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CHAPTER 1: GENERAL INTRODUCTION 

 

 

The sections '1.1 Aflatoxins, 1.2 Uptake, absorption, and metabolism of aflatoxins, 

1.3 Toxicity of aflatoxins, and 1.5 Detection and quantification of aflatoxins’ have 

been adapted from Wacoo, A.P.; Wendiro, D.; Vuzi, P.C.; Hawumba, J.F. Methods 

for detection of aflatoxins in agricultural food crops. Journal of Applied Chemistry 

2014, 2014, 1 - 15. 
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1.1 Aflatoxins 

Aflatoxins are cancerous secondary metabolites produced mainly by Aspergillus 

flavus and A. parasiticus. A. flavus and A. parasiticus are facultative aerobic fungal 

microorganisms, which are known as plant parasites, with the ability to colonize and 

infect crops such as cereals (corn, millet, and sorghum) and oil seeds (cotton and 

peanuts) [1]. These fungi consist of a complex assemblage of strains, which vary 

greatly in their phenotypic and genotypic characteristics. They are ubiquitous fungal 

species in tropical environments [2]. They are known to infect and contaminate crops 

at different stages of production, such as pre-harvest, harvest, transportation, 

storage, and processing [3,4]. Although aflatoxin-mediated toxicity of infected food 

and feed is among the most alarming effect of growth of these fungi, it can also lead 

to food spoilage, resulting in undesired sensory characteristics, and loss of nutrients. 

The aflatoxin-producing fungus, A. flavus, is basically unaffected by pH changes, 

and it can grow over a pH range from two up to eleven, with an optimum pH of 

approximately six [5]. The fungi can grow at a very wide temperature range of 10–

55 °C, but optimal growth occurs at 33 °C [5].  

Aflatoxins are difuranocoumarin molecules synthesized through the polyketide 

pathway [6]. Out of the 18 different types of aflatoxins that have been identified, six 

are considered most important, and designated B1, B2, G1, G2, M1, and M2, 

respectively, [7]. These aflatoxin groups exhibit molecular differences. For example, 

the B-group of aflatoxins (B1 and B2) has a cyclopentene ring while the G-group 

(G1 and G2) contains the lactone ring [8]. Whereas the B-group exhibits blue 

fluorescence, the G-group exhibits yellow-green fluorescence under irradiation by 

ultraviolet (UV) light, thus making the use of fluorescence important in identifying 

and differentiating between the B and G groups. Aflatoxin B1 has been labeled as the 

most common [9] and the most widespread [10,11] in the world, and accounts for 

75% of all aflatoxin contamination in food and feeds [12]. Aflatoxins M1 and M2 are 

hydroxylated products of aflatoxins B1 and B2, respectively, and are associated with 

cow milk upon ingestion of B1 and B2 aflatoxin contaminated feed. Aflatoxins 

M1 and M2 remain stable during milk processing through Pasteurization or 

sterilization [13]. 
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Figure 1. Chemical structure of aflatoxins B1, B2, G1, G2, M1, and M2 (adapted 

from Zhang et al., 2014 [14]). 

 Several studies have been carried out on the prevalence of aflatoxins globally 

[15-17]. Schatzmayr and Streit [15] noted that the prevalence of mycotoxins in food 

and feed is generally equal but the feedstock contains higher concentrations 

compared to foods (Figure 2). South Asia as found to be the place with the highest 

level of aflatoxin contamination, followed by South-East Asia, with prevalences of 

78% and 55%, respectively. The prevalence of aflatoxins in sub-Saharan Africa 

varied from 37–70% with an average of 40%, and this could be attributed to the 

humid and fairly high temperatures in the tropics. Approximately 34% of food and 

feedstock in Southern Europe are contaminated with aflatoxins. However, less than 

20% of the food and feedstock of other parts of Europe, America, and Oceania are 

contaminated with aflatoxins.  
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Figure 2. Prevalence and distribution of aflatoxin contamination worldwide 

(Adapted from Schatzmayr and Streit, 2013 [15]). 

1.2 Uptake, absorption, and metabolism of aflatoxins 

Exposure to aflatoxins occurs through consumption of contaminated food such 

as grains (corn, sorghum, and millet), peanuts, beans, and tree nuts (almonds, 

pistachios) [18]. This has resulted in an estimation of daily aflatoxin consumption 

per person, based on estimates of actual contamination levels of food and body 

weight for some selected countries (Table 1) [19]. Exposure to aflatoxins can also 

occur through other routes such as the skin and inhalation [20]. Aflatoxin is absorbed 

into the mesenteric blood from the small intestine, mainly in the duodenum [21,22]. 

Absorption has been reported as a very fast process, which follows first-order rate 

kinetics through the intestinal epithelium. Aflatoxin B1, which is considered the most 

potent among all the forms of aflatoxins, was demonstrated to have an absorption 

rate constant of 5.8 ± 0.05 h-1. Aflatoxin B2 demonstrated an absorption rate constant 

of 4.1 ± 0.09 h-1. The G-group aflatoxins had relatively lower absorption rate 

constants of 2.1 ± 0.03 h-1 and 1.6 ± 0.04 h-1 for G1 and G2, respectively [23]. After 

absorption, aflatoxins are transported through the hepatic portal vein to the liver 

where they are metabolized [22].  
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Table 1. Estimated intake of aflatoxins (ng kg-1 body weight per day) for selected 

countries in Africa [24,25].  

Country Aflatoxin intake estimates 

(ng kg-1 body weight/day) 

Democratic Republic of Congo 

(DRC) 0–27 

Ethiopia 1–36 

Gambia 4–115 

Kenya 4–133 

Mozambique 39–180 

Nigeria 139–227 

South Africa 0–17 

Zimbabwe 18–43 

The United Republic of Tanzania 0–50 

Uganda 10–180 

 

 In order to understand the metabolism of aflatoxins, the biotransformation of 

aflatoxin B1, the most abundant form, has been analyzed in more detail [26-28]. 

Aflatoxin B1 metabolism takes place in the microsome of the liver, and is mediated 

by mixed function monooxygenases belonging to the cytochrome P450 super family 

of enzymes (Figure 3) [29]. In humans, cytochrome P450 enzymes: CYP1A2 and 

CYP3A4 [27], catabolize aflatoxin B1 through two separate electron transfer 

oxidation reactions [26,28,30]. While the enzyme CYP1A2 metabolises aflatoxin B1 to 

aflatoxin M1, endo-epoxide, and exo-epoxide, CYP3A4 converts aflatoxin B1 to 

aflatoxin Q1 and aflatoxin B1-exo-8, 9-epoxide. Aflatoxins M1 and Q1 are excreted in 

the urine since they can no longer be degraded to other metabolites. Bioconversion 

of aflatoxin B1-exo-8, 9-epoxide may follow two pathways as discussed hereafter: 

(1)through aflatoxin-mercapturic acid formation via the glutathione S-transferase 

(GST) conjugation or (2) formation of aflatoxin-glucuronide through the aflatoxin-

dihydrodiol pathway described as follows: The activated forms of aflatoxin B1 (exo-

epoxides and endo-epoxides) are detoxified through conjugation by GST to aflatoxin 

B1 exo-epoxide–GSH and aflatoxin B1 endo-epoxide–GSH conjugates, respectively 

[31]. The reactive activated forms of aflatoxin B1 exo-epoxides and aflatoxin B1 endo-

epoxides degrade rapidly without the action of any enzyme to aflatoxin B1-8, 9-

dihydrodiol, which slowly converts to a dialdehyde phenolate ion [26,32]. 

Dialdehyde phenolate ion is degraded to a dialcohol by the action of aflatoxin 

aldehyde reductase, in an NADPH-dependent reduction reaction. Thereafter, the 
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dialcohol is excreted in urine as aflatoxin-glucuronide [33,34]. Aflatoxin B1 

dialdehydes also form Schiff bases in their reaction with primary amine groups of 

amino acid residues such as lysine, originating from e.g., a protein such as albumin, 

to form aflatoxin B1-albumin conjugate [26]. This conjugate persists in the systemic 

blood as permanent and irreversible aflatoxin B1-albumin adducts, and is thus 

considered as one of the factors accounting for the low excretion of aflatoxin 

metabolites in urine [35].  

 
Figure 3. Aflatoxin B1 metabolism and its reactive metabolites and biomarkers 

(Adapted from Wild and Turner, 2002 [26]). 

1.3 Toxicity of aflatoxins 

From the foregoing (Figure 3), it can be noted that the primary derivatives of 

aflatoxin B1 biotransformation comprise: (a) aflatoxin M1 and aflatoxin-exo-8, 9-

epoxide (products of CYP1A2 activity) and (b) aflatoxin Q1 and aflatoxin-exo-8, 9-

epoxide (products of CYP3A4 activity). Aflatoxin M1 and Q1, although toxic, are less 

reactive with other molecules, and are easily eliminated from the body in urine [26]. 

However, aflatoxin B1-8, 9-exo-epoxide is a known mutagen, which is extremely 

electrophilic and covalently reacts with nucleophilic sites of either deoxyribonucleic 

acid (DNA), ribonucleic acid (RNA), or proteins, [21] thereby introducing mutations 
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that may affect the normal function of cells. The formation of aflatoxin B1-DNA 

adducts is highly associated with the carcinogenicity of aflatoxin B1. Typically, 

aflatoxin B1 reacts with DNA causing methylation of the latter which result in G→T 

transversion mutation (Figure 4) [36]. Such a mutation has been associated with 

hepatocellular carcinoma, a type of cancer whereby aflatoxin B1 promotes 

AGG→AGT (Arg→Ser) transversion point mutation of p53 gene at codon 249. This 

then alters the p53 proteins, which is responsible for DNA repair [37]. Apart from 

the G→T transversions, G→C transversions and G→A transitions have also been 

reported [36]. 

 

 
 

Figure 4. Point mutation of G-->T at codon 249 of the p53 gene resulting in 

aflatoxin-induced hepatocellular cancer (Adapted from Bbosa et al., 2013 [30]). 

Nucleic acids and proteins interact covalently with aflatoxins, and this results in 

the alteration in base sequences in nucleic acids (both DNA and RNA), and in 

protein structures, leading to impairment of their activity. The highly reactive 

aflatoxin B1-8, 9-exo-epoxide and its hydration product, dihydrodiol, bind 
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covalently to DNA, RNA, and proteins and thereby inhibit protein synthesis [38]. 

Typically, RNA polymerase and ribosomal translocase have been demonstrated to 

be inhibited by aflatoxin B1-8, 9-exo-epoxide [22]. While the epoxide reacts at the N7 

position of guanine in both DNA and RNA, the dihydrodiol reacts with the amino 

groups of the bases forming a Schiff base [39]. Aflatoxin B1 negatively affects 

carbohydrate metabolism, which results in both reduction in hepatic glycogen and 

increased blood glucose levels (Figure 5). Notably, the negative effects of aflatoxin 

B1 on carbohydrate metabolism appear to stem from its inhibitory effects on 

glycogen synthetase and transglycosylase enzymes, which in turn, bring to a halt 

glycogen synthesis [40]. 

 
Figure 5. Inhibition of oxidative phosphorylation by aflatoxins (Adapted from 

Kiessling, 1986 [40]). 

 

Besides, aflatoxin B1 also inhibits phosphoglucomutase, an enzyme that 

reversibly catalyzes the conversion of glucose-6-phosphate into glucose-1-
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phosphate, thereby promoting both the accumulation of glucose 6-phosphate and a 

decrease in glycogen synthesis. Consequently, excess glucose cannot be stored as 

glycogen but either accumulates in the blood or is converted to glucose-6-phosphate 

followed by synthesis of more metabolic intermediates via the pentose phosphate 

pathway. Other effects of aflatoxins B1, G1, and M1 include the inhibition of the 

electron transport system in the mitochondria, specifically, cytochrome oxidase 

activity (Figure 6) [24, 25]. 

 

 

Figure 6. Sites inhibited by aflatoxins in the electron transport chain (adapted from 

Kiessling, 1986 [40]). 

1.4 Effects of aflatoxins 

Millions of people in developing countries consume food contaminated with 

aflatoxins with an estimated mean aflatoxin dietary exposure for some Sub-Saharan 

Africa countries exceeding 100 ng kg-1 body weight per day [41]. Exposure to very 

high acute concentrations is less common, it results in loss of appetite, fever, malaise, 

abdominal pain, vomiting, inflammation of the liver, and death. Continuous intake 

of low levels of aflatoxins, particularly aflatoxin B1 is linked to increased risk of liver 

cancer, malnutrition, and impaired immune function [42], as discussed here below. 

1.4.1 Liver cancer 

The relationship between aflatoxins and liver cancer was first reported in the 

1960s [43]. Aflatoxin-associated liver cancer has been reported in both humans and 

animals worldwide. Their carcinogenicity has been widely documented in studies 

with experimental animal models [30]. The International Agency for Research on 

Cancer of the World Health Organization classified aflatoxins in 1987, and aflatoxin 
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B1 as a Group 1 carcinogen in 1993 [44]. Aflatoxin B1 is oxidized by liver microsomal 

enzyme to aflatoxin B1-8, 9 epoxide, which covalently binds to DNA and may then 

cause hepatocellular carcinoma [30,38,45]. Aflatoxin B1-8, 9 epoxide also activates 

epigenetic mechanisms, and suppresses the normal function of p53 genes [38]. 

Therefore, exposure to aflatoxin B1 has been reported to be a significant factor for 

hepatocellular carcinoma (or liver cancer), globally contributing to approximately 

25,000–155,000 out of 550,000–600,000 new cancer cases yearly [46]. According to Wu 

et al., 83% of the corresponding deaths take place in sub-Saharan Africa and East 

Asia [47]. The above incidence of liver cancer has increased approximately 30-fold 

in sub-Saharan Africa and Asia due to the synergism between aflatoxins and 

endemic hepatitis B infection. Apart from humans, cases of aflatoxin-related cancer 

have been extensively reported in ducks, turkeys, rhesus monkeys, and cynomolgus 

monkeys [48-50]. This indicates that aflatoxin does not only pose risk to human 

health but also to other animals and birds. 

1.4.2 Impaired child growth 

The role of aflatoxins in growth impairment in children less than five years of 

age has been extensively studied [51]. A number of policies governing aflatoxins are 

directed at their role in causing liver cancer in humans with little or none towards 

growth impairment [52,53]. The weight of evidence linking aflatoxin to liver cancer 

is enormous and well explained but the mechanism underlying how aflatoxin can 

cause growth impairment is not well understood. Stunted growth is also associated 

with health problems and inadequate ability to meet socio-economic needs in 

adulthood [54-57]. However, studies using animal models have demonstrated 

significant relationship between aflatoxins and growth impairment [51]. Exposure 

to aflatoxins has been reported in utero, through breast milk and consumption of 

weaning foods. 

Previous studies have revealed that utero exposure to aflatoxins can occur 

through the placenta [57,58]. Trans-placental exposure to aflatoxins has been 

demonstrated by the presence of aflatoxins and aflatoxin–albumin adduct in cord 

blood. A strong link between maternal exposure to high levels of aflatoxins and low 

birth weight has been reported for humans and other animals. However, the 

mechanism by which in utero exposure to aflatoxins through the mother affects birth 

weight and growth impairment has not been clearly identified. However, a recent 

study demonstrated that in utero exposure to aflatoxins resulted in methylation in 

growth factor genes such as IGF1 and FGF12, and immunity-related genes such as 

TLR2, TGFBI, and CCL28 [59].  
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Breast milk has been shown to be one of the major routes of aflatoxin intake in 

very young infants. Aflatoxin B1 is hydroxylated and detected in breast milk as 

aflatoxin M1 12 h after consumption of contaminated food. Despite this, not many 

studies have investigated the correlation between aflatoxin M1 in breast milk and 

stunted growth. In one of the studies carried out in Tanzania, 100% of the breast milk 

sampled contained detectable levels of aflatoxin M1, which resulted in mean 

aflatoxin M1 exposure of approximately 11 ng kg-1 body weight per day for the 

infants at the ages of one, three, and five months. The average height for age (Z-

scores) and weight for age of these children were inversely associated with aflatoxin 

M1 exposure [60]. In another related study performed on Iranian women and their 

exclusively breast-fed children, 22% of lactating women tested positive for aflatoxin 

M1 at a mean concentration of approximately 7 pg ml-1. The presence of aflatoxin M1 

in breast milk correlated positively with their children’s growth impairment [61].  

Weaning is the steady replacement of breast milk by solid food as the major 

source of nutrition. The common weaning foods in sub-Saharan Africa are prepared 

from; Cereals (maize, millet, and sorghum), legumes (groundnut and beans), animal 

products (meat, fish, milk, and eggs), and fruits and vegetables (banana, pawpaw, 

carrots, and pumpkins) among others. Some of these foods are highly susceptible to 

fungal attacks and aflatoxin production. Olumafemi and Ibeh [62] demonstrated that 

weaning foods in Nigeria were highly contaminated with both aflatoxin M1 and B1. 

One of the weaning foods contained aflatoxin B1 at a concentration level of 5 µg g-1. 

In Uganda, approximately 50% of household maize samples were contaminated 

with aflatoxin levels exceeding the acceptable limit of 10 µg kg-1 for the East African 

Community [chapter 2.2]. Vulnerability of groundnut and maize to aflatoxins has 

been reported by many other researchers as well [63,64]. These aflatoxin 

contaminations put weaning children at very high risk of intoxication. Moreover, 

the rapid growth in these children coupled with high demand for particular 

nutrients indicates that they are in particular vulnerable to aflatoxins [65]. Several 

studies revealed a positive correlation between aflatoxin exposure to weaning 

infants and growth impairment [65,66]. 

1.4.3 Impaired immune systems 

The immunotoxicity of aflatoxins has been extensively studied in experimental 

animal models [67-70]. Aflatoxins are associated with reduced antibody production 

and lowered cell-mediated immunity, thus leading to high susceptibility of the 

animals to infections. In humans, Turner et al. [70] reported reduced salivary IgA 

due to exposure to dietary aflatoxins. Reduced concentration of IgA in saliva can 

enhance susceptibility of the children to disease-causing organisms taken in food. 
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According to Jakab et al. [71] aflatoxin exposure inhibits the functions of phagocytes 

and normal human peripheral blood monocytes in vitro. Jiang et al. [72] studied the 

effect of aflatoxin exposure on human immunodeficiency virus (HIV) patients. The 

study demonstrated that HIV positive patients with high aflatoxin-albumin adduct 

had reduced levels of CD4+ T regulatory cells in comparison to those with low 

aflatoxin-albumin adduct.  

1.4.4 Impaired cognitive development 

Aflatoxin exposure might impair cognitive development in children. However, 

no study has been performed on humans to link impairment of cognitive 

development to aflatoxin exposure. In laboratory rats, Bahey et al. [73] demonstrated 

that exposure to aflatoxin B1 significantly induced histological alterations in the 

brain. Moreover, this study revealed the ability of the aflatoxin to cross the blood 

brain barrier. In humans, Oyelami et al. [74] found aflatoxin metabolites and 

degraded aflatoxin B1 in the brain of approximately 81% of children who underwent 

brain autopsies. In yet another study, Qureshi et al. [75] demonstrated that aflatoxin 

B1 produces cytotoxic effect within the human micro-vascular endothelial cells of the 

blood-brain barrier, and this resultant cytotoxicity was found to affect behavior.  

1.5 Detection and quantification of aflatoxins 

Several methods for quantification of aflatoxins in agricultural produce and 

processed food products have been described [76-78]. Based on the principles of 

detection, the methods can broadly be grouped into chromatographic, 

spectroscopic, and immunochemical methods. This section explores the different 

methods of aflatoxin detection and quantification in food and feedstuff, highlighting 

their strengths and weaknesses, and offering suggestions on how some of the 

current drawbacks of the methods can be addressed. 

The detection and quantification of aflatoxins in food samples require an 

efficient extraction step. Aflatoxins are generally soluble in polar protic solvents 

such as methanol, acetone, chloroform, and acetonitrile. Thus, the extraction of 

aflatoxins involves the use of organic solvents such as either methanol, acetonitrile 

or acetone mixed in different proportions with small amounts of water [79,80]. 

Several studies exploring the extraction efficiency of different organic-aqueous 

solvents have been carried out on commonly contaminated matrices [81-83]. 

Aflatoxin determination based on immunoassay techniques requires extraction 

using a mixture of methanol: water (8:2(v/v)) [81,84], because methanol has a less 
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denaturing effect on antibodies compared to other organic solvents, namely acetone 

and acetonitrile. 

The extraction of aflatoxins is usually followed by a cleanup step. The common 

cleanup technique used is Immunoaffinity column (IAC) chromatography [85]. This 

is considered the method of choice for the purification and concentration of 

aflatoxins [86], before their determination using high performance liquid 

chromatography (HPLC). IAC chromatography employs the high specificity and 

reversibility of binding between an antibody and antigen to separate and purify 

target analytes from matrices [87]. During sample cleanup, the crude sample extract 

is applied to the IAC containing specific antibodies. Before this, these antibodies 

have been elicited on a solid support such as agarose or silica. As the crude sample 

moves down the column, the aflatoxin binds to the antibody and is retained on the 

column. Another washing step is normally required to remove impurities and 

unbound proteins. This is achieved by using pH buffers at appropriate ionic 

strengths. Thereafter, the aflatoxin is recovered by using such solvents as 

acetonitrile, which reduces the affinity of the antibody to the aflatoxin. Table 

2 provides a summary of the current analytical methods used in aflatoxin 

determination. A detailed account of each method is presented in sections that 

follow below. 
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Table 2. Comparison of different methods for aflatoxin analysis. The methods 

include the following: thin layer chromatography (TLC), high performance thin 

layer chromatography (HPTLC), high performance liquid chromatography 

(HPLC), liquid chromatography-tandem-mass spectroscopy (LC-MS/MS), 

Fourier-transform infrared spectroscopy (FTIR), radioimmuno assay (RIA), 

enzyme-linked immunosorbent assay (ELISA), piezoelectric quartz crystal 

microbalance (QCMs), surface plasmon resonance (SPR), and optical waveguide 

light-mode spectroscopy (OWLS). 

Method 
Need for a 

label 

Need for prior 

sample 

preparation 

Limit of 

detection 

(LOD) 

Field 

usage 
Reference 

TLC 

densitometer 
 

Solid Phase 

Extraction (SPE) 
1–20 ng kg-1 No [88,89] 

HPTLC  Extraction only pg kg-1 No [90] 

HPLC  
Immunoaffinity 

column (IAC) or 

SPE 

 No  

LC-MS/MS  Extraction only 0.8 µg kg-1 No [91] 

Fluorometer   IAC 5–5000 µg 

kg-1 

No [92] 

FTIR   <10 µg kg-1 No [93] 

RIA Radio 

isotope 

Extraction only 1 µg kg-1 No [94] 

ELISA  Extraction only  No [95] 

Immunodip 

stick 

Colloidal 

gold 

Extraction only 5 µg kg-1 Yes [96] 

QCMs  Extraction only 0.01–10 ng 

ml-1 

No [97,98] 

SPR  Extraction only 3.0–98 ng 

ml-1 

No [99] 

OLWS  Extraction only 0.5–10 ng 

ml-1 

No [100] 

Electrochemical  Extraction only 2 µg kg-1 No [101] 

Electrochemical  Extraction only 
1 

femtomolar 
No [102] 

1.5.1 Chromatographic methods 

Chromatographic techniques are based on the physical interaction between a 

mobile phase and a stationary phase. The components to be separated are 

distributed between the two phases (stationary and mobile phases) [103]. The mobile 

phase is usually a fluid that penetrates through or along the stationary bed (liquid 

or solid). Liquid, gas, and supercritical fluids are currently used as mobile phase, 

and chromatographic techniques derive their names from the nature of the mobile 

phase: liquid chromatography, gas chromatography, and supercritical fluid 

chromatography, respectively (Table 2). In practice, the sample to be analyzed is 

dissolved in the mobile phase and applied as a spot on the stationary phase. The 
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analyte or sample is carried along by the mobile phase, and partitions between the 

solid stationary phase which is called the sorbent. The various constituents in the 

analytes travel at different speeds due to differential partitioning of the constituents 

between the mobile and the stationary phases. The most commonly used 

chromatography techniques for analysis of aflatoxins are TLC, HPLC, and gas 

chromatography. Although many of the chromatographic techniques are very 

sensitive, they require skilled technicians, cumbersome pretreatment of samples, 

and expensive equipment [104]. 

TLC was first used by de Iongh et al. [105], and has been regarded by the 

Association of Official Analytical Chemist as the method of choice since 1990. TLC 

is a widely used separation technique in aflatoxin analysis and in organic chemistry 

in general. It consists of a stationary phase made of either silica, alumina, or cellulose 

immobilized on an inert material such as glass or plastic, called the matrix. The 

mobile phase is comprised of a methanol, acetonitrile, and water mixture [106], 

which carries the sample along as it moves through the solid stationary phase. In 

TLC, the distribution of aflatoxins between the mobile and stationary phases is based 

primarily on differences in solubility of the analytes in the two phases. Different 

analytes, depending on their molecular structures and interaction with the 

stationary and mobile phases, either adhere to the stationary phase more or remain 

in the mobile phase, thereby allowing for quick and effective separation. Thin-layer 

chromatography has been widely used in the analysis of aflatoxins in different foods 

[107-109], and as low as 1–20 ppb of aflatoxins have been reported [110]. The 

advantage of using the TLC method is that it can detect several types of mycotoxins 

in a single test sample [110,111]. Whereas TLC has excellent sensitivities, it also 

requires a skilled technician, pretreatment of the sample, and expensive equipment 

[13,112]. In addition, TLC lacks precision due to accumulated errors during sample 

application, plate development, and plate interpretation. Attempts to improve TLC 

resulted in the development of the automated form of TLC, called the high-

performance thin-layer chromatography (HPTLC). The HPTLC has since overcome 

the problems associated with the conventional TLC techniques through automation 

of sample application, development, and plate interpretation. It is not surprising that 

currently HPTLC is one of the most efficient and precise methods in aflatoxin 

analysis [113,114]. Nevertheless, the requirement for skilled operators, the costs of 

the equipment coupled with its bulkiness and the extensive sample pretreatment 

limit the application of HPTLC to the laboratory, and thus it is inapplicable in field 

situations. 
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HPLC is the most popular chromatographic technique for separation and 

determination of organic compounds. About 80% of organic compounds in the 

world are determined using HPLC [115]. The HPLC technique makes use of a 

stationary phase confined to either a glass or a plastic tube and a mobile phase 

comprising aqueous/organic solvents, which flow through the solid adsorbent. 

When the sample to be analyzed is layered on top of the column, it flows through 

and distributes between both the mobile and the stationary phases. This is achieved 

because the components in the samples to be separated have different affinities for 

the two phases and thus move through the column at different rates. The liquid 

(mobile) phase emerging from the column yields separate fractions containing 

individual components in the sample. In practice, the HPLC technique employs a 

stationary phase such as a C-18 chromatography column, a pump, which moves the 

mobile phase(s) through the column, a detector that measures the retention times of 

each molecule, and mobile phases (Figure 7). 

 
Figure 7. Schematic diagram of the components of HPLC  

The sample to be analyzed is usually injected into the stationary phase and the 

analytes are carried along through the stationary phase by the mobile phase using 

high pressure delivered by a pump. The analytes are distributed differently within 

the stationary phase [116] through chemical as well as physical interactions with the 

stationary and mobile phases [117]. The time at which a specific analyte elutes is 

recorded by a detector as its retention time. The retention time depends mainly on 

the nature of the analyte and the composition of both stationary and mobile phases 

[118]. Programmable detectors such as either the fluorescent detector (FLD), UV 
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detector, or the diode array detector may be used in the detection and identification 

of aflatoxins. HPLC methods used for the analysis of aflatoxins in food include the 

normal-phase and reversed-phase HPLC techniques [117]. The reversed-phase 

HPLC method is the most widely used technique for separation and determination 

of aflatoxins. Occasionally, chemical derivatization of aflatoxins B1 and G1 may be 

required to enhance the sensitivity of HPLC during analysis since the natural 

fluorescence of aflatoxins B1 and G1 may not be high enough to reach the required 

detection limit [119]. The derivatization reactions of aflatoxin B1 with trifluoro acetic 

acid or the halogens iodine or bromine are presented in Figure 8. While in the first 

reaction step, the second furan ring of aflatoxin B1 is hydrolyzed by trifluoro acetic 

acid (TFA) producing a highly fluorescent aflatoxin B2a, in the second and third 

derivatization reaction steps, bromine and iodine are used as reagents, respectively. 

They react with aflatoxin B1 to form highly fluorescent aflatoxin B1 adducts with 

these halogens, respectively. 

 

Figure 8. Derivatization of aflatoxin B1 with trifluoro acetic acid, bromine, and 

iodine [11]. 
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HPLC provides fast and accurate aflatoxin detection results within a short time. 

A sensitivity of detection as low as 0.1 ng kg-1 using FLD has been reported [120]. 

