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  ABSTRACT 

Feeding practices are the critical determinant of the growth and development of children during 

the first 1000 days of life with a long time effect on adulthood. This study aimed at assessing the 

diversity and safety complementary foods in terms of aflatoxins (AF). A total of 290 households 

with infants aged between 6-24 months were recruited from 10 villages in Singida District. 

Mothers were interviewed on infant feeding practices and handling of food crops using a structured 

questionnaire. Anthropometric measurements of index child were taken, followed by collection of 

1 to 3 cereals based food samples used in complementary feeding in 180 households. A total of 

218 flour samples made from maize, sorghum, millet, composite and fermented-germinated 

sorghum locally known as magai and magai drink; from magai flour were collected. Food samples 

were analyzed for aflatoxins using High-Performance Liquid Chromatography (HPLC). 

Anthropometric measurements showed that 37.7% were stunted; 20.3% underweight and 8.3% 

wasted. Furthermore, aflatoxin B1 was detected in 80 (36.7%) out of 218 complementary food 

samples. Aflatoxin B1 levels ranged from 0.33 to 23.75 µg/kg whereas, total aflatoxins were 

detected in 185 (84.9%) of 218 samples in a range of 0.47 to 289.28 µg/kg. However,  mean dietary 

exposure to all food were; magai drink (133.36 ng/kg body weight per day), composite flour (106.0 

ng/kg body weight per day), maize flour (111.70 ng/kg body weight per day), sorghum flour (94.68 

ng/kg body weight per day) and millet flour (92 ng/kg body weight per day).   
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vegetables within a week (Rah et al., 2010). A study conducted in South Africa revealed statistical 

significance between child growth and dietary diversity (Steyn et al., 2006). Other studies reported 

a positive correlation between dietary diversity and improved nutritional status (Arimond & Ruel, 

2002; Hatløy et al., 2000).  

In Tanzania, 41% of the children aged 0-23 months are introduced to complementary foods as early 

as before the age of six months (United Nations International Children's Emergency Fund 

[UNCEF], 2015). This is due to social-cultural and economic factors, together with the absence of 

nutrition education to mothers. Mostly complementary foods are cereals based with limited amount 

of other food groups necessary to provide essential nutrients for growth and development. Cereal 

based foods lack essential nutrients and most contain anti- nutritional factors that prevent the 

absorption of some nutrients. Of a critical disadvantage, cereals especially maize are prone to 

fungal contamination and may result in mycotoxin exposure among children (Ezekiel et al., 2018).    

Mycotoxins are toxic secondary metabolites produced by organisms of the fungus kingdom. Of a 

wide range of mycotoxins known, aflatoxins rank the first in the list of mycotoxins of public health 

concern, and are produced by Aspergillus flavus and Aspergillus parasiticus which contaminate 

cereal crops (Gong et al., 2016). Cereal and legume crops are usually highly susceptible to these 

contaminants due to the hot and humid climate as well as poor field management and storage 

practices (Wild & Gong, 2009). There are four types of aflatoxins namely aflatoxin B1 (AFB1), 

aflatoxin B2 (AFB2), aflatoxin G1 (AFG1) and aflatoxin G2 (AFG2) which are commonly found 

in cereal-based foods and feeds (Gong et al., 2016). Of the four types, aflatoxin B1 is the most 

toxic and identified as carcinogenic by the International Agency for Research on Cancer (IARC) 

(Loprieno, 1975).  

Nation and international regulatory bodies have set maximum tolerable limits for these toxins in 

trade and baby foods (Brown et al., 1999; Gong et al., 2016) for  consumers protection. 

Nevertheless, it has been a challenge for developing countries to meet these standards due to poor 

strategies and policies on management practices as well as lack of technological resources for 

constant monitoring (Strosnider et al., 2006). In addition, subsistence and rain-fed agriculture 

practiced in rural particularly semi-arid areas with a high risk of food insecurity (Kulwa et al., 

2015), are known to contribute to high levels of aflatoxins exposure (Gong et al., 2016). These 

long terms residential related exposure leads to chronic exposure to more than 5 billion people 

(including children) worldwide. Developing countries are leading in accumulation of toxins 
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1.4    Research objectives  

1.4.1 General objective 

This study was designed to assess the risk of AF exposure in children through complementary     

foods (including family) foods in selected villages of the Singida District Council. 

