantially higher in calcium and magnesium, approximately 73-fold and 2-fold higher, respectively compared to maize alone. However, the increases in calcium and magnesium contents of baobab fortified-maize porridge would not be nutritionally relevant at the 15:100 fortification level. Although, baobab fortified-maize porridge would contribute approximately 10 times that of unfortified maize porridge to the calcium RNI, it would still be substantially lower than the percentage contribution (15%) required for the porridge to be considered as a significant source of calcium.

In Experiment 2 (complex porridges), the iron contents of all the porridge formulations were similar (Table 4.2.1). This is because each formulation was designed so that 100 g (dry basis) of porridge (approx. 300–400 g porridge as consumed, depending on its solids content) would contribute approximately 20% of the daily iron requirement for adult women (19–50 years) at 5% bioavailability. Iron content was increased either through moringa leaf powder fortification at 13.5 g/100 g or conventional iron (FeSO4) fortification. 

The zinc contents of all the porridge formulations would also be similar, as would their percentage contribution of zinc to the RNI, except for the two moringa fortified-maize-based porridge formulations, which would be slightly higher (Table 4.2.1). This is due to the relatively high zinc content of moringa. However, the high calcium and magnesium contents of moringa leaves would substantially increase the moringa fortified-maize-based porridge’s contribution of the calcium and magnesium RNIs by more than 38-fold and 2-fold, respectively, compared to the FeSO4 fortified-maize-based porridge control. 

Although, baobab fruit had a substantially higher calcium content compared to maize, baobab fortification of the FeSO4 fortified-maize-based porridge would not nutritionally significantly increase the contribution to the calcium RNI compared to the control porridge. This is because the baobab fruit is not particularly high in calcium, unlike the moringa. However, baobab fortification of the porridge would substantially increase the magnesium content and the percentage contribution of magnesium to the RNI, from 37% for unfortified porridge to 53% for baobab fortified porridge, due to the relatively high magnesium content of baobab fruit.
[bookmark: _Toc65253634]Table 4.2.1: Mineral contents (mg/100 g dry basis) of wholegrain white maize flour, baobab fruit pulp, moringa leaf powder, carrot powder and mango fruit powder and their porridge formulations and their estimated percentage contribution to the daily recommended nutrient intake (RNI) for adult women (19–50 years)
	Porridge ingredients
	Iron
	Zinc
	Calcium
	Magnesium
	Phosphorus
	Percentage contribution of iron to RNI (58.8 mg/day)#
	Percentage contribution of zinc to RNI (9.8 mg/day)#
	Percentage contribution of calcium to RNI (1000 mg/day)
	Percentage contribution of magnesium to RNI (220 mg/day)

	White maize
	2.0a ± 0.0
	1.89c ± 0.03
	5a ± 0
	118b ± 3
	287c ± 6
	3.5
	19.3
	0.5
	53.5

	Baobab fruit pulp
	1.7a ± 0.1
	0.95b ± 0.01
	363c ± 2
	234c ± 2
	56a ± 0
	NA£
	NA
	NA
	NA

	Moringa leaves (M)$
	34.2c ± 1.2
	3.08e ± 0.21
	2335d ± 110
	807e ± 44
	285c ± 20
	NA
	NA
	NA
	NA

	Moringa leaves (S)$
	114.4d ± 1.0
	2.62d ± 0.03
	3723e ± 34
	702d ± 3
	386e ± 2
	NA
	NA
	NA
	NA

	Carrot
	5.3b ± 0.1
	2.78d ± 0.01
	167b ± 2
	97b ± 1
	241b ± 2
	NA
	NA
	NA
	NA

	Mango
	1.9a ± 0.1
	0.35a ± 0.01
	61a ± 2
	51a ± 2
	358d ± 12
	NA
	NA
	NA
	NA

	Experiment 1 (Simple porridges)

	Porridge formulations*

	Maize (Control)
	2.0
	1.89
	5
	118
	287
	3.5
	19.3
	0.5
	53.5

	Maize+baobab (100:15)
	2.0
	1.77
	52
	132
	257
	3.4
	18.1
	5.2
	60.4

	Maize+moringa (M) (100:15)
	6.2
	2.05
	309
	208
	287
	10.6
	20.9
	30.9
	94.4

	Maize+ascorbic+citric acids1
	2.0
	1.89
	5
	118
	287
	3.5
	19.3
	0.5
	53.5

	Maize+FeSO42
	6.8
	1.89
	5
	118
	287
	12.2 
	19.3
	0.5
	53.5






Table 4.2.1 cont.
	
	Iron
	Zinc
	Calcium
	Magnesium
	Phosphorus
	Percentage contribution of iron to RNI (58.8 mg/day)#
	Percentage contribution of zinc to RNI (9.8 mg/day)#
	Percentage contribution of calcium to RNI (1000 mg/day)
	Percentage contribution of magnesium to RNI (220 mg/day)

	Experiment 2 (Complex porridges)

	Porridge formulations*

	Maize+FeSO4+mango+carrot (control) 
	11.0
	1.33
	11
	81
	206
	18.7
	13.6
	1.1
	36.8

	Maize+FeSO4+ascorbic acid+mango+carrot
	11.0
	1.33
	11
	81
	206
	18.7
	13.6
	1.1
	36.8

	Maize+moringa+mango+carrot
	11.6
	1.72
	421
	183
	251
	19.8
	17.5
	42.1
	83.2

	Maize+FeSO4+baobab+ mango+carrot
	11.3
	1.47
	66
	116
	214
	19.1
	15.0
	6.6
	52.8

	Maize+moringa+baobab+mango+carrot
	11.9
	1.89
	476
	218
	260
	20.2
	19.0 
	47.6
	99.2


Values are the mean ± 1 SD of two independent samples analysed in duplicate (n=4), Means with different superscripts letters in a column differ significantly (p<0.05), *Mineral contents of all the porridge formulations were calculated from each of the ingredients in the formulations, £Not applicable
#RNI for women aged 19-50 consuming a plant-based diet with the lowest level of mineral bioavailability, 5% for iron and 15% for zinc (WHO & FAO, 2004)
$Moringa leaf powder from Mor Nutri (M); Moringa leaf powder from Supa Nutri,  1Amounts of ascorbic acid (23.3 mg) and citric acid (595 mg) used were similar to the levels in the baobab fruit,  2Amount of iron (4.7 mg) used was similar to the levels in the moringa leaf powder (M)




[bookmark: _Toc65253600]4.2.4.2	Antinutrient contents
Both the moringa leaf powder products had the highest phytate contents of all the ingredients, more than 20% higher than wholegrain white maize (Table 4.2.2). Like other cereal grains, maize also had a high phytate content, more than 2-fold higher than baobab fruit pulp and more than 4-fold higher than the carrot and mango fruit powders. The phytate content (830 mg/100 g) of the wholegrain maize used in this study is in the range of previously reported values (710–1050 mg/100 g) (Hotz & Gibson, 2001; Kruger et al., 2014). Although, the phytate contents of the moringa powders were higher than that of maize, moringa fortification of maize would not substantially increase the phytate content of the fortified-maize porridge compared to the unfortified maize porridge. This is because the phytate content of the moringa was not particularly very high to substantially increase the phytate content of the moringa fortified porridge at the 15:100 ratio level of fortification (Experiment 1). Baobab, although lower in phytate than maize, would also not substantially decrease the fortified porridge’s phytate content at the 15:100 ratio level of fortification.   However, in Experiment 2 the calculated phytate content of the control FeSO4 fortified-maize-based porridge (548 mg/100 g) was lower than that of baobab and/or moringa fortified-maize-based porridge formulations (610–805 mg/100 g) (Table 4.2.2). This is because the control porridge contained a significant amount of starch (28 g/100 g).

The total phenolics content of the maize (19 mg/100 g) was by far the lowest of the ingredients (Table 4.2.2) and was also far lower than the pearl millet, (278 mg/100 g) reported in Chapter 4.1. The baobab fruit pulp and moringa leaf powders were more than 62-fold higher in total phenolics compared to the maize. Only baobab fruit pulp contained measurable amounts of tannins. The baobab’s tannin content was apparently very high, which was likely due to contamination of the fruit pulp with seed fragments, which are high in tannins (Osman, 2004). Thus, in Experiment 1 and 2, baobab fortification of control maize porridge and the control FeSO4 fortified-maize-based porridge, respectively would considerably increase the total phenolics and tannin contents of the baobab fortified porridges. Moringa fortification of the maize porridge and the maize-based porridge would also substantially increase the fortified porridges’ total phenolics content. However, the total phenolics contents of baobab and moringa fortified-maize porridges would still be lower than the baobab and moringa fortified-pearl millet porridges in Chapter 4.1 (Table 4.1.2) due to the substantially low total phenolics content of maize compared to that of pearl millet.
[bookmark: _Toc65253635]Table 4.2.2: Phytate (mg/100 g dry basis), total phenolics and tannin contents (mg CE/100 g dry basis) of wholegrain white maize flour, baobab fruit pulp, moringa leaf powder, carrot powder and mango fruit powder and their porridge formulations and their calculated phytate:mineral molar ratios
	Porridge ingredients
	Phytate
	Total phenolics
	Tannins
	Phytate:iron molar ratio
	Phytate:zinc molar ratio
	Calcium × phytate:zinc molar ratio

	White maize
	830c ± 34
	19a ± 1
	ND¥
	34.3:1
	43.4:1
	6:1

	Baobab fruit pulp
	414b ± 37
	1707e ± 22
	9860 ± 220
	20.1:1
	43.0:1
	389:1

	Moringa leaves (M)$
	1004d ± 79
	1194#
	ND
	2.5:1
	32.3:1
	1882:1

	Moringa leaves (S)$
	1877e ± 67
	1418d ± 14
	ND
	1.4:1
	70.9:1
	6584:1

	Carrot
	212a ± 17
	241b ± 7
	ND
	3.4:1
	7.6:1
	31:1

	Mango
	154a ± 11
	396c ± 9
	ND
	7.0:1
	43.6:1
	66:1

	Experiment 1 (Simple porridges)

	Porridge formulations*

	Maize (Control)
	830
	19
	0
	34.3:1
	43.4:1
	6:1

	Maize+baobab (100:15)
	776
	239
	1286
	32.7:1
	43.4:1
	56:1

	Maize+ascorbic+citric acids1
	830
	19
	0
	34.3:1
	43.4:1
	6:1

	Maize+moringa (M) (100:15)
	853
	201
	0
	11.6:1
	41.2:1
	318:1

	Maize+FeSO42
	830
	19
	0
	9.8:1
	43.4:1
	6:1

	Experiment 2 (Complex porridges)

	Porridge formulations*

	Maize+FeSO4+mango+carrot (control)
	548
	34
	0
	4.2:1
	40.8:1
	11:1

	Maize+FeSO4+ascorbic acid+mango+carrot
	548
	34
	0
	4.2:1
	40.8:1
	11:1

	Maize+moringa (M+S)+mango+carrot
	743
	211
	0
	5.4:1
	42.9:1
	450:1

	Maize+FeSO4+baobab+mango+carrot
	610
	291
	1479
	4.6:1
	41.0:1
	67:1

	Maize+moringa (M+S)+baobab+ mango+carrot
	805
	467
	1480
	5.7:1
	42.9:1
	509:1


Values are the mean ± 1 SD of two independent samples analysed in duplicate (n=4)
Means with different superscripts letters in a column differ significantly (p<0.05), ¥Not detected, #value of sample analysed once 
*Phytate, total phenolics and tannin values of porridge formulations were calculated from the individual plant food ingredients’ phytate, total phenolics and tannin values, respectively, $Moringa leaf powder from Mor Nutri (M); Moringa leaf powder from Supa Nutri (S)
1Amounts of ascorbic acid (23.3 mg) and citric acids (595 mg) used were similar to the levels in the baobab fruit 
2Amount of iron (4.7 mg) used was similar to the levels in the moringa leaf powder (M)



[bookmark: _Toc65253601]4.2.4.3	Organic acid contents
The baobab fruit pulp was highest in ascorbic acid and citric acid, in contrast to maize which contained no detectable levels of ascorbic acid (Table 4.2.3). The citric and malic acid levels of baobab fruit pulp were about 85-fold and 9-fold higher compared to maize. High levels of ascorbic, citric and malic acid have also been reported in baobab fruit pulp by other researchers: 162–499 mg/100 g (Bamalli et al., 2014), 2570–3300 mg/100 g and 210–2360 mg/100 g, respectively (Magaia et al., 2013; Tembo et al., 2017). Thus, in Experiment 1 and 2 baobab fortification of the maize porridge and FeSO4 fortified-maize-based porridge, respectively would considerably increase the ascorbic acid, citric acid and malic acid contents of the baobab fortified porridges.

The Moringa leaf powders were also high in citric acid and malic acid compared to maize, approximately 53- and 11-fold higher, respectively (Table 4.2.3) but, unlike baobab fruit, the moringa contained very little ascorbic acid (2–9 mg/100 g), somewhat lower than the 17 mg/100 g reported by Gopalakrishnan et al. (2016). Hence, in Experiment 1 and 2 moringa fortification of maize porridge and maize-based porridge, respectively would only substantially increase the citric acid and malic acid contents of the moringa fortified porridges.

Mango was also much higher in ascorbic acid and citric acid compared to maize; some 20-fold higher (Table 4.2.3). However, in Experiment 2, inclusion of mango in the maize-based porridge would not substantially increase the porridge’s ascorbic acid and citric acid contents when compared to the simple maize porridge in Experiment 1. This is because the level of mango inclusion in the maize-based porridges, 3.5 g/100 g, was too low to substantially improve the ascorbic acid and citric acid contents.







[bookmark: _Toc65253636]Table 4.2.3: Organic acid contents (mg/100 g dry basis) of wholegrain white maize flour, baobab fruit pulp, moringa leaf powder, carrot powder and mango fruit powder and their porridge formulations and their calculated ascorbic acid:iron molar ratios
	Porridge ingredients 
	Ascorbic acid
	Citric acid
	Malic acid
	Ascorbic acid:iron molar ratio

	White maize
	Not detected
	52a ± 8
	73.2a ± 11.9
	0.0:1

	Baobab fruit pulp
	173.9c ± 11.3
	4440d ± 409
	636.9c ± 29.3
	31.6:1

	Moringa leaf powder (M)$
	9.1a ± 0.9
	2779c ± 208
	780.2d ± 76.2
	0.1:1

	Moringa leaf powder (S)$
	2.1a ± 0.0
	2968c ± 390
	285.9b ± 3.0
	0.0:1

	Carrot
	3.5a ± 1
	Not detected
	Not detected
	0.2:1

	Mango
	150.9b ± 5.5
	1043b ± 98
	Not detected
	25.9:1

	Experiment 1 (Simple porridges)

	Porridge formulations*

	Maize (Control)
	0.0
	52
	73.2
	0.0:1

	Maize+baobab (100:15)
	22.7
	624
	146.5
	3.6:1

	Maize+ascorbic+citric acids1
	23.3
	647
	73.2
	3.6:1

	Maize+moringa (M) (100:15)
	1.2
	408
	165.2
	0.6:1

	Maize+FeSO42
	0
	52
	73.2
	0:1

	Experiment 2 (Complex porridges)

	Porridge formulations*

	Maize+FeSO4+mango+carrot (control)
	5.4
	70
	47.1
	0.2:1

	Maize+FeSO4+ascorbic acid+mango+carrot
	68.7
	70
	47.1
	2.0:1

	Maize+moringa (M+S)+mango+carrot
	6.1
	458
	119.2
	0.2:1

	Maize+FeSO4+baobab+mango+ carrot
	31.5
	736
	142.7
	0.9:1

	Maize+moringa (M+S)+baobab+mango+carrot
	32.3
	1125
	214.8
	0.9:1


Values are the mean ± 1 SD of three independent samples analysed in triplicate (n=9)
Ascorbic acid values of carrot and moringa (S) are the mean ± 1 SD of two independent samples analysed in triplicate (n=6)
Means with different superscripts letters in a column differ significantly (p<0.05), *Ascorbic acid, citric acid and the malic acid values of the porridge formulations were calculated from the individual plant food ingredients’ ascorbic acid, citric acid and the malic acid values, respectively, $Moringa leaf powder from Mor Nutri (M); Moringa leaf powder from Supa Nutri (S)
1Amounts of ascorbic acid (23.3 mg) and citric acids (595 mg) used were similar to the levels in the baobab fruit 
2Amount of iron used (4.7 mg) was similar to the levels in the moringa leaf powder (M)

[bookmark: _Toc65253602]4.2.4.4 Mineral bioaccessibility
Iron bioaccessibility
In Experiment 1 (simple porridges), baobab fortified-maize porridge at the 15:100 ratio, like the inclusion of ascorbic acid+citric acid in the maize porridge slightly but significantly increased (p<0.05) iron bioaccessibility, in terms of percentage and amount by 19% and 16%, respectively compared to maize porridge alone by pairwise comparison (Table 4.2.4). However, the increase with ascorbic acid+citric acid inclusion was rather higher, 27% for both percentage and amount of bioaccessible iron, probably due to the much lower total phenolics content and no tannins being in the porridge. The ascorbic acid:iron molar ratio (3.6:1) of the two porridges was higher than ascorbic acid:iron molar ratio 2:1, which has been reported to improve iron bioavailability from cereal-based foods (Troesch et al., 2011). However, a much higher ratio, 40:1 is considered to be optimal for improving iron bioavailability from cereal-based meals with high levels of iron bioavailability inhibitors (Teucher et al., 2004), such as the case with baobab fortified-maize porridge. This high ratio may only be required in the absence of other organic acids or food components that enhance iron bioavailability.