However, the disadvantage of using HPLC for aflatoxin analysis is the requirement 

of rigorous sample purification using IACs. In addition, HPLC requires tedious pre- 

and post-column derivatization processes to improve the detection limits of 

aflatoxins B1 and G1 [115]. Therefore, to overcome the challenges associated with 

derivatization processes in aflatoxin analysis, a modification of the HPLC method, 

whereby the HPLC is coupled to mass spectroscopy, has been made, and is currently 

employed in the determination of aflatoxin [121]. Since the mass spectrometer 

requires neither the use of UV fluorescence nor the absorbance of an analyte, the 

need for chemical derivatization of compounds is eliminated. The HPLC-MS/MS 

uses small amounts of sample to generate structural information and exhibits low 

detection limits [117]. However, HPLC-MS/MS is a bulky, and very expensive piece 

of equipment, which can only be operated by trained and skilled personnel. This 

also limits its use to only laboratory environments, excluding applicatons under 

field conditions. 

1.5.2. Gas chromatography (GC) 

In GC, the mobile phase is a carrier gas, and the stationary phase is a liquid 

coating inert solid particles. As with other chromatographic methods, sample 

analysis by GC is based primarily on differential partitioning of analytes between 

the two phases. The stationary phase consists of inert particles coated with a layer 

of liquid, and is normally confined to a long stainless steel or glass tube called the 

column, which is maintained at an appropriate temperature. The sample to be 

analyzed is vaporized into the gaseous phase and carried through the stationary 

phase by a carrier gas. The components of the sample mixture with higher affinity 

for the stationary phase are retarded in their movement. Each component of the 

analyte should have a specific partition coefficient, which in turn, will govern its rate 

of passage through the column [122]. Once separation has been achieved, the 

detection of the volatile products is carried out using either a flame ionization 

detector or an electron capture detector and mass spectrometer (MS) [76]. Owing to 

their non-volatile nature, aflatoxins may need derivatization in order to be detected 

[123]. GC is less common in commercial analysis of aflatoxins due to the existence of 

other cheaper chromatographic methods [124]. Besides, GC requires a preliminary 

cleanup step before analysis, and it is therefore limited to analysis of a few 

mycotoxins, such as A-trichothecenes and B-trichothecenes. Even in such analyses, 

GC has such disadvantages as nonlinearity of calibration curves, drifting responses, 
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memory effects from previous samples, and high variation in reproducibility and 

repeatability [125]. 

1.5.3 Spectroscopic methods 

Fluorescence spectrophotometry: Absorption in the UV-visible region is a very 

important procedure for unraveling the molecular structures of materials. In some 

molecules, the process of absorption is followed by emission of light of different 

wavelengths. In other words, such molecules fluoresce. Fluorescence is very 

important in the characterization and analysis of molecules that emit energy at 

specific wavelengths, and has been used to analyze aflatoxins in grains and raw 

peanut [65]. The fluorometric method can quantify aflatoxin from 5–5000 ppb within 

less than 5 min. However, for better analysis of aflatoxins using fluorometry, 

derivatization may be required to improve on the fluorescence of aflatoxins. The 

limit of detection is also slightly higher than the contamination of 4 μg kg-1 set for 

European toxicology standards, and thus may not be good for analyzing samples 

from products to be exported to Europe. 

Infrared Spectroscopy: Another spectroscopic method useful in aflatoxin 

analysis is infrared spectroscopy (IR). IR relies on the alteration in molecular 

vibrations upon irradiation with infrared radiations. Energy differences between 

different vibrations of the bonds within the molecule can be measured. Since the 

atomic size, bond length, and bond strength vary greatly from molecule to molecule, 

both rate at which a particular bond absorbs infrared radiation and the wavelength 

at which it does this differ from bond to bond and vibration. For instance, the various 

bonds of organic molecules should vibrate at different frequencies. Therefore, when 

an infrared spectrometer is used in the analysis of a compound, infrared radiations 

covering a range of different frequencies is passed through the sample and the 

radiant energy absorbed by each type of bond in the molecules is measured. A 

spectrum is then produced, which normally consists of a plot of percentage (%) 

transmittance against the wave number. No two organic compounds have the same 

infrared spectrum, and thus individual, pure compounds can be identified by 

examination of their infrared spectra. The use of FTIR, which employs attenuated 

total internal reflectance, has been reported for analysis of aflatoxins in peanut 

products by Mirghani et al. [126]. Pearson et al. [93] also used transmittance and 

reflectance spectroscopy to detect aflatoxin in single corn kernels. More than 95% of 

the kernels analyzed were correctly categorized as having either high (>100 ppb) or 

low (<10 ppb) concentrations of aflatoxins.  
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1.5.4 Immunochemical methods 

Immunochemical techniques rely on the specificity of binding between 

antibodies and antigens. The high affinity and specificity of antibodies for antigens 

have been used in the development of various immunochemical methods. 

Moreover, specific binding does not only occur in antigen and antibody reactions, 

but also, receptors and ligands exhibit such affinity as well as high specificity [127]. 

The formation of either the antibody-antigen or the receptor-ligand complex can be 

quantified by following the change in the absorbance of photons of light energy 

spectrophotometrically. In other instances, the binding events, as well as the 

resultant complexes, may require amplification for better signal recognition. This 

has been achieved by using various labels comprising enzymes, fluorophores, and 

radioisotopes, among others. Owing to these advances, immunochemistry 

techniques applicable in a wide array of fields/disciplines including such analyses 

in the foods and drugs industry have been developed. The popularity of the 

antibody-antigen based techniques, since their development in the late 1970s [128], 

is due to their high level of specificity and sensitivity even in the presence of 

contaminating materials. Besides, immunochemical methods do not require skilled 

and highly trained personnel to troubleshoot in case of any problems during 

separation; they are less labor intensive and consume less time, in which respects 

they are preferable to both chromatographic and spectrophotometric techniques. 

The major immunochemical methods used in aflatoxin analysis are RIA, ELISA, 

immunoaffinity column assay (ICA), and immunosensors. Detailed discussions of 

the principles as well as the practical applications of these methods are presented 

under the proceeding subheadings. 

The RIA technique relies on the principle of competitive binding between a 

radioactive-labeled antigen and a nonradioactive antigen. The radioactive-labeled 

antigen competes with unlabeled nonradioactive antigen for a fixed number of 

antibody or antigen binding sites on the same antibody [129]. A known quantity of 

labeled antigen and an unknown amount of unlabeled antigen from standards 

competitively react with a known and limiting amount of the antibody. The amounts 

of labeled antigen that bind and are detected inversely proportional to the amount 

of unlabeled antigen in the sample [130]. RIA was the first immunoassay technique 

to be developed, and was applied in the detection of insulin in human blood [71]. 

RIA has also been described for quantification of aflatoxins in food samples. 

Langone and van Vunakis [131] reported a detection limit of 1.0 µg kg-1 using the 

solid phase RIA technique in the determination of aflatoxin B1 in peanut. Similarly, 

RIAs have been used to qualitatively and quantitatively determine aflatoxins B1 
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[132,133] and M1 levels [134]. The major advantage of RIA is its ability to carry out 

multiple analyses simultaneously with high levels of sensitivity and specificity [135]. 

However, RIAs also has a number of disadvantages: a) it requires an antigen in a 

pure state, b) a radioactive isotope is used as a label, and is associated with potential 

health hazards, and c) the storage and disposing of the low-level radioactive waste 

[136]. These disadvantages have limited the frequent use of RIA in the day-to-day 

analysis of aflatoxins. 

The potential health hazards related to the use of RIA led to the search for a safer 

alternative, and a suitable alternative to RIA was to replace the radioactive signal 

with a nonradioactive one. This was achieved by labeling either the antigens or the 

antibodies with enzymes instead of isotopes. The preparation of enzyme-antigen 

conjugates and enzyme-antibody conjugates by Avrameas in 1969 [137] paved the 

way for the development of ELISA. Enzyme immunoassay (EIA) and typically 

ELISA have become the methods of choice for medical diagnostic laboratories, 

research institutions, and regulatory bodies for quality assessment and proficiency 

testing among others. The principle of enzyme immunoassays is essentially the same 

as other immunochemical methods; that is, it relies on the specificity of antibodies 

for antigens, and the sensitivity of the assay is increased by labeling either the 

antibodies or the antigens with an enzyme that can be easily assayed by use of 

specific substrates. Hence, an antibody immobilized onto a solid support may 

capture an unlabeled antigen in the analyte, which is subsequently detected by a 

labeled antibody [136]. The EIA/ELISA principle has generated a whole series of test 

formats [138]. For instance, the competitive enzyme immunoassay format is not only 

simple to also perform but provides a quantitative measure of either antigen or 

antibody concentration, and is highly sensitive. 

ELISA is currently used in the detection of aflatoxins in agricultural products 

[139-143], and a number of commercially available ELISA kits based on the 

competitive immunoassay format are widely used [13,144,145]. Most of the kits use 

horseradish peroxidase and alkaline phosphatase enzymes as labels in the analysis 

of aflatoxins [146,147]. ELISA offers a number of advantages: (a) it is possible to 

perform the test on a 96-well assay platform, which means that large number of 

samples can be analyzed simultaneously [145]; (b) ELISA kits are affordable and 

easy to use, and do not require extensive sample cleanup; and (c) there are no 

inherent health hazards associated with enzyme labels as there are with isotopes. 

However, ELISA requires multiple washing steps, which may at times prove not 

only laborious but also time consuming. 
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Immunodipsticks are Immunochromatographic assays, also known as lateral 

flow devices. The principle is based on the use of the high sensitivity and specificity 

of antibody-antigen reactions for the rapid detection of analytes. Lateral flow 

devices contain a porous membrane, which ensures the flow, an absorbent pad that 

increase the volume of the flowing liquid, a sample pad that ensures contact between 

the liquid sample and the membrane, and a rigid backing that gives support to the 

device (Figure 9). Lateral flow devices use labels such as colloidal gold and gold 

coated with the antibody, which commonly provide red-colored binding zones 

[148]. The liquid sample added to the sample pad, moves towards the extreme end 

through the membrane by capillary flow to the absorbent pad [44]. When the liquid 

component containing aflatoxins reaches the gold particles, the sample suspends the 

gold particles and the aflatoxins bind to the particles thereby coloring the line red. 

 

 
Figure 9. Schematics of a lateral flow device in the dipstick format: A; External 

details and B; Internal details. 

 

Delmulle et al. [95] developed a lateral flow device for detecting aflatoxin B1 in 

pig feed. The device could detect 5 μg kg-1 aflatoxin within 10 min, which is within 

the European Commission’s stringent limit fixed for feedstuffs. Another 

immunochromatographic method was developed by Ho and Wauchope [149]. The 

assay is based on competition between free Aflatoxin B1 and Aflatoxin B1-tagged 
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dye-containing liposomes for the corresponding antibody. The device can detect 

18 ng of aflatoxin in less than 12 min. The device was designed for direct qualitative 

visual reading, whereas it has also been adapted for use in the optical density-

scanning mode, which allows for quantitative determination of aflatoxins. Lateral 

flow devices are easy to use and provide quick on-site detection of aflatoxins within 

few minutes. They are cost-effective devices that can be adapted for day-to-day 

monitoring of aflatoxins. 

Immunosensors: An immunosensor is a biosensor that uses an antigen or 

antibody species as a biological recognition component coupled to a signal 

transducer such as graphite, gold, or carbon that helps to detect the binding of the 

complementary species [150,151]. With respect to the type of signal transduction in 

use, immunosensors may be grouped into piezoelectric, optical, and electrochemical 

sensors [96].  

Piezoelectric quartz crystal microbalance (QCMs) is a label-free device used for 

direct detection of antigens. The piezoelectric quartz crystal relies on changes in 

mass on the electrode surface when an antigen interacts with a cognate antibody 

immobilized on the quartz crystal surface. Since the change in mass is proportional 

to the concentration of the antigen-antibody complex, the method permits detection 

and quantification of the immune complex [152]. QCM has been reported for 

aflatoxin B1 analysis. During development, Spinella et al. coated both sides of the 

QCM sensor with gold electrodes; the liquid side was in contact with the solution 

while the contact side of the crystal was dry. The piezoelectric immunosensor was 

tested for aflatoxin B1 detection by immobilization of DSP-anti-AFLAB1 antibody on 

gold-coated quartz crystals (AT-cut/5 MHz). The 3, 3′-dithiodipropionic-acid-di-N-

hydroxysuccinimide ester (DSP) was used for the covalent binding of the proteins. 

The sensor was capable of detecting aflatoxin B1 concentration in the range of 0.5–

10 ppb [153]. Jin et al. [154] also developed a quartz crystal microbalance-based 

sensor for the detection of aflatoxin B1, and their device could detect aflatoxin B1 in 

artificially contaminated milk samples at a concentration range of 0.01–10.0 ng ml-1. 

Quartz crystal microbalance is a very good label-free technology although its use for 

direct detection of mycotoxins may be a challenge due to the small sizes and thereby 

masses most mycotoxins. 

A number of optical immunosensors have been developed for aflatoxins based 

on different transduction approaches. One of these optical immunosensors already 

developed for aflatoxin analysis is surface plasmon resonance (SPR) (Figure 10). The 

SPR platform relies on measurement of changes in refractive index produced by the 

binding of analyte to its bio-specific partner immobilized on the sensor surface. 
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When the analyte flows over the sensor surface, there is a shift in resonant SPR 

wavelength, which is proportional to the refractive change at the sensor surface, and 

can be calibrated to the surface concentration of bound analyte [155]. The SPR sensor 

surface contains a bio-recognition layer that selectively binds either an antigen or an 

antibody, which, in turn, causes a parallel increase in the mass on the sensor surface 

that is proportional to an increase in the refractive index. The increase in refractive 

index is observed as a shift in the resonance angle. The measurable changes in 

concentration are those due to binding and dissociation of antibody to its target 

antigen [156]. 

 

Figure 10. SPR spectroscopy commonly used for the detection of antigen–

antibody interactions in a buffered sample. 

The operationalization of SPR immunosensor technology for aflatoxin 

B1 detection and quantification has already been attempted by using both 

monoclonal and polyclonal antibodies to aflatoxin B1 [157]. The SPR immunosensor 

immobilized with monoclonal antibodies, however, encountered regeneration 

problems at the sensor surface because of the high-affinity binding of the 

monoclonal antibody. Yet when polyclonal anti-aflatoxin B1 antibodies were 

immobilized onto the sensor surface, regeneration was achieved using a solution of 

1 M ethanolamine with 20% (v/v) acetonitrile, pH 12.0. Besides, the sensor achieved 

a linear detection range of 3 – 100 ng ml-1 with good reproducibility. Van der Gaag 

et al. [97] have also used the SPR immunosensor for multiple detection of mycotoxin. 

Therefore, SPR immunosensors should offer label-free detection of aflatoxins if the 

current regeneration problems are solved. 
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Another form of a label-free biosensor operates on an optical waveguide 

platform. The optical waveguide platform relies on the evanescent fluorescence 

excitation to measure binding events at the surface of the waveguide [158,159], and 

one such technique is the optical waveguide light-mode spectroscopy (OWLS). 

Typically, the OWLS is based on the precise measurement of the resonance angle of 

a polarized laser light, diffracted by a grating, and in-coupled into a thin waveguide. 

Such in-coupling resonance occurs at very precise angles depending on the optical 

parameters of the sensor chips and the complex refractive index of the covering 

sample medium [160]. The intensity of the in-coupled light guided within the 

waveguide layer by multiple internal reflections is detected by photodiodes. When 

used to quantify the adsorption of proteins to waveguide surfaces, the platform is 

coated with a thin layer of materials that have a higher refractive index [99]. Such 

materials would allow for polarized light to exit the original waveguide, undergo 

total internal reflection at the coating-liquid interface, and eventually re-enter the 

waveguide. However, some light traverses the waveguide and this is done at a 

precise angle that reflects both the properties of the coating layer and 

sorption/desorption events at the layer-liquid interface [99]. Thus, the measurement 

of the resonance angle of polarized grating diffracted light, in-coupled into a thin 

waveguide, can be used to study the adsorption of macromolecules onto the surface 

of sensor chips [156,161]. Adányi et al., [100] have used OWLS to detect aflatoxin 

and ochratoxin through indirect competitive immunoassays. A detection range of 

0.5–10 ng ml-1 of aflatoxins was achieved when samples of barley and wheat flour 

were analyzed. 

Electrochemical immunosensors: An electrochemical immunosensor is a device 

that uses antibodies incorporated into a bio-recognition layer to produce electro 

active signals detectable by transducers (amplifiers), which generate measurable 

signals. The signal is generated in the form of a membrane potential when ions bind 

to a sensing membrane. The potential difference is then measured. A logarithmic 

relationship exists between the potential difference and concentration [150]. The 

signal measurement can be in the form of differential pulse voltammetry, cyclic 

voltammetry, chronoamperometry, electrochemical impedance spectroscopy, or 

linear sweep voltammetry [162]. A number of electrochemical immunosensors have 

been reported for use in aflatoxin analysis [102,163-165], and most of them involve 

immobilization of antibodies onto the surface of an electrode. Although most of the 

electrochemical immunosensors [164,165] developed for aflatoxin analysis use 

enzymes as active biological components to generate signals, Masoomi et al. [163] 

developed a non-enzymatic sandwich form of an electrochemical immunosensor. 
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The sensor was developed through modification of glassy carbon electrodes using 

chitosan, gold nanoparticle, anti-aflatoxin B1, and the ionic liquid composite film. 

This immunosensor achieved an aflatoxin B1 detection range of 0.6–100 ng ml-1 and 

a detection limit of 0.2 ng ml-1. Another form of non-enzymatic electrochemical 

immunosensor was developed by Linting et al. [166]. This type of immunosensor 

was developed by the electro-deposition of graphene oxide and gold nanoparticles 

onto the surface of a gold electrode. Aflatoxin B1 antibody was immobilized on the 

conducting polymer film, and ionic liquid, and chitosan solution was dropped onto 

this electrode. This immunosensor attained a dynamic range of 3.2 fM – 0.32 pM and 

a detection limit of one femtomole with excellent long-term stability. 

1.6 Reduction of aflatoxin levels in the food chain 

The risk effect of aflatoxins could be prevented through effective interventions 

at all levels of production. Numerous interventions have been evaluated to 

inactivate or eliminate aflatoxins from various foods [167-169]. Some of these 

strategies target and prevent toxigenic fungal growth and therefore reduce aflatoxin 

production while others focus on eliminating aflatoxins directly from the food. The 

underlying technologies that prevent or remove the aflatoxins are hereby discussed 

in detail under the respective subtitles.  

1.6.1 Field based interventions 

In some parts of developed countries such as U.S.A, deep tillage is still regularly 

practiced with the advantage of reducing drought stress to crops through promotion 

of root development and penetration [170]. This is not practiced much in most 

developing countries, where there is still continuous use of hand held hoes. Tillage 

by repeated hoeing has the tendency of destroying natural soil aggregates and 

channels that connect the surface with the subsoil, leaving the soil susceptible to 

erosion. The highly promoted practice of conservation tillage, with well-

documented advantages of reducing the loss of water from the soils, has been 

suggested to increase A. flavus spores load in the soil, however, this high load of 

fungal spore would infect the crops following rotation [171]. Therefore, the best 

practices of tillage may be a starting point to reduce aflatoxin and fungal infestation 

of crops and to acceptable levels.  

According to Baldino et al., [172] plant tolerance to specific environmental 

stresses, such as lack of soil fertility, could decrease the vulnerability of maize 

hybrids to toxins. Thus, application of adequate fertilizer in the field was 

demonstrated to lessen plant nutrient stress and contribute greatly to the reduction 
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in aflatoxin contamination [173]. However, this would require appropriate 

technology to determine how much fertilizer to add. It was also noted that excessive 

application of fertilizer such as ammonia, nitrate, and urea, can increase aflatoxin 

concentration as a result of increased plant stress [173,174]. Yet proper use of 

fertilizers is a big challenge in developing countries because it requires well-trained 

personnel to determine the amount and the timing of application. 

Crop rotation has been demonstrated to significantly reduce both the quantity 

of A. flavus and A. parasiticus in soils, and the average aflatoxin-producing potential 

of Aspergillus communities [175,176]. However, in semi-arid settings, populations of 

toxigenic fungi are high, and crop rotations may have little effect on the control of 

fungal growth and aflatoxins production. Furthermore, increasing population 

pressure in developing countries makes subsistence farmers cultivate any parcel of 

land that may be available [177], and many farmers are forced to continuously 

cultivate the same types of crops to sustain their family members. This repeated 

cultivation of the same types of crops on the same land, leads to a build-up of high 

populations of A. flavus and A. parasiticus in the soil [178]. This may intensify the 

chances of crop infection with toxigenic fungi and aflatoxin contamination. 

The planting date is a vital tool that can be used to maximize the yield of crops. 

Proper selection of planting date of a particular crop type would aid in prevention 

of plant stress, especially during the critical grain-filling period. The choice of 

planting date has been proposed as one of the very early interventions in the 

management of aflatoxin contamination [179]. However, climate change and the 

associated climatic variability, has made it challenging to choose the correct planting 

date, especially in developing countries where planting dates depend on the start of 

the rain season [180]. Currently, farmers can hardly predict when the rain season 

starts, and sometimes face a complete absence of raining season. Sacks et al., [181] 

further stated that lack of planting date predictability could also be attributed to the 

universal influence of technological and socio-economic factors on planting dates.  

Crops resistant to fungal infection and production have been reported [182-185]. 

These crops provide promising, safe, and adaptable strategies for prevention of 

aflatoxins in developing countries. The procedure for the selection of plants that are 

resistant to toxigenic fungi, which are also tolerant to biotic or abiotic factors, is very 

expensive [186]. Screening of crops for resistance to toxigenic fungi has been 

hampered by a lack of repeatability of results across different locations and years. 

Lack of rapid and less expensive methods for valuation of fungal infection, 

particularly for crops still in the field, is another hindrance [182]. Although there 

could be a successful development of crops resistant to toxigenic fungi and aflatoxin 
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accumulation, its adoptability may still be affected by lack of political will and 

support for the adoption of biotechnological crops.  

The competitive exclusion of aflatoxin-producing strains of A. flavus by a 

toxigenic strain was investigated by Cotty [187]. The results showed 99.6% reduction 

in aflatoxin accumulation in cotton. In another study by Mauro [188], a 61–91% 

reduction in aflatoxin production was noted when aflatoxin-producing A. flavus 

AF13 was co-inoculated with any of the 18 non-toxigenic strains isolated in Italy. 

Nine of the toxigenic isolates were able to reduce aflatoxin accumulation by over 

80%. Thus, competitive exclusion of aflatoxin-producing A. flavus or any other 

aflatoxin-producing species provides a promising way to limit aflatoxin 

contamination in crops. However, there are still small percentages of aflatoxins 

produced. Therefore, using this innovation in cocktails with other innovations at 

different stages of crop production and processing could be more promising.  

Proper irrigation has been cited as one of the ways to reduce toxigenic fungal 

growth and aflatoxin production [189], especially in areas where there is little 

rainfall and/or sandy soils, which provide minute water holding capacity [190]. 

Irrigation has been suggested to contribute similar effects as adequate rainfall to 

reducing the incidence and amount of aflatoxin in grains [191]. However, irrigation 

is not common in many developing countries as it is expensive and cannot be 

afforded by subsistence farmers managing small parcels of land. 

The interactions of insects with certain fungi and mold, which attack and 

contaminate agricultural commodities with mycotoxins such as aflatoxins, gained 

attention in the early 1970s [192]. The insects are the primary biotic risk factors that 

contaminate crops with aflatoxins. Many studies have confirmed the relation 

between insect crop damage and enhanced toxigenic fungal attack and aflatoxin 

accumulation [191,193,194]. According to Munkvold and Hellminch, [195] insects 

create wounds and transmit fungal spores from the surfaces to the inner parts of the 

plants, due to larvae feeding on the kernels and/or stalks. The wounds created by 

the insects provide a chance for the fungi to overcome the natural production of the 

integument, and cause an infection in the vulnerable interiors [196]. Prevention of 

insects’ infestation has been attained through appropriate use of chemical strategies 

such as pesticides. Thereby reducing barriers, which could be used by fungi to 

penetrate the kernels or stalks, thus reducing aflatoxin accumulation [197]. 

However, excessive use of pesticides has caused resistant populations of both insects 

and fungi. Moreover, the presence of chemical residues, both in the food and the 

environment, has discouraged the use of pesticides. 
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Harsh environmental conditions such as drought and high temperatures have 

been described as a major cause of accumulation of aflatoxins in the field [173]. These 

climatic conditions have been reported to influence the degree to which crops 

become damaged by insects, birds and mammals; and to determine which fungal 

type may infect the damaged crops [198]. In tropical countries, droughts in semi-

arid to arid areas enhance contamination, forcing poor communities to eat aflatoxin-

contaminated crops [198]. According to Lewis et al., [199] a shift in weather patterns 

in the tropical regions could cause acute aflatoxicoses and deaths. Effective aflatoxin-

reducing interventions should be practiced, which include planting of hybrids 

adapted to the particular environment; reduction of drought stress through proper 

selection of planting date; and minimization of insect damage. 

1.6.3 Harvesting time 

Harvest is another stage where aflatoxins can accumulate in the crops if not 

handled properly. Crops must be harvested at optimum maturity to minimize 

contamination. Over-mature or very immature kernels/pods at harvest result in high 

contamination with aflatoxin of the final product [200]. Early harvesting results in 

low aflatoxin contaminations [201], whereas delay in harvesting results in poor 

seeds due to insects and mold infestation, and additionally in high aflatoxin 

contamination of the seeds [202]. Vulnerability of the seeds to invasion by molds 

during storage may result from mechanical damage during harvesting. Therefore, it 

is very important to use appropriate harvesting equipment to minimize damages to 

the kernels/pods [203]. After harvesting, crops should be dried rapidly to the 

recommended moisture level to arrest fungal growth and aflatoxin accumulation. 

According to Kabak et al., [204] inappropriate drying equipment and high 

atmospheric humidity in developing countries result in intolerably high levels of 

aflatoxins in the harvested products. Therefore, maintaining the seeds at low 

moisture level ensures reduced aflatoxin accumulation.  

1.6.4 Postharvest management 

After harvesting, the crops are transported from the fields of cultivation to the 

point of consumption or temporary store. However, crops may be harvested when 

they are not properly dry, and there may be no drying facilities in the field. Besides, 

transportation of the commodities from the field may take extensive time because of 

long distances, poor transport infrastructure, and various other socio-economic and 

environmental factors such as poor weather and biological reasons [205]. Currently, 

studies on the extent by which aflatoxins may develop and contaminate crops 

during transportation, particularly in developing countries like sub-Saharan 
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countries, do not exist. According to Shotweil et al., [206] aflatoxin concentration in 

a field corn sample with a high moisture content can increase roughly 10-fold when 

stored over 3-day period. Immediate transport of harvested crops to storage or 

processing facilities is very important in aflatoxin management. Containers for 

transporting crops should be dry, clean, and free of insects, and without visible 

fungal growth.  

Postharvest spoilage of food is attributed to toxigenic fungal inhabitation of 

crops in the field just before or during harvest. Improper management practices and 

adverse climatic conditions at harvest and after harvest are predisposing factors for 

postharvest aflatoxin contamination. These factors include high humidity, 

excessively high temperature, lack of aeration in the storage areas, and insects and 

rodent damages, which in the end promote mold growth [207,208]. Therefore, a 

postharvest management strategy for toxigenic fungal growth and aflatoxins, such 

as insect control, must be implemented for proper storage conditions. Weekly or bi-

monthly observations for elevated temperature, mold growth, and moldy odor are 

highly recommended to help control developing problems with fungi and toxins 

accumulation [200]. Postharvest chemical treatment has been used to manage insects 

and fungi, and thus aflatoxin accumulation [209]. Treatment with accelerated 

electrons was found to be an affordable means of decontaminating large quantities 

of grains in insect infested areas [210,211]. These applications are effective in 

preventing fungal growth and aflatoxin contamination in developed countries, but 

are less effective in tropical countries. Therefore, there is the need for an innovation 

to remove or degrade aflatoxins just before the grain is consumed. 

1.6.5 Removal of aflatoxins using microorganisms  

Bio-preservation and biodegradation of aflatoxins have been excessively 

reviewed [168,169,212]. The research focused on microbial biopreservation, binding, 

and degradation mechanisms, performed by using nonfood grade laboratory based 

culture media. This section of the thesis compiles current literature on microbial 

biopreservation, binding and degradation performed using food as substrate. 