1.4.2  Specific objectives  

(i) To assess the dietary diversity and nutritional status of children aged 6-24 months. 

(ii)     To assess aflatoxins exposure in children through cereal-based and other food materials that   

            are commonly used as complementary foods. 

1.5  Research questions 

(i) How does the nutritional status of the children will be associated with their dietary patterns? 

(ii) What extent do the complementary foods contaminated by aflatoxins? 

1.6  Significance of the study 

The study provided and document the information on the magnitude and impacts of exposure to 

AF in children thus it created room for further studies and interventions for improvement of feeding 

practices and health to abandon the risks of undernutrition and its related burden diseases. 

1.7    Delineation of the study 

This study aimed at assessing the diversity and safety of complementary foods in terms of 

aflatoxins. Generally, this dissertation is divided into five chapters; Chapter one consists of the 

background information, statement of the research problem, rationale of the study, objectives, 

research questions and the significance of the study. Chapter two presents the literature review in 

which major issues on aflatoxin contamination in baby complementary food and its effect in 

nutritional status are discussed. Chapter three covers the methods and techniques used in the 

assessment of nutritional status to children of 6 to 24 months, as well as aflatoxins exposure in 

children through cereal-based and other food materials that are commonly used as complementary 

foods. Chapter four presents the results and discussion whereby food materials used to feed 

children are contaminated above the limit, and nutritional status of the children are still poor. 

Chapter five presents the conclusion and recommendations. Although the results of this study show 

high levels of contamination in magai dink which is used as soft drink to children, however, the 
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number of magai samples were very few.  This limitation makes a research gap for future studies 

on impact of magai in AF exposure in children and the whole family.  
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CHAPTER TWO 

LITERATURE REVIEW 

2.1  Nutritional status of children during 0-24 months of age 

Desirable nutrition during the first 1000 days of life is essential because this is a window period 

where critical growth and development take place (Dewey, 2003). This period starts from 

pregnancy to the second birthday of a child, where the child needs good nutrition for brain 

development, prevention of stillbirth and low birth weight (Khandelwal et al., 2014). During 

pregnancy, adequate nutrient intake has an impact on the nutritional status of the children as it 

would strengthen their immunity to disease, prevent premature births and low birthweight. 

This will prosper the growth and development of the children in utero, after birth and later in life 

because essential nutrients were sufficiently supplied. However, malnourished mothers are likely 

to bear low birth weight babies and in the long run, could be stunted when they receive poor feeding 

practices up to the age of 23 months. Furthermore, these may be corrected early in between 

birthdate to 24 months of age by improving the feeding practices to ensure normal growth and 

development of the child and his/her bright future.  

In spite of all public efforts including, vitamin A supplementation, promoting fortification of wheat 

flour with Fe, Zn, B12, oil with vitamin A and salt with iodine, as well as immunization against 

preventable diseases in elimination of nutritional problem, but still, impaired growth is of high 

prevalence in Tanzania (Shirima et al., 2015). This is shown by high rates of poor growth in 

children below 5 years of age as the proportion of stunting (short for their age), underweight (thin 

for their age) and wasting (thin for their height) are 34%, 14% and 5% respectively (Tanzania 

Demographic Health Survey [TDHS], 2015).  

2.1.1  Feeding practices and dietary diversity in complementary foods to children 

These are practices that are significant in supporting healthy growth rates. The practices include 

exclusive breastfeeding from birth to six months, timely and safe introduction of adequate 

complementary feeding that supplying of energy, protein, and other important micronutrients like 

vit A, Iron and Zinc after six months to 24 months (Dewey et al., 2003). In the provision of these 

foods, consideration of dietary diversity is important to ensure supply of essential nutrients in right 

proportion through consumption of various groups of food like cereals, legumes, animal products, 
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also subject the population into food insecurity and low dietary diversity at large (Marroquín-

Cardona et al., 2014).
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CHAPTER THREE 

METHODOLOGY 

3.1  Study site, design and recruitment of participants 

This cross-sectional study was carried out between May and June, 2018 in Singida District Council 

within the scope of the SNAP project (Fig. 1) in Singida, Central Tanzania. Ten villages, five from 

each of the highest and lowest dietary diversity reported by the SNAP project (Fig. 1 & 2) were 

selected for this follow-up study. From each of the 10 villages namely; Mrama, Kihunadi, Mkimbii, 

Ikhanoda, Ngamu, Mninguna, Mudida, Mitula Kinyagigi and Mwanyonye. Twenty-nine 

households with children aged between 6-24 months were randomly selected through an entire 

villages reconnaissance with the help of community guides and village leaders.  