With the complex porridges in Experiment 2, baobab fortification of the conventionally iron (FeSO4) fortified-maize-based porridge, containing plant food provitamin A sources, increased the percentage and amount of bioaccessible iron the most (p<0.05), by approximately 107% and 111%, respectively compared to the FeSO4 fortified-maize-based porridge control (Table 4.2.4). The inclusion of ascorbic acid in the FeSO4 fortified-maize-based porridge, at approximately twice the level present in baobab fruit, however, resulted in a rather slightly lower increase in both percentage and amount of bioaccessible iron (93% for both). The higher improvement in iron bioaccessibility with baobab fortification of FeSO4 fortified-maize-based porridge was likely due to the presence of high levels of citric acid in baobab as well as ascorbic acid (Table 4.2.3). Citric acid inclusion in pearl millet porridge was also found to increase both the percentage and amount of bioaccessible iron (Chapter 4.1).  In support of this, Hemalatha et al. (2005) also found that citric acid inclusion in pressure cooked, and uncooked rice substantially increased the percentage iron bioaccessibility compared to unfortified rice. Baobab increased iron bioaccessibility, notwithstanding the fact that the baobab fortified-maize and -FeSO4 fortified-maize-based porridge formulations were much higher in total phenolics and tannins than their controls (Table 4.2.2). As previously stated, these organic acids are reported to overcome the limiting effect of iron bioavailability inhibitors such as phytate and polyphenols in a food matrix by maintaining the mineral in a soluble and absorbable form (Lönnerdal, 2000; Hurrell & Egli, 2010). Also, ascorbic acid can enhance iron bioavailability primarily by reducing insoluble Fe3+ to soluble Fe2+ (Hurrell & Egli, 2010). The findings of this study are in agreement with those of Chapter 4.1 where baobab fortification of pearl millet porridge at a 15:100 ratio also increased the iron bioaccessibility.  Van der Merwe et al. (2019) also showed that baobab fortification of a pearl millet-based porridge increased the iron bioaccessibility. Therefore, this study confirms that baobab fruit, when included at a high enough amount does in fact improve iron bioaccessibility from a cereal-based food.

However, it is noteworthy that the positive effect of baobab fruit in enhancing iron bioaccessibility in the complex maize-based porridge formulation (Experiment 2) was much greater than in the simple maize porridge formulation (Experiment 1). This is presumably because the organic acids in baobab fruit also enhanced the solubility of the added iron (as FeSO4), thereby preventing the iron ions from the chelating effect of phytate in the food matrix. This suggests that the full potential of baobab fruit fortification and for that matter organic acid inclusion will only be maximised in the presence of substantial levels of potentially available iron in the food matrix. In support of this, baobab fortified-pearl millet porridge (Chapter 4.1) increased iron bioaccessibility, in terms of percentage and amount by approximately 50% compared to simple baobab fortified maize porridge (Experiment 1), notwithstanding the millet porridge’s relatively higher total phenolics content. The baobab fortified-pearl millet porridge also contained higher levels (8.6 mg/100 g) of iron compared to the fortified simple maize porridge (2.0 mg/100 g). This could have contributed to its relatively greater effect.

The presence of carrot and mango in the food matrix of the maize-based porridge formulations could have also contributed to the greater improvement in iron bioaccessibility in Experiment 2. As stated, carrot and mango have a high content of β-carotene. Beta-carotene has been shown to form a soluble complex with iron in the intestinal lumen, thus preventing it from the chelating effects of phytate and polyphenols (Garcia-Casal et al., 1998). In support of this, the study of Van der Merwe et al. (2019) found that baobab fruit fortification of pearl millet-based porridge containing carrot and mango substantially increased percentage and total bioaccessible iron, by 98–159% and 126–267%, respectively compared to the pearl millet-based porridge alone.

Although, in the in vitro dialysability assay, the exact bioaccessible mineral is not directly comparable to bioavailable mineral in humans, its prediction of the direction of effect is likely reliable (Fairweather-Tait et al., 2005). Thus, baobab fruit fortification of maize porridge seems likely to have a positive effect on iron bioavailability. This positive effect could potentially slightly improve the contribution of iron in 100 g porridge, dry basis to the absolute requirement (AR) for adult women (19–50 years). Thus, the contribution to the iron AR could increase from approximately 40% for unfortified porridge to 46% for the baobab fortified porridge and to 50% for maize porridge containing ascorbic+citric acid (Experiment 1) (Table 4.2.4). However, baobab fortification or ascorbic acid inclusion in the FeSO4 fortified-maize-based porridge may make a much greater difference, potentially increasing the contribution of iron to the AR from approximately 119% to 251% and 229%, respectively (Experiment 2). As stated, this was highly likely mainly due to the conventional iron fortification of the porridges, and hence, presence of more iron in the food matrix coupled with the enhancing effect of ascorbic and citric acid in baobab or the ascorbic acid inclusion plus the possible enhancing effect of β-carotene from carrot and mango on the iron bioaccessibility.



[bookmark: _Toc65253637][bookmark: _Hlk47021253]Table 4.2.4: Effects of food-to-food fortification of wholegrain white maize porridge, as simple and complex porridges, with baobab fruit pulp and moringa leaf powder on iron and zinc bioaccessibility and the percentage contribution of bioaccessible iron and zinc in the porridge formulations (100 g dry basis) to the absolute requirements (AR) of women of 19–50 years
	Porridge formulations 
	Percentage bioaccessible iron
	Amount of bioaccessible iron (mg/100 g dry basis)
	Percentage contribution of iron to the AR (1.46 mg/day)^
	Percentage bioaccessible zinc
	Amount of bioaccessible zinc (mg/100 g dry basis)
	Percentage contribution of zinc to the AR (1.75 mg/day) ¥

	Experiment 1 (Simple porridges)

	Maize porridge (Control)
	28.4c ± 1.8
	0.58 b ± 0.04
	39.7
	54.8cd ± 4.1
	1.03d ± 0.08
	59.3

	Maize porridge+baobab (100:15)
	33.6d ± 1.3 
(19%)£
	0.67bc ± 0.03 
(16%)
	46.2 
(16%)
	54.3c ± 1.6
	0.96c ± 0.03 
(-7%)
	55.0 
(-7%)

	Maize porridge+ascorbic+citric acids1
	36.0e ± 1.8 
(27%)
	0.74c ± 0.04 
(27%)
	50.5 
(27%)
	58.2d ± 4.1
	1.10d ± 0.08
	63.0 

	Maize porridge+moringa (M)$ (100:15)
	4.4a ± 0.6 
(-84%)
	0.28a ± 0.04 
(-52%)
	18.9 
(-52%)
	27.7a ± 3.8 
(-49%)
	0.57a ± 0.08 
(-45%)
	32.5 
(-45%)

	Maize porridge+FeSO42
	17.5b ± 3.1
 (-38%)
	1.19d ± 0.22 
(104%)
	81.2 
(104%)
	37.3b ± 2.6 
(-33%)
	0.71b ± 0.05 
(-31%)
	40.4 
(-31%)

	Experiment 2 (Complex porridges)

	Maize porridge+FeSO4+mango+carrot (Control)
	15.7c ± 0.3
	1.73c ± 0.04
	118.5
	37.5a ± 0.7
	0.50a ± 0.01
	28.5

	Maize porridge+FeSO4+ascorbic acid+ mango+carrot
	30.4d ± 0.7 
(93%)
	3.34d ± 0.08 
(93%)
	228.9 
(93%)
	40.9a ± 1.6
	0.54a ± 0.02
	31.1

	Maize porridge+moringa (M+S)$+mango+carrot
	3.2a ± 0.3 
(-80%)
	0.37a ± 0.03 
(-78%)
	25.2 
(-78%)
	39.6a ± 9.0
	0.68b ± 0.15 
(36%)
	38.9 
(36%)

	Maize porridge+FeSO4+baobab+mango+ carrot
	32.5e ± 2.0 
(107%)
	3.66e ± 0.22 
(111%)
	250.6 
(111%)
	54.3b ± 1.1 
(45%)
	0.80c ± 0.02 
(60%)
	45.7 
(60%)

	Maize porridge+moringa(M+S)$+baobab+ mango+carrot
	4.71b ± 0.31 
(-70%)
	0.56b ± 0.04 
(-68%)
	38.4 
(-68%)
	49.1b ± 6.6 
(31%)
	0.91d ± 0.12 
(83%)
	52.1 
(83%)


Values are the mean ± 1 SD of two independent samples analysed in triplicate (n=6), Means with different superscripts letters in a column differ significantly (p<0.05)
[bookmark: _Hlk47113399][bookmark: _Hlk47114827][bookmark: _Hlk51688985]^WHO and FAO (2004), ¥Sandstead (2015), £Percentage values in brackets are significantly different to the control maize porridge by pairwise comparison (p<0.05)
$Moringa leaf powder from Mor Nutri (M); Moringa leaf powder from Supa Nutri (S)
1Amounts of ascorbic acid (23.3 mg) and citric acids (595 mg) used were similar to the levels in the baobab fruit 
2Amount of iron used (4.7 mg) was similar to the levels in the moringa leaf powder (M)

Unlike baobab fruit, moringa leaf powder fortification of the maize porridge at a 15:100 ratio greatly decreased both the percentage and amount of bioaccessible iron, by 84% and 52% respectively in Experiment 1 (Table 4.2.4).  This was despite the high iron content of the moringa and a relatively lower phytate:iron molar ratio, 11:1 in the moringa fortified-maize porridge compared to the maize porridge control (34:1). In contrast, conventional fortification of maize porridge with an equivalent content of iron, decreased the percentage bioaccessible iron by 38%, but increased the amount of bioaccessible iron by 104%. Similarly, in Experiment 2, moringa fortification of maize-based porridge (13.5 g/100 g) greatly decreased the iron bioaccessibility in terms of both percentage and amount, by 80% and 78% respectively, compared to the control maize-based porridge conventionally fortified with a similar amount of iron. The strong inhibitory effects of moringa fortification compared to conventional iron fortification of the porridges on iron bioaccessibility was highly likely due to the very high calcium content of moringa leaf powder together with its phytate content. Rousseau et al. (2020) reported that high contents of calcium in foods can increase the inhibitory effect of phytate on iron bioavailability by iron-calcium-phytate complexes, which are less soluble than phytate complexes formed with either of the minerals. The calculated calcium contents of the moringa fortified porridges increased greatly, from 5 mg/100 g to 309 mg/100 g in Experiment 1 and from 11 mg/100 g to 421–476 mg/100 g in Experiment 2 (Table 4.2.1). Hallberg & Hulthén (2000) similarly reported that food calcium contents of more than 50 mg/100 g inhibited non-haem iron bioavailability in plant-based foods. Furthermore, the higher content of phenolics in moringa fortified-porridges compared to that in unfortified porridges may also, in part, have contributed to the negative effect of moringa on iron bioaccessibility. Moringa leaves have been found to be particularly high in polyphenols such as chlorogenic acid (Van der Merwe et al., 2019), which strongly chelates iron (Andjelkovic et al., 2006).  

Therefore, moringa fortification of maize porridge will probably substantially reduce the contribution of iron to the AR, theoretically from approximately 40% to 19% as opposed to conventional iron fortification, which could substantially improve it, to 81% (Experiment 1) (Table 4.2.4). In Experiment 2, moringa fortification of maize-based porridge would also likely reduce contribution to the iron AR, from approximately 119% for control FeSO4 fortified-maize-based porridge to 25%.  In slight contrast to the findings here, Van der Merwe et al. (2019) showed that moringa leaf fortification of pearl millet-based porridge at a ratio 10:100 increased iron bioaccessibility both in terms of percentage and amount. However, it was found that when the fortification proportion was increased to 30:100, the percentage iron bioaccessibility decreased.   

Zinc bioaccessibility
In Experiment 1 none of the food fortificants had an enhancing effect on zinc bioaccessibility (Table 4.2.4). In fact, moringa and conventional iron fortification of maize porridge substantially decreased the percentage bioaccessible zinc by 49% and 33%, respectively and the amount of bioaccessible zinc by 45% and 31%, respectively. The high calcium content in moringa leaf powder together with its high phytate contents were also most likely largely responsible for the reduction in zinc bioaccessibility. The findings of this study agree with those of Hemalatha et al. (2009) who found that when pressure-cooked rice-red gram grains were fortified with iron in the form of FeSO4, zinc bioaccessibility decreased by approximately 27%. Sandström (2001) reported that in the presence of phytate, calcium is inhibitory to zinc absorption due to co-precipitation of calcium with phytate and zinc.  The zinc-calcium-phytate complexes are reported to be stronger than phytate complexes formed with either of the minerals as previously described for iron (Rousseau et al., 2020). In the moringa fortified-maize porridge the calcium×phytate:zinc molar ratio of 318:1 was substantially greater than the critical value of 200:1 at which zinc bioavailability is impaired (Morris & Ellis, 1989). In vivo, the co-occurrence of different minerals with similar chemical structures, such as iron, zinc and calcium, within a food matrix, depending on their relative concentrations, may additionally adversely affect mineral bioavailability because they can compete for transport proteins and other mechanisms required for their aqueous uptake (Sandström, 2001). As a result of the substantial negative effect of moringa leaves and conventional iron fortification on zinc bioaccessibility, the moringa and FeSO4 fortified simple maize porridges could potentially reduce the contribution of zinc to the AR from approximately 59% for unfortified porridge to 33% and 40%, respectively.

In contrast to the findings of Experiment 1, baobab fortification of the complex FeSO4 fortified-maize-based porridge and moringa+baobab fortification of maize-based porridge increased zinc bioaccessibility, in terms of percentage by approximately 45% and 31%, respectively, and in terms of amount, by 60% and 83%, respectively compared to the control (Experiment 2) (Table 4.2.4). This is notwithstanding the high phytate:zinc molar ratios (41–43:1) of the baobab and moringa+baobab fortified porridges and the high calcium×phytate:zinc molar ratio (509:1) of moringa+baobab fortified porridge. Furthermore, although moringa fortification of the maize-based porridge did not significantly increase the percentage zinc bioaccessibility, it increased the amount of bioaccessible zinc, presumably due to its relatively high zinc content. Baobab and moringa+baobab fortification of the complex porridge may have enhanced zinc bioaccessibility due to the presence of the plant food provitamin A sources. Thus, baobab and moringa+baobab fortification of the complex porridge containing plant-based provitamin A sources could potentially improve their contribution to the zinc AR from approximately 29% to 46% and to 52%, respectively. The positive effect of baobab fruit on zinc bioaccessibility could be due to its high citric acid content (Table 4.2.3) in combination with the β-carotene in the carrot and mango. The role of β-carotene in zinc bioavailability has not been elucidated. However, studies have shown that β-carotene fortification of cereal grains increased the percentage zinc bioaccessibility (Gautam et al., 2010; Luo & Xie, 2012). The study of Van der Merwe et al. (2019) also showed that baobab fruit and/or moringa leaf fortification of pearl millet-based porridge, containing approx. 40% plant food provitamin A (β-carotene) sources, similarly substantially increased zinc bioaccessibility. Also, the research in Chapter 4.1 showed that inclusion of citric acid in pearl millet porridge increased the zinc bioaccessibility.  Moreover, Gabaza et al. (2018) attributed an observed positive effect of baobab fruit on zinc bioaccessibility in a fermented wholegrain maize porridge to its high citric acid content. Citric acid is reported to enhance zinc bioavailability by chelating and keeping it in a soluble and absorbable form (Gibson, 2006). 

Although in Experiment 2 zinc bioaccessibility and its potential contribution to the zinc AR was improved by baobab fortification of FeSO4 fortified-maize-based porridge and moringa+baobab fortification of maize-based porridge, the percentage bioaccessible zinc of these porridges (49.1–54.3%) was essentially the same as that of the unfortified simple maize porridge (54.8%) (Experiment 1). Also, the amount of bioaccessible zinc of these fortified porridges, 0.80–0.91 mg/100 g and their potential contribution to the zinc AR (45.7–52.1%) were slightly lower compared to that of unfortified simple maize porridge, 1.04 mg/100 g and 59.3% respectively. This is likely due to the slightly lower zinc contents of the baobab+FeSO4 fortified-maize-based porridge, 1.47 mg/100 g compared to that of unfortified simple maize porridge, 1.89 mg/100 g. Hence, overall, none of the food-to-food fortificants studied in Experiment 2 improved zinc bioaccessibility. 

Calcium bioaccessibility
In Experiment 1, baobab and moringa fortification of maize porridge decreased the percentage calcium bioaccessibility (Table 4.2.5). Similarly, in Experiment 2, baobab and moringa fortification of complex maize-based porridge, either alone or in combination also decreased the percentage calcium bioaccessibility. This was presumably due to their relatively high phenolic contents compared to their respective control porridges. Vitali et al. (2008) similarly found that wholegrain wheat-based biscuits which were high in polyphenols decreased the percentage calcium bioaccessibility compared to wholegrain wheat-based biscuits with a much lower polyphenol content.  However, in both Experiment 1 and 2 there was a great increase in the amount of bioaccessible calcium in the moringa fortified porridges. This was as a result of the very high calcium content of moringa (Table 4.2.1). Baobab fortification of the porridges also substantially increased their amount of bioaccessible calcium, due to its relatively higher calcium content compared to their control porridges. These findings are similar to those with baobab and moringa fortification of pearl millet porridge which decreased the percentage calcium bioaccessibility but increased the amount of bioaccessible calcium (Chapter 4.1).