Aflatoxin binding by yeast: Yeasts such as Saccharomyces cerevisiae was found 

very efficient in binding aflatoxins in phosphate buffer saline [213]. It has been 

demonstrated that the yeast cell wall is responsible for the binding. According to 

Devegowda et al., [214] the mannan component of the cell wall contributes greatly 

in linking the aflatoxin to the yeast. Yeasts have not only demonstrated effective 

aflatoxin binding in a non-edible laboratory media, but also in fermentable human 

and animal foods. Karazhiya et al. [213] showed that subjecting yeast cells to 
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different treatment conditions does not alter their aflatoxin binding properties. S. 

cerevisiae bound 76%, 76%, 76%, and 74% of aflatoxins as acid-, heat-, ultrasound-

treated, and viable yeast cells, respectively. In a related study, Rahaei et al. [215] 

reported comparable results in an investigation of the binding ability of S. cerevisiae 

to aflatoxins in pistachio nuts, although the binding ability of the yeast strains at an 

initial concentration of 10 ppb aflatoxin was relatively low. The viable, heat-treated, 

and acid-killed cells bound 40%, 55%, and 60%, respectively. Hegazy et al. [216] 

tested the binding potential of S. cerevisiae and S. boulardii to aflatoxins (B1, B2, G2 and 

G1) in liquid medium, cereals extracts, and ice cream at varying temperatures and 

times. The results showed that viable cells of S. cerevisiae attained the highest binding 

capacity of 75% when incubated at 8 °C for 8 h. The binding of aflatoxins was not 

altered by S. boulardii (viable or nonviable). The study also demonstrated that the 

binding potential of S. cerevisiae differs from one substrate to another; barley extract 

resulted in 80% aflatoxin binding, as opposed to only 60% in wheat extract. Corassin 

et al. [217] tested the aflatoxin binding ability of S. cerevisiae and four different lactic 

acid bacteria. S. cerevisiae showed higher aflatoxin M1 binding in milk (90 ± 0.3% and 

93 ± 0.7% during 30 min and 60 min incubations, respectively) than the lactic acid 

bacteria pool (11 ± 2% and 12 ± 4% during 30 min and 60 min incubations, 

respectively). A cocktail of S. cerevisiae and lactic acid bacteria showed a significant 

increase (100%) in binding of aflatoxin M1 during 60 min incubation.  

Aflatoxin binding by lactic acid bacteria: Numerous studies have reported the 

ability of bacteria to bind and neutralize the effects of aflatoxins both in vitro and in 

vivo. Oluwefemi and Da-silva [218] evaluated the potential of Lactobacillus brevis, L. 

acidophilus, L. casei, L. delbrueckii, and L. plantarum to remove aflatoxin B1 from 

naturally contaminated fermented maize. Excellent binding of up to 95% was noted 

with heat-killed strains. The viable cells could only bind to 75% of 80 ng g-1 of 

aflatoxins after 72 h. This study did not only effectively show that aflatoxins could 

be removed by heat-killed strains of Lactobacillus species but also the aflatoxin 

binding was binding being strain-specific. In a related study, Oluwafemi and Ikeowa 

[219] found 50% aflatoxin reduction after fermentation of maize containing 50 µg kg-

1 of aflatoxin B1 when naturally fermented.  

In milk and yoghurt, El Khouryet al. [220] demonstrated that L. 

bulgaricus and Streptococcus thermophilus strains were able to reduce aflatoxin M1 

contamination in yoghurt by 60%, and therefore recommended them for removal of 

free aflatoxin M1 content during yoghurt making. Sarimehmetoğlu and Küplülü 

[221] also studied the potential of L. delbrueckii ssp. bulgaricus CH-2 and S. 

thermophilus ST-36 to remove aflatoxin M1 from milk. From their results, S. 
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thermophilus ST-36 bound 39% aflatoxin M1 in milk better than L. delbrueckii ssp. 

bulgaricus CH-2 with only 28%. Pierides et al. [222] also tested the potential of dairy 

strains of lactic acid bacteria to bind aflatoxin M1 in milk. From their results, viable 

L. rhamnosus GG bound 19% of aflatoxin M1 in skim milk and 26% in full cream milk; 

heat-killed L. rhamnosus GG removed 27% aflatoxin M1 from skim milk and 37% from 

full cream milk. L. rhamnosus LC705 efficiently removed over 60% of aflatoxin M1 

from both milk products. 

In yet another study, L. rhamnosus removed 54% of aflatoxins B1 from the soluble 

part of the luminal fluid of chicken duodenum within 1 min. Furthermore, L. 

rhamnosus GG prevented uptake of up to 74% of aflatoxin B1 unlike Propionibacterium 

freudenreichii ssp. shermanii JS and L. rhamnosus strain LC705, with 63 and 37%, 

respectively [223]. 

Fungal biodegradation of aflatoxins: Degradation of aflatoxins was first noted 

in 1965 by Ashworth et al. [224] in a study of environmental factors controlling 

occurrence of aflatoxin in Spanish peanuts. It was observed that aflatoxin-producing 

fungi were able to degrade aflatoxins. It was then confirmed by a study investigating 

aflatoxin production in 20-liter fermenters in conjunction with studies on 

degradation of mycotoxins. The maximum yields were achieved in 72 h followed by 

rapid decline in aflatoxin concentration. Degradation was attributed to mycelial lysis 

and high aeration conditions [225]. However, reconversion of degraded product 

back to aflatoxin B1 was also reported. Reconversion was very hard to stop or control 

[226]. Degradation of aflatoxins requires life microorganisms unlike binding of 

aflatoxins where dead cells could demonstrate excellent efficacy. 

Biodegradation of aflatoxins by non-aflatoxin-producing fungi has also been 

reported. However, little has been observed in edible foods or feeds, or degradation 

by edible fungi. The use of edible fungi Armillariella tabescens E-20 in the degradation 

of aflatoxins has been studied [227]. The fungi achieved 100% transformation of 16 

mM of aflatoxin B1. It was observed that the intracellular components from mycelial 

pellets were responsible for the transformation of aflatoxin B1 [226]. Apart from that, 

other edible fungal isolates have been demonstrated to degrade aflatoxins. Inoue et 

al. [228] reported a 70% biotransformation of spiked aflatoxin B1 to less toxic 

aflatoxin B2a during fermentation of wine. However, when the same amount of 

aflatoxin B1 was spiked in cool wort beer samples fermented using the same fungus, 

the level of aflatoxins remained unchanged. The study also demonstrated that 

degradation of aflatoxins is highly substrate-specific. In another study, Das et al. 

[229] used different strains of Pleurotus ostreatus co-cultivated with different strains 

of A. flavus during fermentation of rice straw. They achieved the same 89 % 
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degradation of 28± 0.2 and 21 ± 0.6 µg g-1 of aflatoxin B1 produced by A. flavus MTCC 

2798 and A. flavus GHBF09, respectively, in a dry substrate. Thus, the edible fungi 

could provide a better way to degrade aflatoxins from food substrate.  

Bacterial biodegradation of aflatoxins: Biodegradation of aflatoxins by the use 

of bacteria was first proposed for Flavobacterium aurantiacum [230], which the most 

thoroughly studied bacterium in the field. However, only a few of these studies were 

conducted using foods and feeds. Maddelerinden et al. [231] tested the capability of 

Nocardia corynebacterioides NRRL B-184 strain to remove aflatoxin B1 from PBS and 

food matrices such as dry red pepper, corn, black olive, soybean, dry fig, and 

hazelnut. The results pointed out that aflatoxin B1 reduction in soybean and hazelnut 

were 84.3% and 98.9%, respectively. Aflatoxin levels in milled red pepper (500 ng g-

1), dry fig (500 ng g-1), and hazelnut (1000 ng g-1) reduced to levels permitted by 

Turkish Food Codex. Hao and Brackett [232] also analyzed the performance of F. 

aurantiacum to degrade aflatoxin B1 in phosphate buffer, non-defatted peanut milk, 

and partially defatted milk. After 24 h of incubation, 74% of aflatoxin B1 in partially 

defatted peanut milk was degraded and could not be recovered. However, 23% 

could still be recovered from the reduced aflatoxin B1 in non-defatted peanut milk. 

Cheng et al. [233] reported 100% success after combining heat treatment with 

anaerobic solid fermentation to degrade aflatoxin B1 and G1 in peanut meal.  

Oluwefemi et al. [234] found out that lactic acid bacteria consisting of L. 

acidophilus, L. brevis, L. casei, L. delbrueckii, and L. plantarum could reduce 50 ng g-1 of 

aflatoxin B1 significantly by 44.5% and 500 ng g-1 by 29.9%. L. plantarum was singled 

out as the most capable degrader of aflatoxin B1. Khanafari et al. [235] and Farzaneh 

et al. [236] reported 95% success in degradation of aflatoxin B1 by Bacillus subtilis 

UTBSP1 in shell nut and pistachios nuts, respectively.  

1.6.6 Reduction in bioavailability and toxicity of aflatoxins in the gut 

Recently, many studies reported very high contamination levels of aflatoxins in 

food crops, particularly in sub-Saharan Africa. This could be an indication that many 

people are being exposed to high doses of aflatoxin on a daily basis by eating 

contaminated food. Yet the number of victims suffering from the dangerous side 

effects of aflatoxin is never clearly estimated. Additionally, many studies [26,237] 

claim aflatoxin absorption, transport, and metabolism have been extensively 

investigated, but very little has been emphasized on the human body’s defense 

mechanism towards aflatoxin uptake and toxicity. According to Guengerich et al. 

[237] every molecule of aflatoxin eaten with food is absorbed from the 

gastrointestinal tract because even very little dose can cause toxicity. Contrary to 
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this, a number of studies noted that only a certain proportion of the toxin is 

bioavailable [238, 239]. According to Kabak and Ozbey, [238] adding probiotics to 

food significantly reduced bioaccessibility of aflatoxin B1, aflatoxin B2, aflatoxin G1 

and aflatoxin G2 by one third. By increasing the number of lactic acid bacteria in the 

upper small intestine probiotic supplements might be able to reduce the bio-

availability of aflatoxin in one way or another. 

Gastrointestinal microbiota: The importance of some gut bacteria in promoting 

aflatoxin excretion has been reported [240]. A clinical study revealed that L. 

rhamnosus strain LC705 and P. freudenreichii ssp. shermanii JS, taken as a nutritional 

supplement, greatly altered the excretion of aflatoxin B1 in the feces of healthy 

volunteers [241]. Kankaanpaa et al. [240] demonstrated that aflatoxin B1 binding to 

the surface of L. rhamnosus GG prevented the bacteria from binding to CACO-2 cells, 

and hence aided in the excretion of the toxin. Gratz et al. [242] further revealed that 

aflatoxin B1 transport and toxicity was greatly reduced by L. rhamnosus GG binding 

in the CACO-2 model. 

1.7 Scope of this thesis 

In chapter 2.1, development and characterization of an electroless plated 

silver/cysteine sensor platform operating on a label-free format for the detection and 

quantification of aflatoxin B1 in food and fodder will be described. This includes the 

construction of a field-deployable device operating on this platform and suitable for 

field analysis of aflatoxin B1. Chapter 2.2 describes the validation of this 

immunosensor and evaluates its performance by analyzing maize flour in six major 

markets and selected households in Kampala. The results of the on-site detection of 

the samples were compared with those obtained using the laboratory-based 

techniques HPLC and ELISA. 

In chapter 3.1, we report on a consortium of L. rhamnosus yoba 2012 and S. 

thermophilus C106 propagated in kwete, a traditional maize-based drink. In addition, 

we present the results of the survival of probiotics during storage, and comparison 

of consumer acceptability versus that of traditional products previously introduced 

on the market. We also mention the effect of the probiotic starter culture on the 

reduction of the concentration levels of aflatoxins during fermentation, and confirm 

the ability of the probiotics to bind aflatoxin B1. The results of this study demonstrate 

a potential of utilizing widely consumed locally available traditional foods as 

carriers for probiotics, which has health benefits, and improves product safety. In 

chapter 3.2 we report on the isolation and characterization of Lactobacillus spp. from 

the gut microbiota of rural Ugandan children for aflatoxin B1 binding. We also 

correlate the Lactobacillus isolates with the development scores of the children. 
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In chapter 4, all our results are placed in a common perspective. It evaluates the 

progress attained by this study and related developments in this field. Limitations 

as well as potential implications are discussed and suggestions are made on how 

best to proceed with aflatoxin detection and reduction in food products. 

In conclusion, in the current thesis, a novel on-site immunosensor was 

successfully developed, which detects aflatoxin B1 in the range of 0.06 – 1.1 ng ml-1 

with a detection limit of 0.06 ng ml-1. The novel immunosensor correlated 

exceptionally well with the coefficients of 0.94 and 0.98 for the detection of aflatoxin 

B1 with HPLC and ELISA, respectively. The feasibility of the novel on-site detection 

method was demonstrated and the thesis also articulated the severity of aflatoxin 

contamination in Uganda. Fermentation was shown to offer potential method to 

reduce widely occurring aflatoxin contamination of maize products that are 

consumed as staple foods in sub-Saharan Africa. The Lactobacillus species in the gut 

microbiota of 140 children from the same cohort at 24 and 36 months correlated 

positively with stunting among all bacterial genera identified in the stool samples. 

This correlation was attributed to dietary changes from breastfeeding to plant-based 

solid foods which on one hand should increase the risk for aflatoxin contamination 

but on the other hand enable increased intake of Lactobacillus species. 
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CHAPTER 2: DETECTION OF AFLATOXINS 

 

Chapter 2.1 is adapted from ‘Wacoo, P.A.; Ocheng, M.; Wendiro, D.; Vuzi, P.C.; 

Hawumba, F.J. Development and characterization of an electroless plated 

silver/cysteine sensor platform for the electrochemical determination of aflatoxin B1. 

Journal of Sensors 2016, 2015, 1-8.’ 

 

Chapter 2.2 is adapted from ‘Wacoo, P.A.; Wendiro, D.; Nanyonga, S.; Hawumba, J.; 

Sybesma, W.; Kort, R. Feasibility of a novel on-site detection method for aflatoxin in 

maize flour from markets and selected households in Kampala, Uganda. Toxins 2018, 
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2.1 

Development and Characterization of an Electroless Plated 

Silver/Cysteine Sensor Platform for the Electrochemical Determination of 

Aflatoxin B1 

Abstract 

An electroless plated silver/cysteine sensor platform 

[Glass|silver|cysteine|aflatoxin B1|horseradish peroxidase] for the 

electrochemical detection of aflatoxin B1 was developed and characterized. This 

involved four major steps: (1) an electroless deposition of silver (plating) onto a 

glass slide, (2) immobilization of cysteine; (3) conjugation of aflatoxin B1 to cysteine 

groups; and (4) blocking of free cysteine groups. The binding of cysteine to the 

silver was demonstrated by the disappearance of thiol (S-H) groups at 

2500 cm−1 using Fourier transmittance infrared spectra (FT-IR), while the 

subsequent steps in the assembly of sensor platform were monitored using both 

FT-IR and cyclic voltammetry. The sensor platform exhibited a broadened 

nonsymmetrical redox couple as indicated by cyclic voltammetry. The platform 

was further characterized for sensitivity and limit of detection. The indirect 

competitive immunoassay format, whereby free and immobilized aflatoxin B1 on 

the sensor competed for the binding site of free anti-aflatoxin B1 antibody-

horseradish peroxidase (HRP), was used at various concentrations of aflatoxin B1. 

The rate of reaction depended on the concentration of bound anti-aflatoxin B1 

antibody – HRP. The sensor generated differential staircase voltammogram that 

was inversely proportional to the concentration of aflatoxin B1 and aflatoxin B1 in 

the range of 0.06–1.1 ngml-1 with a detection limit of 0.06 ng ml-1. 

 

1. Introduction 

Several methods have been described for the detection of aflatoxins in foodstuff 

and feeds [chapter 1]; including, among others, such methods as thin-layer 

chromatography (TLC), high-performance liquid chromatography (HPLC), and 

immunoassay based methods. Immunoassay methods, which became widely 

popular during late 1970s, rely on the specificity of binding between 

antibodies/receptors and antigens/ligands. The high affinity and specificity of 

antibodies/receptors for antigens/ligands have been used in the development of the 

various immunochemical methods [1]. The formation of either the antibody-antigen 

or the receptor-ligand complexes can be quantified by following the change in the 

https://www.hindawi.com/journals/js/2016/3053019/#B2
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absorbance of photons of light energy spectrophotometrically. In other instances, the 

binding events, as well as the resultant complexes, may require amplification for 

better signal recognition. This has been achieved by using various labels comprising 

enzymes (as for the enzyme-linked immunosorbent assay (ELISA)), fluorophores, 

and radioisotopes (as for the radioimmunoassay (RIA)), among others. The 

application of immunochemical methods for determining aflatoxin B1 in peanuts 

was reported by Langone and Van Vunakis, [2] using solid phase 

radioimmunoassay (RIA). Several other investigators have also reported the use of 

monoclonal antibody in immunoaffinity column assay (ICA) and ELISA for 

determining aflatoxins in peanuts [3]. The advantages of immunoassays included 

high level of specificity and sensitivity even in the presence of contaminating 

materials and ease of sample preparation, as well as usage and low cost. However, 

the requirement for molecular labels, expensive equipment, and cumbersome 

multiple washing steps necessitated the development of more user-friendly devices. 

Thus, immunosensors, which are biosensors that also rely on either antigen-

antibody or receptor/ligand interaction to generate detectable signals, were 

developed. As a matter of fact, Immunosensors have proved to be self-sufficient 

integrated devices that use biological recognition element retained in direct spatial 

contact with a transduction element, to provide precise quantitative or semi-

quantitative results [4]. Moreover, immunosensors exhibit high sensitivities, with 

detection limits below 0.1 ng ml-1 [5]. Several electrochemical immunosensors have 

been developed through immobilization of antibodies onto the surface of an 

electrode and have been reported for detection of aflatoxins [6–8]. Nevertheless, 

some of them require labels for electrochemical transduction. To overcome the 

requirement of a label, label-free biosensor platforms such as optical waveguide [9], 

surface plasmon resonance platforms [10, 11], and electrochemical immunosensor 

have been developed. Although the two label-free platforms are highly sensitive and 

with detectable ranges between 0.5 and 10 ng ml-1 for aflatoxins, the devices 

operating these platforms are still expensive and not deployable in the field [Chapter 

1]. The aim of the study was to develop and characterize an electroless plated 

silver/cysteine sensor platform, for the analysis of aflatoxin B1 in foodstuff and feeds, 

as well as the construction of a field-deployable devise operating on this platform 

appropriate for field analysis of aflatoxin B1. The development and characterization 

of an electroless plated silver/cysteine sensor platform 

[glass|silver|cysteine|aflatoxin B1|horseradish peroxidase-blocked] is herewith 

reported. 
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2. Materials and Methods  

2.1. Reagents, Materials, and Apparatus 

2.1.1 Reagents 

Table 1: List of reagents used in the development of the sensor  

Material Pack size Company City and 

country of 

manufacture 

L-cysteine 97% Nutritional 

Biochemical 

Corporation 

Cleveland, 

Ohio, USA 

Aflatoxin B1 5 mg, Purity 9.5 ± 0.5 [%] Romer labs  Newark, DE, 

USA 

Aflatoxin B2 5 mg, Purity 99.7 ± 0.3 [%] Romer labs  Newark, DE, 

USA 

Aflatoxin G1 5 mg, Purity, 98.0 ± 2.0 [%] Romer labs  Newark, DE, 

USA 

Aflatoxin G2 5 mg, Purity, 97.1 ± 2.9 [%]  Romer labs  Newark, DE, 

USA 

Horseradish 

peroxidase 

(EC: 1.11.1.7) 

 

Suitable for manufacturing of 

diagnostic kits and 

reagents:169 units per gram 

solid 

Sigma Aldrich Saint Louis, 

MO, USA 

Anti-aflatoxin B1 

polyclonal 

antibody – HRP 

(produced in 

rabbit) 

Lyophilized powder. The 

antibody concentration is 

approximately 4 mg/ml after 

reconstitution 

Sigma Aldrich Saint Louis, 

MO, USA 

Hydrogen 

peroxide 

30 % (w/w) in H2O, contains 

stabilizer 

 

Sigma Aldrich Taufkirchen, 

Germany 

Acetic acid  ACS reagent, ≥99.7% 

 

Sigma Aldrich Taufkirchen, 

Germany 

Sodium acetate. 

Trihydrate 

ReagentPlus®, ≥99.0% 

 

Sigma Aldrich Taufkirchen, 

Germany 

Potassium 

Chloride 

ACS reagent, 99.0-100.5% 

 

Sigma Aldrich Taufkirchen, 

Germany 
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Sodium 

hydroxide 

BioXtra, ≥98% (acidimetric), 

pellets (anhydrous) 

 

Sigma Aldrich Taufkirchen, 

Germany 

Silver nitrate ACS reagent, ≥99.0% 

 

Sigma Aldrich Taufkirchen, 

Germany 

Ammonia 

solution 

2.0 M in methanol 

 

Sigma Aldrich Taufkirchen, 

Germany 

D-glucose ≥99.5% (GC) Sigma Aldrich Taufkirchen, 

Germany 

Sulphuric acid ACS reagent, 95.0-98.0% Sigma Aldrich Taufkirchen, 

Germany 

Tin IV chloride Reagent grade, 98% Sigma Aldrich Taufkirchen, 

Germany 

Hydrochloric acid ACS reagent, 37% Sigma Aldrich Taufkirchen, 

Germany 

Pyridine ACS reagent, ≥99.0% Sigma Aldrich Taufkirchen, 

Germany 

 

2.1.2 Apparatus  

Fourier Transform Infrared (FTIR) spectrophotometer (Perkin Elma, 

Massachusetts, USA) was used to generate FT-IR spectra. A three-electrode 

electrochemistry workstation developed locally at Instrumentation Unit, Technology 

Development Centre, Uganda Industrial Research Institute, was used to measure both 

cyclic voltammogram (CV) and differential staircase voltammogram (DSCV). The 

work station was connected to Arbitrary/Function Generator with counter (BK 

Precision, 4048, UK) and used to generate staircase and linear potential waves. Digital 

storage oscilloscope (BK Precision, 2540, UK) was used for data acquisition. Silver 

(Ag)/silver chloride (AgCl) (3 M) (West Lafayette, USA) was used as a reference. The 

pH measurements were performed with 827 Metrohm pH meter (Mettler Toledo, 

Switzerland). 

2.1.3 Preparation of reagents and buffer 

The information about the purity and suppliers of all the chemicals and reagents 

used in the current study are given in Table 1. Acetate buffer (0.1 M, pH 6.5) was 

prepared from stock solutions of 0.1M CH3COONa, 0.1M CH3COOH, and 0.1M KCl. 

Silver ammonia (Ag(NH3)+) solution (5%, w/v) was prepared by dissolving 0.5 g of 

Silver nitrate in 10 ml of absolute ammonia solution. Sodium hydroxide (10%, w/v) 

was prepared by dissolving 5 g of NaOH in 50 ml of deionized water. Piranha solution 
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contained 3 parts of concentrated sulphuric acid and 1 part of hydrogen peroxide. D-

glucose (5%, w/v) solution was prepared by dissolving 2.5 g of D-glucose in 50 ml of 

distilled water. L-cysteine (5%, w/v) was prepared in 100 ml of water at 28 oC. A 

solution of 10 μM hydrogen peroxide was prepared from a stock solution of 30% (v/v) 

hydrogen peroxide solution. Aflatoxin B1 standard solution (0.1–1.0 ng ml-1) was 

prepared by serial dilution of aflatoxin B1 stock solution (1 mg ml-1) in phosphate 

buffer saline (PBS) containing 10% (v/v) methanol. Acidified Tin IV chloride solution 

contained 12 mg SnCl2, 0.05 ml hydrochloric acid, and 49.95 ml deionized (DI) water. 

Acidified silver nitrate solution contained 4 mg AgNO3, 0.05 ml HCl, and 49.95 ml DI 

water. Modified Tollen’s plating reagent contained 20% (w/v) silver ammonia 

(Ag(NH3)2+) solution, 2.5 ml 10% (w/v) sodium hydroxide (NaOH), and 2.5 ml of 5% 

(w/v) D-glucose. Aflatoxin B1 immobilization reagent prepared by 2 mg of aflatoxin 

B1 dissolved in mixture of pyridine, methanol, and water in a ratio of 1: 4: 1. 

2.2. Development of a Biosensor Platform 

2.2.1. Deposition of Silver on the Glass Slide 

The first step in the development of the biosensor platform involved an electroless 

deposition of silver (plating) onto a glass slide (Figure 1, step). This is typically a wet 

chemical process that involved selective reduction of silver ions on a glass slide 

surface. Glass slides (0.4 × 1.5 cm) were immersed sequentially, for 5 min each, in 

deionized water and 95% (v/v) ethanol followed by removal of organic impurities in 

a freshly prepared Piranha solution at 90°C for 30 min. Thereafter, the slides were 

activated by Sn-Ag in a two-step process [12]. The slides were first activated in 

acidified solution of Tin IV chloride, rinsed with deionized water and subsequently 

sensitized in another acidified solution of Silver nitrate (AgNO3) for 25 s. and finally 

rinsed, sequentially, in nitric acid containing deionized water, and with deionized 

water alone, to remove unbound Sn2+ compounds. The activated glass slides were 

immersed in 2 ml of modified Tollen’s reagent plating solution and rinsed with DI 

water after 5 min. This step was repeated six times [13]. Thereafter, the coated slides 

were air dried and annealed at 300°C for 6 min in a furnace under the atmosphere 

nitrogen. The immobilized/coated silver served as the transducer of the sensor 

platform. The surface of the annealed coated silver was monitored by using FT-IR 

between 400 cm−1 and 4,000 cm−1 at a scanning speed of 500 nmmin-1. 

 

https://www.hindawi.com/journals/js/2016/3053019/fig1/
https://www.hindawi.com/journals/js/2016/3053019/#B13
https://www.hindawi.com/journals/js/2016/3053019/#B14
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Figure 1. Representation of major steps in the assembly of the immunosensor platform. Step 1: electroless silver plating. Step 2: 

immobilization of cysteine. Step 3: conjugation of aflatoxin B1 to cysteine groups. Step 4: blocking of aflatoxin B1 layer with HRP. Step 

5: Competitive immunosensing of aflatoxin B1 by using anti-aflatoxin B1 antibody-HRP.
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2.2.2. Assembly of the Immunosensor 

The second phase in the development of the immunosensor platform involved 

three major steps: (1) immobilization of cysteine; (2) conjugation of aflatoxin B1 to 

cysteine groups; and (3) blocking of free cysteine groups (unconjugated to AFB1) with 

HRP. (Figure 1: steps 2 to 4). In order to functionalize the sensor platform, the 

annealed glass|silver was immersed in the saturated solution of L-cysteine for 12 h, 

rinsed with distilled water, and finally dried in a stream of nitrogen gas and stored at 

4°C as it awaits conjugation step. The conjugation of aflatoxin B1 to cysteine groups 

immobilized onto the silver (transducer) involved an overnight incubation of the 

cysteine-functionalized glass/silver platform in an aflatoxin B1 immobilization reagent 

and thereafter the platform was washed several times in 0.1 M phosphate buffer of pH 

7.4 to remove any residual monomer and weakly bound aflatoxin B1 molecules. The 

unconjugated sites of cysteine on the resultant immunosensor platform were blocked 

by incubating it in 0.1 M acetate buffer (pH 6.5) containing 1 mg ml-1 HRP at 4°C for 

15 hours. The sensor platform was subsequently washed in 0.1 M phosphate buffer 

(pH 7.4), dried in a stream of nitrogen, and stored at 4°C until used. The catalytic 

response of the sensor was tested in the presence of peroxide as a substrate. The sensor 

was treated with 10 μM hydrogen peroxide (H2O2) in citrate buffer, pH 6.5, and the 

activity of horseradish peroxidase, defined by its breakdown of H2O2 to water, 

monitored by cyclic voltammetric scan. The scan was performed at a voltage ranging 

from 0 to −1000 mV at rate of 100 mV s-1.  

The FT-IR spectra were measured between 400 cm−1 and 4,000 cm−1 at a scanning 

speed of 500 nm/min at every stage of sensor platform development. In order to 

ascertain that the change in the chromatogram when the electroless plated silver is 

conjugated to cysteine, FT-IR spectrum of cysteine alone was also measured between 

400 cm−1 and 4,000 cm−1 at a scanning speed of 500 nm min-1 and plotted in the same 

graph for comparative purpose. For the electrochemical detection and quantification 

of aflatoxin B1 using a competitive immunosensing format, the sensor platform (i.e., 

Glass|silver|cysteine|aflatoxin B1|HRP-blocked) served as a working electrode.  

2.3. Electrochemical Immune Detection of Aflatoxin B1 

In order to test the performance of the developed sensor platform for the analysis 

of aflatoxin B1, the sensor platform served as a working electrode and a competitive 

immunosensing format (Figure 1; step ) was performed both in the absence and 

presence of free aflatoxin B1 [5]. In the absence of free aflatoxin B1, 5 μl aliquot of 0.5 

µg ml-1 aflatoxin B1 antibody-HRP was bound onto the sensor electrode for 5 min and 

then the sensor was transferred to another 5 ml cell solution of 10 μM H2O2 in 0.1 M 

https://www.hindawi.com/journals/js/2016/3053019/fig1/
https://www.hindawi.com/journals/js/2016/3053019/fig1/
https://www.hindawi.com/journals/js/2016/3053019/#B6
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acetate buffer pH 6.5. Differential staircase voltammetric measurement of the working 

electrode was performed by scanning from 0 to -600 mV at 60 mV pulse amplitude 

and 20 mV/s potential scan rate. For investigation in the presence of aflatoxin B1, 

aliquots of 5 μl of anti-aflatoxin B1 antibody-HRP solution were mixed with 5 μl each 

of 0.2, 0.5, 0.8, and 1.0 ng ml-1 standard aflatoxin B1 in 70% (v/v) methanol and 5 μl each 

of the mixtures placed on sensor platform and allowed to react for 5 min. This was 

followed by differential staircase voltammetric measurement as described above. In 

order to calibrate the sensor platform, the same experiment was repeated in triplicate 

and the peak heights at each concentration were plotted to obtain three calibration 

curves. The correlation coefficient (R2) and slope of the regression line of each curve 

were determined, and the limit of detection (LOD) was calculated from LOD = 

(3.3*SD)/slope [14], where SD equals the standard deviation of correlation coefficient 

of 3 calibration curves and slope equals the mean of the slopes of the 3 calibration 

curves. The linear range was determined from the calibration curve as the range of 

concentrations which produced the DSCV current which was directly proportional to 

the concentration of the aflatoxin B1 in the sample. 