 

Figure 1: Map of Singida District Council showing 20 villages covered by the SNAP project  
                and a   subset of 10 villages covered in the current study 
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Figure 3:  A typical dye-sensitised solar cell structure (Rosa et al., 2017; Suhaimi et 

al., 2015) 

1.1.6 Operation principle of the DSSCs 

As seen in Fig. 4, the process by which DSSCs create electrical current begins with the 

absorption of a photon by a dye molecule adsorbed to a mesoporous semiconductor, which 

induces it into an excited state (1). The excited dye molecule rapidly injects an electron from 

th�H�� �H�[�F�L�W�H�G�� �V�W�D�W�H�� �L�Q�W�R�� �W�K�H�� �V�H�P�L�F�R�Q�G�X�F�W�R�U�¶�V�� �F�R�Q�G�X�F�W�L�R�Q�� �E�D�Q�G���� �W�K�H�U�H�I�R�U�H�� �R�[�L�G�L�V�L�Q�J�� �W�K�H�� �G�\�H�� ������ �� ��

The electron is injected into the semiconductor and diffuses towards the (front) contact (3). 

After completing some external work, the electron is returned to the de �Y�L�F�H�¶�V�� �E�D�F�N�� �F�R�Q�W�D�F�W����

where it is used to reduce an oxidised species of the redox mediator (4). By donating an 

electron to an oxidised dye molecule, the reduced mediator diffuses to the working electrode 

and completes the circuit (5).  

 
Figure 4:  A flowchart depicting the processes that occur in functioning DSSCs. Blue 

arrows represent helpful processes, whereas red arrows represent 
undesirable loses (Gabrielsson, 2014) 
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(c) There should be faster kinetics for the above processes than for their respective 

competitors. 

(d) The dye must be soluble in a solvent capable of adsorbing it to the semiconductor 

surface. 

(e) The dye should have a high resistance to desorption from the semiconductor.  

(f) The dye should have great photostability. 

(g) The dye should deposit a layer on the semiconductor that inhibits recombination 

between injected electrons and oxidised redox species. 

(h) The dye should be cheap and easy to synthesise. 

(i) The dye should be non-toxic as well as recyclable. 

(j) �,�Q �� �R�U�G�H�U�� �W�R�� �L�Q�M�H�F�W�� �D�Q�� �H�O�H�F�W�U�R�Q�� �L�Q�W�R�� �W�K�H�� �V�H�P�L�F�R�Q�G�X�F�W�R�U�¶�V conduction band, the excited 

state reduction potential must be high enough, and the consequent oxidised state must 

be low enough to allow regeneration by the redox mediator. 

(k) When the dye is strongly anchored to the semiconductor surface, the electron 

injection channel is optimised. 

(ii) Photo-electrochemical reactions 

In the semiconductor/electrolyte interface of DSSCs, the photocurrent yield results from a 

competition between photo-electrochemical reactions. 

Dye + hv �:�� �'�\�H����/�L�J�K�W���D�E�V�R�U�S�W�L�R�Q�����H�[�F�L�W�D�W�L�R�Q��        (1) 

Dye* + TiO 2 �:���'�\�H +  + e CB�Å  (TiO2) Electron injection (k ~ 10 �Å 12 s)     (2) 

2Dye+  + 3I �Å  �:�������'�\�H������ �, 3
�Å  Dye regeneration (k ~ 10 �Å 6 s)      (3) 

I3
�Å  + 2e �Å

catalyst �:�����, �Å  Electrolyte regeneration (reduction)      (4) 

Figure 4 illustrates a sandwich-type solar cell's architecture and electron transfer 

mechanisms. When the dye molecules are lit, they absorb the incident photons (hv), creating 

electron-hole pairs (O'Regan & Grätzel, 1991) . The photo-excited electrons in excited states 
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denotes the number of electrons in the conduction band, NC denotes the accessible density, 

and Eredox represents the reduction-oxidation potential. 