Iron fortification alone of maize porridge also reduced the percentage calcium bioaccessibility (Experiment 1) (Table 4.2.5) but inclusion of ascorbic+citric acid had no effect on calcium bioaccessibility. However, inclusion of ascorbic acid in the complex FeSO4 fortified-maize-based porridge (Experiment 2) increased the percentage bioaccessible calcium but did not significantly affect the amount of bioaccessible calcium. This indicates that the β-carotene in the food matrix of the porridge formulation may have contributed to the enhancing effect of ascorbic acid on the percentage calcium bioaccessibility, presumably by enhancing calcium solubilization. This finding is similar to that in Chapter 4.1, where ascorbic acid and citric acid increased the percentage calcium bioaccessibility in pearl millet porridge. Pearl millet can contain some β-carotene, approx. 86–170 µg/100 g (Sihag et al., 2015; Sowmiya et al., 2016) unlike white maize, which contains a negligible amount (USDA, 2019). This may, in part, explain why the inclusion of the ascorbic and citric acids in the pearl millet porridge were effective in increasing calcium bioaccessibility but not in the simple maize porridge. The higher ascorbic acid content (68.7 mg/100 g) of FeSO4 fortified-maize-based porridge+ascorbic acid formulation in Experiment 2 compared to 23.3 mg/100 g in the maize porridge+ascorbic+citric acids formulation could have also contributed to this effect. Singh & Prasad (2018) similarly found that ascorbic acid inclusion in wholegrain wheat bread at 250 to 500 mg/100 g increased percentage calcium bioaccessibility in a dose dependent manner.

Magnesium bioaccessibility
Only ascorbic+citric acid inclusion in maize porridge had a positive effect on both the percentage and the amount of bioaccessible magnesium (Experiment 1) (Table 4.2.5). Baobab fortification of maize porridge, although having no effect on the percentage bioaccessible magnesium, increased the amount of bioaccessible magnesium. Similarly, with the complex porridges (Experiment 2), baobab fortification had no effect on the percentage bioaccessible magnesium but increased the amount of bioaccessible magnesium. Inclusion of ascorbic acid also had no effect. These findings are in slight contrast to those of Chapter 4.1 where it was found that baobab fortification of pearl millet porridge slightly increased the percentage bioaccessible magnesium, despite pearl millet’s relatively higher phenolic content. The reason for this difference is unclear. Nevertheless, in agreement with the findings of Experiment 1, citric acid inclusion in pearl millet porridge also increased the percentage bioaccessible magnesium. Thus, these findings suggest that the citric acid in the maize+ascorbic+citric acid porridge formulation (Experiment 1) may be responsible for the increase in percentage bioaccessible magnesium. In both experiments, moringa fortification of the porridges decreased the percentage bioaccessible magnesium, presumably due to the high levels of calcium and phenolics in moringa, which may have prevented magnesium solubilization. These findings agree with those of Chapter 4.1, where moringa fortification of pearl millet porridge decreased the percentage magnesium bioaccessibility. Similarly, Vitali et al. (2008) showed that carob flour (high in polyphenols) fortification of wholegrain wheat-based biscuit reduced the percentage bioaccessible magnesium. These findings agree with in vivo studies. Green et al. (2003) showed that increased calcium intake either in the form of high calcium skimmed milk or as tricalcium phosphate decreased magnesium absorption and increased urinary magnesium excretion in postmenopausal women. Increased dietary calcium was also shown to reduce femur and serum magnesium concentration in a dose dependent manner in rats (Bertinato et al., 2014).



[bookmark: _Toc65253638]Table 4.2.5: Effects of food-to-food fortification of wholegrain white maize porridge, as simple and a more complex composite porridge, with baobab fruit pulp and moringa leaf powder on calcium and magnesium bioaccessibility
	Porridge formulations 
	Percentage bioaccessible calcium
	Amount of bioaccessible calcium (mg/100 g dry basis)
	Percentage bioaccessible magnesium
	Amount of bioaccessible magnesium (mg/100 g dry basis)

	Experiment 1 (Simple porridges)

	Maize porridge
	100.1d ± 13.8
	5.3a ± 0.7
	44.2b ± 2.8
	52.0b ± 3.3

	Maize porridge+baobab (100:15)
	34.6b ± 1.4
(-65%)£
	18.0b ± 0.7
(248%)
	44.3b ± 0.4
	58.8c ± 0.5
(10%)

	Maize porridge+ascorbic acid+citric acid1
	102.1d ± 6.3
	5.4a ± 0.3
	52.5c ± 1.5
(19%)
	61.8c ± 1.8
(19%)

	Maize porridge+moringa (M)$ (100:15)
	13.2a ± 2.2
(-87%)
	40.8c ± 6.3
(693%)
	38.5a ± 4.0
(-13%)
	79.9d ± 8.4
(49%)

	Maize porridge+FeSO42
	67.2c ± 5.0
(-32%)
	3.5a ± 0.3
	35.3a ± 3.5
(-20%)
	41.5a ± 4.1
(-20)

	Experiment 2 (Complex porridges)

	Maize porridge+FeSO4+mango+carrot
	49.4c ± 3.8
	5.6a ± 0.4
	55.3c ± 0.8
	44.9a ± 0.6

	Maize porridge+FeSO4+ascorbic acid+mango+carrot
	65.8d ± 5.1
(33%)
	7.4a ± 0.6
	55.3c ± 0.5
	44.8a ± 0.4

	Maize porridge+moringa (M+S)$+mango+carrot
	20.5a ± 1.9
(-59%)
	86.2c ± 8.1
(1445%)
	47.9b ± 1.0
(-13%)
	87.8c ± 1.7
(96%)

	Maize porridge+FeSO4+baobab+mango+ carrot
	33.0b ± 2.1
(-33%)
	21.7b ± 1.4
(289%)
	55.1 c ± 0.3
	63.9b ± 0.4
(43%)

	Maize porridge+moringa (M+S)$+baobab+ mango+carrot
	17.1a ± 1.2
(-65%)
	81.5c ± 5.7
(1359%)
	45.0a ± 1.0
(-19%)
	98.2d ± 2.3
(119%)


Values are the mean ± 1 SD of two independent samples analysed in triplicate (n=6), Means with different superscripts letters in a column differ significantly (p<0.05)
£Percentage values in brackets are significantly different to the control maize porridge by pairwise comparison (p<0.05), $Moringa leaf powder from Mor Nutri (M); Moringa leaf powder from Supa Nutri (S)
1Amounts of ascorbic acid (23.3 mg) and citric acids (595 mg) used were similar to the levels in the baobab fruit 
2Amount of iron used (4.7 mg) was similar to the levels in the moringa leaf powder (M) 
In Experiment 1, conventional iron fortification of maize porridge also decreased magnesium bioaccessibility in terms of percentage and amount (Table 4.2.5). This was likely due to mineral-mineral interaction between iron and magnesium. Confirmation of this by other studies that specifically investigate the effects of iron fortification on magnesium bioaccessibility or bioavailability are, however, lacking. In contrast, fortification with moringa leaves increased the total amount of bioaccessible magnesium in both experiments. The positive effect of baobab fruit and moringa leaves on the amount of bioaccessible magnesium was due to their high magnesium contents (Table 4.2.1). 

[bookmark: _Toc65253603]4.2.5	Conclusions
[bookmark: _Hlk44947495]Moringa leaf powder fortification of maize porridge is strongly inhibitory to iron bioaccessibility and may potentially negatively affect the contribution of iron to the absolute requirement (AR) for adult women (19–50 years) consuming this porridge. This is most likely due to moringa’s high calcium and phytate contents and their formation of insoluble iron-calcium-phytate complexes. Conventional iron fortification could be a better option than moringa fortification to improve iron bioaccessibility. Unlike moringa, baobab fruit fortification of maize porridge can enhance iron bioaccessibility but is far more effective in the presence of enough potentially available iron. This positive effect is most likely due to its high contents of ascorbic and citric acid, which can enhance solubility of the iron in the food matrix. Baobab fruit fortification of conventionally iron fortified maize porridge could potentially double the contribution to the iron AR. Furthermore, baobab fruit food-to-food fortification could be a better option than ascorbic acid alone inclusion in improving iron bioaccessibility, highly likely because baobab contains high levels of both citric and ascorbic acids.  However, zinc bioaccessibility is not improved by the food fortificants. In fact, moringa and conventional iron fortification both may be substantially inhibitory zinc bioaccessibility. With moringa, this is likely due to formation of insoluble calcium-phytate-zinc complexes. Notwithstanding this, moringa fortification is by far the most effective to improve amount of bioaccessible calcium and magnesium because of its very high calcium and high magnesium contents.
[bookmark: _Hlk44884980]Thus, baobab fruit food-to-food fortification of staple cereal foods, in the presence of sufficient potentially available iron, appears to be a promising technology to complement existing nutritional interventions to improve bioavailable iron in the diet of people in rural Africa.


[bookmark: _Toc65253604][bookmark: _Hlk65000074]4.3	Potentials of Food-to-Food Fortification with Provitamin A-rich and Organic Acid-rich Plant Foods or with Micronutrient Premix Fortification of Wholegrain Maize and Extrusion-Cooked Pearl Millet Porridges to improve Essential Mineral Bioaccessibility

[bookmark: _Toc65253605]4.3.1	Abstract
Iron, zinc and vitamin A deficiencies are still of widespread public health concern in Africa. The study determined whether food-to-food fortification of wholegrain maize porridge with carrot+mango (as provitamin A (β-carotene) source) (100:15) or together with baobab fruit (100:15:15) can improve iron and zinc bioaccessibility. The study also investigated whether food-to-food fortification with combinations of plant foods rich in provitamin A, organic acids and minerals (2.5 g–14.9 g/100 g porridge) or together with a micronutrient premix (iron (2.1 mg) zinc (1.65 mg), vitamin A (840 IU)/100 g porridge) can improve mineral bioaccessibility in extrusion-cooked wholegrain pearl millet-based porridges. With the maize-based porridges, carrot+mango fortification alone did not improve iron and zinc bioaccessibility, presumably due to them containing significant levels of polyphenols. Carrot+mango together with baobab increased iron and zinc bioaccessibility by up to 31% and 25%, respectively. The high organic acid contents of baobab and mango was probably primarily responsible. Fortification of extrusion-cooked pearl millet-based porridges with carrot, papaya, baobab with micronutrient premix or with carrot, mango, baobab and moringa leaves appeared to greatly enhance iron bioaccessibility, in terms of percentage and amount by up to 22-fold and zinc, up to 4-fold. However, the extruded products were exceptionally high in iron due to contamination during extrusion.  The enhancement in bioaccessibility was presumably primarily because the organic acids and β-carotene in the food fortificants and vitamin A in the micronutrient premix improved the solubility of the contaminating iron plus the intrinsic iron and zinc in the foods. Thus, food-to-food fortification of cereal porridges with carrot plus mango as a β-carotene source would not only substantially contribute to the vitamin A requirements of at-risk groups in Africa but may also slightly improve iron and zinc bioavailability from cereal-based porridges. Also, a hybrid fortification strategy including food-to-food fortification with various plant foods rich in especially organic acids, β-carotene and minerals together with addition of micronutrients in the form of a premix may be a viable food-based strategy to improve iron and zinc bioavailability in cereal porridges, including ready-to-eat cereal-based porridges.
[bookmark: _Toc65253606]4.3.2	Introduction
Essential micronutrient deficiencies particularly among women and children, especially of iron, zinc and vitamin A are still of widespread public health concern in Africa (Harika et al., 2017a; Harika et al., 2017b). These deficiencies are often a consequence of monotonous consumption of plant-based staple foods high in mineral bioavailability inhibitors but low in enhancers of mineral bioavailability enhancers (Platel & Srinivasan, 2016). Increasing consumption of fruits and vegetables rich in minerals and their absorption enhancers is regarded as an important approach to complement existing nutritional interventions aimed at alleviating essential micronutrient deficiencies in at-risk communities (WHO, 2017).

Organic acids such as ascorbic acid and citric acid are well-known to enhance essential mineral bioavailability in plant-based foods by maintaining the minerals in a soluble and absorbable form (Lönnerdal, 2000). In Chapters 4.1 and 4.2, food-to-food fortification of pearl millet and maize porridges, African staple cereal foods, with baobab fruit (as an organic acid source), which is widely available in tropical Africa, was shown to enhance iron bioaccessibility. This effect of baobab was much more pronounced with maize porridges containing plant food provitamin A sources, which could, in part, contribute to this effect. However, the effect of the provitamin A sources could not be ascertained due to the experimental designs used. In contrast, this food-to-food fortification did not generally enhance zinc bioaccessibility, although zinc bioaccessibility was somewhat improved in maize-based porridge formulations containing these provitamin A sources. There is evidence that plant food provitamin A sources can enhance zinc bioaccessibility. Provitamin A (β-carotene) in foods can form a soluble complex with non-haem iron, thereby preventing the iron from being chelated by phytate and polyphenols (Garcı́a-Casal et al., 1998). Beta-carotene may possibly have similar effect on zinc. Research by Kruger (2020) showed that foodstuffs rich in β-carotene, such as orange-fleshed sweet potatoes and cowpea leaves (also a good source of minerals) improved iron and zinc uptake by Caco-2 cells from maize-based porridges. 

Carrot, mango and papaya are widely available and consumed plant foods in Africa (Sharma et al., 2012; Kurozawa et al., 2014; Ntsoane et al., 2019) and are important sources of provitamin A in diets. For example, dehydrated carrot, mango and papaya contain approximately 33954 µg/100 g, 786 µg/100 g and 453 µg β-carotene/100 g, respectively (USDA, 2019). Thus, an aim of this study was to establish whether carrot plus mango food-to-food fortification of wholegrain maize porridge can also improve iron, zinc and other mineral bioaccessibilities in addition to providing provitamin A.  

Due to rapid urbanisation in Africa, nutrition transition is taking place and as a result, demands for convenience-type staple foods are increasing (Haggblade et al., 2016).  Hence, the second component of this study investigated whether food-to-food fortification with various combinations of provitamin A-rich and organic acid-rich plant foods together with mineral-rich plant foodstuffs or together with a micronutrient premix can improve iron, zinc and other mineral bioaccessibilities in ready-to-eat cereal porridges made by precooking pearl millet flour together with the fortificants using extrusion cooking.

[bookmark: _Toc65253607]4.3.3 	Materials and methods
[bookmark: _Toc65253608]4.3.3.1	Plant food materials
Non-GM white maize (cultivar P 2369 W) was kindly donated by Tongaat Hulett Starch, Germiston, South Africa. The grain was milled into a coarse wholegrain flour using a hammer mill fitted with 1 mm opening screen;
Pearl millet (variety Souna 3) was sourced from Diourbel Kaolack, Senegal. It was milled into fine wholegrain flour using a hammer mill fitted with a 500 µm opening screen; 
Carrot powder, papaya powder and mango fruit powder were used as provitamin A sources. Carrot and mango powders were from Sunspray Food Ingredients, Johannesburg, South Africa and the Institut de Technologie Alimentaire (ITA), Dakar, Senegal. Papaya powder was also from ITA; 
Baobab fruit pulp powders were from Nautica Organic Trading, Durban, South Africa and Maria Distribution, Dakar, Senegal;
Moringa leaf powder and hibiscus calyx powders were from Maria Distribution; 
Beta-carotene (C9750) was from Sigma Aldrich, Johannesburg, South Africa; A micronutrient premix (iron (in the form of iron sodium-EDTA, zinc (in the form of zinc oxide) and (vitamin A (in the form of vitamin A palmitate)) was from DSM Nutritional Products, Isando, South Africa. 
All these materials were stored in airtight containers at 10oC prior to analysis. Beta-carotene was stored at -20oC.
 
[bookmark: _Toc65253609]4.3.3.2	Cereal porridge formulations and preparation
Five conventionally wet cooked maize porridges were formulated.
They were: Maize porridge; Maize porridge fortified with plant food provitamin A sources (carrot plus mango powders 1:1 ratio), at a ratio 100:15; Maize porridge fortified with carrot plus mango together with baobab, at a ratio 100:15:15; Maize porridges containing equivalent amount of β-carotene as in the carrot plus mango powders were also formulated with or without baobab. 

The maize porridge formulations and preparation are presented in Figure 4.3.1. Deionised water (100 ml) was added to 30 g wholegrain maize flour. The maize slurry was heated to boiling and maintained for 15 min with constant stirring. The cooked maize porridge was cooled to ambient temperature (approximately 25oC). With the maize porridges fortified with carrot plus mango or containing β-carotene alone or with baobab, the maize slurries were cooked for 10 minutes, after which carrot powder or β-carotene was added and the porridges were cooked further for five minutes. After cooling, mango powder or mango and baobab were added. The porridges were immediately frozen, then freeze-dried. The dried porridges were then finely milled using IKA A11 mill (Staufen, Germany), wrapped with aluminium foil and stored at -20oC prior to further analyses.


[image: ]
[bookmark: _Toc65253650]Figure 4.3.1: Flow chart of maize porridge formulations and preparation. 
The different maize porridge formulations studied are highlighted in yellow
1Maize (100.0 g) (Control); 2Maize (87.0 g) with carrot (6.5 g), mango (6.5 g)/100 g porridge formulation (carrot and mango powders were in ratio 1:1); 3Maize (100.0 g) with β-carotene (5056 µg)/100 g porridge formulation (amount of β-carotene was similar to the levels in the carrot plus mango); 
4Maize (79.6 g) with carrot (5.8 g), mango (5.8 g), baobab fruit powder (11.5 g)/100 g porridge formulation; 5Maize (87.0 g) with β-carotene (5070 µg), baobab fruit pulp (13.0 g)/100 g porridge formulation.