2.4. Determination of the Stability and Specificity of the Sensor Platform 

The stability of the sensor platform was monitored every week for a period of 5 

weeks by determining 0.2 ng ml-1 of aflatoxin B1 as described above (Section 2.3). In 

order to determine the specificity of the immunosensor platform, aliquots of 0.5 μl 

each of the interfering aflatoxin molecules such as aflatoxin B2, aflatoxin G1, and 

aflatoxin G2 at a concentration of 1 ng ml-1 were mixed with 0.5 μl of aflatoxin B1 and 

a concentration of 0.2 ng ml-1 and the concentration of aflatoxin B1 estimated as 

described before (Section 2.3). This was repeated three times. 

3. Results and discussion  

3.1. Development and Characterizations of the Immunosensor Platform 

The sensor platform was developed as described in materials and methods 

(Sections 2.1 and 2.2). The first step involved an electroless plating of silver metal, 

which would later function as an electron transducer onto glass plates. In order to 

functionalize the plated silver, cysteine was linked to the silver surface via the thiol 

group, which, in turn, resulted in the formation of amine-terminated self-assembled 

monolayer of cysteine residues. The amino groups of self-assembled monolayer of 

the cysteine residues are thus available for conjugation to aflatoxin B1 as illustrated 

in Figure 2. 

  

https://www.hindawi.com/journals/js/2016/3053019/#sec2.3
https://www.hindawi.com/journals/js/2016/3053019/#sec2.3
https://www.hindawi.com/journals/js/2016/3053019/#sec2.1
https://www.hindawi.com/journals/js/2016/3053019/#sec2.2
https://www.hindawi.com/journals/js/2016/3053019/fig2/
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Figure 2. Preparation of aflatoxin B1-cysteine-silver conjugate. 

The sensor platform was characterized at every step during its development, as 

described in Materials and Methods (Sections 2.1 and 2.2). Fourier transmittance 

infrared spectra (FT-IR) was performed after every step, that is, electroless silver 

plating, formation of self-assembled monolayer of cysteine on silver (conjugation), 

conjugation of aflatoxin B1 to cysteine group, and after blocking of the unconjugated 

cysteine residue sites with HRP (Figure 3). The formation of a sulfur-silver bond was 

demonstrated by the vanishing of a 2500 cm−1 peak of the combined spectrum of the 

conjugated silver/cysteine. This peak is only present in free cysteine as seen in 

Figure 1 (cysteine) due to the presence of thiol (S-H) bond. However, this peak was 

not recorded in the FT-IR spectrum of glass-silver-cysteine, due the formation of an 

S-Ag bond between plated silver and cysteine instead of the S-H bond in free 

cysteine [15, 16]. Further confirmation of the presence of cysteine binding to the 

OMe 

Aflatoxin B1 

Glass|Silver|Cysteine 

Incubated overnight in 

Aflatoxin B1 Conjugation 

Bath 

https://www.hindawi.com/journals/js/2016/3053019/#sec2.1
https://www.hindawi.com/journals/js/2016/3053019/#sec2.2
https://www.hindawi.com/journals/js/2016/3053019/fig3/
https://www.hindawi.com/journals/js/2016/3053019/fig1/
https://www.hindawi.com/journals/js/2016/3053019/#B15
https://www.hindawi.com/journals/js/2016/3053019/#B16
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silver was demonstrated by carboxylate (-COOH) stretch vibration of cysteine 

recorded around 1440–1640 cm−1 as shown in Figure 3. 

 
Figure 3. FT-IR spectra of electroless silver, cysteine, and glass|silver|cysteine 

demonstrating glass plated with silver, standard cysteine, and cysteine 

immobilized on the silver by using thiol group. 

In order to investigate the signal transduction of assembled immunosensor, the 

electrical signal generation was monitored by cyclic voltammetry at each of the steps 

of development of the biosensor in 0.1 M acetate buffer pH 6.5 containing 0.1 M 

potassium chloride and 10 μM H2O2 (Figure 2). The unplated glass slide did not 

generate any redox potential over the entire scan from −1000 to 0 mV (Figure 4(a)). 

The electroless-silver-plated glass [glass|silver] generated a reversible 

electrochemical potential with the anodic peak output potential magnitude of 

240 mV and cathodic peak potential of -1920 mV and peak separation of ~200 mV at 

100 mV/s (Figure 4(b)). The anodic peak was attributed to non-enzymatic reduction 

of H2O2 on silver. Silver is very stable and also have better properties for 

H2O2 reduction because of its unique electronic properties [17]. Silver is a good 

conductor of electricity and the oxidation of silver to silver oxide and resultant 

reduction of silver oxide to silver led to the increase in the magnitude of redox couple 

[18]. However, the magnitude of the response potential due to decomposition of 

H2O2 decreased slightly from 240 mV to 160 mV (Figure 4(c)) after conjugation of L-

cysteine onto the silver. The decrease in response suggests that the binding of 

cysteine reduced the exposure of silver to H2O2, and thus, binding of cysteine 

affected electron transfer on the sensor electrode [19]. However, a large reduction 

https://www.hindawi.com/journals/js/2016/3053019/fig3/
https://www.hindawi.com/journals/js/2016/3053019/fig2/
https://www.hindawi.com/journals/js/2016/3053019/fig4/#a
https://www.hindawi.com/journals/js/2016/3053019/fig4/#b
https://www.hindawi.com/journals/js/2016/3053019/#B17
https://www.hindawi.com/journals/js/2016/3053019/fig4/#c
https://www.hindawi.com/journals/js/2016/3053019/#B18
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was observed in anodic peak potential from 160 mV to −250 mV after the binding of 

aflatoxin B1 onto the sensor electrode (Figure 4(d)). Significant reduction in the 

anodic peak after addition of aflatoxin on the sensor indicated that silver was no 

longer exposed to H2O2 and therefore non-enzymatic reduction of H2O2 could not 

occur. However, in Figure 4(e), the peak potential was restored to 160 mV after 

blocking with horseradish peroxidase. This could be attributed to the catalytic action 

of HRP that reduces H2O2 to water in a reaction accompanied by the uptake of 2 

electrons as shown in the equation 1.   

 

H2O2 + 2H+ + 2e- → 2H2O                      (1)  

 

  

https://www.hindawi.com/journals/js/2016/3053019/fig4/#d
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Figure 4. Cyclic Voltammogram of (a) bare glass; (b) glass|silver; (c) 

glass|silver|cysteine|; (d) glass|silver|cysteine|aflatoxin B1; (e) 

glass|silver|cysteine|aflatoxin B1|HRP-blocked (Scan rate: 100 mV/s). 
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3.2. Performance of the Electrochemical Immunosensor 

In order to test the performance of the developed sensor platform for the analysis 

of aflatoxin B1, the sensor platform served as a working electrode and a competitive 

immunosensing format (Figure 1; step 5) was performed both in the absence and 

presence of free aflatoxin B1 (Section 2.3). The response of the sensor electrode was 

tested using different concentrations of aflatoxin B1 (0 - 1 ng l-1) and differential 

staircase voltammetry (DSCV) [20] was used for monitoring the signal (Figure 5). 

Figure 5A shows that the DSCV currents increase with a decrease in aflatoxin B1 

concentrations, suggesting that the peak potential is inversely proportional to 

aflatoxin B1 concentration. Since the rate of reaction was depended on the catalytic 

activity of HRP, the higher the concentration of bound anti-aflatoxin B1 antibody – 

HRP the higher the rate of reaction [21]. Therefore, in the absence of aflatoxin in the 

solution, more anti-aflatoxin B1 antibody-HRP bind on the sensor and the current 

generated was very high. While at high aflatoxin concentration, low level of anti-

aflatoxin B1 antibody-HRP available to bind on the sensor and the output current 

generated was low due to reduced catalytic activity from HRP. 

https://www.hindawi.com/journals/js/2016/3053019/fig1/
https://www.hindawi.com/journals/js/2016/3053019/#sec2.3
https://www.hindawi.com/journals/js/2016/3053019/#B19
https://www.hindawi.com/journals/js/2016/3053019/fig6/
https://www.hindawi.com/journals/js/2016/3053019/fig6/
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Figure 5. (A) DSCV response recorded for silver|cysteine|aflatoxin B1|HRP-

blocked immunoelectrode for 0-1 ng ml-1 of aflatoxin B1 concentrations in a pH 

6.5 acetate buffer solution using 0.5 µg ml-1 of anti-aflatoxin B1 antibody - HRP 

(scan rate of 20 mV/s). (B) A calibration curve of peak DSCV potential (mV) 

versus aflatoxin B1 concentration (ng ml-1). 

 The calibration curve taken for aflatoxin concentration of 0 to 1.0 ng ml-1 against 

peak potential DSCV is shown in Figure 5B. The calibration of the immunosensor 

platform showed that it operates within a linear dynamic range (DLR) from 0.06 to 

1.1 ng ml-1 aflatoxin B1 concentration, with a limit of detection (LOD) of 0.06 ng ml-1. 

A comparison of the sensor platform with other electrochemical immunosensors for 

aflatoxin B1 detection is presented in Table 2. As noted, the DLR and LOD values of 

the sensor platform, [glass|silver|cysteine|aflatoxin B1|HRP-blocked], compare 

very well and in good agreement with other immunosensors reported [5, 6, 22, 23]. 

https://www.hindawi.com/journals/js/2016/3053019/tab1/
https://www.hindawi.com/journals/js/2016/3053019/#B6
https://www.hindawi.com/journals/js/2016/3053019/#B7
https://www.hindawi.com/journals/js/2016/3053019/#B20
https://www.hindawi.com/journals/js/2016/3053019/#B21
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Table 2. Comparison of DLR and LOD of different aflatoxin B1 immunosensors. 

Electrochemical immunosensors DLR (ng ml-1) Limit of 

detection 

(ng ml-1) 

Reference 

GCE/AuNP/PTH/aflatoxin B1-BSA-conjugate/HRP-

blocked 

0.6–2.4 0.07 [5] 

BSA/aAFB1-C-AuNP/MBA/Au 0.01–0.1 0.02 [22] 

Pt/PSSA/PANI/anti-aflatoxin B1 0.1–0.6 0.1 [23] 

Glass|silver|cysteine|aflatoxin B1|HRP 0.06–1.1 0.06 This work 

3.3. Stability and Selectivity of the Immunosensor 

The stability of this sensor was monitored every week for a period of five weeks. 

The differential staircase voltammogram (DSCV) response of the sensor changed 

from 1066.7 ± 46.2  mV to  1040 ± 144.2 mV which is approximately 2.5% after three 

weeks, and thereafter it decreased, 1000 ± 40  mV (which is 6.3%) and  960 ± 80 mV 

(which is 10%), respectively, at the fourth and fifth week (Figure 6). This suggested 

that the sensor platform can effectively be used for aflatoxin B1 and determination 

within two weeks without loss of accuracy. Perhaps this period may be extended if 

the frequency of use is low. 

 

Figure 6. The stability of the electrochemical immunosensor observed in a 

period of five weeks. The differential staircase voltammogram (DSCV) response 

of the sensor was monitored every week for five weeks and the DSCV value was 

fairly stable. 

https://www.hindawi.com/journals/js/2016/3053019/fig7/
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 The determination of the response of the sensor platform to interference or 

crossing recognition levels and to the coexisting molecules in sample was monitored 

as described above (Section 2.4). There was a slight interference in the detection of 

0.2 ng ml-1 aflatoxin B1 in the company of 1.0 ng ml-1 aflatoxin G2 (i.e., 1.44%, which 

is 10 mV of the 716 mV determined for pure aflatoxin B1), followed by 1.0 ng ml-1 

aflatoxin B2 (i.e., 8.65%, which is 62 mV of the 716 mV determined for pure aflatoxin 

B1) (Figure 7). Approximately 1.0 ng ml-1 aflatoxin G1 interfered more with the 

determinations of 0.2 ng ml-1 aflatoxin B1 (i.e., 18.2%, which is 130 mV of the 716 mV 

determined for pure aflatoxin B1) (Figure 7), suggesting that the two could have 

structural similarities especially in areas that recognize the antibodies. However, 

since five times the concentration of aflatoxin B1 was used for each interfering 

molecule, it suggests that, in the excess of aflatoxin B1, none of those contaminants 

would be detected, which, in turn, suggests that the newly developed sensor 

platform is highly specific for aflatoxin B1. 

 

Figure 7. The specificity of the immunosensor platform toward aflatoxin 0.2 ng 

ml-1 B1, 1.0 ng ml-1 B2, 1.0 ng ml-1 G1, and 1.0 ng ml-1 G2. 

4. Conclusion 

An electroless plated silver/cysteine sensor platform 

[glass|silver|cysteine|aflatoxin B1|horseradish peroxidase] for the electrochemical 

detection of aflatoxin B1 has successfully been developed and characterized, and its 

performance is demonstrated. The limit of detection and linear dynamic range of 

this sensor platform are comparable to those of other immunosensors used for 

aflatoxin B1 analysis. As far as we know, this is the first work that utilizes electroless 

plated silver technology in the construction of a sensor platform for aflatoxin 

https://www.hindawi.com/journals/js/2016/3053019/#sec2.4
https://www.hindawi.com/journals/js/2016/3053019/fig8/
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analyses. While these preliminary findings indicated that this immunosensor 

platform can be used to build an inexpensive electrochemical biosensor device for 

field use, this must wait for validation of its performance using HPLC as the gold 

standard method. This work is currently in progress. 
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2.2 

Feasibility of a Novel On-Site Detection Method for Aflatoxin in Maize 

Flour from Markets and Selected Households in Kampala, Uganda 

Abstract 

In sub-Saharan Africa, there is a high demand for affordable and accessible 

methods for on-site detection of aflatoxins for appropriate food safety 

management. In this study, we validated an electrochemical immunosensor device 

by the on-site detection of 60 maize flour samples from six markets and 72 samples 

from households in Kampala. The immunosensor was successfully validated with 

a linear range from 0.7 ± 0.1 to 11 ± 0.3 µg kg-1 and limit of detection (LOD) of 0.7 

µg kg-1. The maize flour samples from the markets had a mean total aflatoxin 

concentration of 7.6 ± 2.3µg kg-1 with approximately 20% of the samples higher than 

10 µg kg-1, which is the maximum acceptable level in East Africa. Further down the 

distribution chain, at the household level, approximately 45% of the total number 

contained total aflatoxin levels higher than the acceptable limit. The on-site 

detection method correlated well with the established laboratory-based HPLC and 

ELISA-detection methods for aflatoxin B1 with the correlation coefficients of 0.94 

and 0.98, respectively. This study shows the feasibility of a novel on-site detection 

method and articulates the severity of aflatoxin contamination in Uganda. 

 

1. Introduction 

Maize is among the top ten foods consumed throughout the world. The annual 

production of maize is estimated to be 717 million metric tons per year globally [1]. 

In Africa, the highest consumption of maize has been reported to be in East and 

Southern Africa. Uganda is among the top 20 maize producing countries in sub-

Saharan Africa, which collectively produce 96% of the total maize [2]. According to 

Atukwase et al. [3], maize accounts for over 40% of calories consumed per capita in 

both rural and urban areas of Uganda. Maize is consumed as green maize (young 

and soft corn prepared by either roasting or boiling immediately after harvest) and 

as maize flour prepared for a variety of meals, porridge or cakes [4]. A number of 

studies indicate that the consumption of maize contaminated with aflatoxins can be 

directly related to aflatoxin poisoning [4]. 

Aflatoxin is among the most carcinogenic toxins known to humans and is 

produced as a secondary metabolite by Aspergillus flavus and Aspergillus parasiticus 

[chapter 1]. Aflatoxin contamination in maize is attributed to the change in climatic 
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conditions such as drought coupled with insect attacks, poor drying, and storage 

conditions [5,6]. Aflatoxin consumption is associated with liver cancer and 

immunosuppression [7]. Aflatoxins cause up to 28% of new cases of hepatocellular 

carcinoma worldwide every year [8]. Furthermore, aflatoxin exposure has been 

associated with child stunting, particularly in sub-Saharan Africa. A previous study 

carried out in Benin and Togo reported a 30 to 40% higher aflatoxin-albumin adduct 

in stunted children when compared to children with normal growth [9]. Although 

exposure to total aflatoxins is unavoidable, the mitigation of its risk effect is very 

important, thus the concentrations in food should be restricted to the lowest practical 

levels [10]. Regulatory limits of the concentration of aflatoxins have been globally set 

for food, i.e.,2 µg kg-1 for aflatoxin B1 alone and 4 µg kg-1 (B1, B2, G1, and G2) for the 

sum of aflatoxins for all cereals and all cereal products for Europe [11] and 20 µg kg-

1 for most African countries, a limit set by the Food and Drug Administration/World 

Health Organization (FDA/WHO) [12]. However, the limits for total aflatoxins in 

milled maize in East Africa have been set at 10 μg kg-1 [13]. 

In Uganda, Kaaya and Kyamuhangire [14] found that 87% of maize kernels in 

humid agro-ecological zones were contaminated with mean total aflatoxin levels of 

21 μg kg-1. For dry and highland zones, they revealed a 78% and 69% incidence of 

aflatoxins contamination with a corresponding mean total aflatoxin concentration of 

18 μg kg-1 and 12 μg kg-1, respectively. In Kampala, the only reported study on 

aflatoxin based on five incremental samples revealed that aflatoxin contamination 

did not exceed 20 µg kg-1 in maize [15]. The exposure of household members to 

aflatoxins due to the consumption of contaminated maize in Kampala has not been 

adequately handled. The analysis of samples is performed by using high 

performance liquid chromatography (HPLC), enzyme linked immunosorbent assays 

(ELISA) and fluorescence spectrophotometers, which are laboratory based, 

relatively expensive, laborious and time consuming [chapter 1]. Rapid on-site 

detection of total aflatoxin is important for food safety management [16]. In this 

respect, we previously designed and constructed a simple and portable 

immunosensor device at the Uganda Industrial Research Institute which operates on 

a glass-electroless-plated Silver–Cysteine platform for the on-site detection of total 

aflatoxin [chapter 2.1]. In this study, we validated this immunosensor and evaluated 

maize flour in six major markets and selected households in Kampala. The results of 

the on-site detection of the samples were compared with those obtained by the 

laboratory-based techniques HPLC and ELISA. 
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2. Results 

2.1. Validation of the Immunosensor 

The performance of the electrochemical immunosensor for the analysis of 

aflatoxin B1, operating on the electroless-plated Silver/Cysteine sensor platform, was 

validated as described in Section 4.2. The differential staircase voltammogram signal 

and the standard curve generated from the sensor are shown in Figure 1. The limit 

of detection (LOD), linear range, precision, and accuracy are shown in Table 1. The 

limit of detection (LOD), defined as the lowest amount of aflatoxin B1 that can be 

detected, was found to be 0.7µg kg-1. The sensor could detect concentrations up to 

11 µg kg-1, implying that it operated well in the linear range from 0.7 ± 0.1 to 11 ± 0.3 

µg kg-1. Additionally notable was the fact that within the linear range, the differential 

staircase voltammogram peak heights increased exponentially with a decrease in 

aflatoxin B1, indicating that within the linear range (0.7 ± 0.1 to 11 ± 0.3 µg kg-1), the 

biosensor could be used reliably. 
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Figure 1. (A) DSCV signal recorded for HRP-blocked immune-electrode for 

different aflatoxin B1 concentrations (0–10 µg kg-1) in a citrate buffer pH 7.0 

(scan from 0 to -500 mV; pulse amplitude 56 mV; pulse width 460 ms, and 

scan rate of 20 mV/s). (B) A calibration curve of peak DSCV potential (mV) 

versus aflatoxin B1 concentration (µg kg-1). 

The precision of the immunosensor determined as the coefficient of variation 

between the triplicate results of each spiked aflatoxin B1 (2, 5 and 10 µg kg-1) 

concentration is shown in Table 1. The immunosensor exhibited very high precision 

as demonstrated by the very low coefficient of variations (CVs) (Table 1) of 0.3% and 

1.5% for intra-day and inter-day, respectively. The immunosensor showed good 

recovery values of 99.0 ± 1.5%, 88.2 ± 0.8%, and 70.5 ± 0.3% corresponding to spiked 

values of 2, 5, and 10 µg kg-1, respectively. 
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Table 1. Validation parameters of the immunosensor. 

Parameters Values 
Limit of Detection (LOD) (µg kg-1) 0.7 

Linear range (µg kg-1) 0.7 ± 0.1 to 11 ± 0.3 
Precision (CV) (%) 0.3 (intra-day) 

Accuracy 1.5 (inter-day) 

 

 

 

aflatoxin B1 standard (µg kg-1) 2 
recovery (%) 99.0 ± 1.5 

aflatoxin B1 standard (µg kg-1) 5 
recovery (%) 88.2 ± 0.8 

aflatoxin B1 standard (µg kg-1) 10 
recovery (%) 70.5 ± 0.3 

2.2. On-Site Detection 

2.2.1. Market Samples 

The levels of total aflatoxin contamination of maize in the markets of Usafi, 

Nakawa, St. Balikudembe, Nakasero, Kireka, and Kalerwe are shown in Figure 2. 

The market samples had a mean aflatoxin concentration of 7.6 ± 2.3 µg kg-1. From the 

total 60 samples analyzed, 35% (21/60) contained detectable levels of aflatoxins with 

the concentration ranging within the limit of quantification of 0.7 µg kg-1 to 88.6 µg 

kg-1. 

A total of 20% (12/60) of the maize flour samples with a mean total aflatoxin 

concentration of 32.7 ± 6.3 µg kg-1exceeded the East African regulatory limit of 10 

μgkg-1 [17]. The Kalerwe samples registered the highest mean total aflatoxin level of 

17 ± 10.1 µg kg-1 with 30% (3/10) of the samples above the permissible limit of 10 µg 

kg-1. For instance, one of the samples contained the highest total aflatoxin 

concentration of 88.6 µg kg-1, which is approximately eight fold of the East Africa 

regulatory limit of 10 µg kg-1. Usafi emerged second after the Kalerwe market with 

a mean total aflatoxin level of 14.7 ± 5.3 µg kg-1 and 50% (5/10) of samples had a total 

aflatoxin concentration higher than the East Africa regulatory set limit of 10 µg kg-1. 

The Nakasero market contained two samples with total aflatoxin levels above 10 µg 

kg-1. The St. Balikudembe and Nakawa markets each contained one sample above 

the limit with 51.9 µg kg-1 and 12.9 µg kg-1, respectively, while all Kireka samples 

had a total aflatoxin concentration below the East Africa regulatory limit. 
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Figure 2. Total aflatoxin levels in maize flour for human consumption in the 

six major markets of Kampala and the regulatory limit for the East Africa 

Community [14]. 

The levels of total aflatoxin concentration in both dehulled and hulled maize 

flour samples are shown in Figure 3. Approximately 83.3% of the hulled maize 

samples were detected as positive for aflatoxins, with the mean total aflatoxin 

concentration of 24.2 ± 13.9 µg kg-1. The mean total aflatoxin level of the hulled maize 

samples was above the East African regulatory limit of 10 µg kg-1. Approximately 

50% of the hulled maize samples contained detectable aflatoxin levels above the East 

Africa regulatory limit. In comparison, less than 15% of the dehulled maize samples 

contained a total aflatoxin concentration above the East Africa regulatory limit. The 

mean total aflatoxin concentration of the dehulled maize was 5.6 ± 1.8 µg kg-1. 
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Figure 3. Total aflatoxin levels in hulled and dehulled maize flour and the 

regulatory limit for the East African Community. 

2.2.2. Households 

The levels of total aflatoxin contamination of the maize samples collected from 

randomly selected households in Kampala are shown in Figure 4. Approximately 

74% (53/72) of the household samples tested positive for aflatoxins. The household 

samples contained a mean total aflatoxin concentration of 22.2 ± 4.6 µg kg-1, which 

was two times higher than the regulatory limit of 10 µg kg-1. Furthermore, out of the 

53 samples with detectable concentrations of aflatoxin, approximately 65% 

contained concentrations above the set East Africa regulatory limit of 10 µg kg-1. One 

sample was found with a total aflatoxin concentration of 268 µg kg-1. Such a 

concentration is more than 26 fold higher than the East Africa regulatory limit. 

Generally, the mean concentration of total aflatoxins in the households from all 

sampled areas were higher than the 10 µg kg-1 minimum regulatory level set by the 

East Africa community. Areas close to the Nakawa market (Naguru and Nakawa) 

had mean total aflatoxin concentrations of approximately 15 µg kg-1. Consumers 

eating unhulled maize flour from Kalerwe are at very high risk. Maize flour sampled 

from households in Kalerwe contained a mean total aflatoxin concentration of 

approximately 35 µg kg-1 and those in Kyebando were approximately 23 µg kg-1. 

Maize flour sampled from households in the Kireka and Banda area showed mean 

total aflatoxin levels of approximately 20 µg kg-1 and 14 µg kg-1, respectively. 
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Figure 4. Individual value plot of total aflatoxin concentration of maize flour 

samples from some selected Kampala households and the regulatory limit 

for the East African Community. 

2.2.3. Comparison between Aflatoxin Contamination of Households and Market 

Samples 

The concentrations of total aflatoxin from the samples collected from the market 

and households in Kampala are shown in Figure 5. The mean total aflatoxin 

concentration (7.6 ± 2.3 µg kg-1) of the market samples was approximately a factor of 

three times less than the 22.2 ± 4.6 µg kg-1 from the households. Only 20% of the 

samples from the markets were above the set regulatory limit of 10 µg kg-1. In 

comparison, nearly 50% of the households had a considerably high and unacceptable 

level of aflatoxins above the East Africa regulatory limit of 10 µg kg-1. Moreover, the 

highest household aflatoxin concentration level was found to be as high as 268 µg 

kg-1, which was approximately three times higher (88.6 µg kg-1) than that found at 

the markets. 
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Figure 5. Comparison between markets and household total aflatoxin 

contamination levels and the regulatory limit for the East Africa 

Community. 

2.3. On-Site Detection 

The correlation curve of aflatoxin B1 in corn flour analyzed using the 

immunosensor and the HPLC from the same sets of samples is shown in Figure 6A. 

A correlation coefficient (R2) of 0.94 was obtained with linear regression equation y 

= 0.88x + 0.53 for the 15 samples of corn flour analyzed. 

The correlation curve developed from the analysis by the immunosensor and 

ELISA is shown in Figure 6B. The correlation coefficient of 0.98 and a linear 

regression equation of y = 1.01x + 0.33 were obtained for 30 samples. 

  

(A) (B) 

Figure 6. Regression curves for aflatoxin B1 (g kg-1) in maize flour: (A) the 

novel immunosensor versus HPLC-fluorescence. (B) The novel 

immunosensor versus ELISA. 
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3. Discussion 

The contamination of maize with aflatoxins is an ongoing public health problem 

for communities that produce, trade, and consume the product [17,18]. The control 

of aflatoxin contamination of food requires sensitive analytical methods such as 

HPLC and ELISA. However, these methods are only limited for use in the laboratory 

set up [19,20]. Thus, we developed a novel immunosensor method for the on-site 

detection and quantification of total aflatoxins (Figure S1) [chapter 2.1]. 

The applicability of the novel immunosensor in estimating the concentration of 

aflatoxins in maize flour samples was confirmed and shown to be a suitable on-site 

means of aflatoxin determination, with excellent recovery values ranging from 70.5 

± 0.3% to 99 ± 1.5%. The accuracy was well within the recommended recovery values 

of 70–110% for aflatoxin concentrations up to 10 µg kg-1 set by the European 

Commission (EC) [21,22]. The very low coefficient of variations (CVs) exhibited by 

the immunosensor of 0.3% and 1.5% for the intra-day and inter-day measurements, 

respectively, met the recommendations for immunosensor validation [23]. 

Furthermore, the immunosensor demonstrated an excellent correlation coefficient (r 

= 0.94 and 0.98) when the results were compared to those obtained with HPLC and 

ELISA. The obtained values were comparable to those previously reported in [24], 

implying that the novel immunosensor was suitable for the analysis of aflatoxin B1 

concentration in the maize samples. However, the polyclonal anti-aflatoxin B1 

antibody used was not only reactive to aflatoxin B1, but also to B2 and G2 [25]. Despite 

differences in extraction method, the anti-aflatoxin antibody used and the detection 

method, statistically there was no significant difference between the values obtained 

for total aflatoxins by the novel immunosensor, and the HPLC or ELISA methods 

used aflatoxin levels in naturally contaminated maize samples. 