As indicated in the study (Al-Qurashi & Wazzan, 2021), it was established that (Equation 9) 

ignores energy loss. The (Equation 10) accounts for the energy loss. The (Equation 9) being 

the standard model ignores energy loss, resulting in an incorrect value of ��. The difference 

between Voc and the lowest energy band gap of the donor/acceptor fragments is energy loss 

(Zhang et al., 2017). Furthermore, through the electron injection process, the electron may 

�U�H�F�R�P�E�L�Q�H�� �Z�L�W�K�� �W�K�H�� �H�O�H�F�W�U�R�O�\�W�H�� �R�U�� �K�R�O�H�V���� �O�R�Z�H�U�L�Q�J�� �W�K�H�� �V�H�P�L�F�R�Q�G�X�F�W�R�U�¶�V�� �)�H�U�P�L�� �H�Q�H�U�J�\�� �D�Q�G��

reducing Voc. As a result, energy loss and recombination impact must be quantified in order to 

predict Voc in the modified normal model (Ma et al., 2014). Thus, the improved model may 

be compared to the previously developed model and available experimental data in further 

work. 

                    (10) 

where ���¶�� �L�V�� �W�K�H�� charge transfer coefficient for recombination and equals 0.45 and R0 is the 

recombination resistance, which may be approximated as (Wang et al., 2006):  

                (11) 

�Z�K�H�U�H�� �G�� �L�V�� �W�K�H�� �W�K�L�F�N�Q�H�V�V�� �G�H�W�H�U�P�L�Q�H�G�� �H�[�S�H�U�L�P�H�Q�W�D�O�O�\�� �W�R�� �E�H�� ���� �� �� �P��(Lin et al., 2011)���� �� �� �L�V�� �W�K�H��

distribution of electron traps beneath the CB and has a value of ~0.3 (Ma et al., 2014); cox is 

the acceptor species concentration (I3
�Å ~50 mmol L �Å 1); Ns is the total number of surface states 

contributing to recombination and is set to ~10 5; ECBM is the CB shift after the dye is 

adsorbed on TiO2, and Eredox is the reduction-oxidation potential. 

(iii)  Fill factor ( FF) 

It is defined as the ratio of the following: 

                     (12) 
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(v) Energy conversion efficiency (��) 

It is defined as the ratio of the electrical power output at its maximum (Pmax) to the energy of 

the incident light (Plight). It is the final determinant of DSSCs device performance, and its 

value is determined by a variety of photovoltaic parameters, as depicted in Fig. 8. The 

following equation can be used to forecast it: 

                    (17) 

(vi) Importance of figures of merit 

The figure of merit is determined by the primary characteristic that makes something fit for a 

specific purpose. It helps to achieve efficiency and effectiveness of the device system. It also 

helps in interpreting the validity of the result. However, in a well-respected journal, a result 

without a reliability statement cannot be published or communicated because it is not a result 

(De Bièvre, 1997) . Additionally, figures of merit are essential components of the analytical 

validation process. The development of new multiway analytical methods demands 

estimation of the corresponding analytical figures of merit to compare with previously 

existing methodologies as well as results and to report detection capabilities and other 

essential features (Olivieri & Faber, 2009). To the present work, it is of significance to further 

studies to search for the all-possible theoretical tools, including theories, formulas, 

calculations, and concepts, which can optimise for the prescribed figures of merits and allow 

a comparison with the experimental figure of merits. 

 
Figure 8:  �)�D�F�W�R�U���D�I�I�H�F�W�L�Q�J���W�K�H���S�R�Z�H�U���F�R�Q�Y�H�U�V�L�R�Q���H�I�I�L�F�L�H�Q�F�\��������  
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1.1.10 Promising motivation 

Natural pigments can be employed as sensitisers in place of metal complexes or organic dyes 

in DSSCs. They are more environmentally friendly, less expensive, have a simple extraction 

technique, and are more commonly available than metal complexes or organic dyes. The 

primary disadvantages of DSSCs based on natural dyes are their inefficiency and instability. 