As pearl millet is the major cereal staple in the Sahel region of Africa, where this study is primarily focused, four extrusion cooked pearl millet-based ready-to-eat porridge products were also formulated. They were: Pearl millet fortified with carrot, mango, baobab and moringa powders at 14.9 g, 5.0 g, 5.0 g and 2.5 g, respectively per 100 g porridge; Pearl millet fortified with carrot, papaya and baobab at 14.9 g, 5.0 g and 10.0 g, respectively per 100 g porridge; Pearl millet fortified with carrot, papaya, baobab and micronutrient premix (iron (2.1 mg), zinc  (1.65 mg) and vitamin A (840 IU)) at 11.9 g, 7.5 g, 5.0 g and 25 mg, respectively per 100 g porridge; Pearl millet fortified with baobab and hibiscus calyx powder at 10.0 g and 5.0 g, respectively per 100 g porridge. All the extrusion-cooked pearl millet-based porridge formulations also contained 0.1 g each of citric acid and table salt per 100 g porridge.

The extrusion cooked pearl millet-based porridge formulations and preparation are presented in Figure 4.3.2. The pearl millet flour together with the plant food source ingredients powders and the micronutrient premix were cooked together in an extrusion cooker.  A 30 kg/h single screw friction-heated extruder (Technochem, Boone, IA, USA) with an extruder barrel length to screw diameter (L/D) ratio of 40:1 and a die diameter 6 mm was used. Wholegrain pearl millet grits were equilibrated to 30% moisture prior to extrusion. Extrusion cooking was carried out at 120°C; screw speed 700 rpm. Extrudates were air dried in a convection oven at 50°C for 24 h, and then hammer milled to a flour of particle size <300 µm.

[image: ]
[bookmark: _Toc65253651]Figure 4.3.2: Flow chart of wholegrain pearl millet-based porridge formulations and preparation
The different pearl millet-based porridge formulations studied are highlighted in yellow
1Raw wholegrain pearl millet flour (100.0 g) (control); 2Pearl millet (72.4 g) with carrot (14.9 g), mango (5.0 g), baobab fruit pulp (5.0 g), moringa leaf powder (2.5 g), citric acid (0.1 g), salt (0.1 g)/100 g porridge formulation;
3Peal millet (69.9 g) with carrot (14.9 g), papaya (5.0 g), baobab fruit pulp (10 g), citric acid (0.1 g), salt (0.1 g)/100 g porridge formulation;
4Pearl millet (75.4 g), with carrot (11.9 g), papaya (7.5 g), baobab fruit pulp (5.0 g), micronutrient premix, (25 mg (iron (2.1 mg) as iron sodium-EDTA, zinc (1.65 mg) as zinc oxide and vitamin A (840 IU) as vitamin A palmitate)), citric acid (0.1 g), salt (0.1 g)/100 g porridge formulation;  
5Pearl millet (84.9 g), with baobab fruit pulp (10.0 g), hibiscus calyx powder (5.0 g), citric acid (0.1 g), salt (0.1 g)/100 g porridge formulation.

[bookmark: _Toc65253610]4.3.3.3	Analyses
Moisture
The moisture and dry matter contents of the plant food ingredients were determined using a high constant temperature oven method (ISTA, 2018). Ingredients flours were dried at 103oC for 17 h.
Mineral contents
Mineral contents of the plant food ingredients and the final porridge formulations were analysed as described in Chapter 4.1. 
Beta-carotene
Beta-carotene was extracted and quantified as described by Scott (2001), with slight modification. Centrifugation was in place of filtration for the separation of sample supernatants from solids. In short, 1 g sample was weighed into a 100 ml centrifuge tube after which sodium bicarbonate was added to neutralise any organic acids in the sample. Water and methanol (10 ml and 50 ml respectively) were added to the tube. It was homogenised at 10 000 rpm for 30 seconds using the Ultra Turrex (Janke & Kunkel, IKA-Labortechnik, Meckenheim, Germany). The mixture was then centrifuged at 4100 rpm for 5 minutes, resulting in separation of the sample into supernatant and pellet. To achieve efficient extraction of carotenoids and separation of the different types of carotenoids from the plant food ingredients, a mixture of acetone and hexane at a ratio 1:1 was additionally added to the solid pellets, after which the mixture was centrifuged as above and supernatant was collected and added to the previously collected supernatant. The pooled supernatant was reacted with 10% KOH in methanol to saponify the chlorophyll in the plant food ingredients. The absorbance of the carotenoid-hexane layer (extract) were then measured at 450 nm. Quantification of β-carotene was achieved using a β-carotene standard curve and was expressed as µg β-carotene equivalent/100 g, dry basis.
In vitro mineral dialysability assay
The porridge formulations were subject to in vitro digestion to simulate the human gastric and intestinal digestion as described in Chapter 4.1.
Assessment of mineral contents as compared to mineral requirements
The contribution of iron, zinc, calcium and magnesium from 100 g porridge (dry basis) (a 300–400 g serving size depending on its solids content) to the recommended nutrient intakes (RNI) for school age children (4–9 years) and adult women (19–50 years) was calculated and expressed as a percentage of the RNI (WHO & FAO, 2004). Likewise, the percentage contribution that the bioaccessible iron and zinc in 100 g (dry basis) of the different porridge formulations could potentially make to the daily iron and zinc absolute requirement (AR) of the children and women was calculated (WHO & FAO, 2004; Sandstead, 2015).
Statistical analyses
The compositional analyses on the plant foods were conducted in duplicate-quadruplicate and analysed twice i.e. independent digestion or extraction were performed 2–4 times with each of the digests or extract analysed twice. Independent bioaccessibility experiments were performed two times with the intestinal step being each time performed three times. Data were analysed using one-way analysis of variance (ANOVA) with SPSS Statistics software 16.0 (Chicago, USA. Tukey’s Honest Significant Difference (HSD) Post-hoc test was applied to determine significant differences between specific means at a confidence level of 95% (p<0.05). Fisher’s Least Significant Difference (LSD) Post-hoc test was also applied for pair-wise comparison between the control unfortified cereal porridges and their fortified cereal porridge test formulations at a confidence level of 95%.

[bookmark: _Toc65253611]4.3.4	Results and discussion
[bookmark: _Toc65253612]4.3.4.1	Mineral contents
Carrot powder had the highest iron content of the maize porridge ingredients, twice as high compared to wholegrain maize (Table 4.3.1). The iron content of carrot is in the range of reported values (4.1–6.1 mg/100 g) (Wierzbowska et al., 2017; USDA, 2019).  However, fortification of maize porridge with carrot plus mango powder (1:1 ratio) or in combination with baobab fruit, at a 100:15 and 100:15:15 ratio, respectively slightly decreased the iron content of the fortified maize-based porridges. This was due to the relatively low iron contents of mango and baobab (1.75–1.85 mg/100 g). According to the CODEX standards, a food source is regarded as a significant source of a mineral if one serving meets at least 15% of the recommended nutrient intake (RNI) (Lewis, 2019). However, none of the maize porridge formulations (a 100 g (dry basis) serving) contributed 15% of the daily iron RNI for school-age children and women (19–50 years), at 5% iron bioavailability. This was due to their low iron contents. The 5% level of iron bioavailability (lowest level of iron bioavailability) is expected for plant-based diet high in mineral bioavailability inhibitors such as phytate and polyphenols (WHO & FAO, 2004). In contrast to these findings, the iron contribution of FeSO4 fortified complex maize-based porridges containing carrot plus mango and fortified with baobab (Chapter 4.2) would meet this CODEX as they were specifically fortified to meet approximately 20% of the iron RNI for women (19–50 years).

Carrot was also highest in zinc, approx. 76% higher than maize (Table 4.3.1). However, fortification of maize porridge with carrot plus mango or in combination with baobab at the 100:15 and 100:15:15 ratio, respectively made no difference to the zinc contents and the fortified-porridges’ contribution to the zinc RNIs. This was due to the low zinc contents of mango and baobab, which were approx. 78% and 40% less than maize. However, carrot and mango fortified porridge’s zinc contribution to the RNI for women (19–50 years) (16.3%) was slightly higher than 13.6% from maize-based porridge containing carrot plus mango in Chapter 4.2. This was because the proportion of carrot in the fortified porridge in this present study was approximately twice as high.

Due to the relatively high calcium content of carrot and mango (Table 4.3.1), fortification of maize porridge with carrot plus mango increased the calcium content from 5.1 mg/100 g to 17.4 mg/100 g. However, due to the relatively low magnesium contents of carrot and mango, their fortification of maize porridge decreased the magnesium content by a very small percentage (5%), but which was statistically significant (p<0.05). In contrast, baobab fortification of the carrot plus mango fortified maize porridge increased both the calcium and magnesium contents, by 986% and 5% (p<0.05), respectively compared to unfortified maize porridge. This was due to baobab’s relatively high calcium and magnesium contents, which were 71- and 2-fold higher, respectively compared to maize.



[bookmark: _Toc65253639]Table 4.3.1: Mineral contents (mg/100 g, dry basis) of wet cooked wholegrain maize-based porridge formulations and their ingredients with their estimated percentage iron and zinc contributions to the daily recommended nutrient intakes (RNI)# for school-age children (7–9 years) and women of 19–50 years,  approximately childbearing age
	Porridge ingredients and formulations 
	Fe
	Zn
	Ca
	Mg
	P
	% Contribution to the RNI for iron for children (17.8 mg/day)
	% Contribution to the RNI for iron for women (58.8 mg/day) 
	% contribution to the RNI for zinc for children (11.2 mg/day) 
	% contribution to the RNI for zinc for women (9.8 mg/day)

	Ingredients

	Baobab fruit pulp₳
	1.75a
 ± 0.05
	0.95b
 ± 0.01
	363.1g
 ± 2.3
	233.6g
 ± 1.9
	55.8a
 ±0.4
	NA£
	NA
	NA
	NA

	Carrot powder∞
	5.30d
 ± 0.04
	2.78e
 ± 0.01
	166.7f 
± 2.3
	96.8b
 ± 0.7
	240.6b
 ± 1.5
	NA
	NA
	NA
	NA

	Mango powder∞
	1.85a
 ± 0.01
	0.35a
 ± 0.01
	60.6e
 ± 1.7
	51.3a
 ± 1.5
	358.0d
 ± 12.1
	NA
	NA
	NA
	NA

	Porridge formulations

	Maize (Control)
	2.41c
 ± 0.06
	1.58d
 ± 0.13
	5.1a
 ± 0.7
	115.9d
 ± 3.7
	264.6c
 ± 6.9
	13.5
	4.1
	14.1
	16.1

	Maize+carrot+mango1 (100:15)
	2.15b
 ± 0.09
	1.61d
 ± 0.07
	17.4b
 ± 0.5
	110.2c
 ± 1.9
	260.2c
 ± 4.1
	12.1
	3.7
	14.3
	16.3

	Maize+β-carotene2
	2.04b
 ± 0.06
	1.49cd
 ± 0.03
	5.2a
 ± 0.1
	113.3cd
 ± 2.9
	258.4c
 ± 7.5
	11.5
	3.5
	13.3
	15.2

	Maize+carrot+mango+baobab (100:15:15)
	2.12b
 ± 0.13
	1.48cd
 ± 0.04
	55.4d
 ± 1.3
	121.4e
 ± 2.6
	235.8b
 ± 5.5
	11.9
	3.6
	13.2
	15.1

	Maize+β-carotene+baobab (100:15)
	2.10b
 ± 0.02
	1.43c
 ± 0.04
	50.5c
 ± 0.6
	127.9f
 ± 0.6
	236.8b
 ± 2.2
	11.8
	3.6
	12.8
	14.6


Values are the mean ± 1 SD of two independent samples analysed in duplicate (n=4), Means with different superscripts letters in a column differ significantly (p<0.05), £Not applicable #RNI for school-age children and women consuming a plant-based diet with the lowest level of mineral bioavailability, 5% for iron and 15% for zinc (WHO & FAO, 2004)∞Carrot and mango powders from Sunspray, ₳Baobab fruit pulp from Nautica Organics 1Carrot and mango powders were in ratio 1:1, 2Content of β-carotene was similar to the levels in carrot+mango 

As expected, moringa leaf powder and hibiscus calyx powder were the highest and second highest in iron of the extrusion-cooked pearl millet-based porridge ingredients (food fortificants) (Table 4.3.2). They were approx. 5- and 4-fold higher in iron, respectively compared to pearl millet grain. The iron contents of the extrusion-cooked pearl millet-based porridges, except for pearl millet-based porridge fortified with carrot, mango, baobab together with moringa, were unexpectedly high, with the baobab plus hibiscus fortified-pearl millet-based porridge having the highest iron content (Table 4.3.2).  The iron contents of the extrusion-cooked pearl millet-based porridges fortified with carrot, papaya together with baobab; fortified with carrot, papaya, baobab together with micronutrient premix; and fortified with baobab plus hibiscus calyx were approximately 84%, 106% and 276% higher, respectively compared to their respective calculated iron contents. As the actual contents of the minerals in the porridges and their calculated values were in good agreement, the high iron contents of the porridges were very likely due to iron contamination of the porridges during extrusion processing. Other researchers have also found that iron concentrations of cereal and legume products increased substantially after the process of extrusion cooking (Alonso et al., 2001; Mutambuka, 2013; Nkundabombi et al., 2016).  They attributed this to contaminating iron from the extruder parts.  In a systematic review, Geerligs et al. (2003) showed that consumption of iron-contaminated foods from iron-cooking pots increased haemoglobin concentration of anaemic and iron deficient individuals. This indicates that contaminating iron from food processing equipment could be potentially bioavailable. Thus, a 100 g (dry basis) serving of the iron-contaminated extrusion-cooked fortified-pearl millet-based porridges could potentially increase the percentage contribution of iron RNI from approximately 55% to 90–241% for school-age children and from 17% to 27–73% for adult women (19–50 years). Baobab plus hibiscus fortified-pearl millet porridge contributed the most to the iron RNIs, because it had the highest iron content.



[bookmark: _Toc65253640]Table 4.3.2: Mineral contents (mg/100 g, dry basis) of extrusion cooked wholegrain pearl millet-based porridge formulations and their ingredients with their estimated percentage iron and zinc contributions to the daily recommended nutrient intakes (RNI)# for school-age children (7–9 years) and women of 19–50 years
	Porridge ingredients and formulations 
	Fe
	Zn
	Ca
	Mg
	P
	% Contribution to the RNI for iron for children (17.8 mg/day)
	% Contribution to the RNI for iron for women (58.8 mg/day)
	% contribution to the RNI for zinc for children (11.2 mg/day)
	% contribution to the RNI for zinc for women (9.8 mg/day)

	Ingredients

	Pearl millet grain (Control)1
	9.8b
 ± 0.7
	3.88f
-± 0.22
	16a
 ± 1
	105.9b
 ± 2.6
	259.9d
 ± 9.1
	55.0
	16.6
	34.6
	39.6

	Baobab fruit pulp*
	13.0c
 ± 1.2
	1.93b
 ± 0.18
	339d
 ± 9
	165.8e
 ±
	57.3a
 ± 2.2
	NA£
	NA
	NA
	NA

	Moringa leaf powder
	45.9h
 ± 4.8
	2.05b
 ± 0.07
	2545f
 ± 29
	567.0g
 ± 6.1
	346.1g
 ± 9.7
	NA
	NA
	NA
	NA

	Hibiscus calyx powder
	36.1f
 ± 2.4
	2.73c
 ± 0.17
	1300e
 ± 64
	438.6f
 ± 3.9
	157.7c
 ± 4.8
	NA
	NA
	NA
	NA

	Carrot powder^
	2.9a
 ± 0.9
	2.04b
 ± 0.11
	321d
 ± 16
	132.2c
 ± 3.2
	465.9h
 ± 24.8
	NA
	NA
	NA
	NA

	Mango powder^
	1.1a
 ± 0.0
	0.59a
 ± 0.08
	34a
 ± 1
	61.7a
 ± 3.2
	104.6b
 ± 1.0
	NA
	NA
	NA
	NA

	Papaya
	2.3a
 ± 0.3
	0.56a
 ± 0.05
	168c
 ± 12
	157.7d
 ± 1.7
	149.9c
 ± 4.9
	NA
	NA
	NA
	NA

	Porridge formulations

	Pearl millet grain (Control)1
	9.8b
 ± 0.7
	3.88f
-± 0.22
	16a
 ± 1
	105.9b
 ± 2.6
	259.9d
 ± 9.1
	55.0
	16.6
	34.6
	39.6

	Pearl millet+carrot+mango+ baobab+moringa
	11.3bc
 ± 0.5 (9.4)$
	3.02d
 ± 0.10 (3.29)
	158c
 ± 5  (142)
	130.3c
 ± 7.1 (121.9)
	292.9ef
 ± 6.9 (274.4)
	63.2
 [52.7]¥
	19.1
 [15.9]
	26.9 
[29.4]
	30.8 
[33.6]

	Pearl millet+carrot+papaya+ baobab
	16.0d
 ± 0.5 (8.7)
	3.04d
 ± 0.04 (3.24)
	119b
 ± 5  (101)
	130.2c
 ± 3.4 (118.2)
	281.3e
 ± 4.3 (264.3)
	89.7
 [48.8]
	27.2
 [14.8]
	27.2 
[28.9]
	31.1 
[33.0]



Table 4.3.2 cont.
	