The situation of total aflatoxin contamination of maize is alarming, particularly 

in East Africa where maize forms approximately 40% of the daily diet. In contrast to 

a previous study [15], approximately 35% of the market samples tested positive for 

aflatoxins and nearly 60% of the positive samples exceeded the East Africa set 

regulatory limit of 10 µg kg-1. Similarly, Perrone et al. [26] found that 30% of 56 maize 

samples collected from markets in Nigeria and Ghana were contaminated with total 

aflatoxin in the concentration range from 0.5 to 480 µg kg-1. Probst et al. [27] revealed 

a total aflatoxin level of up to 435 µg kg-1 in maize sampled from farmers' fields or 

small local markets. The aflatoxin contamination of maize collected from the markets 

could be attributed to the inability of both farmers and traders to demonstrate 

compliance with high quality maize processing and storage at different stages in the 

supply chain [28]. The traders demonstrate the quality of their maize flour through 
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touching, biting, and tasting (Figures S2A, B), which cannot detect contaminations 

with aflatoxin in particular. The available analytical methods (HPLC, ELISA, 

fluorescence spectrophotometer) are not suited for the analysis of samples in the 

field [chapter 1] and are located in the central laboratories far away from stores with 

the bulk product. Moreover, the time lag between sending the samples from the 

farmers to the laboratory up to when the traders can access their results is 

approximately two weeks [29]. In addition, the analytical services are very 

expensive, costing more than $30 USD. Hence, for a typical farmer producing on 

average less than 100 kg (costing approximately $22.22 USD) of maize per season, 

testing for aflatoxin contamination is neither feasible nor practical. 

The consumer preference between the hulled and dehulled maize has been 

reported in East Africa [30]. From that study, approximately 50% of the consumers 

ate hulled or a mixture of hulled and dehulled maize. The current study, however, 

revealed that consuming hulled maize predisposed consumers to a higher risk of 

aflatoxin poisoning. The mean total aflatoxin concentration in hulled maize was 

found to be very high (24.2 ± 13.9 µg kg-1), approximately four times that of dehulled 

maize (5.6 ± 1.8 µg kg-1). Dehulling was reported to have reduced 92% of the aflatoxin 

concentration levels in maize meals [31]. The process of dehulling maize removes 

the husk which contains the vitamins and mineral salts and therefore makes the 

maize less vulnerable to fungal attack and aflatoxin contamination [32,33]. Though 

hulled maize has a higher nutritional value, it is not preferred by consumers due to 

its color and poor organoleptic properties. However, in some regions of East Africa, 

the availability and consumption of hulled maize is common due to the introduction 

of low-cost, small hammer mills, which lack the provision for dehulling [4]. 

In the current study, very high total aflatoxin contamination levels of up to 74% 

of the household samples were revealed. Nearly 50% of these positive samples 

contained aflatoxin with concentrations between 10 µg kg-1 and 268 µg kg-1, which 

were similar to those reported in a previous study in Kenya [34]. In addition, the 

number of positive samples and the overall total aflatoxin concentration levels in the 

household samples was three to four times higher than those in the samples obtained 

from the market. It is very important to note that most markets in Kampala act as a 

wholesale point for retail shops and household consumers. It could be anticipated 

that the household consumers acquire the maize in bulk of either 25 or 50 kg and 

consume this for the next few weeks or buy from the nearby retail shops. The 

relatively long storage time of maize flour in retail shops or households may explain 

the high contamination levels of maize in the households. 
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Our recently developed on-site immunosensor was successfully validated and 

did not produce any significant differences in results obtained by either HPLC or 

ELISA. Our study therefore demonstrated the feasibility of a novel on-site method 

in assessing total aflatoxin concentration levels, which is a very important step 

towards the proper management of aflatoxins in maize grain. However, socio-

economic, and law enforcement aspects are very important for successful 

implementation of this innovation and therefore are highly recommended for future 

studies. This study also revealed that down the distribution chain of maize flour, 

there was an increase in the contamination levels of aflatoxin. Thus, household 

maize consumers are at a very high risk of aflatoxin poisoning and therefore it is 

highly recommended that methods such as the proper drying of grains, and proper 

storage conditions should become common practice to minimize exposure to 

aflatoxin. 

4. Materials and Methods 

4.1. Sample Collection 

Kampala is the capital and largest city of Uganda and has been divided into five 

divisions (Nakawa, Kawempe, Rubaga, Makindye, and Kampala Central). The 

maize flour samples used in this study were collected from six markets (Kalerwe, 

Usafi, Kireka, St. Balikudembe, Nakasero, and Nakawa) that are considered to have 

the highest number of stalls. Three markets (St. Balikudembe, Nakasero, and Usafi) 

were from Kampala central, two (Kireka and Nakawa) from Nakawa, and one 

(Kalerwe) from Kawempe. In every market, permission to conduct on-site analysis 

of maize flour samples was obtained from the market administration. The market 

administrator assigned either an empty room or a place away from the crowds 

where a tent was set up. Ten samples were taken from ten different bags containing 

50–100 kg of maize flour resulting in a total of 60 samples. The bags were selected 

randomly from 10 different stalls and the samples were taken by purchasing four 

times 250 g from the top to the bottom of each bag using a locally made spear-like 

spoon. Next, all four samples of 250 g of maize were pooled and blended thoroughly 

[35]. Out of the ten samples from each market, five were dehulled and five hulled. 

For the markets that did not have hulled maize for sale, the dehulled maize flour 

was taken as a substitute. The samples were taken to the assigned place within the 

market area and sub-divided into two parts, one part for on-site determination of 

aflatoxin and another for laboratory based analysis of aflatoxin using HPLC and 

ELISA. 

The household samples were taken randomly from Kireka, Banda, Nakawa, 

Kalerwe, and Kyebando, which are close to the Kalerwe, Nakawa and Kireka 
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markets. The St. Balikudembe, Nakasero, and Usafi markets are located in the center 

of Kampala city with no nearby households. An approximately 50 g sample of maize 

flour was taken from each household. At least 12 samples were taken from each 

selected area, leading to a total of 72 samples. 

4.2. Validation of the Novel Immunosensor 

The validation of the immunosensor was done according to the procedure 

described by the International Conference on Harmonization (ICH) (1995) [36]. The 

limit of detection (LOD) and linear range were determined by using concentrations 

of aflatoxin B1 standard (0 to 15.0 ng ml-1) prepared in 10% (v/v) methanol as 

described in chapter 2.1. The linear range was determined from the calibration curve 

where the DSCV signals produced was directly proportional to the concentration of 

the aflatoxin B1 in the sample. In order to detect the total aflatoxins with the 

immunosensor, we used the anti-aflatoxin B1 polyclonal antibody - HRP (Sigma 

Aldrich, Saint Louis, MO, USA) produced in rabbit. Accordingly, the ‘total aflatoxin’ 

detected by the immunosensor used in this study was defined as the sum of 

aflatoxins reacting with the anti-aflatoxin B1 polyclonal antibody, which included 

aflatoxin B1, B2, and G1,but not B2a, G2, G2a, or M1 [25]. In order to evaluate the 

precision and accuracy of the immunosensor, the blank maize flour (Maganzu 

Millers, Kampala, Uganda) was first screened for aflatoxin B1 contamination using 

thin layer chromatography (TLC); to ascertain that the maize flour samples were free 

of aflatoxins, 0.5 g was spiked with 125 µl of 2 ng ml-1 of aflatoxin B1. The same 

procedure was then subsequently repeated with 5 and 10 ng ml-1 concentrations of 

aflatoxin B1 [37]. The precision was expressed as the degree of scatter (coefficient of 

variation) between three measurements of aflatoxin B1 from spiked maize samples 

taken every two hours for a total of six hours. The precision was determined for 

inter-day and intraday. The accuracy was estimated as the recovery at three different 

aflatoxin concentration levels (2, 5 and 10 ng ml-1) [36]. 

4.3. On-Site Detection 

Aflatoxins in the various maize samples were extracted by suspending two 

grams of maize flour in 10 mL of 70% (v/v) methanol. The suspensions were 

subsequently homogenized by shaking for approximately five minutes at room 

temperature. One hundred microliter (100 µL) aliquot from each suspension was 

diluted with 600 µL of distilled water to reduce the concentration of methanol to 

10% (v/v). Subsequently, the aflatoxin levels were measured by the use of a novel 

immunosensor [chapter 2.1]. Briefly, an aliquot of 50 µl of sample extract was 

pipetted into Eppendorf tube of 0.5 ml. Approximately 50 µl of aflatoxin antibody – 

HRP conjugate was added to the tube containing the sample. The mixture in the tube 



 

92 

 

was mixed gently by shaking and subsequently incubated for 5 min at room 

temperature (20 - 25 °C). After incubation, an aliquot of 50 µl from the mixture was 

transferred on to the sensor platform and incubated for 5 minutes. The sensor 

platform was then rinsed in 0.1 M phosphate buffer pH 7. Then the reading was 

taken in a 50 ml reaction cell containing 0.1M acetate buffer pH 6.5, 0.1 M KCl and 

10 µM H2O2. Samples with values higher or equal to the upper limit of detection 

were diluted with 10% (v/v) methanol to obtain concentrations with the linear 

detection range. The aflatoxin concentration from such a sample was obtained by 

multiplying the obtained value by the dilution factor. After every reading, the sensor 

was then regenerated for 5 minutes in 100 mM glycine (Sigma Aldrich, Taufkirchen, 

Germany)-HCl pH 2.3 with 10% v/v of methanol. 

4.4. Laboratory Control 

4.4.1. HPLC 

Fifteen maize flour samples that were analyzed by using the immunosensor 

were randomly taken for the detection of aflatoxin levels by HPLC (Shimadzu, 

Tokyo, Japan) as described by Muscarella et al. [38] with modifications from the 

Uganda Bureau of Standards (UNBS). The total aflatoxins from the maize flour 

samples were extracted by suspending 15 g into 30 ml of 80% (v/v) methanol and 

vortexed for approximately 3 minutes and subsequently filtered (Whatman filter no. 

40). An aliquot of 2 ml of each extract was mixed with 8 mL of phosphate buffered 

saline (PBS) prior to cleaning through the immunoaffinity column (Aflastar R IAC, 

Romer lab, Getzersdorf, Austria) previously equilibrated with 10 ml of PBS, pH 7.4, 

at a flow rate of 0.5 ml min-1. The Aflastar immunoaffinity columns contain 

monoclonal antibodies that react with aflatoxin B1, B2, G1, and G2. The column was 

then washed with 4 ml of distilled water to remove any unbound molecules and the 

bound aflatoxins were eluted using 2 ml methanol followed by one ml HPLC grade 

water. Aliquots of 20 µl each of the extract were injected into the HPLC column 

previously equilibrated with methanol, and the aflatoxins eluted using methanol: 

acetonitrile: water (8:27:65, v/v) mobile phase, at a flow rate of 0.7 ml min-1. Detection 

was performed by a fluorescence detector operated at excitation and emission 

wavelengths set at 365 and 450 nm, respectively. Accordingly, the results used per 

sample were the sum of the detected aflatoxins (total aflatoxins). Correlation 

analysis was performed between the results of the two methods. The correlation 

curve was then obtained by plotting the results obtained by HPLC against the 

immunosensor results for the same sets of samples. 
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4.4.2. ELISA 

Thirty maize flour samples analyzed by immunosensor were randomly taken 

for the detection of aflatoxin concentrations using the ELISA kit Ridascreen® 

Aflatoxin Total (R-Biopharm, Darmstadt, Germany), a competitive enzyme 

immunoassay with mono-clonal anti-aflatoxin antibodies and cross-reactivity of 

100% with aflatoxin B1, 48% with B2, 75% with G1, and 18% with G2 [39]. Briefly, 2 g 

of maize flour was extracted with 10 ml of 70% (v/v) methanol. The suspensions were 

subsequently mixed using a VWR ADC 3500 Shaker (BioSurplus, Inc, San Diego, 

CA, USA) for 10 min at room temperature. The samples were then centrifuged for 

10 min at a centrifugal force of 3,500 g at room temperature and the supernatants 

were collected. Approximately 50 μl of each supernatant was analyzed using the 

ELISA. The results were used for comparative analysis with the results of the 

immunosensor in a correlation curve. 

Supplementary Materials 

The following are available online at www.mdpi.com/xxx/s1, Figure S1: The 

image of the assembled portable electrochemical immunosensor designed for on-site 

detection of aflatoxins, Figure S2: Current practice of ‘quality and safety assessment’ 

of flour at the Bweyale Market in the Kirandongo District, Uganda. (A) Evaluation 

of texture by the customer, and (B) Evaluation of taste (bitterness) by the 

saleswoman. 
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CHAPTER 3: REDUCTION OF AFLATOXINS 
 

Chapter 3.1 is copied from ‘Wacoo, A.P.; Mukisa, I.M.; Meeme, R.; Byakika, S.; 

Wendiro, D.; Sybesma, W.; Kort, R. Probiotic enrichment and reduction of aflatoxins 

in a traditional African maize-based fermented food. Nutrients 2019, 11, 265.‘ 

 

Chapter 3.2 is copied from ‘Wacoo, A.P.; Atukunda, P.; Muhoozi, G.; Braster, M.; 

Wagner, M.; Broek, T.J.; Sybesma, W.; Westerberg, A.C.; Iversen, P.O.; Kort, R. 

Aflatoxins: occurrence, exposure, and binding to Lactobacillus species from the gut 

microbiota of rural Ugandan children. Microorganisms 2020, 8, 347.’  
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3.1 

Probiotic Enrichment and Reduction of Aflatoxins in a Traditional African 

Maize-Based Fermented Food 

 

Abstract 

Fermentation of food products can be used for the delivery of probiotic bacteria 

and as a means of food detoxification, provided that probiotics are able to grow, 

and toxins are reduced in raw materials with minimal effects on consumer 

acceptability. This study evaluated probiotic enrichment and detoxification of 

kwete, a commonly consumed traditional fermented cereal beverage in Uganda, by 

the use of starter culture with the probiotic Lactobacillus rhamnosus yoba 2012 and 

Streptococcus thermophilus C106. Probiotic kwete was produced by fermenting a 

suspension of ground maize grain at 30 C for a period of 24 hours, leading to a 

decrease of the pH value to ≤ 4.0 and an increase in titratable acidity of at least 0.2% 

(w/v). Probiotic kwete was acceptable to the consumers with a score of ≥6 on a 9-

point hedonic scale. The products were stable over a month’s study period with a 

mean pH of 3.9, titratable acidity of 0.6% (w/v), and Lactobacillus rhamnosus counts 

>108 cfu g−1. HPLC analysis of aflatoxins of the water-soluble and non-water soluble 

fractions of kwete indicated that fermentation led to an over 1000-fold reduction of 

aflatoxins B1, B2, G1, and G2 that had been spiked into the raw ingredients. In vitro 

fluorescence spectroscopy confirmed binding of aflatoxin B1 to Lactobacillus 

rhamnosus with an efficiency of 84%. This study shows that fermentation is a means 

to enrich with probiotics and reduce widely occurring aflatoxin contamination of 

maize products that are consumed as staple foods in sub-Saharan Africa.  

 

1. Introduction 

The sustainable production of traditional foods in sub-Saharan Africa offers a 

viable opportunity to fight increasing hunger and malnutrition [1]. Cereals such as 

millet, sorghum, and maize are important sources of food in Africa [2], and are 

predominantly cultivated for human nutrition, in particular, for children [3–5]. The 

maize-based African fermented kwete is a fermented beverage, which is traditionally 

produced by Luo communities, but now commercially available in many rural and 

urban areas in Uganda [6,7]. Kwete is a slightly alcoholic, with a thick consistency 

and a sweet–sour taste [8]. Consumers use these beverages as social drinks, a source 

of energy, thirst quenchers, and weaning foods [6,8,9]. However, cereals are highly 
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susceptible to aflatoxin contamination. This could be attributed to their rich nutrient 

composition and relatively high humidity which favor fungal growth [10,11]. 

Aflatoxin contamination in cereals, such as maize, has been reported to be as high as 

46 mg kg−1 and 19 mg kg−1, in Kenya and Uganda, respectively [11]. These levels of 

aflatoxin contamination are of great concern considering that maize is used in all 

pre-primary, primary, and post-primary schools in Uganda for the preparation of 

breakfast (porridge) and lunch (posho or pap, which is a solid gelatinized product 

comprising of maize flour and water). The schools get the maize through parental 

in-kind contributions, direct procurement from the open markets and, to a small 

extent, from school gardening [12]. None of these sources of maize are subject to 

quality control and all could, therefore, be contaminated with aflatoxins. 

There is an urgent need to decrease the risk of aflatoxins contamination due to 

concerns over human health, food safety, and economic losses. Aflatoxins have 

created a lot of havoc, particularly in sub-Saharan Africa, where acute and mostly 

chronic aflatoxicosis has been reported. In 2004, approximately 317 cases of 

aflatoxicosis and 125 deaths were reported in Kenya [13]. A pilot study in Uganda, 

which evaluated aflatoxin exposure in rural populations, reported that all 100 adults 

included in the study and 92 out of 96 children contained detectable levels of 

aflatoxin–albumin adduct. This included five babies who were exclusively fed via 

breastfeeding [14]. This could explain the high number of cases of liver cancer 

(estimated at 6.5 and 5.5 age-standardized incidence rates per 100,000 people 

annually for males and females, respectively) in Uganda [15]. Furthermore, 

aflatoxins suppress the activity of the human immune system by significantly 

lowering the levels of perforin, perforin-expressing, and granzyme A-expressing 

CD8+ T cells. This results in impaired CD8+ T cells which, in turn, affects cellular 

immunity against infectious diseases [16,17]. Aflatoxins also affect absorption of 

nutrients through alteration of intestinal integrity [18], thus affecting child growth 

and development.  

Therefore, the mitigation of aflatoxins in food is of great importance, and 

methods such as high-performance liquid chromatography (HPLC) and enzyme-

linked immunosorbent assay (ELISA) have been developed to monitor their levels. 

However, these methods can only be operated in laboratories by well-trained 

personnel [chapter 1]. As a drive to reduce exposure to contaminated food, we 

developed an on-site detection method [chapter 2.1] and validated this method for 

the analysis of maize flour from markets and households in Kampala [chapter 2.2]. 

Using this innovative detection methodology, we found that the average aflatoxin 

contamination at household level was higher (22 ± 5 µg kg−1) than at the markets (8 
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± 2 µg kg−1). About three out of every four samples from households tested positive 

for aflatoxins and nearly half the samples contained higher levels than the East 

Africa acceptable limit of 10 µg kg−1 [19]. This is a strong suggestion that high levels 

of aflatoxins are consumed daily by the Ugandan population. A combinatory 

approach aimed at prevention of contamination, lowering the amount of aflatoxins 

in the food chain as well as decreased uptake after human ingestion, could be most 

effective in lowering the burden of aflatoxins in cereals. 

Fermentation has been appreciated as means to bring down the concentration of 

aflatoxins in cereal-based foods [20]. However, variations in product quality and 

safety associated with the undefined nature of starter cultures in traditional 

fermentations create a barrier for this approach. The application of defined starters 

with lactic acid bacteria could offer an easy and inexpensive method that could be 

adopted for detoxifying aflatoxins in food in a controlled and reproducible manner 

[21,22]. The potential of probiotic strains to reduce the risk of aflatoxins has been 

studied, both in vitro and in vivo [23,24]. Probiotics do not only mitigate aflatoxins 

but also convey other health benefits to consumers, such as the decrease of intensity 

and duration of diarrhea, which is a major disease burden, especially in developing 

countries [25]; a promising candidate in this respect is the probiotic model strain 

Lactobacillus rhamnosus GG [26].  

The probiotic L. rhamnosus GG is now accessible in East Africa, under the name 

L. rhamnosus yoba 2012, following the introduction of the concept of ‘generic 

probiotics’ [27,28]. The L. rhamnosus yoba 2012 strain has been previously applied 

for the preparation of African traditional products like uji (fermented maize), 

mutandabota (fermented pulp of the baobab fruit and milk), zomkom (fermented 

wheat), and the naturally fermented milk lait caillé [1,27,29]. Recently, Di Stefano et 

al. [30] reported the growth parameters, organoleptic characteristics, and 

acceptability of fermented millet by use of L. rhamnosus GR-1 and S. thermophilus 

C106, which provided a good reference point for this study. The inclusion of 

probiotic starters in a product may affect the products’ sensory properties and, 

hence, acceptability [31–33]. It is therefore not only essential to ensure growth of the 

probiotic, but to also compare sensory characteristics and consumer acceptability of 

the probiotic-enriched, traditional fermented products. 

In this paper, we evaluated the ability of L. rhamnosus yoba 2012 and S. 

thermophilus C106 to propagate in kwete, a traditional maize-based drink. In addition, 

we studied survival of the probiotic during storage and compared consumer 

acceptability with commercial traditional products previously introduced on the 

market. We also monitored the effect of the probiotic starter culture on aflatoxins 
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levels during fermentation, and confirmed the ability of the probiotic to bind 

aflatoxin B1. The results of this study demonstrate the potential of utilizing widely 

consumed locally available traditional foods as carriers for probiotics, which adds 

health benefits and improves product safety. 

2. Materials and Methods 

2.1. Ingredients for Probiotic Kwete 

The dried probiotic starter culture comprising L. rhamnosus yoba 2012 and S. 

thermophilus C106 [31] was obtained from the Yoba for Life Foundation (Amsterdam, 

The Netherlands) and stored at −40 C prior to use. Hulled maize flour for 

preparation of probiotic kwete was purchased from Maganzu millers, Kampala, 

Uganda, and kept at room temperature in a dry place prior to use. 

2.2. Preparation of Probiotic Kwete 

Probiotic kwete was prepared using a modification of the traditional method 

described by Muyanja and Namugumya [8]. To prepare one liter of probiotic non-

alcoholic kwete, 150 g of hulled maize flour was mixed with 100 ml of water to form 

dough. The dough was roasted to golden brown on a saucepan over a hotplate with 

continuous turning to prevent burning. The roasted dough was subsequently mixed 

with one liter of boiled water to form a slurry. The slurry was boiled for 15 minutes 

to form porridge and to inactivate all microorganisms. The porridge was 

subsequently cooled down to 45 °C followed by inoculation with prefermented 

maize porridge of 2% (v/v). The prefermented maize porridge was prepared from 50 

g of hulled maize flour mixed with one liter of water to a final concentration of 5% 

(w/v). The mixture was boiled to obtain a thick porridge followed by cooling down 

to 45 °C and inoculation with one gram of dried starter culture and incubated at 30 

C for 24 hours.  

The inoculated porridge for production of Kwete was left to ferment at 30 °C for 

24 hours, with the acidity and pH monitored at t = 0, 3, 6, 9, 12, and 24 hours. Bacterial 

counts were taken at t = 0, 12, and 24 hours. The experiment was carried out in 

triplicate on separate days. The shelf stability of probiotic kwete was determined by 

physicochemical, microbiological, and consumer acceptability tests. Samples were 

fermented for 24 hours and stored in sterile bottles under refrigeration at 4 C. 

Analyses were done at weekly intervals for a period of four weeks.  
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2.3. Inoculation Approaches 

In this study, we assessed the production of probiotic kwete by the use of three 

inoculation approaches for fermentation at 30 C. These approaches included 

inoculation with (i) prefermented milk (ii) direct inoculation with the dried starter 

culture, and (iii) prefermented maize porridge. For the first procedure with 

prefermented milk, one gram of probiotic dried starter culture was used for one liter 

of milk and incubated overnight at 37 C, as described previously [34]. Subsequently, 

the kwete base (the porridge made from slurry) was inoculated with 2% (v/v) of the 

prefermented milk. The second inoculation was performed by direct addition of one 

gram of the dried starter culture to one liter of kwete base. The third inoculation 

procedure included 2%prefermented maize porridge as described in the section 2.2. 

Fermentation was carried out at 30 C for 24 hours. Samples during fermentation 

after all three inoculation procedures were taken at t = 0 and 24 hours for analysis of 

pH, acidity, and colony forming units of L. rhamnosus yoba 2012 and S. thermophilus 

C106.  

2.4. Enumeration of Colony Forming Units 

Serial dilutions of probiotic kwete samples were prepared by using four-times-

diluted Ringer’s solution. Counts of lactic acid bacteria (LAB) were determined by 

pour plating of selected serial dilutions in sterile MRS agar for L. rhamnosus yoba 

2012 and M17 agar for S. thermophilus C106, followed by incubation anaerobically at 

30 °C for 48 hours. Yeast counts were determined by surface spreading of selected 

dilutions in potato dextrose agar and incubating at 30 °C for 2–5 days. Coliform 

counts were determined by pour plating selected serial dilutions in violet red bile 

lactose agar and incubation at 30 °C for 48 hours. All media were obtained from 

CONDA Laboratories (Madrid, Spain). 

2.5. Determination of Titratable Acidity and pH  

Titratable acidity was determined by weighing 10 ml of the kwete sample. The 

sample was subsequently filtered through Whatman (Whatman International Ltd, 

Maidstone, England) number 1 filter paper. The filtrate was titrated against a 

standardized solution of 0.1 N NaOH with phenolphthalein as the indicator [35]. 

The experiment was performed in triplicate. The pH was determined using a bench 

top FiveGo digital pH meter (Mettler Toledo, Greifensee, Switzerland) which was 

calibrated using DKD-certified buffers (Mettler Toledo) of pH 4.00, 7.00, and 9.20 

prior to analysis. The pH of the samples was determined in duplicate. 
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2.6. Consumer Acceptability of Probiotic Kwete 

A panel of 62 Ugandan students (equal ratio males and females) evaluated the 

acceptability of the probiotic kwete one day after fermentation in a double-blind 

study. The acceptability of the probiotic was compared with non-probiotic, 

traditionally prepared kwete [8]. Panelists ranked their acceptability of various 

attributes using a 9-point hedonic scale [36]. Water bottles were provided to rinse 

the palate in between tasting of samples. The group means differences between 

probiotic and traditionally made kwete (control) were analyzed using a t-test. All 

statistical analyses were performed using XLSTAT software (version 2012.4.03, 

Addinsoft, Paris, France). 

2.7. Aflatoxin Analysis 

2.7.1. Total Aflatoxin Concentration in Kwete 

To evaluate the potential of L. rhamnosus yoba 2012 in mitigating the risk effect 

of aflatoxins in a maize-based traditional food, 20 ml of kwete base was spiked with 

1.25 ml of 120 ng ml−1 total aflatoxins (40.0 ng ml−1 B1, 40.0 ng ml−1 G1, 20.0 ng ml−1 B2, 

and 20.0 ng ml−1 G2). The aflatoxin standards were obtained from Bioo Scientific 

(Austin, Texas, USA). Control experiments were set as follows: unfermented kwete 

without aflatoxins, fermented kwete without aflatoxins, unfermented kwete base with 

aflatoxins, unfermented kwete base with 0.92% lactic acid (pH 4.4) with aflatoxins, 

and kwete spiked with aflatoxins after fermentation. Incubations were carried out for 

24 hours at 30 °C with samples taken at t = 0, 12, and 24 hours for aflatoxin B1, B2, G1, 

and G2 quantification. The water-insoluble phase of kwete was removed by 

centrifugation at 3000g for 20 minutes at room temperature. Aflatoxins were 

extracted from the  water insoluble phase of Kwete by using 70% (v/v) methanol.  

The supernatant or the extract from the insoluble phase was applied to an 

immunoaffinity column according to the instructions of the manufacturer 

(AFLASTARTM R Romer Labs Inc, Union, Missouri, USA). Briefly, 0.5 ml of the 

extract containing aflatoxins (B1, B2, G1, and G2) was diluted to 2.5 ml with deionized 

water prior to clean-up using the immunoaffinity column. The column was then 

washed with 4 ml of 16% methanol to remove any unbound aflatoxins, and the 

bound aflatoxins were eluted using 2 ml absolute methanol. Aliquots of 100 µL of 

the extract were injected into the HPLC column equilibrated with methanol. The 

aflatoxins were eluted using a methanol/acetonitrile/water (8:27:65 (v/v)) solution at 

a flow rate of 0.7 mlmin-1. Detection and quantification were performed by a 

fluorescence detector operated at excitation and emission wavelengths of 365 nm 

and 450 nm, respectively. 
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2.7.2. Aflatoxin B1 Binding to Lactobacillus rhamnosus  

In order to further substantiate the mechanism for the reduction of aflatoxins 

during the controlled fermentation of kwete, the binding affinity of L. rhamnosus yoba 

2012 to aflatoxin B1 was determined. Briefly, the probiotic L. rhamnosus yoba2012 was 

cultured in de Man, Rogosa, Sharpe (MRS) broth with 0.1% (v/v) Tween 80 at 37 °C 

in an atmosphere of air containing 5% CO2 for 24 hours. The cell pellet was collected 

by centrifugation at 3200g for 10 minutes at room temperature, and washed twice 

with physiological saline to remove excess MRS broth. The cell pellet was 

resuspended and serially diluted with physiological saline to generate nine different 

concentrations in optical densities ranging from 0 to 1 using Ultrospec 2100 pro 

spectrophotometer (Amersham Biosciences, Piscataway, New Jersey, USA) set at 600 

nm. These dilutions were prepared in a microtiter plate and centrifuged to remove 

supernatant prior to aflatoxin B1 binding. An aflatoxin B1 solution in physiological 

saline of 1.0 µg ml−1 was added to bacterial cell pellets in a microtiter plate, and the 

cell suspension was incubated at 37 °C for 30 minutes, followed by centrifugation at 

3200g for 10 minutes at room temperature. The residual aflatoxin B1 in the 

supernatant was analyzed by fluorescence spectroscopy using the Fluostar Omega 

microplate reader (BMG Labtech, Ortenberg, Germany) operating with a 390 nm 

excitation filter and a 480 nm emission filter. The fluorescence of the residual 

aflatoxin B1 was plotted versus the cell concentrations. Curve fitting was carried out 

with GraphPad Prismversion 7(GraphPad Software, San Diego, California, USA). 