Therefore, additional research and development in these areas are required before these 

technologies may be put to practical use and become commercially viable. Because the 

efficiency remains relatively low despite repeated tries, the mixed dye system compensates 

for various probable types of interaction that may result in increased charge injection upon 

�V�H�Q�V�L�W�L�V�D�W�L�R�Q���� �8�Q�G�R�X�E�W�H�G�O�\���� �F�X�U�U�H�Q�W�� �R�X�W�S�X�W�� �L�V�� �U�H�V�W�U�L�F�W�H�G�� �E�\�� �W�K�H�� �D�P�R�X�Q�W�� �R�I�� �³�I�U�H�H�´�� �H�O�H�F�W�U�R�Q�V��

accessible from exposed dyes. Increased photocurrent can be achieved by either providing 

dye additives that act as electron donors and form complexes with the dye or by adding co-

adsorbents that inhibit electron recombination with the electrolyte, favouring charge 

injection. Simple adjustments and greater purification of existing natural pigments are easily 

accomplished by incorporating new techniques into the DSSCs construction process. This 

could open up new research avenues for improving t�K�H���G�H�Y�L�F�H�¶�V���H�I�I�L�F�L�H�Q�F�\���D�Q�G���V�W�D�E�L�O�L�W�\�� 

1.2 Statement of the problem 

The DSSCs have gained widespread attention due to their advantageous characteristics, such 

as production costs, ease of fabrication process and tuneable optical properties. As a charge 

transfer mediator, a sensitiser plays a crucial role in solar cells. Therefore, great efforts were 

made to seek efficient dyes for advanced and stable DSSCs performance. Natural pigments 

were considered a promising alternative to synthetic sensitisers because of their simple 

preparation technique, low cost, availability and environmental friendliness. Betacyanins are 

natural red pigments that might suit the DSSC application. However, one of the drawbacks of 

these dyes is their low stability, which may lead to a deterioration of the solar cell. 

The present study considers different conformational isomers of betanidin aimed at 

understanding the instability of the dyes through a thermodynamic approach. A combination 

of the betanidin natural dye and selected organic sensitiser L0 is proposed through a 

theoretical quantum chemical approach to improve the sensitisers' optoelectronic properties. 

It is essential to conceive the internal properties of the materials under investigation at the 

molecular level before embarking on experiments. 
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1.3 The rationale of the study 

Betanidin belongs to the betalains pigments, which comprise high molar extension 

coefficients in the visible region and possess pH-reliant redox properties (Calogero et al., 

2010). In that sense, betalains pigments represent an additional class of dyes of potential 

interest. Similar to anthocyanins, betalains pigments demonstrate light absorption in the 

visible region and are antioxidant compounds (Azeredo, 2009; Calogero et al., 2012; 

Stintzing & Carle, 2007). On the other hand, while in anthocyanins, there is the functional 

g�U�R�X�S�� ���Å�2�+������ �E�H�W�D�O�D�L�Q�V�� �F�R�Q�W�D�L�Q�� �W�K�H�� �H�V�V�H�Q�W�L�D�O�� �I�X�Q�F�W�L�R�Q�D�O�� �J�U�R�X�S�V�� ���Å�&�2�2�+���� �W�R�� �E�L�Q�G�� �E�H�W�W�H�U�� �W�R�� �W�K�H��

TiO2 nanoparticle (Calogero et al., 2010; Calogero et al., 2012; Qin & Clark, 2007; Zhang et 

al., 2008). The stronger electronic coupling and rapid forward and reverse electron transfer 

reaction due to the interaction of the TiO2 �Q�D�Q�R�S�D�U�W�L�F�O�H�� �I�L�O�P�V�� �D�Q�G�� ���Å�&�2�2�+���� (Calogero et al., 

2012) �L�V���R�I���V�L�J�Q�L�I�L�F�D�Q�F�H���F�R�P�S�D�U�H�G���W�R���W�K�D�W���R�I�����Å�2�+�� ���J�U�R�X�S�V�� 

The distinctive performance embedded from different geometrical structure isomer to either 

bent or planar. This variation resulted in a significant change of molecular properties to the 

different spectro-electrochemical and optoelectronic properties. Therefore, the interpretation 

of physicochemical properties was essential. That is why the thermodynamic and 

optoelectronic properties were investigated. The betanidin with bent structure was selected 

for further studies at the molecular level. The structure was tried to be improved by forming 

the complex with synthetic L0 dye through an esterification reaction. A thorough 

understanding of the stable geometrical structure and feasible thermodynamic functions of 

the materials at the molecular level is of significance. It enables the explanation of the unique 

properties and phenomena of existing bent (non-planar) or planar materials and the design of 

new materials with desired properties. The present findings from simulation and modelling 

studies demonstrate a relationship between the unique properties of materials and their 

molecular structure. Further progress in the study considers the dimerisation of the betanidin 

through etherification and esterification to the formation of oxane and acid anhydride 

complex to the dimerised product.  