	Fe
	Zn
	Ca
	Mg
	P
	% Contribution to the RNI for iron for children (17.8 mg/day)
	% Contribution to the RNI for iron for women (58.8 mg/day)
	% contribution to the RNI for zinc for children (11.2 mg/day)
	% contribution to the RNI for zinc for women (9.8 mg/day)

	Porridge formulations

	Pearl millet+carrot+papaya+ baobab+micronutrient premix
	21.8e
 ± 1.5 (10.6)
	5.95g
 ± 0.05 (4.96)
	100b
 ± 4    (80)
	130.7c
 ± 5.1 (115.7)
	291.2ef
 ± 4.3 (265.5)
	122.3
 [59.8]
	37.0
 [18.1]
	53.1 
[44.3]
	60.7 
[50.6]

	Pearl millet+baobab+hibiscus
	42.9g
 ± 0.8 (11.4)
	3.41e
 ± 0.11 (3.62)
	113b
 ± 5  (113)
	152.9d
 ± 2.4 (128.4)
	301.8f
 ± 7.6 (234.3)
	241.0
 [64.1]
	72.9
 [19.4]
	30.4 
[32.3]
	34.8 
[37.0]


Values are the mean ± 1 SD of four independent samples analysed in duplicate (n=8), papaya values are the mean ± 1 SD of three independent samples analysed in duplicate (n=6), Means with different superscripts letters in a column differ significantly (p<0.05), £Not applicable
^Carrot and mango powders from Institut de Technologie Alimentaire (ITA), *Baobab fruit pulp from Maria Distribution
$Values in brackets are calculated mineral contents of the porridge formulations from each of the porridge ingredients, 
#RNI for school-age children and women consuming a plant-based diet with the lowest level of mineral bioavailability, 5% for iron and 15% for zinc (WHO & FAO, 2004), ¥Values in square brackets are iron and zinc contributions to the RNI from calculated porridge iron and zinc contents, 1Raw pearl millet



As indicated, the iron contents of the extrusion-cooked pearl millet porridges were also calculated from the iron contents of each of the ingredients (values in brackets) (Table 4.3.2). This was done in order to estimate the true effects of the food-to-food fortification on the iron contents of the pearl millet-based porridges. This revealed that the food-to-food fortification would not substantially increase the iron contents of these porridges when compared to the pearl millet grain control. With moringa and hibiscus this was due to their low level of inclusion, 2.5 g and 5.0 g/100 g porridge, respectively.  With the micronutrient premix fortified-pearl millet-based porridge, the iron content (2.1 mg) of the premix was likely too low to make a nutritionally meaningful difference to the porridge iron content. Also, the relatively higher carrot fortification levels (11.9–14.9 g/100 g) of the pearl millet-based porridges containing moringa and added iron, could, in part, have contributed to this effect. The carrot was much lower in iron (2.9 mg/100 g) compared to the pearl millet grain. Thus, a 100 g serving of these food-to-food fortified or with micronutrient premix fortified pearl millet-based porridges would not affect the percentage iron contribution to the RNIs when compared to pearl millet alone.

The pearl millet grain was highest in zinc (3.88 mg/100 g) compared to the other porridge ingredients (0.56–2.73 mg/100 g) (Table 4.3.2). Consequently, fortification with various combinations of the plant foodstuffs slightly but significantly decreased (p<0.05) the zinc contents of the pearl millet-based porridges, by approximately 12–22%. Hence, the pearl millet-based porridges’ percentage contribution of zinc to the RNI were slightly decreased from approx. 35% to 27–30% for school-age children and from 40% to 31–35% for women (19–50 years). However, fortification with carrot, papaya and baobab together with the micronutrient premix increased the zinc content by 53% and substantially increased the fortified porridge’s zinc contribution to the RNI to 53% and 61% for school children and women (19–50 years), respectively compared to pearl millet. The zinc (1.65 mg) from the micronutrient premix was responsible for this.

All the plant food fortificants had substantially higher calcium and magnesium contents than the pearl millet grain (Table 4.3.2). Moringa was highest in both calcium and magnesium, more than 150- and 5-fold higher, respectively compared to pearl millet. As a result, the extruded pearl millet-based porridge containing moringa was highest in calcium, approx. 10-fold higher than pearl millet. Moringa fortification of wet-cooked pearl millet porridge also increased the calcium content even more, by 27-fold compared to unfortified pearl millet porridge (Chapter 4.1). The higher moringa fortification level at 13.0 g/100 g porridge compared to 2.5 g/100 g porridge in this extrusion-cooked porridge was, in part, responsible. Although, moringa was highest in magnesium, followed by hibiscus, fortification with baobab plus hibiscus increased the magnesium content the most, by 44% compared to pearl millet. This was due to its relatively higher fortification level (5.0 g/100 g porridge) compared to moringa (2.5 g/100 g porridge). Fortification with various combinations of the other plant food fortificants also increased the calcium and magnesium contents, by more than 6-fold and 23%, respectively compared to the pearl millet. 

[bookmark: _Toc65253613]4.3.4.2 Beta-carotene content
Carrot powder was highest in β-carotene, followed by mango powder (Table 4.3.3). They were more than 86- and 20-fold higher in β-carotene compared to wholegrain maize. These very high contents of β-carotene in carrot and mango agree with literature values: carrot 35369–70751 µg/100 g, dry basis and mango (3869–12674 µg/100 g, dry basis) (Perkins-Veazie, 2007; USDA, 2019). Thus, carrot plus mango fortification of maize porridge at the 15:100 ratio would greatly increase the level of β-carotene, by approximately 8-fold compared to unfortified maize. However, baobab fortification of the carrot plus mango fortified-maize porridge would slightly decrease the β-carotene content, by 16% due to baobab’s low β-carotene content. Notwithstanding this, the porridge formulation would still be about 7-fold higher in β-carotene compared to unfortified maize. 

[bookmark: _Hlk55839729]Apart from β-carotene being an enhancer of mineral bioavailability (Garcı́a-Casal et al., 1998), it is the plant carotenoid type with the highest vitamin A activity (WHO & FAO, 2006). A conversion factor of a ratio 1:12 has been recommended for estimating retinol equivalents (vitamin A) from β-carotene. Hence, a 100 g (dry basis) serving of maize porridges fortified with carrot plus mango or together with baobab would increase the percentage contribution of vitamin A to the estimated mean requirement (EMR) from approx. 23% to 160–177% for school-age children and from 21% to 148–164% for women (19–50 years) (Table 4.3.3). The WHO (2020) reports that vitamin A deficiency (VAD) remains a major public health challenge, especially in Africa and South-East Asia, notably affecting children and pregnant women in low-income countries. It is therefore, recommended that short-term interventions such as vitamin A supplementation be complemented with sustainable solutions, which includes consumption of vitamin-A rich foods to successfully combat VAD (WHO, 2020). Thus, food-based approach such as food-to-food fortification of staple cereal porridges with plant food sources rich in β-carotene such as carrot and mango, could contribute to existing strategies aimed at alleviating vitamin A deficiency. 

[bookmark: _Toc65253641]Table 4.3.3: Beta-carotene content (µg β-carotene equivalent/100 g, dry basis) of wet cooked wholegrain maize-based porridge formulations and their ingredients and the retinol equivalent (µg RE/100 g) of the porridges’ β-carotene contents with their estimated percentage contribution to the daily estimated mean requirement (EMR)# for vitamin A for school-age children (7–9 years) and women of 19–50 years
	Porridge ingredients
	β-carotene equivalent
	µg Retinol equivalent (RE)$
	% contribution to the EMR for children (250 µg/day)
	% contribution to the EMR for women (270 µg/day)

	Wholegrain maize flour
	680a ± 220
	56.7
	22.7
	21.0

	Baobab fruit pulp₳
	780a ± 110
	NA£
	NA
	NA

	Carrot powder∞
	58700c ± 830
	NA
	NA
	NA

	Mango powder∞
	13700b ± 1140
	NA
	NA
	NA

	Porridge formulations
	
	
	
	

	Maize+carrot+mango1 (100:15)
	5312
	442.7
	177.1
	163.9

	Maize+β-carotene2
	5736
	478.0
	191.2
	177.0

	Maize+carrot+mango+baobab (100:15:15)
	4791
	399.3
	159.7
	147.9

	Maize+β-carotene+baobab (100:15)
	5750
	479.2
	191.7
	177.5


Values are the mean ± 1 SD of two independent samples analysed in duplicate (n=4)
Means with different superscripts letters in a column differ significantly (p<0.05), £Not applicable
∞Carrot and mango powders from Sunspray, ₳Baobab fruit pulp from Nautica Organics
1Carrot and mango powders were in ratio 1:1, 2Content of β-carotene was similar to the levels in carrot+mango  #WHO & FAO (2004) $Retinol equivalent (RE) was calculated using the factor 12:1 β-carotene to retinol (WHO & FAO, 2006)

[bookmark: _Toc65253614]4.3.4.3	Mineral bioaccessibility
Iron bioaccessibility 
Despite the high β-carotene contents in carrot and mango, carrot plus mango fortification of maize porridge at a 15:100 ratio had no significant (p<0.05) effect on percentage iron bioaccessibility and slightly decreased the total bioaccessible iron (Table 4.3.4) compared to maize porridge when analysed by pairwise comparison. The amount of bioaccessible iron likely slightly decreased due to the fortified porridge’s somewhat lower iron content compared to unfortified maize (Table 4.3.1). In slight contrast, β-carotene inclusion in maize porridge, at similar levels as present in carrot plus mango, slightly increased the percentage iron bioaccessibility, by 19% but had no effect on the total bioaccessible iron (Table 4.3.4). This positive effect on percentage iron bioaccessibility was very likely because β-carotene enhanced the solubilization of some of the iron present, thereby alleviating chelation by phytate (Garcı́a-Casal et al., 1998). Gautam et al. (2010) found that β-carotene inclusion in pressure-cooked rice and sorghum increased percentage iron bioaccessibility, by 38% and 20%, respectively compared to pressure-cooked rice and sorghum alone. The presence of polyphenols in carrot and mango, as shown in Chapter 4.2, could have limited their enhancing effect (as β-carotene sources) on the iron bioaccessibility. As explained, polyphenols inhibit iron bioavailability in a dose-dependent form because they can form strong non-absorbable complexes with it (Hurrell et al., 1999). In support of this hypothesis, Andre et al. (2018) showed that iron uptake by Caco-2 cells was much higher from orange-fleshed sweet potatoes (rich in β-carotene) containing lower levels of polyphenols compared to those containing higher levels. 

In contrast to the findings of this study, the Gautam et al. (2010) study showed that percentage iron bioaccessibilities were increased, by 53% and 32–69%, respectively when rice and sorghum were fortified with carrot as a provitamin A source. Research by Kruger (2020) also showed that foodstuffs rich in β-carotene such as orange-fleshed sweet potatoes and cowpea leaves improved iron uptake by Caco-2 cells from a conventionally iron fortified maize-based porridge. However, Kruger et al. (2018) found that inclusion of orange-fleshed sweet potato in maize and sorghum porridges had no significant effect on iron bioaccessibility, while addition of cowpea leaves decreased the iron bioaccessibility. According to the authors, cowpea leaves’ high total phenolics and tannin contents could have been responsible. The authors also noted that there were significant interactions on mineral bioaccessibility between cereal porridge types and the plant food sources of β-carotene. 

[bookmark: _Hlk54098900]When carrot plus mango together with baobab were used at a 15:15:100 ratio to fortify the maize porridge, iron bioaccessibility increased, both in terms of percentage and amount by 31% and 15%, respectively when compared to maize porridge by pairwise comparison (Table 4.3.4). In slight contrast, inclusion of β-carotene in maize porridge together with baobab fortification only increased the percentage iron bioaccessibility by 20%. In Chapter 4.2, fortification of simple maize porridge with baobab alone only increased percentage iron bioaccessibility by 19%. The slightly better enhancement of iron bioaccessibility observed with carrot plus mango together with baobab fortification was very likely due to the additive effects of the high β-carotene contents of carrot and mango and the high citric and ascorbic acids in baobab and mango. As previously mentioned, the primary mechanism by which the ascorbic acid contributes to the iron bioaccessibility enhancement was most likely by reducing Fe3+ to Fe2+. Hence, only food-to-food fortification with carrot plus mango in combination with baobab could potentially moderately increase the percentage contribution of the maize-based porridge to the iron absolute requirement (AR) for school-age children, from approximately 69% to 80% and from 34% to 39% for women of 19–50 years.

[bookmark: _Hlk54101477]With the ready-to-eat (extrusion-cooked) pearl millet-based porridges, fortification with various combinations of the food fortificants apparently greatly increased iron bioaccessibility, in terms of percentage and amount, by 225–905% and 404–1326%, respectively compared to uncooked pearl millet control (Table 4.3.5). This was presumably because the high content of organic acids in baobab, mango and papaya and the high β-carotene contents in carrot, mango and papaya were enhancing the solubility of the abundant iron present (11.3–42.9 mg/100 g). This iron was from both contamination and intrinsic iron in the pearl millet-based products. Papaya fruit is rich in β-carotene, approximately 2294 µg/100 g, dry basis (USDA, 2019) and citric acid, 176–379 mg/100 g, fresh weight (Hernández et al., 2009; Kelebek et al., 2015). The findings of this study agree with those of Chapter 4.2 where baobab fortification of conventionally iron fortified maize-based porridge, containing carrot and mango, greatly increased iron bioaccessibility, both in terms of percentage and amount, compared to baobab fortified-maize porridge without conventional iron fortification.  This suggest that the full potential of the iron bioavailability enhancers can be maximized in the presence of potentially available abundant iron in the food matrix. Greffeuille et al. (2011) similarly found that iron-contaminated maize products, which contained 4-fold more iron compared to raw maize grain, although having slight negative effect on percentage bioaccessible iron, increased the amount of bioaccessible iron, by more than 3-fold. As the contaminating iron in this study was similarly from milling and cooking equipment, this indicates that the contaminating iron would be potentially bioavailable in the extruded pearl millet products.

[bookmark: _Hlk54102326]However, baobab plus hibiscus fortified-pearl millet-based porridge, although it contained the highest iron (both contaminating iron and intrinsic iron) (Table 4.3.2), increased iron bioaccessibility the least (Table 4.3.5). This was likely because the porridge lacked plant food sources of β-carotene, unlike the other pearl millet-based porridge formulations which would contain substantial amounts of β-carotene plus additional organic acids from carrot, mango and/or papaya. It is also noteworthy that fortification with carrot, papaya, baobab together with the micronutrient premix, which contained vitamin A (840 IU), increased the iron bioaccessibility the most. This was likely due to the additional enhancing effects of the added vitamin A. Vitamin A fortification of rice, maize and wheat food products have been found to increase iron absorption in human subjects, by 119%, 120% and 83%, respectively (Garcı́a-Casal et al., 1998). 

[bookmark: _Hlk54105289]Extrusion cooking of the pearl millet-based formulations could also have contributed to the observed increases in iron bioaccessibility. The high temperature and pressure of extrusion cooking can degrade phytate and polyphenols, thereby reducing their mineral chelating effects (Alonso et al., 2001; Kaur et al., 2015). Alonso et al. (2001) found that iron absorption in rats was increased when peas were extrusion-cooked. Similarly, Nkundabombi et al. (2016) found that the percentage in vitro iron solubility increased after raw amaranth-rice-bean flour was extrusion-cooked.  This was also attributed to phytate degradation.

Thus, a 100 g (dry basis) serving of the extrusion-cooked pearl millet-based porridge fortified with carrot, papaya, baobab together with micronutrient premix could potentially increase the percentage contribution of iron AR considerably, from approximately 27% to 602% for school-age children and from 13% to 293% for women of 19–50 years. This is bearing in mind that some of the observed increase in iron bioaccessibility was likely to have been due to the presence of contaminating iron. Also, with this proviso the other extrusion-cooked food-to-food fortified-pearl millet-based porridge formulations could also potentially substantially increase their percentage contributions to the ARs, to 136–384% and 66–187% for school-age children and women of 19–50 years, respectively.