3. Results 

3.1. Fermentation of Kwete Using the Yoba Starter Culture 

The L. rhamnosus yoba 2012 and S. thermophilus C106 bacteria propagated well in 

the kwete base with notable changes in pH and acidity (Figure 1). Bacterial growth 

resulted in lactic acid production and an increase in titratable acidity from 1.8 ‰ to 

7.0 ‰, and a decrease of the pH from 6.2 to 3.9 after 24 hours of fermentation (Figure 

1). Fermentation of the probiotic cereal-based kwete with a pH of 4.4 and an acidity 

of 4.5 ‰ after twelve hours is relatively slow compared to milk fermentation with 

the same bacterial starter culture [38]. 
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Figure 1. Changes in pH and acidity during fermentation of kwete with L. 

rhamnosus yoba 2012 and S. thermophilus C106 at 30 C. Data points represent 

means of three independent fermentations. Error bars represent standard 

deviations. 

3.2. Acceptability of Probiotic Kwete 

The consumer acceptability scores of probiotic kwete in comparison to 

traditionally made kwete assessed by a panel of 62 university students are shown in 

Table 1. The acceptability scores for color, aroma, and overall acceptability of 

probiotic kwete were generally comparable (p> 0.05) to the local (traditional) kwete on 

the market. Although the taste of probiotic kwete was highly acceptable, it was quite 

different from the locally made type, which had very sour and slightly alcoholic 

flavors with a pH of 3.4 ± 0.1. The latter pH value was similar to those reported by 

Muyanja and Namugumya [8]. The acceptability scores for probiotic kwete ranged 

from 3 to 9 (‘dislike moderately’ to ‘like extremely’). 
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Table 1. Comparison of the consumer acceptability scores of probiotic kwete 

produced by L. rhamnosus yoba 2012 and S. thermophilus C106 with a 

commercial brand on a 9-point hedonic scale: 9 = like extremely, 8 = like very 

much, 7 = like moderately, 6 = like slightly, 5 = neither like nor dislike, 4 = 

dislike slightly, 3 = dislike moderately, 2 = dislike very much, 1 = dislike 

extremely. Values are means and standard error of the means (n = 62 

respondents). 

 Sample 

 

Acceptability Scores 

Appearanc

e 

Color Aroma Taste Overall  

kwete Probiotic 6.2 ± 1.1 6.6 ± 1.9 6.7 ± 0.8 6.8 ± 1.4 6.4 ± 1.7 

Commercial brand 6.8 ± 2.2 6.1 ± 1.2 6.3 ± 2.1 6.5 ± 1.6 6.5 ± 2.0 

p-value >0.05 >0.05 >0.05 <0.05 >0.05 

3.3. Shelf Stability of Probiotic Kwete 

Shelf stability for probiotic kwete was evaluated by monitoring changes in pH, 

acidity, viability of L. rhamnosus yoba 2012, S. thermophilus C106, coliforms, yeasts, 

and consumer acceptability during refrigerated storage for a period of four weeks 

(Figure 2). The pH of the products ranged between 3.2 and 4.0, and the acidity 

ranged between 0.6% and 0.7% (p< 0.05) during four weeks of storage. Lactobacillus 

rhamnosus yoba 2012 cell counts remained above 108 cfu g−1 during the entire storage 

period, but S. thermophilus C106 dropped 3 log units after 2 weeks to 104 cfu g−1 in 

week 4. Coliforms, yeasts, and molds were not detected (1 cfu g−1) in the samples. 

Probiotic kwete remained acceptable during the four weeks of storage with overall 

acceptability scores ranging, on average, between 6.0 to 7.7 (equivalent to ‘like 

moderately’ to ‘like very much’). Overall acceptability scores did not vary 

significantly (p> 0.05) during storage. 
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Figure 2. Shelf stability of probiotic kwete containing L. rhamnosus yoba 2012 

and S. thermophilus C106 during storage at 4.0 C. Data points for pH, acidity, 

L. rhamnosus yoba 2012, and S. thermophilus C106 counts are means of three 

independent fermentations, while data points for acceptability are means of 

eight panelist scores. Error bars represent standard deviations. A 9-point 

hedonic scale (1 = dislike extremely and 9 = like extremely) was used for 

acceptability scoring.  

3.4. Effect of Inoculation Method  

The preparation of fermented milk with the freeze-dried starter yoba starter 

culture bacteria has been widely applied throughout Uganda in areas with access to 

milk. However, fermented milk as starter culture to ferment kwete base would not 

be helpful for people living in areas with limited milk availability. Therefore, two 

alternative approaches for initiating the fermentation of probiotic kwete were 

evaluated (Table 2). Both inoculation approaches (direct use of the dried starter 

culture and fermented maize porridge) have been used to produce probiotic kwete at 

room temperature for 24 hours. The changes during fermentation in pH, titratable 

acidity, L. rhamnosus yoba 2012, and S. thermophilus C106 counts are shown in Table 

2. The probiotic bacterium L. rhamnosus yoba 2012 performed well for all three 

fermentations with an increase of two to three log units. The bacterium S. 

thermophilus C106 propagated well in kwete inoculated with fermented milk, 

showing an increase of more than two log units. However, in the absence of milk, in 

the case of the dried starter and prefermented kwete inoculation methods, the counts 
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only increased slightly and remained at seven log units. For all fermentations, the 

pH dropped from 5.6–6.3 to 4.2–3.9, and the acidity increased from 0.2% to 0.3%–

0.5%. The highest pH and acidity differences were observed for the kwete 

fermentation inoculated with prefermented maize porridge.  

Table 2. Comparison of inoculation methods for initiating the fermentation 

of kwete with L. rhamnosus yoba 2012 and S. thermphilus C106. Values are 

means of two independent fermentations (no variations observed in pH 

values; variation in counts <20%; variation in acidity <10%). Fermentations 

were carried out at 30 °C 

Parameter Time 

(hours) 

Inoculation methods for kwete 

 

prefermente

d milk 

dried 

starte

r 

prefermente

d maize  

L. rhamnosus (log10 cfu g−1) 0 6.5 6.3 5.7 

24  8.4 8.7 8.9 

S. thermophilus (log10 cfu g−1) 0 6.8 7.1 7.3 

 24 9.1 7.8 7.9 

pH 0 5.6 6.3 6.2 

24 3.9 4.2 3.9 

Acidity (% acid) 

 

0 0.2 0.2 0.2 

24 0.3 0.4 0.5 

3.5. Reduction Aflatoxins B1, B2, G1, and G2 by Fermentation  

The reduction of aflatoxins B1, B2, G1, and G2, spiked into the maize kwete base, 

was assessed during fermentation for 24 hours with the yoba starter culture by 

HPLC analysis. The chromatogram in Figure 3 shows the concentration of aflatoxins 

from the immunoaffinity-purified water-soluble fraction at t = 0, 12, and 24 hours. A 

notable decrease was recorded in the concentration of aflatoxins B1, G1, B2, and G2 of 

92% ± 0.1%, 91.4% ± 0.2%, 91.8% ± 0.2%, and 90.9% ± 0.2%, respectively, after a period 

of 12 hours of fermentation. However, after 24 hours of fermentation, no detectable 

levels of aflatoxins were left in the sample, showing that yoba starter culture bacteria 

efficiently removed the concentration of all of the four major types of aflatoxins 

(Figure 3). The HPLC analysis clearly demonstrated that reduction of aflatoxins led 

to the formation of two peaks at 7.5 and 11 mins. In order to exclude that the 

reduction of aflatoxins was a result of other factors than the fermentation by the 

starter culture, we carried out a number of control experiments. These experiments 
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indicated that no aflatoxins can be detected in case they are not added to the raw 

ingredients, that fermentation with the starter culture is required for the reduction, 

and that an incubation of 24 hours in an acidic environment (lactic acid, pH 4.4) does 

not lead to a reduction of the four major aflatoxins (Table 3). 

 

 

Figure 3. Reduction of aflatoxins B1, B2, G1, and G2 during controlled 

fermentation of the traditional maize-based kwete. HPLC chromatograms 

(fluorescence at 450 nm (arbitrary units) as a function of time (minutes)) of 

immunoaffinity-purified water-soluble fractions of kwete after 0, 12, and 24 

hours and insoluble fraction of Kwete extracted with 70% (v/v) methanol 

after 24 hours of fermentation. There was no clear difference between the 

chromatogram at 0 hours and control without cells after 24 hours. 
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 Table 3. Reduction of spiked aflatoxins B1, B2, G1, and G2 after 24 hours of incubation of kwete base. Values are means 

and standard deviations of analyses from three independent experiments. * Counts were performed by use of selective de Man, Rogosa, 

Sharpe (MRS) nutrient agar plates and indicate numbers for L. rhamnosus yoba 2012.  

 Experimental runs Initial pH Final pH Initial 

Counts* 

(log10 

cfu g−1) 

Final 

Counts* 

(log10 

cfu g−1) 

Aflatoxin Concentration (ng ml−1) 

B1 B2 G1 G2 Total  

Controls no spike, no starter 6.3 ± 0.1 6.3 ± 0.1 0 0 0 0 0 0 0 

no spike, starter 6.3 ± 0.3 4.2 ± 0.1 6.5 ± 0.2 9.4 ± 0.3 0 0 0 0 0 

spike (t = 0 h), no starter 6.3 ± 0.0 6.1± 0.3 0 0 2.4 ± 0.1 1.1 ± 0.0 2.4 ± 0.1 1.1 ± 0.0 7.0 

spike (t = 0 h), lactic acid, no starter 6.3 ± 0.1 4.4 ± 0.2 0 0 2.4 ± 0.1 1.1 ± 0.0 2.4 ± 0.1 1.0 ± 0.5 6.9 

 spike (t = 24 h), no starter 6.3 ± 0.5 3.9 ± 0.2 6.2 ± 0.4 9.0 ± 0.2 2.4 ± 0.3 0.9 ± 0.1 2.4 ± 0.1 1.1 ± 0.0 6.8 

Experiment 

(spike, 

starter) 

t = 0 hours 6.3 ± 0.5 6.1 ± 0.4 6.1 ± 0.5 6.5 ± 0.2 2.4 ± 0.2 1.2 ± 0.1 2.4 ± 0.3 0.9 ± 0.1 6.9 

t = 12 hours 6.3 ± 0.1 4.7 ± 0.2 6.1 ± 0.5 7.5 ± 0.2 0.2 ± 0.0 0.1 ± 0.0 0.2 ± 0.1 0.1 ± 0.0 0.6 

t = 24 hours 6.3 ± 0.1 4.1± 0.1 6.3 ± 0.6 8.9 ± 0.1 0 0 0 0 0 

 Insoluble phase (24 h) 6.3 ± 0.1 4.1± 0.1 6.3 ± 0.6 8.9 ± 0.1 0 0 0 0 0 
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3.6. Removal of Aflatoxin B1 by Lactobacillus rhamnosus 

The elimination of the major aflatoxin B1 by the presence and subsequent 

removal of probiotic bacterium L. rhamnosus yoba 2012 was studied by monitoring 

the residual aflatoxin after incubation of a dilution series of cell suspensions with 

aflatoxin B1 at a concentration level of 1.0 µg ml−1 i. e. thousand fold higher than in 

Table 3. The fluorescence of aflatoxin B1 in the supernatant was plotted as a function 

of OD600 (Figure 4).The residuals for the curve fit at low optical density values (0.0–

0.3) of L. rhamnosus yoba 2012 were relatively high, probably resulting from high 

experimental errors at relatively low bacterial cell concentrations (Supplementary 

Material). The bacterial cell concentration at OD600 of 0.5 showed binding of 83% of 

the aflatoxin. 
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Figure 4. Lactobacillus rhamnosus yoba 2012–aflatoxin B1 sequestration 

curve.  

4. Discussion 

Introduction of bacterial probiotic strains in traditional fermented foods can be 

used as a means to convey their health benefits [37]. In this study, we used the 

probiotic model bacterium L. rhamnosus GG, since there is a wealth of scientific 

evidence showing its beneficial effects in the prevention and treatment of 

gastrointestinal diseases, including rotavirus and Clostridium difficile-associated 

diarrhea, and travelers’ and antibiotic-associated diarrhea (AAD) [38–41]. In 

addition, this strain is readily accessible in its generic form, L. rhamnosus yoba 2012, 
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packed in a lyophilized state together with S. thermophilus C106 in a sachet as the 

yoba starter culture [27].  

The yoba starter culture bacteria successfully fermented the traditional maize-

based food kwete, as evident from the production of lactic acid shown by a decrease 

in pH and simultaneous increase in titratable acid. As required for microbiological 

safety and stability of lactic acid-fermented beverages [42–45], the observed pH 

values of probiotic fermented kwete were 4.3, and the amount of titratable acid was 

at least 0.6% (w/v) after 24 hours of fermentation at 30 C. It should be noted that in 

case of natural kwete fermentations, it can take between 24 to 120 hours to attain these 

pH and acidity values, while— in line with our findings—with defined starter 

cultures, these values are reached within 12 to 24 hours of the Yoba induced 

fermentation [6]. The maximum acidity levels observed during storage of probiotic 

kwete, of 0.7%, corresponded to the maximum levels of acid production previously 

observed with starters containing L. rhamnosus GG for fermentation of maize 

porridge with added barley [46]. 

In this study, kwete was used as a substrate to enhance growth of the probiotic 

L. rhamnosus yoba 2012, reaching a maximum of 1.0 × 109 cfu g−1 after 24 hours 

fermentation of kwete at a temperature of 30 C. These counts of colony forming units 

were similar to those reported for other traditional products serving as a substrate 

for the same starter culture, including mutandabota (a dairy product containing 

baobab pulp), uji (fermented maize and sorghum beverage), and zomkom (a 

fermented sorghum beverage [1,27]. Maximum counts of L. rhamnosus yoba 2012 in 

kwete were also comparable to those reported for other starter cultures with lactic 

acid bacteria, such as L. reuteri, L. acidophilus (LA5 and 1748), and L. rhamnosus GG 

in maize porridge [46]. The ability of L. rhamnosus yoba 2012 to grow in cereal bases, 

such as kwete, is attributed to the availability of sugars such as glucose, fructose, and 

maltose from maize and millet/sorghum malt for kwete [8], in addition to free amino 

nitrogen (amount of individual amino acids and small peptides which can be used 

by bacteria for cell growth and proliferation) from cereal malt [47]. The traditional 

production of kwete with an undefined mixture of yeasts, Lactobacillus, and 

Lactococcus pieces often results in poor product quality and short shelf life, requiring 

a consumption of kwete within 24 hours after production [48]. In probiotic kwete 

prepared by the use of the yoba starter culture, we did not identify any (harmful) 

coliforms, yeasts, and molds in the samples during 4 weeks of storage at 4 oC. 

Different probiotic starters uniquely affect the flavor profile, sensorial properties 

and, ultimately, the acceptability of products in which they are introduced. For 

instance, mild acidity, relatively high amounts of acetaldehyde, and the presence of 
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the human isolate L. plantarum NCIMB 8826 correlated with higher acceptability 

scores of barley- and oat-based probiotic beverages [49]. In another study, L. 

rhamnosus LRB and L. acidophilus PRO produced probiotic mageu (a fermented maize 

beverage), whose sensory properties and acceptability scores were closer to those of 

the control than the product produced by L. casei BGP1 and L. paracasei BGP93 [32]. 

Therefore, it is necessary to establish the effect of the addition of probiotics on the 

acceptability of traditional fermented foods. Benchmarking the new probiotic 

product with existing related traditional products helps in gauging the success of 

the probiotic product [45]. This study shows that use of the yoba starter did not 

significantly affect the acceptability of kwete. The acceptability of sensory 

characteristics was comparable to the commercial product on the market. The 

consumers took note of a difference in the taste, but appreciated the probiotic kwete 

for its sweet and sour taste with a mean score of 6.8 ± 1.4 compared to 6.5 ± 1.6 of 

commercial brand. Therefore, kwete produced using the yoba sachet culture should 

be readily accepted and frequently purchased by consumers, thus increasing 

accessibility of probiotics in Uganda.  

For a product to be considered probiotic, it should contain a minimum of 106 cfu 

per ml or gram of the probiotic microorganisms at the time of consumption [50]. 

Consuming 100–1000 ml per day of such a product provides the recommended daily 

dose (108–109 cfu), essential for conveying the health benefits of probiotics [50,51]. 

Probiotic kwete contained a minimum of 4.0 × 108 cfu g−1 of L. rhamnosus yoba 2012 

during four weeks of storage at 4 C. Thus, a minimum daily consumption of 10 ml 

of probiotic kwete per day would be more than sufficient to meet the recommended 

daily intake of probiotics. With respect to shelf stability, probiotic kwete generally 

remained stable and acceptable during the entire study period of four weeks. 

Traditional kwete is normally produced and consumed within 24 hours [52]. 

However, the use of yoba starter culture made the product stable for four weeks, 

thus improving its shelf life.  

Detoxification of aflatoxins in food prior to consumption is a novel approach to 

curb their toxic effects. Several technologies have been employed to eliminate or 

reduce levels of aflatoxins in food, but only a handful are accepted for use and, as of 

yet, none offer 100% efficiency [53]. The use of microorganisms to detoxify aflatoxins 

has been given more consideration [21,23]. In this study, yoba starter culture 

bacteria, which are being used extensively in Uganda, Kenya, and Tanzania to 

produce fermented milk, demonstrated an excellent ability to reduce aflatoxins, 

during fermentation of kwete base, to non-detectable levels. There was a notable 

reduction in total concentrations containing all four major aflatoxins (B1, B2, G1, and 
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G2) from 7.0 ng ml−1 to non-detectable levels (Figure 3). The detoxification of 

aflatoxins in kwete could be the result of binding as well as of degradation, as binding 

alone would not reduce the toxin from the food substrate to non-detectable levels 

[58]. We speculate that aflatoxin degradation is a specific property of our starter 

culture, as other studies reported less than 100% removal by L. rhamnosus strains 

[55–57]. However, under the experimental conditions used so far, we have not been 

able to identify degradation product of aflatoxins by pure cultures of bacterial strains 

in the yoba starter culture. Moreover, toxicity of the degraded product(s) cannot be 

excluded. 

Our in vitro fluorescence experiments did confirm reduction of aflatoxin B1 by a 

cell suspension of L. rhamnosus yoba 2012 at OD600 of 0.5, which reduced the aflatoxin 

B1 concentration of 1.0 µg ml-1 to 17%. Preliminary results indicated that the binding 

of aflatoxin B1 to S. thermophilus C106 was less efficient, with a reduction of aflatoxin 

B1 to 86% in 30 mins at the same cell density. Aflatoxin binding to lactic acid bacteria 

was previously suggested as a safe means to reduce the bioavailability and enhance 

excretion of the toxin from the body [58,59]. Although the mechanism of binding is 

still poorly understood, cell surface polysaccharide, peptidoglycans, and teichoic 

acids have been suggested as the binding sites [55,60,61]. Here, we show that the 

yoba starter, including L. rhamnosus yoba 2012 and S. thermophilus C106, were able 

to remove 100% of 120 µg kg−1 total aflatoxins spiked in the water-soluble fraction of 

kwete, which is highly relevant considering the range of aflatoxin concentrations we 

previously found in maize flour in households in Uganda [chapter 2.2].  

5. Conclusions 

This study showed that yoba starter culture bacteria were able to produce kwete 

products with comparable acceptability to commercially available traditional 

products. The yoba starter culture bacteria were able to ferment kwete, reducing the 

pH to below 4.0 in 24 hours at room temperature. The products remained stable 

during refrigerated storage for a month. This study demonstrated that yoba starter 

culture bacteria can reduce aflatoxins during fermentation to non-detectable levels. 

Accordingly, fermentation with this starter culture can positively contribute to 

reduction of the risk of aflatoxins in maize-based foods widely used in schools in 

Uganda. However, there is still a need to identify the product of aflatoxin-

degradation and analyse the toxicity and carcinogenicity of the probiotic Kwete. 
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3.2 

Aflatoxins: Occurrence, Exposure, and Binding to Lactobacillus Species 

from the Gut Microbiota of Rural Ugandan Children 

 

Abstract  

Chronic exposure of children in sub-Saharan Africa to aflatoxins has been 

associated with low birth weight, stunted growth, immune suppression, and liver 

function damage. Lactobacillus species have been shown to reduce aflatoxin 

contamination during the process of food fermentation. Twenty-three Lactobacillus 

strains were isolated from fecal samples obtained from a cohort of rural Ugandan 

children at the age of 54 to 60 months, typed by 16S rRNA gene sequencing, and 

characterized in terms of their ability to bind aflatoxin B1 in vitro. Evidence for 

chronic exposure of these children to aflatoxin B1 in the study area was obtained by 

analysis of local foods (maize flour and peanuts), followed by the identification of 

the breakdown product aflatoxin M1 in their urine samples. Surprisingly, 

Lactobacillus in the gut microbiota of 140 children from the same cohort at 24 and 36 

months showed the highest positive correlation coefficient with stunting among all 

bacterial genera identified in the stool samples. This correlation was interpreted to 

be associated with dietary changes from breastfeeding to plant-based solid foods 

that pose an additional risk for aflatoxin contamination, on one hand, and lead to 

increased intake of Lactobacillus species on the other.  

Keywords: Stunting; aflatoxin B1; Lactic acid bacteria; aflatoxin binding; gut 

microbiota  

 

1. Introduction 

The warm and humid climate conditions of sub-Saharan Africa promote the 

growth of fungi and associated production of mycotoxins. Approximately 25% of 

grains harvested annually worldwide contain mycotoxins. Ingestion of these 

contaminated foods can lead to disease and death [1]. Aflatoxin is the most prevalent 

and harmful human mycotoxin reported to date [2]. Aflatoxins are common food 

contaminants produced as secondary metabolites of fungi belonging to genus 

Aspergillus [chapter 1]. Their toxicity leads to carcinogenic and teratogenic effects as 
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well as growth faltering, which has been confirmed in animal models, rendering 

aflatoxins a major food safety concern [3–5]. 

Four major types of aflatoxins such as B1, B2, G1, and G2 are commonly reported 

as contaminants of foods, including maize, ground nut, and cotton seeds. Aflatoxin 

B1 is the most prevalent, contributing to up to 75% of all aflatoxin contamination of 

foods, and it has been classified as a Group 1 carcinogen by the International Agency 

for Research on Cancer (IARC) in 1987 [chapter 1]. To minimize the risk of aflatoxin 

ingestion from contaminated foods, maximum levels for aflatoxin in nuts, grains, 

and oil seeds has been set up by many countries. The East Africa Community has 

proposed the maximum allowable level of aflatoxin as 5 µg kg−1 for aflatoxin B1 and 

10 µg kg−1 for total aflatoxin [6]. Some African countries adopted codex regulatory 

levels, which vary between 0.5 and 15 µg kg−1 [7]. In comparison, the European 

Commission set the regulatory limit at 2 for B1 and 4 µg kg−1 for total aflatoxins in 

human foods [8].  

Despite all these regulatory limits, aflatoxins are still present in dangerously 

high levels in groundnuts, cassava, and corn, which make up the bulk of children’s 

diets in Africa [9]. Approximately 74% of maize flour consumed in Kampala, 

Uganda, was contaminated with aflatoxins at a range from 1.8 to 268 µg kg−1 [chapter 

2.2]. These high levels of contamination were further confirmed by Muzoora et al. 

who found that 72% of peanuts collected from different regions of Uganda were 

contaminated with aflatoxins, ranging from 1.6 to 516 µg kg−1 [10]. Due to ingestion 

of highly contaminated foods, Asiki et al. reported that all 100 adults and 92 children 

out of a total of 96 tested children had detectable levels of aflatoxin-albumin adduct 

[11]. This study also revealed that five babies who were exclusively breastfed tested 

positive for aflatoxin albumin adduct. Although a direct causal relationship has not 

been established, high levels of aflatoxin exposure could contribute to the high rate 

of stunted growth of 46% in Western Uganda [12,13].  

Following ingestion of contaminated food, and reaching the upper small 

intestine (duodenum), aflatoxin is absorbed into the blood stream rapidly [14]. 

Although there is rapid absorption, aflatoxins have been found to affect the 

gastrointestinal tract by impairing cell growth, causing DNA damage and increasing 

lactate dehydrogenase activity [15]. Moreover, aflatoxins have also been reported to 

affect the gut microbiota. Wang et al. showed that aflatoxin B1 has the ability to alter 

the gut microbiota in a dose-dependent manner in rats; aflatoxin B1 did not affect 

gut microbiota at the phylum level, but some lactic acid bacteria were depleted [16]. 

Galarza-Seeber et al. also revealed that aflatoxins at a dose of one part per million 

(ppm) significantly decreased total lactic acid bacteria in broilers [17]. 
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The human gut microbiota is composed of trillions of bacteria that play an 

important role in maintaining health [18]. The gut microbiota provides a protective 

barrier for the host against the proliferation of pathogenic bacteria. Gut bacteria also 

play a crucial role in the digestion of a wide range of foods as well as the binding 

and degradation of toxins [19]. Therefore, the intake of probiotics and lactic acid 

bacteria via fermented foods could help to reduce the uptake of aflatoxins [20]. In a 

study carried out on young men from Guangzhou, China, significant reduction of 

urinary aflatoxin was noted after administration of Lactobacillus rhamnosus LC705 

and Propionibacterium freudenreichii compared to placebo [21]. A similar study 

showed that administration of L. casei Shirota significantly decreased the level of 

aflatoxin B1-lysine adduct [22]. Furthermore, a number of other studies confirmed 

the ability of lactic acid bacteria to bind aflatoxin B1 [23,24]. 

Despite the evidence for the toxic effects of aflatoxins, there is generally poor 

awareness of the risk of these toxins and a lack of proper detection methods to 

monitor levels in food [25]. Therefore, a portable immunosensor was developed, 

validated, and used to measure aflatoxin levels in maize from markets and 

households in Kampala [chapter 2.1,2.2], indicating that consumers, including 

children, are exposed to relatively high concentrations of aflatoxin. A strategy was 

proposed to detoxify aflatoxin in end products by fermentation with the probiotic 

gut isolate Lactobacillus rhamnosus yoba 2012 [chapter 3.1]. In this study, the exposure 

to aflatoxins was evaluated for 10 children (aged 54–60 months) from a cohort of 511 

children. Their foods (maize flour and peanuts) were analyzed for the presence of 

aflatoxin B1 and their urine for aflatoxin M1. The aflatoxin B1 binding ability was 

tested of Lactobacillus species isolated from the gut microbiota of these children, and 

the correlation of gut Lactobacillus species with stunting for 140 children was 

analyzed from the same cohort at the ages of 20–24 and at 36 months.  

2. Materials and Methods 

2.1. Study Design and Sample Collection 

In the current study, a small sample of ten children aged 54–60 months was 

selected on the basis of their previous growth indices at 36 months (5 stunted and 5 

non-stunted children). These children took part in a randomized trial in the two 

districts of Kabale and Kisoro, located in the southwestern part of Uganda (Figure 

1). The trial assessed the effect of an educational intervention (focusing on nutrition, 

hygiene, and stimulation) on their growth and development as described in detail 

in previous publications [26,27]. Samples of the stool and urine were taken from 

every child in this study. The stool was sampled using a sterile disposable stool 

sampling container. The stool samples from every child were put in two separate 
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containers: one container was filled with mineral oil and kept at room temperature 

for the purpose of cultivation, and the other container was filled with two milliliters 

of 15% glycerol. The stool samples with glycerol were immediately kept on ice and 

transferred to the Uganda Industrial Research Institute for storage at −80 °C. Urine 

was sampled into a sterile, disposable plastic container and immediately stored at 

low temperature (0–8 °C). The ten children were widely spread across the districts 

of Kabale and Kisoro as indicated by subject identification number (Figure 1). 

Anthropometric measurements were taken as described by Muhoozi et al. [26] 

and used to compute height-for-age Z–scores (HAZ) [28]. The frequently consumed 

regional foods (hulled and dehulled maize, and peanuts) at risk of aflatoxin 

contamination were identified based on a short food frequency questionnaire 

(Supplementary File S1). Common diet for the age group and last week’s diet of the 

children were evaluated. The foods were sampled and immediately stored at low 

temperature (0–8 °C). The in vitro measurements were carried out at the Uganda 

Industrial Research Institute (Kampala, Uganda) and at the Department of 

Molecular Cell Biology, Vrije Universiteit (Amsterdam, The Netherlands). The 

Lactobacillus species were isolated, and their ability to bind aflatoxin B1 was assessed. 

The concentration of aflatoxin B1 was determined in the food samples and aflatoxin 

M1 in the children’s urine.
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Figure 1. Map of Kabale and Kisoro showing subcounties where stool, urine, hulled maize, dehulled maize flour, and peanuts 

were sampled in this study. The geographic locations of the ten children (aged 54 to 60 months) are indicated by child 

identification number.
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2.2. Aflatoxin B1 in Food and Daily Intake 

Hulled, dehulled maize flour, and peanut were analyzed using the ELISA 

Ridascreen® Aflatoxin B1 with a reported limit of detection of 1.0 µg kg−1 (R-

Biopharm, Darmstadt, Germany). The enzyme immunoassay was first calibrated by 

the use of an aflatoxin B1 standard (0, 1, 5, 10, 20, and 50 µg l−1) in 10% (v/v) methanol 

as indicated in Supplementary File S2. A competitive enzyme immunoassay was 

used for the determination of aflatoxin B1 in cereals similar to the method described 

in chapter 2.2. Briefly, 5 g of homogenized maize flour was weighed into 50 mL 

centrifuge tubes, followed by addition of 25 mL of 70% (v/v) methanol and thorough 

mixing using a VWR ADC 3500 Shaker (BioSurplus, Inc, San Diego, CA, USA) for 5 

minutes. In the case of peanuts, 0.4 g of sodium chloride was added to the 

suspension and thoroughly mixed. The suspension was then centrifuged for 10 

minutes at 3500× g at room temperature. An aliquot of 50 µL of each supernatant 

was used for aflatoxin B1 determination using the ELISA kit.  

The minimum daily aflatoxin B1 intake of children in southwestern Uganda 

(expressed in ng kg−1 day−1) was estimated on basis of the measured concentrations 

of aflatoxin B1 in maize flour and peanut sampled in each subcounty, the estimated 

amounts of maize and peanut consumed, and the measured body weight of the child 

[29]. The frequency of intake of maize flour and peanut in southwestern Uganda was 

obtained by a food frequency questionnaire (Supplemental File S1). The amount of 

maize and peanut consumed was based on the previously reported intake estimate 

for maize flour and products of 60 g per day for children at the age of 24 to 59 months 

in southwestern Uganda [30].  

2.3. Aflatoxin M1 in Urine 

Quantitative determination of aflatoxin M1 in urine samples was carried out 

using the ELISA Ridascreen® Aflatoxin M1 designed with a limit of detection of 5 ng 

L−1. The ELISA kit was validated as described by the International Conference on 

Harmonization (ICH) (1995) [31]. The limit of detection (LOD), precision, and 

accuracy were determined by using concentrations of aflatoxin M1 standard (0, 125, 

250, 500, 1000, and 2000 ppt) spiked in urine (Supplementary File S2). Briefly, the pH 

of the urine samples was first adjusted to seven. A volume of 50 µL of either standard 

or urine samples was pipetted and put into separate wells, followed by addition of 

50 µL of enzyme conjugate and 50 µL of anti-aflatoxin M1 antibody solution. The 

microwell plate was then mixed by shaking gently and incubated for 10 minutes at 

room temperature. The liquid was removed and the wells were washed three times 

using 250 µL of washing buffer. Then, the wells were filled with 100 µL of substrate 
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and incubated for 5 minutes at room temperature. The reaction was stopped with 

100 µL of stop solution and the absorbance taken at 450 nm wavelength using a 

microplate reader. The results of the standard solution were used to develop a 

calibration curve, and the aflatoxin M1 levels in each urine sample were determined 

from this curve. Urine creatinine concentrations were determined 

spectrophotometrically by the modified Jaffe method [32]. The aflatoxin M1 

concentration from each sample was subsequently normalized to creatinine 

concentration in the urine. The percentage of aflatoxin, which is excreted as aflatoxin 

M1 in urine, was calculated on basis on the estimated dietary aflatoxin intake per kg 

body weight per day (ng), the concentration of aflatoxin M1 in urine (ng/mg 

creatinine), and the reported levels of excreted creatinine in urine per day of 15.4 mg 

per kg body weight per day for boys and 14.3 mg per kg body weight per day for 

girls [33,34]. 

2.4. Enumeration and Isolation of Lactic Acid Bacteria  

Serial dilutions of samples were prepared in physiological saline. Total counts 

of lactic acid bacteria (LAB) from stool samples were determined by streaking 

selected serial dilutions on sterile de Man, Rogosa, Sharpe (MRS) agar (Oxoid 

limited, Hampshire, United Kingdom) containing 0.1% Tween 80. The plates were 

incubated at 37 °C for 48 h. The experiment was performed four times for every 

sample. After total counts of lactic acid bacteria (LAB), five colonies with distinct 

colony morphology were selected from each plate. The colonies were then streaked 

to freshly prepared MRS agar plates for identification.  

2.5. Identification of Bacterial Isolates 

Isolates were identified as described by Felske et al. [35]. Briefly, 16S rRNA gene 

fragments were amplified and sequenced using primers 8F (5’-

AGAGTTTGATYMTGGCTCAG-3’) and 1512R (5’-

ACGGYTACCTTGTTACGACTT-3’). The colony PCR reactions were carried out 

with 1 μL of each primer (10 pmol), 11 μL nuclease-free water (Promega), and 12 μL 

GoTaq Colorless Master Mix (Promega) in a final volume of 24 μL. To the PCR 

reaction mix, a small amount of a fresh colony was added using a sterile toothpick. 

The PCR program was set as follows: initial denaturation was carried out at 94 °C 

for 5 min, followed by 30 amplification cycles (30 s at 94 °C, 30 s at 55 °C, and 30 s at 

72 °C), and a final extension step at 72 °C for 8 min. The PCR products were verified 

by electrophoresis on 1.5% (w/v) agarose gel, and sequencing was done by the Sanger 

sequencing method (Macrogen Inc., The Netherlands). Sequences were compared to 
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sequences deposited in GenBank by using the (Basic Local Alignment Search Tool) 

BLAST algorithm, National Library of Medicine, Bethesda MD, USA [36]. All 

isolated strains are accessible from the strain collection of the Department of 

Molecular Cell Biology, Vrije Universiteit Amsterdam, The Netherlands, as well as 

the Department of Microbiology, School of Biomedical Sciences, College of Health 

Sciences, Makerere University, Uganda, in order to assure benefit sharing in 

accordance with the Nagoya protocol [37]. The correlation between the Lactobacillus 

species isolated at 54–60 months and microbiota at 20–24 and 36 months was 

assessed by matching the V4 amplicon sequences of our nearly full-length 16S rRNA 

sequences with our previously collected microbiota data (Sequence Read Archive 

SUB4476421) [27].  

2.6. Aflatoxin B1 Binding to the Isolated Lactobacillus Species 

The aflatoxin B1 binding assay was performed as described in Chapter 3.1. 

Briefly, the isolated Lactobacillus species were cultured in de Man, Rogosa, Sharpe 

(MRS) broth with 0.1% (v/v) Tween 80 at 37 °C for 24 h. The cells were pelleted at 

3,200 g for 10 minutes at room temperature and subsequently washed twice with 

physiological saline to remove excess MRS broth. The washed cell pellets were re-

suspended in 2 mL of physiological saline solution. Each suspension was then 

serially diluted with physiological saline to obtain approximately 108 cfu mL−1. These 

dilutions were centrifuged, and the cell pellets re-suspended in 1.0 mg mL−1 of 

aflatoxin B1 followed by incubation at 37 °C for 30 minutes. After incubation, the 

aflatoxin B1 cell suspensions were centrifuged at 3200 g for 10 minutes at room 

temperature, and the residual aflatoxin B1 in the supernatant was determined using 

the Fluostar Omega microplate reader (BMG Labtech, Ortenberg, Germany) at an 

excitation of 390 nm and an emission 480 nm. Bound aflatoxin B1 was calculated by 

use of the formula below: 

(Initial AFB1 − Residual AFB1) x 100

Initial AFB1 
 (1) 

 

2.7. Statistical Analysis 

For comparison between Lactobacillus species at 20–24 and 36 months, species 

were identified with BLAST of 16S rRNA amplicon sequences, and the data were 

presented in a pie chart of Lactobacillus species as the average percentage of the total 

Lactobacillus per individual. The abundances of Lactobacillus species were calculated 
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by the percentage of all V4 16S rRNA sequence reads from the 23 isolates showing a 

100% identity match in the total pool of unique sequence reads at 20–24 months and 

36 months. The prevalence of Lactobacillus species was calculated as the percentage 

of gut microbiota compositions from the 140 children containing at least one exact 

match to the specific V4 sequence read from one of the 23 Lactobacillus isolates. A 

permutational multivariate analysis of variance (PERMANOVA) was carried on gut 

microbiota composition of all rural Ugandan children (n = 140) at 20–24 and 36 

months and growth development scores. Analysis was performed using R version 

3.3.2, with PERMANOVA as implemented in the ‘vegan’ package by Oksanen et al. 

using the Bray–Curtis distance measure [48]. The 16S rRNA gene sequencing data 

were rescaled and transformed using Wisconsin double transformation and square 

root transformation. The correlations between Lactobacillus species abundance in 

stunted (HAZ < −2.0) and nonstunted (HAZ > −2.0) children were displayed in violin 

plots by the use of OriginPro 2019b 9.6.5.169 (Academic).  

2.8. Ethical Clearance 

The study was approved by the Research Ethics committee of The AIDS Support 

Organization (no. TASOREC/06/15-UG-REC-009) and by the Uganda National 

Council for Science and Technology (no. UNCST HS 1809). 

3. Results 

3.1. Aflatoxin B1 Contamination in Food  

In our survey on the consumption of particular foods for southwestern Uganda, 

beans were found to be the most frequently consumed food (Table S1). This was 

followed by posho/porridge (corn bread or porridge), greens (eshiga), and Irish 

potatoes, which were consumed at least once a day. Sweet potatoes and fermented 

porridge were consumed five to six times a week. Peanut, millet and sorghum 

porridge were taken four times a month, and dry maize with beans, cassava, and 

rice was eaten two to three times a month. The foods with a very high risk of 

aflatoxin contamination were posho/porridge, which was consumed daily, and 

peanuts. The intake of these foods may result in accumulation of aflatoxin in the 

body; thus, the ingredients of posho/porridge (maize) and peanuts were selected for 

further analysis. 

The levels of aflatoxin B1 in hulled, dehulled maize, and peanut sampled from 

Kabale and Kisoro district of southwestern Uganda are shown in Figure 2. All of 

these food ingredients contained mean aflatoxin B1 levels above the acceptable East 

African regulatory limit of 5 µg kg−1 for aflatoxin B1 [6]. The mean aflatoxin B1 

concentration in hulled maize flour was 9.1 µg kg−1. Only 10% of the hulled maize 
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flour samples contained undetectable levels of aflatoxin B1. Dehulled maize flour 

contained comparable concentrations of aflatoxin B1 with a mean of 5.3 µg kg−1, 6% 

higher than the East African regulatory limit of 5 µg kg−1 [6]. Approximately 50% of 

dehulled maize flour contained detectable levels of aflatoxin B1. Peanut samples 

contained, on average, higher concentrations of aflatoxin B1 with 12.8 µg kg−1. 

Approximately, 90% of the peanut samples contained aflatoxin B1 with levels 

ranging from 1.8 to 20.2 µg kg−1. More than 50% of the peanut samples contained 

aflatoxin B1 levels higher than the East African regulatory limit of 5 µg kg−1.  

 

Figure 2. Aflatoxin B1 levels in maize flour and peanut samples from Kabale 

and Kisoro, southwestern Uganda, and the East African regulatory limit (red 

dotted line). Values are means  standard deviation (n = 10). 

3.2 Daily intake of Aflatoxin B1 

Estimates for the daily intake of aflatoxin B1 by the children of southwestern 

Uganda are shown in Table 1. The dietary aflatoxin B1 intake varied from 1.12 to 88.6 

ng kg−1 day−1. The overall mean dietary aflatoxin B1 exposure was 50.1 ng kg−1 day−1. 

The mean dietary aflatoxin B1 exposures to stunted and nonstunted children were 

53.7 and 46.5 ng kg−1 day−1, respectively. Although there was a notable difference in 

the mean dietary aflatoxin B1 exposure to the stunted and nonstunted children, 

statistically the difference was not significant (p > 0.5).  
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3.3. Aflatoxin M1 in Urine 

The results of aflatoxin M1 analyzed from the urine samples of both nonstunted 

and stunted children are shown in Table 1, which also shows anthropometric 

parameters for the same children. The aflatoxin M1 levels in the urine samples varied 

from 15 to 170 pg mg−1 of creatinine. There was no significant difference between 

aflatoxin M1 levels in nonstunted children and stunted children (p > 0.05). A 

detectable amount of aflatoxin B1 in maize flour and peanut coincided with 

detectable levels of aflatoxin M1 in urine samples for all children from the different 

study regions. No positive correlation was observed between the minimum 

estimated daily intake of aflatoxin B1 and the levels of aflatoxin M1 found in urine 

samples. 

3.4. Abundance of Lactic Acid Bacteria 

Lactic acid bacteria from the stool were counted and the results shown in Table 

1. The lactic acid bacterial count in the stool samples varied from 8.9 × 106 to 1.9 ×108 

cfu g−1. There was no significant difference between the bacterial counts between the 

nonstunted children (on average 7.0 × 107 cfu g−1) and stunted children (on average 

6.9 × 107 cfu g−1). Approximately 10% of the samples contained lactic acid bacteria at 

the level of 106 cfu g−1. More than 50% of the samples contained lactic acid bacteria 

at the level of 107 cfu g−1 and 30% contained lactic acid bacterial concentrations of 108 

cfu g−1.  
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Table 1. Height-for-age Z-scores (HAZ), weight, height, lactic acid bacteria 

(LAB) in stool and mycotoxin concentration in urine (AFM1, aflatoxin M1), 

and estimated daily aflatoxin intake (AFB1, aflatoxin B1) of ten Ugandan 

children from Kabale and Kisoro, southwestern Uganda, at the age of 54–60 

months. Values for lactic acid bacteria (LAB) in stool and AFM1 are means 

of three independent experiments. The estimated daily aflatoxin intake 

levels were based on measured AFB1 levels in maize and peanut in each 

subcounty (the means are presented in Figure 2). 

Subject 

Id 
District Subcounty Sex  Stunted Haz 

Weight 

(kg) 

Height 

(cm) 

LAB in 

Stool (cfu 

g−1) 

AFM1 (pg 

mg−1) 

AFB1  

(ng kg−1 

day−1) 

1634 Kabale Ruhija M Yes −4.24 12.8 90.6 8.9 × 106 102 52.9 

2288 Kisoro Nyakabande M No −0.17 19.5 109 5.9 × 107 96.1 79.4 

1553 Kabale Muko F Yes −2.64 17.0 96.2 7.4 × 107 146 80.3 

2213 Kisoro Nyakabande M Yes −4.72 13.4 92.5 2.8 × 107 58.7 18.5 

2439 Kisoro Nyarusiza M Yes −4.15 14.1 89.9 1.1 ×108 14.8 1.1 

2112 Kisoro Muramba F No −0.64 17.9 106 3.8 × 107 81.2 26.6 

2172 Kisoro Muramba F No −1.42 17.7 102 4.7 ×107 168 88.6 

1317 Kabale Kamwganguzi M No −0.98 17.5 105 1.9 × 108 110 77.0 

1161 Kabale Butanda F Yes −4.01 15.0 90.0 1.2 × 108 51.2 2.3 

1434 Kabale Kamweesi F No 0.50 18.8 112 2.9 × 107 99.1 73.8 

3.5. Isolation, Identification, and Aflatoxin B1 Binding Properties of 

Lactobacillus Species 

In this study, 23 Lactobacillus strains were isolated from fecal samples of 10 

children aged 54 to 60 months (Table 2). The identification of the strains was 

performed based on 16S rRNA gene sequencing [27]. As nearly full-length 16S rRNA 

sequencing was applied, only one unambiguous identification was found on the 

species level of either L. casei or L. paracasei with both a percentage identity of 96% 

(Supplementary File S3). Though the same species of Lactobacillus was repeatedly 

isolated among subjects, they did not demonstrate equal binding potential to 

aflatoxin B1. Strains of the species of L. casei were most frequently isolated, 

accounting for 30% of the total Lactobacillus isolates, but it was also the most 

prevalent appearing in over 50% of the subjects. Both L. plantarum and L. brevis 

accounted for 14% of the total isolates each. However, L. plantarum was isolated in 

approximately 40% and L. brevis was isolated from only 20% of the subjects. 

  



  

135 

 

Table 2. Lactobacillus species isolated from children of Kabale and Kisoro, 

southwestern Uganda, aged 54–60 months with their aflatoxin B1 binding 

properties and matches in the gut microbiota at 20–24 and at 36 months 

presented as percentage abundance and prevalence. Values for bound 

aflatoxin B1 (%) are means ± standard deviations of three independent 

experiments at a cell concentration of 108 cfu mL−1. 

Subject 

ID 

Identity

* (%) 
Isolate ** 

Sequestered 

aflatoxin B1 

(%) 

Abundance (%) *** Prevalence (%) *** 

20–24 

months 

36 

months 

20–24 

months 

36 

months 

1634 100 L. plantarum APW1634 34 0.003 0.7 15 45 

2288 99 L. fermentum APW2288 25 0.03 0.2 22.9 34.3 

2288 99 L. rhamnosus APW2288B 14 0 0.007 0 2.1 

2288 99 L. casei APW2288E 60 0.0005 0.1 3.6 17.9 

1553 99 L. plantarum APW1553A 19 0.003 0.7 15 45 

1553 99 L. brevis APW1553 46 0.003 0.7 7.9 30 

2213 99 L. casei APW2213 63 0.0005 0.1 3.6 17.9 

2213 99 L. buchneri APW2213E 42 0.0002 0.1 2.1 16.4 

2439 99 L. casei APW2439C 38 0.0005 0.1 3.6 17.9 

2439 96 L. casei APW2439A 35 0.0005 0.1 3.6 17.9 

2112 99 L. plantarum APW2112A 0.9  0.003 0.7 15 45 

2112 99 L. brevis APW2112 32 0.003 0.7 7.9 30 

2112 99 L. casei APW2112D 47 0.0005 0.1 3.6 17.9 

2172 99 L. casei APW2172A 20 0.0005 0.1 3.6 17.9 

2172 99 L. casei APW2172C 49 0.0005 0.1 3.6 17.9 

1317 99 L. plantarum APW1317A 49 0.003 0.7 15 45 

1317 99 L. fermentum APW1317 76 0.03 0.2 22.9 34.3 

1161 99 L. casei APW1161 55 0.0005 0.1 3.6 17.9 

1161 99 L. pantheris APW1161C 58 0 0.003 0 4.3 

1161 99 L. paracasei APW1161D 47 0.0005 0.1 3.6 17.9 

1434 99 L. plantarum APW1434B 11 0.003 0.7 15 45 

1434 99 L. fermentum APW1434 46 0.03 0.2 22.9 34.3 

1434 99 L. casei APW1434D 26 0.0005 0.1 3.6 17.9 

* Identity value is based on the match of the sequenced nearly full-length 

16S rRNA gene of the Lactobacillus isolate with the 16S rRNA sequence from 

GenBank. ** Lactobacillus isolates with unique APW strain coding were 

assigned to species with distinct 16S rRNA gene sequences. *** Abundance 

and prevalence values were based on 100% identity matches of the unique 

V4 regions of the sequenced 16S rRNA genes of the isolates with the V4 

sequences present in the gut microbiota data of the cohort of rural Uganda 

children. Values cannot be unambiguously assigned to Lactobacillus strains 

and are only a partial representation of the Lactobacillus species in the gut 

microbiota. 
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All isolated Lactobacillus strains were assessed for their ability to bind aflatoxin 

B1 [26]. All Lactobacillus isolates demonstrated binding of aflatoxin B1 in physiological 

saline as shown in Table 2 at slightly variable levels. The best aflatoxin B1 binding 

was registered for L. fermentum APW1317 and L. casei APW2213C of 76.1% and 62.6% 

at 108 cfu mL−1 cell concentration. It should be noted that no systematic differences 

in binding ability were observed between Lactobacillus species or subjects. The 

amount of aflatoxin bound to the bacteria increased with a rise in cell density from 

4.0 × 107 to 8.1 × 107 cfu mL−1. However, some strains indicated higher aflatoxin B1 

binding at relatively low cell densities. This is attributed to the ability of these 

bacteria to coagulate and form clumps at high cell densities resulting in a smaller 

cell surface area for binding. 

The Lactobacillus species in the gut microbiota of the children at 20–24 and 36 

months accounted for 2.2% and 3.4% of the total sequence reads, respectively. All 

the isolated Lactobacillus species at the age of 54–60 months were found to be present 

at 20–24 and at 36 months, except for L. rhamnosus and L. pantheris, which could not 

be detected at 20–24 months. Generally, the abundance of Lactobacillus species 

isolated at 54–60 months, which were present at 20–24 months, varied from 0 to 

0.03%. The food-derived L. fermentum was the most abundant (0.03%) and the most 

prevalent isolate (22.9%) found amongst the 140 children at 20–24 months (Table 2).  

3.6. Distribution of Lactobacillus Species in Stool Samples 

The distribution of Lactobacillus species in the stool samples of the Ugandan 

children is shown in Figure 3. At the age of 20–24 months, L. ruminis was the most 

dominant species of Lactobacillus, accounting for approximately 64.2% of the total 

Lactobacillus species composition of the gut microbiota. L. ruminis had an abundance 

of 1.3% of the total Lactobacillus species at 20–24 months. L. salivarius accounted for 

approximately 30.2% with abundance of 0.6% at 20–24 months. L. delbrueckii and L. 

fermentum accounted for 4.3% and 1% with corresponding abundance of 0.09% and 

0.03%, respectively. The relative abundance of Lactobacillus species to the gut 

microbiota increased from 2.17% to 3.42% of all 16S rRNA sequence counts in 

children from 20–24 months to 36 months. Approximately four more dominant 

species of Lactobacillus emerged at the age of 36 months at the expense of L. salivarius 

and L. ruminis. There was a notable shift from autochthonous (endogenous) to 

allochtonous (plant derived) Lactobacillus species, most probably resulting from the 

change in diet from breast milk to solid food. The allochtonous Lactobacillus species 

L. brevis emerged at the age of 36 months and became the most dominant species 

with 34.8%, while the endogenous species L. salivarius and L. ruminis dropped from 
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64.2% and 30.2% to 6.1% and 0.4%, respectively. L. plantarum, L. delbrueckii, and L. 

fermentum increased from less than 0.01%, 4.3%, and 1.3% at 20–24 months to 27.8%, 

17.9%, and 5.8% at 36 months, respectively. The other prominent species L. kefiri and 

L. casei were also found at the age of 36 months, accounting for 3.7% and 3.5%, 

respectively.  

 

Figure 3. The average relative abundance of Lactobacillus sequences from 

children of Kabale and Kisoro, southwestern Uganda, at the age of 20–24 

months and at 36 months. Lactobacillus species with a relative abundance of 

≤ 0.01% were not included. The following combinations of species could not 

be unambiguously resolved as their 16S rRNA V4 amplicon sequence 

showed identical matches to the sequence in the 16S rRNA database: L. 

delbrueckii and L. leichmannii, L. plantarum and L. pentosus, and L. casei and L. 

paracasei. 

3.7. Lactobacillus Inversely Correlates with Growth  

The permutational multivariate analysis of variance carried out on gut 

microbiota composition of rural Ugandan children (n = 140) with anthropometric 

and cognitive development scores indicated a number of significant correlations. 

The most pronounced variable was age (20–24 and 36 months) explaining 4.03% of 

the variance in the microbiota composition with p = 0.001 (Supplementary File S4). 

The anthropometric measures HAZ, and stunting, explained respectively 0.91% and 

0.84% of the variance in the gut microbiota (p = 0.001). The genus Lactobacillus 

appeared as the genus with the highest correlation coefficient (0.014) for stunting 

among all 256 taxonomic units of bacterial genera identified in the gut microbiota. 

This was also evident from a representation of Lactobacillus abundance in the gut 

microbiota of Ugandan children at 20–24 and 36 months for stunted and nonstunted 
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children (Figure 4A). The average number of Lactobacillus sequence reads was 801 

for stunted children and 423 for nonstunted children. However, it should be noted 

that this difference was not significant (p > 0.05) in non-parametric tests for non-

normally distributed data sets. A closer inspection on the Lactobacillus species level 

(Figure 4B–D) revealed that the most predominant Lactobacillus species followed this 

trend, except for L. salivarius at 36 months, which appeared more abundantly present 

in non-stunted children. 

 

Figure 4. Violin plots showing the abundance of Lactobacillus genus and 

species in stunted and nonstunted children expressed in sequence reads in 

the gut microbiota of 140 children from Kabale and Kisoro, southwestern 

Uganda, at 20–24 months (n stunted = 77) and 36 months (n stunted = 104). 

4. Discussion 

A high exposure to aflatoxin-contaminated food negatively correlates with 

impaired growth in children [4]. The current study provides evidence that Ugandan 

rural children are exposed to high concentrations of aflatoxin B1 on a daily basis 

through consumption of contaminated food stuffs. Analysis of a set of regional 

maize flour samples indicated higher levels for hulled maize compared to dehulled 

maize. Siwela et al. were able to reduce up to 92% of aflatoxin contamination in 
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maize through the process of dehulling [38]. Notably, the hulled maize with 

relatively high contamination levels is the most preferred due to the low costs. The 

dehulled maize is usually purchased by people categorized in the middle income 

class.  

The estimated intake level to dietary aflatoxin in Uganda ranges from 10 to 180 

ng per kg body weight per day [39]. In this study, the minimal estimated dietary 

aflatoxin intake levels for 80% of the children were found to be within this reported 

range for Uganda. The finding of 20% of the children with a minimal aflatoxin intake 

of less than 10 ng per kg body weight per day could result from the coincidental 

regional sampling of maize with a short storage time. However, lower intake values 

have been reported for other East African countries including Kenya (4−133 ng per 

kg body weight per day) [40]. 

The children’s exposure to aflatoxin B1 was confirmed by analysis of their urine 

samples for the presence of aflatoxin M1. As reported previously, approximately 

1.2% to 2.2% of the dietary aflatoxin B1 intake can be excreted in urine as aflatoxin 

M1 [41]. If two minimal intake levels below 10 ng per kg body weight are considered 

outliers, the average percentage of aflatoxins excreted in the urine as aflatoxin M1 

equals 3.3%  2.8%. As in this study minimal intake levels for aflatoxin for B1 were 

determined, this average percentage will decrease if aflatoxin intake from other food 

sources such as millet, sorghum, and beans will be included in the analysis. 

The ability of lactic acid bacteria including Lactobacillus to protect against food 

mutagens such as aflatoxins, heterocyclic amines, and phytate among others has 

been reported in other studies [23,24,42,43]. Physical binding to the bacterial cell wall 

is reported as one of the mechanisms for the mitigation of aflatoxins from the 

intestine [44]. In the current study Lactobacillus species were isolated, characterized 

and their aflatoxin B1 binding ability was tested. The Lactobacillus strains 

demonstrated a variable ability to bind aflatoxin B1. This variation could be 

attributed to the differences in structure of the proposed binding surfaces such as 

cell wall polysaccharides, peptidoglycan, teichoic acid, and cell wall proteins, which 

are known to be variable among bacterial strains of the same species [43,45]. 

Previous studies demonstrated that gut microbiota of newborns evolves rapidly 

during the first 12 months of life, remains highly dynamic up to the age of 24 of 

months, and becomes more stable afterwards [46]. The diet contributes significantly 

to this modulation [47]. At the age of 20–24 months, most of the children in our 

cohort of 511 children were still taking breast milk, while at the age of 36 months this 

was replaced by solid foods [26]. This could explain the change in composition from 

the autochthonous species L. salivarius and L. ruminis at 20–24 months to the 
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allochthonous species L. plantarum, L. brevis, L. delbrueckii, L. casei, and L. fermentum 

at 36 months. The latter five species typically originate from plant-based foods.  

A substantial part of the solid foods prepared for babies is at risk for 

contamination with aflatoxins [48,49]. Food contaminated with aflatoxin B1 was 

found to affect the gut and injures the stomach and the intestine [50]. Studies carried 

out in animal models have shown that aflatoxin B1 promotes intestinal damages 

through perturbation of the intestinal barrier and activation of cell apoptosis and cell 

proliferation [51]. Saran et al. hypothesized that stunted children may fail to grow 

due to injury as a result of recurrent infections to the gut epithelium leading to 

impaired gut-mediated immunity, poor nutrient absorption, and poor appetite [52]. 

Thus, exposure to aflatoxin through solid foods from an early age could contribute 

to the high levels of stunted children observed in our cohort of 511 children [26]. 

In this study, the allochthonous Lactobacillus species isolated from the gut 

microbiota of Uganda children, such as L. casei, L. plantarum, L. fermentum, and L. 

brevis strains were shown to bind aflatoxins effectively, as also observed for these 

species in previous studies [53]. Therefore, it seems counterintuitive to find a 

significant, positive correlation for the abundance of the genus Lactobacillus and 

stunting, as the presence of this bacterial genus in the small intestine could possibly 

reduce the uptake of aflatoxins through binding. However, the abundance of 

Lactobacillus originating from plant-based foods may be indicative for the intake of 

relatively high levels of aflatoxin-contaminated foods. In contrast to the other 

Lactobacillus species, L. salivarius at 36 months appeared more abundant in 

nonstunted children. This could be related to the fact that this is a true endogenous 

or autochthonous Lactobacillus species in the human gut, and it has been shown to 

negatively correlate to Shigella-induced diarrhea in African children [54].  