[bookmark: _Toc65253642]Table 4.3.4: Effects of food-to-food fortification of wet cooked wholegrain white maize porridge with carrot and mango and in combination with baobab fruit pulp on iron and zinc bioaccessibility and the estimated percentage contribution of bioaccessible iron and zinc in the porridge formulations (100 g dry basis) to the daily absolute requirement (AR) of school-age children (7–9 years) and women of 19–50 years
	Porridge formulations 
	Percentage bioaccessible iron
	Amount of bioaccessible iron (mg/100 g dry basis)
	% contribution of iron to the AR for children (0.71 mg/day)$
	% contribution of iron to the AR for women (1.46 mg/day)$
	Percentage bioaccessible zinc
	Amount of bioaccessible zinc (mg/100 g dry basis)
	% contribution of zinc to the AR for women (1.75 mg/day)¥

	Maize (Control) 
	20.4a ± 2.3
	0.49ab ± 0.06
	69.3
	33.7
	51.9a ± 5.4
	0.82a ± 0.09
	46.9

	Maize+carrot+mango∞1 (100:15)
	19.4a ± 2.5
	0.42a ± 0.05     (-15%)
	58.7 (-15%)
	28.6 (-15%)
	53.4a ± 4.6
	0.86a ± 0.07
	49.0

	Maize+β-carotene2
	24.1b ± 4.0 (19%)£
	0.49ab ± 0.08
	69.1
	33.6
	52.3a ± 7.6
	0.78a ± 0.11
	44.6

	Maize+carrot+mango+ baobab₳ (100:15:15)
	26.8b ± 1.0 (31%)
	0.57b ± 0.02 (15%)
	79.9 (15%)
	38.8 (15%)
	64.9b ± 2.4 (25%)
	0.96b ± 0.04 (17%)
	55.0 (17%)

	Maize+β-carotene+ baobab (100:15)
	24.5b ± 4.5 (20%)
	0.52b ± 0.09
	72.7
	35.3
	56.4a ± 7.6
	0.81a ± 0.11
	46.0


Values are the mean ± 1 SD of two independent samples analysed in triplicate (n=6), Means with different superscripts letters in a column differ significantly (p<0.05) £Percentage values in brackets are significantly different to the control maize porridge by pairwise comparison (p<0.05)
∞Carrot and mango powders from Sunspray, ₳Baobab fruit pulp from Nautica Organics
1Carrot and mango powders were in ratio 1:1, 2Content of β-carotene was similar to the levels in carrot+mango
$WHO & FAO (2004), ¥Sandstead (2015)




[bookmark: _Toc65253643]Table 4.3.5: Effects of food-to-food fortification with various combinations of carrot, mango, papaya, moringa leaf, baobab fruit pulp and hibiscus calyx powders on iron and zinc bioaccessibilities in ready-to-eat (extrusion cooked) pearl millet-based porridges and the estimated percentage contribution of bioaccessible iron and zinc in the porridge formulations (100 g dry basis) to the daily absolute requirement (AR) of school-age children (7–9 years) and women of 19–50 years
	Porridge formulations 
	Percentage bioaccessible iron
	Amount of bioaccessible iron (mg/100 g dry basis)
	% contribution of iron to the AR for children (0.71 mg/day)$
	% contribution of iron to the AR for women (1.46 mg/day)$
	Percentage bioaccessible zinc
	Amount of bioaccessible zinc (mg/100 g dry basis)
	% contribution of zinc to the AR for women (1.75 mg/day)¥ 

	Pearl millet grain (control)1
	2.0a ± 0.2
	0.19a ± 0.02
	26.9
	13.1
	21.9a ± 7.8
	0.85a ± 0.30
	48.4

	Pearl millet
+carrot+mango^+ baobab*+moringa
	8.6c ± 1.1 (338%)£ 

	0.96b ± 0.13 (404%) 

	135.7 (404%)
	66.0 (404%)
	43.3c ± 3.8 (98%)
	1.30b ± 0.11 (54%)
	74.5 (54%)

	Pearl millet
+carrot+papaya+ baobab
	10.1d ± 1.1 (415%) 

	1.61c ± 0.17 (740%) 

	226 (740%)
	110.0 (740%)
	35.1b ± 2.5 (60%)
	1.07ab ± 0.08
	61.0 

	Pearl millet
+carrot+papaya+ baobab+micronutrient premix
	19.7e ± 0.7 (905%) 

	4.28e ± 0.15 (2137%) 

	602 (2137%)
	293.0 (2137%)
	57.8d ± 10.5 (164%)
	3.44c ± 0.62 (305%)
	196.5 (305%)

	Pearl millet
+baobab+hibiscus
	6.4b ± 0.4 (225%) 

	2.73d ± 0.16 (1326%) 

	384 (1326%)
	186.7 (1326%)
	29.3ab ± 5.2 (34%)
	1.00ab ± 0.18
	57.0


Values are the mean ± 1 SD of two independent samples analysed in triplicate (n=6), Means with different superscripts letters in a column differ significantly (p<0.05), 
£Percentage values in brackets are significantly different to the control uncooked pearl millet by pairwise comparison (p<0.05)
^Carrot and mango powders from Institut de Technologie Alimentaire (ITA), *Baobab fruit pulp from Maria Distribution
$WHO & FAO (2004), ¥Sandstead (2015), 1Raw pearl millet



Zinc bioaccessibility
Carrot plus mango fortification of maize porridge at the 15:100 ratio and similarly β-carotene inclusion, had no effect on zinc bioaccessibility (Table 4.3.4). The high phytate in the wholegrain maize plus the substantial amounts of polyphenols in carrot and mango could be responsible for this effect. This contrasts with the study of Gautam et al. (2010), which showed that carrot fortification of pressure-cooked rice and sorghum increased the percentage zinc bioaccessibility, by more than 40% and 29%, respectively. The Kruger et al. (2018) study similarly showed that the percentage zinc bioaccessibility was almost doubled when orange-fleshed sweet potatoes and cowpea leaves (β-carotene sources) were added to maize and sorghum porridges. The significant interactions on mineral bioaccessibility between cereal porridges and plant food sources of β-carotene noted in the Kruger et al. (2018) study, presumably due to differences in components of cereal porridges and plant food β-carotene sources may contribute to such contrasting effects with the findings of this study.

[bookmark: _Hlk54099745]In contrast, carrot plus mango together with baobab fortification of maize porridge at the 15:15:100 ratio somewhat increased zinc bioaccessibility both in terms of percentage and amount, by 25% and 17%, respectively. However, β-carotene inclusion plus baobab fortification had no effect on zinc bioaccessibility. The positive effect of carrot plus mango with baobab fortification on zinc bioaccessibility was most likely due to the combined effect of the high content of β-carotene in carrot and mango plus the high content of citric acid in baobab and mango. As stated, β-carotene has been shown to enhance iron solubility, most likely by preventing the chelating effect of phytate and polyphenols (Garcı́a-Casal et al., 1998). This suggests that β-carotene may have similar effect on zinc solubility. Additionally, citric acid has been reported to enhance zinc bioavailability by keeping it in a soluble and absorbable form (Gibson, 2006). In support of the findings here, Chapter 4.2 revealed that baobab fortification of a complex maize-based porridge containing substantial amount of β-carotene, which was from carrot and mango, increased zinc bioaccessibility but had no effect with a simple maize porridge without carrot and mango. Van der Merwe et al. (2019) also found that baobab fortification of pearl millet-based porridge containing approx. 40% carrot plus mango substantially increased zinc bioaccessibility, both in terms of percentage and amount.   Thus, only fortification by carrot plus mango together with baobab of the whole grain maize porridge could potentially slightly increase the percentage contribution to the zinc AR for women of 19–50 years, from approx. 47% to 55% (Table 4.3.4).
[bookmark: _Hlk54104470][bookmark: _Hlk54105107]With the extrusion-cooked pearl millet-based porridges, fortification with carrot, papaya, baobab together with the micronutrient premix increased zinc bioaccessibility the most, in terms of percentage and amount by 164% and 305%, respectively when compared to the pearl millet grain (Table 4.3.5). This was very likely because baobab and papaya’s high contents of citric acid and the carrot and papaya’s high contents of β-carotene plus the vitamin A (840 IU) in the micronutrient premix enhanced the solubility of the potentially available zinc in the micronutrient premix and the intrinsic zinc in the pearl millet and the other plant food components. Studies on the effect of vitamin A on zinc bioaccessibility are limited. However, vitamin A has been shown to enhance iron solubility by forming soluble complex with it, thereby preventing chelation by phytate and polyphenols (Garcia-Casal et al., 1998). It is possible that the vitamin A in the micronutrient premix had similar effects on zinc bioaccessibility. This is supported by the fact that zinc plus vitamin A and vitamin D administration has been shown to increase zinc absorption and status in human subjects better than administration of zinc alone (Potocnik et al., 2006). Berzin & Bauman, (1987) similarly demonstrated that vitamin A is necessary for zinc absorption. The study showed that zinc absorption was reduced in vitamin A-deficient chicks, but after 72 hours of vitamin A administration, zinc absorption was restored. It was suggested that the synthesis of a vitamin A-dependent zinc-binding protein isolated from the intestinal mucosa of the vitamin A-replete chicks was responsible for the positive effect on the zinc absorption.

[bookmark: _Hlk54104219]All the other food-to-food fortified pearl millet-based porridge formulations also increased the percentage zinc bioaccessibility, by 34–98% compared to the pearl millet control (Table 4.3.5). Apart from the β-carotene and citric acid present in the food fortificants, citric acid (1000 mg/100 g porridge (dry basis)) was included in all the pearl millet-based porridge formulations. The citric acid could have contributed to this effect. However, none of these pearl millet-based porridges, with the exception of the porridge containing carrot, mango, baobab with moringa, significantly increased the total bioaccessible zinc. This is likely because they were lower in zinc (3.0–3.4 mg/100 g) compared to pearl millet only (Table 4.3.2). The porridge containing carrot, mango, baobab with moringa increased total bioaccessible zinc despite its relatively low zinc content. This was likely because the porridge contained less iron (11 mg/100 g) compared to the other fortified porridge formulations (16.0–42.9 mg/100 g). The abundance of iron in a food matrix may limit the solubilization of zinc. Chapter 4.2 showed that presence of more iron in simple maize porridge by conventional fortification decreased zinc bioaccessibility. As stated, Hemalatha et al. (2009) showed that zinc bioaccessibility decreased when pressure-cooked rice-based grains were conventionally fortified with iron.  It is also noteworthy that the baobab plus hibiscus fortified-pearl millet-based porridge formulation increased the percentage zinc bioaccessibility the least. This could have been because the porridge contained the most iron, although the absence of a plant food β-carotene source in the formulation may have contributed to this effect.  Thus, only the extrusion-cooked pearl millet-based porridge fortified with carrot, papaya, baobab together with micronutrient premix and the porridge fortified with carrot, mango, baobab with moringa could potentially substantially increase the percentage contribution to the zinc AR for women  of 19–50 years, from approximately 48% to 197% and 75%, respectively (Table 4.3.5).

Calcium bioaccessibility
Carrot plus mango fortification of maize porridge and β-carotene inclusion in maize porridge, decreased percentage calcium bioaccessibility, by 35% and 11%, respectively (Table 4.3.6). This reduction was possibly due to the substantial amounts of polyphenols in carrot and mango. As stated, Vitali et al. (2008) found that wholegrain wheat-based biscuits with a high content of polyphenols decreased the percentage calcium bioaccessibility when compared to wholegrain wheat-based biscuits with a much lower polyphenol content. The reason for the slight inhibitory effect of β-carotene on the percentage calcium bioaccessibility is unclear. Studies on the effect of β-carotene on calcium bioaccessibility are lacking. In Chapter 4.2 it was hypothesised that the presence of carrot and mango as a β-carotene source in the complex maize-based porridge formulation added to the enhancing effect of ascorbic acid inclusion on calcium bioaccessibility, as ascorbic+citric acid inclusion alone in the simple maize porridge formulation had no effect. The findings of this present study suggest otherwise. Rather, the much higher ascorbic acid inclusion level in the complex maize-based porridge (approx. 63 mg/100 g) compared to the simple maize porridge (23 mg/100 g) may have been responsible for the positive effect observed.  As mentioned, Singh & Prasad (2018) similarly found that ascorbic acid inclusion in wholegrain wheat bread increased the percentage calcium bioaccessibility.

Baobab fortification of the carrot plus mango fortified maize porridge and maize+β-carotene porridge further decreased the percentage bioaccessible calcium, by 49% and 52%, respectively compared to maize porridge alone (Table 4.3.6). As stated in Chapter 4.2, baobab fruit also has a high content of polyphenols. Thus, the addition of baobab to the porridge formulations would increase the polyphenol content. This could have been responsible for the stronger inhibitory effect compared to carrot plus mango fortified porridge. This negative effect of baobab on percentage bioaccessible calcium compares well with those of Chapters 4.1 and 4.2, where baobab fortification of pearl millet porridge and maize porridge, respectively also decreased the percentage bioaccessible calcium.

However, fortification of maize porridge with carrot plus mango or in combination with baobab and inclusion of β-carotene plus baobab fortification increased the total amount of bioaccessible calcium, by 122%, 451% and 371%, respectively (Table 4.3.6). This was presumably as a result of the relatively high calcium contents of carrot, mango, and baobab compared to maize (Table 4.3.1). Chapters 4.1 and 4.2 similarly showed that baobab fortification of pearl millet and maize porridges increased the amount of bioaccessible calcium.

With the extrusion-cooked pearl millet-based porridge formulations, fortification with the food fortificants, with the exception of fortification with carrot, mango, baobab plus moringa, increased calcium bioaccessibility, in terms of percentage and amount by 9–15% and 618–728%, respectively, when compared to pearl millet alone by pairwise comparison (Table 4.3.7). This is notwithstanding the presence of polyphenols in the food fortificants and the much higher level of polyphenols in pearl millet (Chapter 4.1) compared to the maize (Chapter 4.2). These positive effects on calcium bioaccessibility could have been a result of both extrusion-cooking and the presence of mineral bioavailability enhancers in the food fortificants. As stated above, extrusion cooking can degrade phytate and polyphenols, which reduces their inhibitory effects on mineral bioaccessibility. The inclusion of citric acid in the extrusion-cooked fortified-pearl millet-based porridge formulations could also have contributed to the increase in percentage bioaccessible calcium as citric acid inclusion in the wet cooked pearl millet porridge increased percentage calcium bioaccessibility (Chapter 4.1). Walter et al. (1998) similarly showed that citric acid inclusion in a maize-soybean-based meal increased calcium bioaccessibility.  Furthermore, citric acid has been found to prevent precipitation of minerals, including calcium, magnesium and zinc in cereal products when assayed by in vitro digestion (Lyon, 1984). Fortification of the pearl millet-based porridge with carrot, mango, baobab together with moringa, although having no effect on percentage bioaccessible calcium, increased the amount of bioaccessible calcium, by 839% compared to pearl millet control (Table 4.3.7), presumably due to its high calcium content (Table 4.3.2).

Magnesium bioaccessibility
Fortification of maize porridge with carrot plus mango slightly increased percentage magnesium bioaccessibility, by 13% compared to maize porridge by pairwise comparison (Table 4.3.6) However, it did not increase the amount of bioaccessible magnesium (Table 4.3.6), likely because the fortified porridge was slightly lower in magnesium (Table 4.3.1). In slight contrast, β-carotene inclusion in maize porridge had no effect on percentage magnesium bioaccessibility (Table 4.3.6). This suggests that the high content of citric acid in mango (Chapter 4.2) enhanced the magnesium bioaccessibility. In support of this hypothesis, Chapter 4.1 showed that citric acid but not ascorbic acid inclusion in pearl millet porridge increased magnesium bioaccessibility. Also, in Chapter 4.2, inclusion of ascorbic+citric acid in maize porridge increased magnesium bioaccessibility. However, ascorbic acid inclusion in maize-based porridge had no effect on magnesium bioaccessibility. The study of Walter et al. (1998) showed that citric acid inclusion in maize-soybean-based meal increased magnesium bioaccessibility.  These effects are very likely because citric acid can enhance solubilization of magnesium, thereby preventing it from the chelating effects of mineral bioavailability inhibitors (Lyon, 1984). 



[bookmark: _Toc65253644]Table 4.3.6: Effects of food-to-food fortification of wet cooked wholegrain white maize porridge with carrot and mango and in combination with baobab fruit pulp on calcium and magnesium bioaccessibility
	Porridge formulations 
	Percentage bioaccessible calcium
	Amount of bioaccessible calcium (mg/100 g dry basis)
	Percentage bioaccessible magnesium
	Amount of bioaccessible magnesium (mg/100 g dry basis)

	Maize (Control)
	82.2d ± 6.3
	4.2a ± 0.5
	52.8a ± 6.1
	61.1a ± 7.0

	Maize+carrot+mango∞1 (100:15)
	53.0b ± 6.3 (-35%)£
	9.2b ± 1.1 (122%)
	59.7ab ± 6.3 (13%)
	65.8a ± 7.0

	Maize+β-carotene2
	73.1c ± 10.9 (-11%)
	3.8a ± 0.6
	54.7a ± 8.6
	62.0a ± 9.8

	Maize+carrot+mango+baobab₳ (100:15:15)
	41.3a ± 2.1 (-49%)
	22.9d ± 1.2 (451%)
	63.1b ± 3.1 (20%)
	76.6b ± 3.8 (25%)

	Maize+β-carotene+baobab (100:15)
	38.8a ± 5.3 (-52%)
	19.6c ± 2.9 (371%)
	53.7a ± 7.2
	68.7ab ± 9.2 (12%)


Values are the mean ± 1 SD of two independent samples analysed in triplicate (n=6), Means with different superscripts letters in a column differ significantly (p<0.05) 
£Percentage values in brackets are significantly different to the control maize porridge by pairwise comparison (p<0.05)
∞Carrot and mango powders from Sunspray, ₳Baobab fruit pulp from Nautica Organics
1Carrot and mango powders were in ratio 1:1, 2Content of β-carotene was similar to the levels in carrot+mango






[bookmark: _Toc65253645]Table 4.3.7: Effects of food-to-food fortification with various combinations of carrot, mango, papaya, moringa leaf, baobab fruit pulp and hibiscus calyx powders on calcium and magnesium bioaccessibilities in ready-to-eat (extrusion cooked) pearl millet-based porridges
	Porridge formulations 
	Percentage bioaccessible calcium
	Amount of bioaccessible calcium (mg/100 g dry basis)
	Percentage bioaccessible magnesium
	Amount of bioaccessible magnesium (mg/100 g dry basis)

	Pearl millet grain (control)1
	21.2ab ± 3.3
	3.40a ± 0.53
	46.6a ± 2.8
	49.38a ± 2.92

	Pearl millet+carrot+mango^+ baobab*+moringa
	 20.2a ± 1.4
	31.92d ± 2.2 (839%)
	56.3c ± 0.8 (21%)
	73.44b ± 1.01 (49%)

	Pearl millet+carrot+papaya+ baobab
	 23.7c ± 1.4 (12%)£
	28.14c ± 1.63 (728%)
	55.8bc ± 1.0 (20%)
	72.64b ± 1.37 (47%)

	Pearl millet+carrot+papaya+ baobab+micronutrient premix
	24. 4c ± 3.0 (15%)
	24.42b ± 0.57 (618%)
	 55.1bc ± 1.5 (18%)
	72.06b ± 2.02 (45%)

	Pearl millet+baobab+hibiscus
	23.1bc ± 0.5 (9%)
	25.9b ± 0.57 (662%)
	54.5b ± 0.7 (17%)
	83.8c ± 1.06 (69%)


Values are the mean ± 1 SD of two independent samples analysed in triplicate (n=6), Means with different superscripts letters in a column differ significantly (p<0.05), £Percentage values in brackets are significantly different to the control raw pearl millet by pairwise comparison (p<0.05) ^Carrot and mango powders from Institut de Technologie Alimentaire (ITA), *Baobab fruit pulp from Maria Distribution, 1Pearl millet (raw)



Carrot plus mango with baobab fortification of the maize porridge increased the magnesium bioaccessibility, in terms of percentage and amount by 20% and 25%, respectively compared to maize porridge (Table 4.3.6). The high content of citric acid in both baobab and mango was likely responsible. Beta-carotene inclusion together with baobab fortification of maize porridge, although having no effect on the percentage bioaccessible magnesium, slightly but significantly (p<0.05) increased the amount of bioaccessible magnesium compared to maize porridge, when analysed by pairwise comparison.  This was presumably because the fortified porridge was higher in magnesium. This is similar to fortification of the simple maize porridge and complex maize-based porridge formulations with baobab, which did not improve percentage bioaccessible magnesium (Chapter 4.2). Thus, it is possible that the very high content of polyphenols in baobab (Chapter 4.2) limited the enhancing potential of baobab’s citric acid on magnesium bioaccessibility in the porridge containing β-carotene and baobab. This is supported by the previously mentioned research by Vitali et al. (2008) that showed that carob flour (high in polyphenols) fortification of wholegrain wheat-based biscuit reduced percentage magnesium bioaccessibility.

With the extrusion-cooked pearl millet-based porridges, fortification with the various combinations of the food fortificants increased magnesium bioaccessibility, in terms of percentage and amount by 17–21% and 45–69%, respectively compared to the pearl millet grain control (Table 4.3.7). This could have been a result of the combined effects of extrusion cooking, which can degrade mineral bioavailability inhibitors, phytate and polyphenols (Kaur et al., 2015), and the high citric acid contents of baobab, mango and papaya. Also, the citric acid added to the extrusion-cooked pearl millet-based porridges could have contributed to this effect. These findings are similar to those of Chapter 4.1 where baobab fortification of wet-cooked pearl millet slightly increased the percentage and amount of bioaccessible magnesium. 





[bookmark: _Toc65253615]4.3.5	Conclusions
Food-to-food fortification of maize porridge with only carrot plus mango (rich in β-carotene) do not seem to improve iron and zinc bioaccessibility, very likely because of them being high in polyphenols. However, it has potential to contribute to the iron and zinc bioaccessibility enhancement when the porridge is additionally food-to-food fortified with other plant foods rich in ascorbic and citric acid, such as baobab fruit. This is presumably because of the additive effect of both the β-carotene and the organic acids, which can form soluble chelates with iron and zinc. With the iron bioaccessibility, the primary mechanism by which the ascorbic acid contributes to its enhancement is most likely by reducing Fe3+ to Fe2+.
Food-to-food fortification with combinations of plant foods rich in organic acids, β-carotene and minerals has the potential to enhance iron and zinc bioaccessibility in extrusion-cooked pearl millet-based porridge. Very importantly, this enhancing potential on iron and zinc bioaccessibility is greatly increased in the presence of abundant potentially available iron and zinc, i.e., iron and zinc provided by, for example in the form of a micronutrient premix plus intrinsic iron and zinc in the cereal porridge. Food-to-food fortification with these plant food fortificants may also be useful to improve the bioaccessible calcium and magnesium, especially in extrusion-cooked fortified-pearl millet-based porridges. This is probably primarily because the food fortificants are notably high in calcium and magnesium plus the enhancing effects of the mineral bioavailability enhancers. This may be coupled with the enhancing effect of extrusion cooking which can reduce the chelating effects of phytate and polyphenols.
Thus, food-to-food fortification of cereal porridges with carrot plus mango as a β-carotene source would not only substantially contribute to the vitamin A requirements of at-risk groups in Africa but may also slightly improve iron and zinc bioavailability from cereal-based porridges. Also, a hybrid fortification strategy including food-to-food fortification with various plant foods rich in especially organic acids, β-carotene and minerals together with addition of micronutrients in the form of a premix may be a viable food-based strategy to improve iron and zinc bioavailability in cereal porridges, including ready-to-eat cereal-based porridges processed by extrusion.



[bookmark: _Toc65253616]5.	GENERAL DISCUSSION
This section critically discusses the experimental design and methodology applied in this study, primarily the limitations and strengths of the cereal porridge formulations and porridge preparation as well as the dialysability assay applied to investigate effects on mineral bioaccessibility. The section also discusses the major findings of this research, with the use of models, i.e theses to scientifically explain the potential of food-to-food fortification to improve essential mineral bioaccessibility in African-type wholegrain cereal-based porridges. Lastly, future research work is proposed to validate the findings of this study.

[bookmark: _Toc65253617]5.1	Methodological Considerations
Porridge formulation and preparation
The cereal grains (pearl millet and maize) chosen for this study are major staple foods in sub-Saharan Africa (FAO, 2015; Ekpa et al., 2018). Furthermore, pearl millet is the major cereal staple in the Sahel region of Africa (Taylor, 2019). Cereals primarily contribute carbohydrates in the form of starch (energy nutrient) to the diets. They can also contribute some minerals, as well as proteins, fats, vitamin E, B-vitamins and dietary fibre to the diet (Ranum et al., 2014; Taylor, 2016) but some of these can be lost during processing. For example, the pericarp and germ of maize and pearl millet are usually removed as bran during milling, thereby leading to a substantial loss (20–50%) of their minerals (Ekpa et al., 2019). Therefore, in this study food-to-food fortification of wholegrain pearl millet and maize was investigated.
[image: ]
[bookmark: _Toc65253652]Figure 5:1: Images of raw wholegrain maize (A) and wholegrain pearl millet (B)
Ahttps://agrocommtrade.com/all-you-need-to-know-about-white-maize/
Bhttps://www.ebay.com/c/3028032181

[bookmark: _Hlk65134761][bookmark: _Hlk65157817]However, like other wholegrain cereals, pearl millet and maize are high in antinutritional factors, including phytate primarily, dietary fibre (Taylor, 2016; Ekpa et al., 2019) and polyphenols in pearl millet (Taylor, 2016). These antinutritional factors are well known to inhibit mineral bioavailability. Thus, in this study, the wholegrain pearl millet and maize were fortified with plant foodstuffs rich in minerals and their bioavailability enhancers. The micronutrient-rich plant food fortificants (moringa leaves, baobab fruit, carrot, mango, papaya and hibiscus calyxes), which were included either to increase the mineral contents or to enhance mineral bioaccessibility in the cereal-based foods were specifically chosen because they are locally and commercially available and consumed in the Sahel and Semi-arid regions of Africa, where the project is majorly focused.

[image: ]
[bookmark: _Toc65253653]Figure 5.2: Images of raw moringa leaves (A), baobab fruit (B), mango fruit (C), papaya (D), carrots (E) and dry hibiscus calyxes (F)
Ahttps://www.herbalgoodnessco.com/blogs/healthy-living/the-magic-of-moringa-leaves-benefits-and-uses
Bhttp://www.trainer.ae/articles/4-health-benefits-of-baobab-you-didnt-know-10428Chttps://www.indiamart.com/proddetail/neelam-mango-fruit-20370345973.html
Dhttps://www.catalyticgenerators.com/ripening_tips/papayas/
Ehttps://www.irishtimes.com/life-and-style/food-and-drink/how-many-uses-can-you-find-for-a-bunch-of-carrots-1.3818058
Fhttps://www.amazon.co.uk/MQH-WholefoodsTM-Naturally-Organically-Pesticide/dp/B01MQWW7SG

The powdered form of the plant food fortificants were added to the cereal foods at levels of 2.5 g/100 g to 15 g/100 g dry porridge. These levels of fortification were chosen as being realistic for food-to-food fortification considering their impacts on the cost and sensory properties of the food. This range of fortification level falls within 1 and 50% stated for food-to-food fortification in a recent review by Chadare et al. (2019). Fortification of staple cereal foods with micronutrient-rich plant foodstuffs, which are relatively expensive, would increase the cost of the fortified food product. For example, in Kenya, food-to-food fortified instant cereal porridges with 20% carrot powder and baobab fruit increased the net cost of the fortified product by 28% (De Groote et al., 2020). Notwithstanding this, this study and a related study in Senegal (De Groote et al., 2018) revealed that consumers are willing to pay a significant premium for these fruit and vegetable food-to-food fortified cereal products. Thus, it is likely that the food-to-food fortified products in this study will be acceptable to consumers.

For the in vitro dialysability assay to yield data that is meaningful in respect of human bioavailability, the food sample to be analysed needs to be prepared in the way in which it is normally consumed (Fairweather-Tait et al., 2005). Thus, the food-to-food fortified porridges were wet-cooked to mimic normal home-based traditional cooking, especially for rural communities and for impoverished urban dwellers. Extrusion-cooking, conventional mineral, and micronutrient premix fortification plus food-to-food fortification of cereal porridges was done to mimic large-scale manufacture of fortified foods intended for urban communities with some disposable income. In Chapters 4.1 and 4.2–4.3, the pearl millet and maize flour, respectively were wet-cooked, after which they were freeze-dried. Freeze-drying technique, although relatively costlier than other drying techniques, was used as it is the least damaging to nutrients (Fellows, 2009). With the pearl millet plus moringa formulation, the moringa leaves, although usually consumed as a cooked vegetable (Fuglie, 2001), was added to the porridge powder in a raw powdered form, as a mineral source (Chapter 4.1). Although convenient, this was probably a weakness in the experimental design. However, consumption of raw moringa leaves has been reported (Kushwaha, 2015). In Chapter 4.2, the moringa leaf powder was cooked with the maize porridges. 

With the cereal plus baobab fruit pulp and/or mango formulations, baobab fruit pulp and mango powder were added after cooking in all the studies. This was done since both baobab fruit and mango fruit are usually consumed raw like most fruits. This was also advantageous because thermal treatment of the fruits could degrade some of their mineral bioavailability enhancers, especially ascorbic acid (Tembo et al., 2017).

With the maize porridge products fortified with carrot powder, it was cooked (Chapters 4.2 and 4.3) as carrots are normally consumed cooked. Cooking the carrot powder with the porridge was also useful because cooking can improve its β-carotene bioaccessibility (Lemmens et al., 2011; Zaccari et al., 2015).

In Chapter 4.3, the pearl millet flour and the food fortificants were co-extrusion-cooked. This was done in order to produce convenient ready-to-eat food products, as the demand for convenience-type nutritious food is increasing rapidly in Africa (Haggblade et al., 2016). A significant limitation of the experimental design was that the extrusion-cooked food-to-food fortified pearl millet-based porridge formulations were only compared to raw wholegrain pearl millet for determination of the effects on mineral bioaccessibility. Thus, any observed effects on mineral bioaccessibility could not be directly attributed to the presence of the food fortificants only. As stated, it has been found that the high temperature and pressure of extrusion cooking process can degrade phytate and polyphenols and, hence, reduce their mineral-chelating capacity (Alonso et al., 2001; Kaur et al., 2015). However, this could not be confirmed in this study as the phytate and polyphenol contents of the pearl millet flour and plant food fortificants and the extrusion-cooked products were not determined. Therefore, in order to eliminate the possible effect of extrusion cooking in similar future studies, the control pearl millet porridge should also be extrusion-cooked to determine just the effects of the food fortificants on mineral bioaccessibility. 

Another problem with the study was that the iron contents of the extrusion-cooked products were substantially elevated due to almost certainly iron contamination during the extrusion cooking process. This could have impacted upon the food products’ mineral bioaccessibility. Therefore, in future studies iron contamination of food products from food processing equipment needs to be avoided. This is because apart from any possible impacts on the research findings, more importantly, the products may also not be safe for human consumption as other unsafe metallic compounds could accompany the iron contamination.



In vitro dialysability (bioaccessibility) assay
A weakness of this present study is that only one assay, the in vitro dialysability assay, was used to investigate the effects of the food fortificants on mineral bioaccessibility and to predict their potential to improve the mineral status of at-risk populations in Africa.  Due to the COVID-19 pandemic, access to laboratory facilities was denied and then highly restricted for several months. Thus, the findings from the in vitro dialysability assay could not be further assessed by Caco-2 cell assay as planned.  This could have provided additional valuable information regarding the effects and potential of the plant food fortificants to improve mineral bioaccessibility.
The in vitro dialysability assay is designed to predict bioaccessibility/availability of non-haem iron and zinc in the gastrointestinal tract (GIT) (Fairweather-Tait et al., 2005). The assay has also been applied and slightly modified to study the bioaccessibility of other micronutrients, including calcium, magnesium (Etcheverry et al., 2012) and lipophilic carotenoids from plant-based meals (Garrett et al., 1999). As explained, the in vitro dialysability assay aims to simulate absorption across the intestine of the human gut and involves the use of a semi-permeable dialysis membrane tubing/bag with a certain molecular weight cut-off (Fairweather-Tait et al., 2005). The molecular weight cut-off of approx. 10kDa is generally used (Ferruzzi et al., 2020). The equilibrium dialysis system of Miller et al. (1981) is commonly utilized for the assay. The continuous-flow dialysis system of Wolters et al. (1993) is an improved dialysability assay. It is performed using a hollow-fibre system and has the advantage that it takes into account the removal of dialysable components, when simulating mineral bioaccessibility, unlike the equilibrium dialysis method.

The in vitro dialysability assay assumes that low molecular weight mineral complexes that pass through the dialysis membrane will be available for absorption and that minerals bound to larger molecular complexes and retained by the membrane will not be available. However, this assumption may not always be correct. There are soluble small iron-polyphenol complexes that readily pass through the dialysis membrane but are not available for absorption (Fairweather-Tait et al., 2005). Also, Kruger et al. (2013) found that a greater than 80% reduction of phytate in sorghum grain did not enhance zinc bioaccessibility in vitro but enhanced zinc absorption in vivo. A possible explanation provided was that the zinc released from phytate complexes as the phytate was degraded formed soluble complexes with high molecular weight ligands, which were bioavailable in vivo but could not pass through the dialysis membrane. Another important limitation of the dialysability assay is that the measured magnitude of effect is likely to be different from the magnitude found in in vivo studies (Fairweather-Tait et al., 2005). 

Notwithstanding these weaknesses, the dialysability assay can generally correctly, but not always, predict the direction of effect in bioavailability studies (Fairweather-Tait et al., 2005). The assay can also be applied in ranking mineral fortification compounds or materials in a food matrix in terms of availability, although evidence of similar magnitude of effects in human trials are limited. It is also useful to determine possible interactions between food nutrients or components and the effects of several factors including food preparation, processing practices, nature of food matrix and pH on the potential of a particular nutrient, including minerals, to be absorbed (Etcheverry et al., 2012). However, it is very important to understand that the assay is a relative, rather than an absolute estimate of mineral bioavailability (Luten et al., 1996). 

Furthermore, it does not assay bioavailability in its entirety (Etcheverry et al., 2012). There are several host factors that can possibly influence nutrient bioavailability, including nutrient status, age, genotype amongst others.  Moreover, the bioavailability process can be compartmentalized into three steps: (a) digestive release and solubilization in the gastrointestinal tract (GIT) lumen, (b) uptake by the enterocytes and (c) transport and distribution to the body tissues for metabolic use (Fairweather-Tait et al., 2005). The dialysability assay can be used to predict the first step of the bioavailability process and can, in part, simulate uptake by the enterocytes. 

While not a true in vitro approach to measure bioaccessibility, phytate:mineral molar ratios in plant-based foods, as calculated in this study, can be used as indicators of mineral bioavailability (Hotz & Brown, 2004; Hurrell and Egli, 2010). Phytate:mineral ratios above certain critical values have been found to impair mineral bioavailability. For example, phytate:iron molar ratio and phytate:zinc molar ratio above 1 and above 10–14, respectively inhibit mineral bioavailability (Hunt, 2003). However, for diets rich in both phytate and calcium, the phytate×calcium:zinc molar ratio above 200 has been found to inhibit zinc bioavailability (Morris & Ellis, 1989; Bindra et al., 1986). The critical value for phytate:calcium molar ratio above which calcium bioavailability is impaired is uncertain, although a phyate:calcium molar ratio >0.17 has been proposed (Gibson et al., 2010). However, the presence of other mineral absorption inhibitors such as polyphenols, calcium, and proteins and of mineral absorption enhancers such as ascorbic acid and muscle tissues can impact mineral bioavailability, notwithstanding these phytate:mineral molar ratio critical values (Hurrell & Egli, 2010). 

There are other in vitro bioaccessibility assays that have been proposed to better estimate mineral bioavailability. These include sophisticated gut models that simulate the human gastrointestinal tract. The models account for several parameters of the digestive tract, including body temperature, flow of saliva, gastric and pancreatic juices including the digestive enzymes and bile, peristalsis, churning, gastrointestinal transit times, regulation of pH etc. (Etcheverry et al., 2012). One such example is the TNO Gastro-Intestinal Model (TIM) developed by The Netherlands Organization for Applied Scientific Research (TNO). It consists of computer-controlled chambers, comprising compartments that represent the stomach, duodenum, jejunum and ileum (Minekus, 2015). 

Caco-2 cells, which, as stated, are human colonic heterogenous adenocarcinoma epithelial cell line, have been extensively used to estimate micronutrient bioavailability, including iron, zinc and provitamin A (β-carotene) (Ferruzzi et al., 2020). This is accomplished by coupling the in vitro digestion model to a Caco-2 cell model. Caco-2 cells, at confluency, can spontaneously differentiate into polarized monolayers with a well-developed brush border with close resemblance to the microvilli of the normal small intestinal enterocytes (Lea, 2015). They form tight junctions between adjacent cells and express enzyme activities that are characteristic of the enterocytes. However, Caco-2 cell models lack a mucus layer, which separates the gut epithelial layer from the luminal contents (Kleiveland, 2015). The mucus layer functions as a physical and chemical protective barrier against potential damages from digestive enzymes, food digests, microbes and chemicals, which may potentially affect the results from studies.  Although, Caco-2 cells can effectively predict the correct direction of response, it is still uncertain whether they can also predict the magnitude of response as in humans regarding estimation of micronutrient bioavailability (La Frano et al., 2014). Thus, it is recommended that caution should be taken when extrapolating data from Caco-2 cell models to in vivo situations (Lea, 2015).

In vivo animal models have been extensively used to study the mechanisms involved in dietary effects on nutrients absorption, including minerals (Patterson et al., 2008). The use of animal models allows for the assessment of the different compartments of the gastrointestinal tract for mineral absorption. Whole-body assessment for nutrient absorption is also possible as the sacrificed animals can be dissected and hence individual tissues can be analysed (La Frano et al., 2014). Apart from being able to assess acute mineral bioavailability, animal models are also useful to investigate long-term effects on status indicators (Ferruzzi et al., 2020). 

However, some studies have shown inconsistent findings between animal and human trials regarding dietary factors that impact mineral bioavailability.  For example, in a review study regarding the use of animal models, Caco-2 cell, and in vitro dialysability models, consistency was only generally observed between the use of the two later models and human absorption trials in identifying dietary factors that impact zinc bioavailability (Hotz, 2005). Reddy & Cook (1991) also found that addition of beef to a meatless meal almost doubled non-haem iron absorption in human subjects but had no effects in rats. Furthermore, addition of ascorbic acid to the meals increased iron absorption by nearly 4-fold in the human subjects but only slightly increased absorption by only 23% in the rats. The study also revealed that, tea (a polyphenol source) and bran (a phytate source) substantially decreased iron absorption in the human subjects but had no and small effects, respectively in the rats. Hence, the authors concluded that rodents are not useful in evaluating quantitative importance of dietary factors in human iron nutrition.

[bookmark: _Toc65253618]5.2	Scientific explanation of the major research findings with the use of models (i.e. theses), regarding the potential of food-to-food fortification to improve essential mineral bioaccessibility in African-type wholegrain cereal-based porridges
Effect of food-to-food fortification of cereal porridges with baobab fruit pulp, on essential mineral bioaccessibility
In this study, it was found that despite baobab fruit’s high total phenolic and tannin contents, its fortification of African-type wholegrain pearl millet and maize porridges generally enhanced iron bioaccessibility (Tables 4.1.4 and 4.2.4). Furthermore, this food-to-food fortification was nearly as effective as citric acid and ascorbic+citric acid inclusion at approximately the same levels as present in baobab fruit. It was also more effective than just ascorbic acid inclusion at approximately twice the level present in baobab fruit. Baobab fruit, though not a rich source of essential minerals such as iron and zinc, is exceptionally high in organic acids, especially citric acid and ascorbic acid (Tables 4.1.3 and 4.2.3), known enhancers of mineral bioavailability. Thus, the high citric and ascorbic acid contents of baobab fruit were very likely responsible for its positive effect on iron bioaccessibility. 

Figure 5.3 is a model to explain the enhancing effect of baobab fruit as an organic acid source on iron bioaccessibility in the stomach and the small intestinal parts of the GIT. The model shows that ascorbic and citric acid could form soluble chelates with iron, thereby preventing phytate, polyphenols and tannins in the baobab fortified-wholegrain cereal porridges from chelating the iron (Hurrell & Egli, 2010; Lönnerdal, 2000).  This is because dietary non-haem iron is mostly in the ferric state (Fe3+), which is essentially insoluble and not bioavailable (Sharp & Srai, 2007). Dietary ascorbic acid, like the intestinal ferric reductase Dcytb, plays a key role in reducing Fe3+ to soluble ferrous iron (Fe2+). It is believed that much of this reduction takes place in the acidic environment of the gastric lumen (Sharp & Srai, 2007). This reduction also takes place in the duodenum. Ascorbic acid can also form soluble chelates with both Fe3+ and Fe2+ even at a higher intestinal pH (Cercamondi et al., 2014a). Solubilisation of iron and its reduction to the Fe2+ state is essential for their efficient uptake and absorption at the duodenal part of the small intestine. This is because the divalent metal transporter (DMT1) responsible for non-haem iron uptake into the enterocyte only transports iron in the Fe2+ form (Sharp & Srai, 2007).
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[bookmark: _Toc65253654]Figure 5.3: Model proposing how food-to-food fortification of wholegrain cereal porridge with baobab fruit can improve iron bioaccessibility (a component of bioavailability)

Additionally, this study revealed that the positive effect of baobab fruit on iron bioaccessibility was greater in the presence of abundant potentially available iron. In Chapters 4.1 and 4.2, fortification of wholegrain pearl millet and maize porridges increased iron bioaccessibility in terms of percentage and amount, by 19–36% and 16–30%, respectively, compared to the unfortified porridges. However, in a more complex food system, where a maize-based porridge was conventionally fortified with FeSO4 together with baobab, iron bioaccessibility was increased by more than 100%, both in terms of percentage and amount. Figure 5.4 proposes a mechanism for baobab fruit’s positive effect in the presence of abundant potentially available iron. The model proposes that baobab fruit’s ascorbic acid plays a role in reducing the abundant insoluble Fe3+ to soluble Fe2+ and that both its citric and ascorbic acids enhance the solubilisation of the abundant Fe3+ ions in the fortified-porridge, thereby preventing them from the chelation by the phytate, polyphenols and tannins in the food matrix. 

The presence of plant food provitamin A source (carrot and mango) in the complex maize-based porridge could also have contributed, in part, to baobab fruit’s enhancing effect on the iron bioaccessibility. Provitamin A (β-carotene) has been shown to form a soluble complex with iron in the intestinal lumen, thus preventing it from the chelating effects of phytate and polyphenols (Garcia-Casal et al., 1998). Beta-carotene may have similar effect on zinc bioaccessibility. Although, baobab alone fortification of the cereal porridges did not enhance zinc bioaccessibility, presumably due to its high phenolics content as illustrated in Figure 5.3, it showed some potential in improving zinc bioaccessibility, in terms of percentage and amount, in the presence of the beta-carotene in the food matrix (Table 4.2.4) as illustrated in Figure 5.2. 
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[bookmark: _Toc65253655]Figure 5.4:  Model proposing baobab fruit food-to-food fortification of conventionally iron fortified-wholegrain cereal-based porridge (containing plant provitamin A sources, mango and carrot) can improve iron and zinc bioaccessibility (a component of bioavailability) 

Effect of food-to-food fortification of cereal porridges with moringa leaves on essential mineral bioaccessibility
Fortification of the cereal porridges with moringa leaf powder was generally inhibitory to iron and zinc bioaccessibility (Tables 4.1.4 and 4.2.4), despite its high iron content and relatively high citric acid content. 

Figure 5.5 is a model illustrating the likely mechanism of moringa’s inhibitory effect on iron and zinc bioaccessibility. The model shows that in the stomach and the small intestinal part of the GIT, the very high calcium content in moringa together with the high phytate contents of the cereal porridges and the moringa was highly likely primarily responsible for the inhibitory effect on the iron and zinc bioaccessibility. It illustrates that the high contents of calcium in a moringa fortified-cereal porridge can increase the inhibitory effect of phytate on iron and zinc bioavailability by forming strong calcium-phytate-iron/zinc complexes, which are less soluble than phytate complexes formed with either of the minerals (Rousseau et al., 2020). 
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[bookmark: _Toc65253656]Figure 5.5:  Model illustrating the mechanism of the inhibitory effect of moringa leave food-to-food fortification of wholegrain cereal porridge on iron and zinc bioaccessibility (a component of bioavailability) 

Effects of food-to-food fortification with various combinations of plant food fortificants on essential mineral bioaccessibility in cereal porridges
Carrot plus mango alone food-to-food fortification of maize porridge did not improve iron and zinc bioaccessibility (Table 4.3.4). The substantial amounts of polyphenols in the carrot and mango could have limited the β-carotene’s enhancing effect in enhancing the solubility of the minerals. However, additional fortification of the carrot plus mango fortified-porridge with baobab fruit improved both the iron and zinc bioaccessibility (Table 4.3.4) and was more effective than baobab alone fortification of the maize porridge (Table 4.2.4). Similarly, food-to-food fortification with various combinations of carrot, mango and papaya, baobab fruit, moringa leaf (small proportion) and hibiscus calyx or together with a micronutrient premix containing iron, zinc and vitamin A generally substantially improved iron and zinc bioaccessibility in extrusion-cooked wholegrain pearl millet-based porridges compared to unfortified pearl millet grain, with the formulation containing carrot, papaya, baobab and micronutrient premix having the highest effect (Table 4.3.5). As illustrated in Figure 5.4, the additive effects of primarily the organic acids in baobab and the high β-carotene contents of carrot, mango or papaya were likely responsible for the enhancement of the bioaccessibility of the potentially available iron and zinc in the porridge food matrix. Thus, the presence of several mineral bioavailability enhancers in a porridge’s food matrix can be more effective in enhancing the solubility of minerals, by forming soluble chelates with them, than the individual enhancers alone.

[bookmark: _Toc65253619]5.3	Future Research
Extrusion cooking of cereal porridges may possibly improve mineral bioaccessibility by degrading mineral bioavailability inhibitors (phytate and polyphenols) (Alonso et al., 2001; Kaur et al., 2015). Therefore, to better explain the potential of the food fortificants to improve mineral bioaccessibility in extrusion-cooked cereal-based porridges, the control unfortified cereal porridge as well as food-to-food fortified cereal porridge formulations should be extrusion-cooked. Also, to better explain the extrusion cooking effect on mineral bioaccessibility, the raw cereal grain and the food fortificants as well as the extrusion-cooked porridge formulations should be investigated for their phytates and polyphenol contents. Also, the effects of extrusion cooking on the cereal porridge food matrix and its possible consequent mineral release and bioavailability improvement should also be investigated.

To confirm the consumer acceptability of the food-to-food fortified products in this study, a sensory/organoleptic study should be performed.

The findings of this study regarding the enhancing effects of baobab fruit and combinations of the various plant foodstuffs, rich in provitamin A, organic acids and minerals on iron and zinc bioaccessibility in wholegrain cereal foods should be further assessed by a coupled in vitro digestion/Caco-2 cell assay. As stated, the Caco-2 cell assay can better predict iron and zinc bioavailability than the dialysability assay by effectively predicting the correct direction of response for all major iron and possibly zinc bioavailability modifiers (Fairweather-Tait et al., 2005). Hence, it should provide more reliable information regarding the potentials of the plant food fortificants to improve iron and zinc bioavailabilities. For example, research by Kruger et al. (2013) showed that some zinc ligands that were not bioaccessible with in vitro dialysability assay were bioaccessible with Caco-2 cell assay and available for absorption in in vivo. Thus, the Caco-2 cell assay could differentiate between dialysable or soluble iron and zinc that is available for uptake by the enterocytes and that which is not available. 

Since research findings from in vitro studies cannot be directly extrapolated to humans, the evidence from this study regarding the potential of the food-to-food fortification to improve iron and zinc bioaccessibility, needs be validated with a human bioavailability study, preferably be conducted in an African setting. Iron and zinc absorption from the food-to-food fortified cereal porridges with baobab fruit and combinations of the various plant foodstuffs, rich in provitamin A, organic acids and minerals or together with iron and zinc from conventional fortification should be determined in comparison to conventional iron and zinc fortification. This can be investigated by assessing absorption of stable isotopes of iron (58Fe or 57Fe) and zinc (67Zn or 70Zn) extrinsically labelled in the servings of the porridge formulations as described by Petry et al. (2016b) for iron and Signorell et al. (2019) for zinc. A randomized crossover design can be used for the trial, allowing each participant to serve as their own control. The findings should provide information regarding the true magnitude or extent to which this type of food-to-food fortification could improve the iron and zinc status of at-risk groups in Africa.

Since lactic acid fermentation is well known to enhance the availability of essential mineral in plant foods (Proulx & Reddy, 2007), this technology should be investigated in combination with extrusion cooking for its potential to substantially improve essential mineral bioavailability in ready-to-eat type food-to-food fortified cereal porridge products.

Due to the low protein quality of cereal-based foods, widely available and consumed pulses such as cowpea (Horn & Shimelis, 2020), can be incorporated in these food-to-food fortified porridges to improve their protein quality.

















[bookmark: _Toc65253620]6.	CONCLUSIONS AND RECOMMENDATIONS
[bookmark: _Hlk65032654][bookmark: _Hlk65034132]Despite the high tannin and total phenolic content of baobab fruit, its food-to-food fortification of wholegrain cereal porridges has the potential to improve iron but not zinc bioaccessibility. This is very likely due to the fact that baobab fruit has a high content of organic acids, notably citric and ascorbic acid, which can enhance the solubility of minerals, by forming soluble chelates with them in the stomach and small intestine, thereby preventing the formation of insoluble phytate-, tannin- and polyphenolic-iron chelates. The ascorbic acid can enhance the solubility of the porridges’ iron ion (Fe3+) primarily by reducing it to the soluble Fe2+ form.  In fact, baobab fruit fortification appears to nearly be as effective as citric acid plus ascorbic acid inclusion and can be more effective than just ascorbic acid inclusion.  However, the full potential of baobab fruit, as a source of organic acids to promote iron bioaccessibility is only maximised in the presence of substantial amounts of potentially available iron, i.e. iron provided by conventional fortification in the form of, for example, ferrous sulphate, plus the iron from cereals. Hence, a hybrid approach of baobab fruit food-to-food fortification together with conventional iron fortification as ferrous sulphate may well be a food fortification strategy applicable in tropical Africa, especially in urban communities where commercially produced foods are largely consumed. As baobab fruit is a popular food in tropical Africa, food-to-food fortification of staple cereal foods with the fruit would also be a useful alternative or complement to conventional fortification in rural communities where home-based prepared foods are largely consumed or where conventional food fortification is lacking or limited.

[bookmark: _Hlk65035500][bookmark: _Hlk65035103]Moringa leaf food-to-food fortification of cereal-based porridges may substantially improve the contents of bioaccessible calcium and magnesium in food-to-food fortified cereal porridges. However, it seems to be strongly inhibitory to the bioaccessibility of iron and zinc. This is highly likely primarily because the very high levels of calcium in moringa leaves together with the high levels of phytate in wholegrain cereals and the moringa can form stronger insoluble calcium-phytate-iron/zinc complexes than phytate complexes formed with either of the minerals. Hence, food-to-food fortification with moringa leaves seems not to be a promising food-based strategy if the aim is to improve the bioavailability of iron and zinc from wholegrain cereal-based foods. In sub-Saharan Africa, iron and zinc deficiencies are the primary prevalent mineral deficiencies and hence of more concern than deficiencies of other minerals.

Food-to-food fortification of wholegrain cereal porridges with carrot and mango as β-carotene sources would not only substantially contribute to the vitamin A requirements of at-risk groups in Africa, but also contribute to improving iron and zinc bioaccessibility if the cereal porridges were fortified with a combination of plant foods rich in organic acids, minerals and provitamin A together with iron and zinc as iron sodium-EDTA and zinc oxide, respectively. Beta-carotene can enhance iron solubility in the lumen of small intestine by forming a soluble chelate with it. However, in such multiple food-to-food fortified plant foods baobab fruit appears to be the primary contributor to improving bioaccessibility of iron and zinc. 

Thus, a hybrid food-based strategy, involving food-to-food fortification with baobab fruit, mango and carrot and conventional iron and zinc fortification may be viable to improve bioavailable iron and zinc in wholegrain cereal foods as well as substantially improving their content of provitamin A. Consumption of such food-to-food fortified foods would also encourage dietary diversity, which is increasingly being advocated as a long-term sustainable approach to improve essential micronutrients, including minerals status of individuals, especially the at-risk groups in tropical Africa.  

It is recommended, however, that the findings of this study be confirmed with a Caco-2 cell mineral uptake study and a human acute mineral absorption study (stable isotope absorption) before embarking on this strategy. This is because the findings from in vitro dialysability assays cannot be directly extrapolated to humans.

Once, the potentials of the food-to-food fortified products to improve essential mineral bioavailability have been confirmed by Caco-2-cell assay and human bioavailability studies, and the sensory qualities of products are acceptable to consumers, local smallholder farmers and entrepreneurs should be encouraged to cultivate, process and market these micronutrient-rich foods in the rural communities. Larger-scale commercial food producers should also be encouraged to manufacture such food-to-food fortified plus conventionally fortified ready-to-eat cereal-based products for urban communities.
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