At this point it is not clear under which conditions binding of aflatoxin to 

Lactobacillus in the gut is most effective. Our binding assay has been performed in 

physiological saline with a neutral pH, which is different from the relatively low pH 

and other environmental conditions in the upper small intestine, where aflatoxins 

are absorbed [55]. As bacterial growth predominantly takes place in the colon, 

leading to concentrations up to 1011 bacteria per mL, concentrations of Lactobacillus 

in the duodenum may be too low (approximately 106 bacteria mL−1) to effectively 

remove aflatoxin through binding [56,57]. Although further studies are needed to 

warrant their health benefits, we propose that the Lactobacillus species isolated from 

Ugandan children in this study can be further developed as locally sourced 

probiotics [58] and are promising candidates for decontaminating of aflatoxins 
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through fermentation of maize-containing foods prior to consumption, as recently 

shown for L. rhamnosus [Chapter 3.1].  

Supplementary Materials:  

The following are available online at www.mdpi.com/xxx/s1, File S1: The frequency 
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4.1. Problems of aflatoxin contamination in Uganda 

Food safety is a major concern, especially in developing countries where 

regulation of local food is poorly developed. Over the past four decades, scientists 

have unmasked aflatoxins as being toxic, and carcinogenic, and thousands of 

scientific publications describing aflatoxin contamination in foods and its effect on 

animal and human health have been reported. High temperature and humid 

conditions are said to be the major factors for aflatoxin contamination. However, 

poor farming practices and poor postharvest handling, such as poor storage, 

promote high level of contamination. Climate change, which leads to changes in the 

environmental temperature, alters the expression of regulatory genes (aflR and aflS) 

of A. flavus, and promotes very high aflatoxin production. Aflatoxin contamination 

in foods continues to receive insufficient support from the public in Africa. 

Estimation of economic losses due to aflatoxins in sub-Saharan Africa is greatly 

hindered by the limited documented data set on the cost of its effect on trade and 

human and animal health [1]. A situational analysis conducted by Partnership for 

Aflatoxin Control in Africa in Uganda from 2014 to2017, demonstrated that aflatoxin 

contamination in foods reduced yearly economic growth rate by 4.6%. This was 

attributed to reduced productivity because of aflatoxin-related illnesses. Apart from 

an estimated loss of 38 million US dollars yearly on average because of export 

rejection due to aflatoxin contamination, Uganda also incurs 577 million US dollars 

losses yearly from aflatoxin-induced hepatocellular carcinoma as per Country-led 

Situational Analysis and Action Planning conducted from 2014 to2017. The Ugandan 

government also loses a lot of money, although only US $910,000 was reported 

yearly in the treatment of other diseases resulting from the consumption of 

aflatoxins as revealed. Despite all these losses [1, 2], general knowledge about 

aflatoxins is limited to areas which have experienced serious cases of acute 

aflatoxicosis, and among some educated communities [3]. Knowledge about the 

level of aflatoxin contamination in foods, and how it relates to human health is 

central to mitigating the risk effect of the toxin [4]. However, there is a very big 

difficulty in demonstrating the presence of aflatoxins at local levels both in foods 

and in the affected people. 

The fight against aflatoxin in sub-Saharan Africa requires comprehensive 

multi-sectorial approach, whereby the key institutions from agriculture, trade, 

health, and governance work together to educate the public, and provide them with 

the necessary skills and tools to mitigate its effect. For quite a long time, most of 

these institutions have been working in isolation. For example, researchers from 

government and academic institutions conduct numerous researches on aflatoxin 
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contamination in food and feeds. However, they rarely involve the private sector 

and farmers during the dissemination of their findings. Moreover, dissemination is 

mainly done in academic fora such as journals and conferences, which are not 

accessible by the local people, leaving them with poor knowledge about aflatoxin 

and its side effects. Furthermore, for donor-funded projects, a lot of excitement, 

involvement, and ownership are shown by government agencies at the inception but 

commitment is weaned off quickly, and their responsibilities are never honored [5]]. 

This section therefore proposes concerted ways on how aflatoxins can be controlled, 

with the aim of achieving aflatoxin-free ready to eat food. 

Aflatoxin contamination in food crops is a well-known problem in sub-

Saharan Africa, and yet little or no public attention is given to it due to limited 

awareness pertaining to its presence and dangerous side effects [6]. Increase in 

awareness makes people understand the extent of the problem, and learn 

appropriate pre- and postharvest practices and storage techniques, which can reduce 

the toxin significantly. In the Kamuli District in central Uganda, the farmers who 

went through training at Makerere University were able to create a small market of 

cleaner peanut products with comparably reduced aflatoxin levels [7]. The 

knowledge of aflatoxin contamination and dangers of consuming contaminated 

food have been reported to have a positive correlation with the level of education 

[8]. According to Kaaya et al. [9] consumers with low level of education are price 

sensitive and prefer the cheap stocks, which may be heavily contaminated. In West 

Africa, James et al. [10] found that sustainability of public education was very 

instrumental in increasing the knowledge about aflatoxin in Ghana, Togo, and 

Benin. Sustainable education through the media, schools, and group discussions 

may be very important in the control of aflatoxin contamination. Clearly outlining 

the dangers of consuming food contaminated with aflatoxin is important in the 

management of levels amidst the very high cost of hospitalization. For traders, 

creating awareness on the dangerous health-related side effects of aflatoxins cannot 

yield results without either economic compensation or effective enforcement of 

regulatory policies [9]. 

 Other than awareness, strengthening regulatory standards for aflatoxin is 

very important in its control. This requires policies, which can strongly support 

aflatoxin screening. In Uganda, the Uganda Bureau of Standard (UNBS) is the main 

regulatory body operating by an act of the Parliament of Uganda. As noted in this 

thesis [chapter 2.2], UNBS has only one aflatoxin testing laboratory, which is located 

in Kampala, Central Uganda. The cost of analyzing one food sample for aflatoxin is 

approximately 110,000 Uganda shillings (USD $30). This is very expensive and 
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unaffordable by many farmers and traders, and yet detection of aflatoxin is 

paramount in the mitigation of its risk effect on human health. Successful regulation 

of food requires analytical laboratories in every region or even in every district. 

Apart from accessibility of testing technology, the equipment should be simple and 

easy to operate, and cost of testing should be affordable to peasant farmers. 

Furthermore, there must be improvement in inspection capacity at all levels. 

Currently inspection is stricter for imported goods and not for locally produced 

goods. Besides, the inspection does not focus on aflatoxin in strict terms. UNBS 

should develop clear systematic processes or guidelines covering aflatoxin 

regulations in Uganda to promote strong enforcement. 

 Another drive to obtain aflatoxin-free food is to implement the wide range 

of innovations developed to reduce it. Numerous innovations have been developed 

to reduce aflatoxins in food. These technologies spread out from preharvest to 

processing [Chapter 1]. Although, these technologies have demonstrated great 

success during research, their applicability is limited to just a few. Among the few 

technologies being used at the preharvest level is Aflasafe, a biological control agent 

developed by the International Institute of Tropical Agriculture. Aflasafe has 

demonstrated excellent potential by reducing aflatoxin by over 80% at the 

preharvest and storage levels, and it is being considered for use in 11 African 

Countries [11]. Even though competitive exclusion of aflasafe has been reckoned, it 

has not completely removed aflatoxin from the foods. Therefore, fermentation with 

demonstrable impact on aflatoxin reduction in food and in the gut by boosting the 

gut microbiota level should be extensively emphasized. Most importantly, it reduces 

aflatoxin and leaves no time for more toxins to accumulate, as the food is readily 

consumed. 

The aim of this study was to develop and validate an on-site label free 

cysteine based electroless silver immunosensor. This was done to analyse aflatoxins 

in food samples in the field but as well as to improve access by its relatively low 

costs for the community members such as farmers and traders. We envisaged that 

on-site analysis of samples would enhance knowledge among the community 

members about the existence and dangers of aflatoxin which could lead to improved 

farming and storage practices. Awareness could also lead to demand for policies and 

technologies which are more focused towards aflatoxin free foods. However, we 

noted that there was also great need for an innovation for dealing with the 

contaminated food. Therefore, this thesis also aimed at reducing the levels of 

aflatoxins both in the food and in the gut as a means to mitigate the risk effects of 

aflatoxins in contaminated foods. 
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4.2 Development of a novel point-of–care sensor 

 Aflatoxin analysis in developing countries is mainly carried out using HPLC, 

ELISA or fluorometry. These testing methods for aflatoxins require bulky and 

sophisticated equipment, burdensome sample preparation steps, and can only be 

operated by well-educated technicians [chapter 1]. These types of equipment are 

only accessible in central laboratories in major towns and cities, which are located 

hundreds of kilometers away from the point of need. Therefore, a simple, portable, 

easy to use method that can be used at any place of interest is of very high demand. 

The need for an on-site quantitative easy-to-use device for detection of aflatoxins in 

cereals such as maize drove the successful development of a novel portable 

electrochemical immunosensor device described in chapter 2.1. The novel 

immunosensor was developed through electroless plating of silver on glass. To 

enhance uniform attachment of silver metal on the glass surface, we first treated the 

surface with tin IV chloride solution. The tin monolayers on the glass surface 

provided surface area for attachment on which a silver film formed after reduction 

of silver nitrate to silver using glucose. The coated silver film produced excellent 

electrical conductivity and stability when characterized using cyclic voltammetry. In 

agreement with our study, previous studies have reported excellent adhesive and 

electrical properties of silver, highlighting its potentials in various applications [12, 

13]. Moreover, the high quality materials for synthesis of the silver film were 

available in the local chemical shops and stores at low cost [14]. Furthermore, silver-

coated particles have been found to be better than graphite and other inorganic 

particles in conducting electricity [15]. Silver has also been prequalified as one of the 

best metals to be used as a working electrode because of its inert properties and 

minimal interference during sample testing [14].  

In a drive to functionalize the sensor, cysteine amino acid was used as a 

connecting molecule between aflatoxin and the silver film. Cysteine has been 

described as a very special amino acid containing thiol, amine, and carboxyl 

functional groups, which can participate in a number of reactions [16]. In agreement 

with what has been described in previous studies, the thiol group of cysteine was 

firmly immobilized on the silver film to form self-assembled monolayer of the amino 

acid residues [17]. The cysteine amino acid was then linked to aflatoxin B1. The 

conjugation of cysteine and aflatoxin B1 was achieved through a reaction between 

amine (-NH2) and the ketone group on the aflatoxin B1. In order to enhance signal 

amplification and sensitivity, and to prevent non-specific binding of aflatoxins 

during analysis, the free amino groups of the functionalized cysteine were thereafter 

blocked by using horseradish peroxidase (HRP) [Chapter 2.1]. HRP is a glycoprotein 
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containing four reactive lysine residues with free amino groups, which react with 

the carboxylic group of the cysteine monolayer, making the free amino groups 

inaccessible for reaction [18]. HRP is known for catalyzing numerous oxidative 

reactions where electrons are transferred to hydrogen peroxide and the materials 

used as substrates are oxidized [19]. Besides, HRP has a long record of being used in 

the design and construction of biosensors for the determination of small organic and 

inorganic molecules [20]. 

The novel immunosensor makes use of an electrochemical immune-sensing 

method for analysis of aflatoxin. Electrochemical immune sensing has been 

described as a powerful tool in analytical applications [21]. Similar to what has been 

demonstrated in other studies, the strong force of attraction between the aflatoxin 

and the anti-aflatoxin B1 antibody leads to very high selectivity and accuracy [22]. 

Moreover, the indirect competitive immune sensing, which has well been described 

as the best method for determination of low molecular weight analytes [23], was 

applied in this thesis [chapter 2.1]. The immunosensor allowed for a very sensitive 

determination of aflatoxin with a limit of detection of 0.7 µg kg-1, and intra-day and 

inter-day precision determined as the coefficient of variation (CV) of 0.3 and 1.5%, 

respectively. The limit of detection and linear range were in the same range with 

other immunosensors developed for aflatoxin determination [24, 25].  

The point-of-care sensor provides local solution to rural farmers and traders 

who can test and demonstrate the safety and quality of their produce against 

aflatoxin levels at low cost. Moreover, the sensor would provide on-spot aflatoxin 

testing results at the point of need to help quick decision-making. This would create 

awareness and promote good farming practices, which can help to reduce aflatoxin 

contamination. The point-of-care sensor can also be adopted by UNBS for field on-

spot monitoring of aflatoxin in goods. The fact that the sensor is portable, weighing 

approximately 0.45 kg and 19 cm × 11 cm × 6 cm in size, and operated by 

rechargeable batteries, means that it can be carried in side bags by field inspectors 

who can use it even in field work. The sensor can be constructed with a mobile 

network system, which can be very instrumental in relaying all the data to the central 

laboratories for immediate action where necessary.  

Even though the point-of-care sensor has shown great potential in terms of 

both application and need, it is still open for further improvement. The limit of 

detection can be reduced to make the sensor even more sensitive by increasing the 

number of molecules of cysteine-aflatoxin B1 monolayer on the silver. Secondly, the 

sensor surface was made through electroless silver plating on glass surface, which 

can cause highly variable surfaces. Therefore, modification of the sensor surface 
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through the development of new surfaces using nano silver may not only prolong 

its life span but also reduce matrix effects. Furthermore, the performance of the 

electrochemical technique can be combined with fluorescence detection to enhance 

detection. Moreover, microfluidic technique can be used to reduce the quantity of 

both reagents and sample thus leading to reduction in the cost of analysis and 

improvement in time of analysis.  

Although the point-of-care sensor bridges the gap of lack of diagnostics for 

aflatoxin quantification for use in the field, its broad application is still of a big 

concern. To broaden the applicability of the point-of-care sensor for aflatoxin 

requires urgent improvement and enforcement in the existing food laws. Unlike 

developed countries with more stringent food laws, which ensures proper testing of 

foods for aflatoxins, developing countries lack proper enforcement of the existing 

laws thus traders are not pressured to request for mandatory tests. Strict analysis of 

food samples is an integral part of a system for monitoring and managing aflatoxin 

risk at all critical points. This would create demand for cheap, quick, and on-site 

detection methods. Furthermore, educating consumers to ask for test certificates for 

the goods they intent to buy would force the traders to stock only analyzed goods, 

thus creating demand for the diagnostic tools.  

4.3 Application of the point-of-care sensor for on-site detection of aflatoxins 

in food 

The global trade of food has resulted in the strengthening of quality control 

measures to make sure the quality and safety of imported foods are maintained [26]. 

In Uganda, UNBS, National Drug Authority, and Dairy Development Authority are 

in charge of monitoring and regulating the quality and safety of foods and beverages 

imported and processed in Uganda. Although they have regional offices all over 

Uganda, their quality control laboratories are only located within the central region 

(Kampala capital city). Their workers are not equipped with hand-held equipment, 

which can perform on-site analysis. This therefore justifies the urgent need for a 

novel analytical device in places where traders are buying grains based on physical 

judgment. Unlike bulky laboratory-based methods such as HPLC and ELISA, the 

immunosensor is portable, weighs less than 0.5 kg, is operated on rechargeable 

batteries, and thus can be employed with ease at the various bulking centers. This 

may therefore reduce the sales of contaminated crops and indirectly create 

awareness among both the traders and the farmers who then follow the best farming 

practices to regulate contamination. Furthermore, the immunosensor can be used by 

researchers and government agencies to perform surveillance on aflatoxin 

contamination.  
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In a similar context, we successfully used the immunosensor device to 

monitor aflatoxin contamination in maize flour from markets and households in 

Kampala [chapter 2.2]. Unlike the laboratory methods, the analysis was performed 

on-site (markets and households), and results were obtained instantly. To gain 

assurance on the quality of the result, which can be produced by the novel 

immunosensor, and its suitability in the analysis of aflatoxin, we validated it using 

an aflatoxin B1 standard. The immunosensor was sensitive enough to detect aflatoxin 

B1 with comparable limit of detection to HPLC, which has been considered by the 

Association of Analytical Chemist as the gold standard method for reference testing 

due to its high sensitivity and accuracy [27]. Recovery and precision within the 

recommended values set by the European Commission [28] and immunosensor 

validation [29] means that it can offer an accurate and less laborious on-site analysis 

of aflatoxin. 

Upon successful validation, the novel immunosensor was used to analyze 60 

maize flour samples from six major markets and 72 from selected households in 

Kampala. The immunosensor demonstrated that maize flour from the market and 

selected households in Kampala were contaminated with very high levels of 

aflatoxin. Approximately 20 and 50% of the market and household samples, 

respectively, failed to meet the East Africa regulatory limit of 10 µg kg-1. This 

demonstrates that the developed immunosensor could aid in the analysis for quick 

decision making on the matter of aflatoxin contamination. The time of analysis was 

significantly reduced to minutes as the samples could take weeks to months in the 

queue for analysis in the local laboratories in Uganda (UNBS, Makerere University 

(Department of Food Science and Chemiphar). Therefore, the risk of aflatoxin 

contamination within the laboratory facilities is completely minimized, and the 

client gets representative results instantly. More so, the cost of transportation of 

samples from the field to the laboratory is no longer required since the samples are 

analyzed on-site. However, the storage of some of its reagents such as anti-aflatoxin 

B1 antibody requires refrigeration. Improperly stored antibodies reduce the shelf life 

of the analytical technique and may greatly affect the sensitivity and reproducibility 

[30]. Therefore, the lack of electrical power in some parts of rural areas could limit 

the use of the immunosensor. 

The surveillance of aflatoxin in markets and households in Kampala using the 

novel immunosensor [chapter 2.2] demonstrated that the results obtained could be 

in agreement with the currently very high aflatoxin estimated intake of 10–180 ng 

per kg body weight per day [31]. Besides, nearly everyone including breastfed babies 

living within urban centers are said to have high levels of aflatoxin-albumin adduct 
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in their blood samples [32]. Furthermore, the immunosensor results obtained in the 

analysis of maize flour are comparable to other internationally accepted methods 

[33]. This indicates that the novel immunosensor is not only suitable in Uganda but 

also internationally for the analysis of aflatoxins. Compared to the laboratory-based 

methods, which require not less than tens to hundreds of thousands of USD in 

procurement of the equipment, the immunosensor costs approximately US $500 

only. Comparative analysis using the immunosensor and HPLC resulted in excellent 

correlation coefficient (r2) of up to 0.94; besides, analysis of the same data set with 

paired t-test did not indicate any significant differences (p = 0.084) between the 

results obtained. Unlike HPLC, analysis of the maize sample did not require extra 

sample cleanup, therefore, no extra cost was incurred on buying immune-affinity 

columns. This could explain why analysis of samples using the immunosensor is 

cheaper, and could cost approximately US $5 only compared to over US $30 for 

HPLC, ELISA, and fluorimetry methods. However, the immunosensor analyzes 

only one sample at a time and can only determine aflatoxin B1 or total, but HPLC 

can analyze multiple samples and produce results for multiple analytes at a time. 

For comparative analysis with ELISA, a very good correlation coefficient of 0.98 was 

obtained, and the mean of values obtained using the immunosensor was not 

significantly different from the mean of values obtained using ELISA (p = 0.216). This 

could have been attributed to the use of anti-aflatoxin antibodies to detect aflatoxin 

in both the immunosensor and ELISA. Although ELISA has an advantage of 

analyzing up to 42 samples at a time, using the immunosensor does not require a lot 

of washing steps. The fact that the analysis is done on-site proves that the 

immunosensor bridges the knowledge gap and creates awareness among the 

community members. This could be very important in determining the baseline 

contamination of aflatoxins, and designing ways to mitigate the risk effect of 

aflatoxins in food. Furthermore, information about aflatoxin levels in food is key in 

designing policies and strategies for its reduction. 

4.4. Reduction of aflatoxins  

Aflatoxin contamination in food poses a serious health risk to humans and 

therefore a number of studies have been carried out in an attempt to salvage 

aflatoxin contaminated foods [chapter 1]. Decontamination of cereals was first 

performed in the early eighties [34]. In 1981, Bennet et al. [35] were able to process 

mycotoxin-free alcohol from corn highly contaminated with zearalenone. Although 

these studies gave people a lot of hope, the toxin remained present in dangerously 

high levels in foods such as maize among others, which make up the bulk of diets in 

Africa [36]. In the 2018–2019 financial year, Uganda lost US $52.4 million in export 
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of maize due to rejection caused by poor postharvest management, which resulted 

in high aflatoxin contamination [37]. Suppose this same maize was never destroyed, 

but used as a source of carbohydrate at both the household level and in schools in 

Uganda. For schools, the maize is purchased during the holidays, and is poorly kept 

and fed to children for the next three months of school-schedule. Thus, school going 

children are at even greater risk of aflatoxin toxicity. However, cereals and legumes 

are susceptible to high levels of aflatoxin contamination as already shown in chapter 

2.2. Therefore, preparing children’s food with maize and peanut poses a great 

danger to children. Kitya et al. [38] reported 100% contamination level of peanut 

with a mean concentration of 11.5 ± 0.4 µg kg-1 in South-Western Uganda. Egal et al. 

[39] demonstrated that consumption of maize and peanut was extremely important 

in the exposure of children from Benin and Togo, in West Africa, to aflatoxin. Yet 

exposure to high levels of aflatoxin does not only lead to liver cancer and impaired 

immune system, but may also affect growth and development in children negatively 

[40]. In order to confirm exposure of the children from Kabale and Kisoro to 

aflatoxin, all the children’s urine tested positive for aflatoxin M1 [chapter 3.2]. Once 

ingested with food, aflatoxin B1 is metabolized by the liver into many other 

metabolites including M1, which is excreted in urine [34]. Approximately 1.2–2.2% of 

consumed aflatoxin B1 is excreted in urine in the form of M1 [35]. Asiki et al. reported 

the prevalence of aflatoxin exposure in Uganda to be 100% and 96% for adult and 

children, respectively [32]. Therefore, a strategy that will not only detoxify aflatoxin 

in end food products but also offer protection after human ingestion is highly 

recommended. The successful intervention must be accessible, affordable, 

acceptable, and sustainable within the local context. Fermentation, which has been 

extensively explored in sub-Saharan Africa, is highly recommended, and it is an 

integral process of indigenous food preparation. Besides, it is known for improving 

taste, preventing spoilage, and removal of other toxins from food [41]. 

In chapter 3.1, apart from using the traditional fermented food kwete as a 

vehicle to administer probiotics, the bacteria demonstrated great potential to 

detoxify aflatoxin by over 1000-fold. The yoba starter culture bacteria reduced all the 

four major aflatoxins (B1, B2, G1, and G2) to undetectable levels of HPLC-fluorescence 

in just 24 h. The fact that over 90% of each of the four major types of aflatoxins 

disappeared in 12 h and 100% in 24 h, in the soluble as well as the insoluble fraction 

of Kwete, sclearly points towards degradation. Moreover, maize, which is highly 

susceptible to aflatoxin contamination, accounts for 40% of caloric values of daily 

diet [chapter 2.2]. The potential of yoba starter culture bacteria in the detoxification 

of aflatoxin-contaminated food has been reported in many products [42-45]. 
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Although, further studies are warranted to identify the new products and to 

determine the toxicity and carcinogenicity of the final Kwete product, previous 

studies have already demonstrated that L. rhamnosus GG is able to reduce the uptake 

of aflatoxin by the gut (reference). 

Taking into account the high levels of aflatoxins in maize and other important 

foods at the household levels, the use of the yoba starter culture is of immense 

importance. Moreover, this intervention will not only protect people from the 

dangerous side effects of consuming aflatoxins, but also create income for household 

members who make the products for commercial purposes. The starter culture is 

readily accessible at a cost approximately 30-fold less than other commercial starter 

cultures in Uganda [46]. The starter culture is being used by over 138 producers who 

make approximately 38,000 liters of yoghurt per week country-wide. The starter 

culture is distributed by small scale distributors in every small town, and thus 

accessible by the local communities who live in remote areas. In chapter 3.1, yoba 

starter culture was used successfully to ferment maize-based beverage (Kwete) with 

comparable characteristics and acceptability to traditionally prepared Kwete. Most 

importantly, yoba starter culture bacteria degraded all the four major aflatoxins (B1, 

B2, G1, and G2) at a total concentration of 120 µg kg-1 to undetectable levels of HPLC-

fluorescence in just 24 h [47].  In case the degradation of aflatoxins leads to no toxic 

compounds, then the yoba starter culture can be a strong weapon in the fight against 

nearly 70% of aflatoxin-contaminated maize with the mean of approximately 20 µg 

kg-1 at household levels [chapter 3.2]. Although maize is not the main part of 

traditional diets in Uganda, it is the most important staple for the urban low and 

middle income communities, and people who are under institutional settings such 

as schools, hospitals, internally displaced person camps, and prisons [48]. Therefore, 

these people are at greater risk of acute and chronic aflatoxicosis. A strategy just like 

what is being employed by Yoba for Life foundation to train yogurt producers on 

how to make and sell probiotic yogurt [46, 49] can be mimicked for easier 

distribution and promotion of maize-based probiotic fermented foods. Other than 

Kwete, yoba starter culture has already demonstrated excellent results in 

fermentation of other maize-based products such as uji in Kenya [50]. Moreover, 

yoba starter culture does not only detoxify aflatoxin in end food products but also 

offer protection against aflatoxin ingested in contaminated food. 

The potential of Lactobacillus rhamnosus yoba 2012 isolated from yoba starter 

culture to sequestrate aflatoxin was demonstrated in physiological saline. L. 

rhamnosus yoba 2012 bound up to 800 ng ml-1 of aflatoxin B1 in physiological saline 

similar to what was reported previously [44, 45, 51]. The cell wall components such 
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as peptidoglycan and teichoic acid were the proposed binding sites. However, our 

study seems to demonstrate that cell surface proteins contribute greatly towards 

aflatoxin binding as well [52]. El-Nezami et al. [53] demonstrated that excellent 

binding of aflatoxins requires 109 cfu g-1 of Lactobacillus species with outstanding 

potential. The target of 109 cfu ml-1 can be perfectly met in kwete. The cereal-based 

beverage, kwete, favored the growth of L. rhamnosus yoba 2012 to 9 log10 cfu g-1 

without the addition of any special medium. Moreover, this innovation can easily be 

adopted and practiced by the unskilled people with minimal training. Apart from 

the long history of safety for these indigenous foods, they are prepared from locally 

available and cheap crops, therefore, affordable for the local communities [54].  

Other than reduction of aflatoxin in food during fermentation, the high 

numbers of L. rhamnosus yoba 2012 can be delivered to the gut. According to Marco 

et al. [55], some fermented foods act as a vehicle to promote the delivery of very high 

numbers of beneficial microorganisms to the gastrointestinal tract. The delivered 

microorganisms enhance the number, and offer a beneficial effect on the gut 

microbiota. With respect to aflatoxin decontamination, the toxin is absorbed entirely 

in the duodenum, which contains approximately 106 cfu g-1 of Lactobacillus species. 

Consumption of probiotic kwete would enhance the number of L. rhamnosus in the 

small intestine, and thereby offer protection against aflatoxins consumed in the other 

food sources. El-Nezami et al. [56] demonstrated, in a pilot trail in Egypt, that 

probiotic supplement greatly limited fecal concentrations of free aflatoxins. In 

another related study from China, El-Nezam et al. [57] reported higher proportion 

of samples with negative AFB-N7-guanine in the probiotic group than in the placebo 

in a 5-week intervention study. The same study reported 55% reduction in urinary 

AFB-N7-guanine in the probiotic at week 5. 

The advantages of fermentation in reducing aflatoxin to a safe level have been 

extensively discussed [chapter 3.1] [45]. Even if fermentation with the right bacterial 

strains has proven to be important in reducing aflatoxins in foods to allowable 

concentrations, the need to assess the toxicity of the degradation products was not 

done in this thesis. Apart from degradation, aflatoxin binding to lactic acid bacteria 

has been discussed as one of the mechanisms of aflatoxin reduction during 

fermentation [58]. However, in this thesis we are unable to evaluate what happens 

to the bacteria-aflatoxin complex after ingestion. Besides, the ability of the probiotic 

bacteria from the yoba starter culture to reduce absorption of aflatoxin in the upper 

small intestine following administration was not tested. Therefore, for our next step, 

we plan to carry out a randomized, double-blind, placebo-controlled intervention 
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study at a school with fermented maize porridge and regular maize porridge as a 

control group and monitor the aflatoxin levels in urine, blood and feces. 

4.5 The potential role of the gut microbiota in aflatoxin binding by 

Lactobacillus isolates from human gut 

The human gut microbiota is dependent on age, geographical regions, and 

diets [59]. Therefore, it would be of great interest to know the fate of diet 

contaminated with aflatoxin on gut microbiota. The effect of aflatoxin B1 on the gut 

microbiota is highly dependent on the dose [60]. However, studies have shown that 

lactic acid bacteria have ability to reduce aflatoxin toxicity through binding [43, 61, 

62]. In this thesis [chapter 3.2], we clearly demonstrated that allochthonous 

Lactobacillus species successfully isolated from the gut microbiota of children from 

Uganda remove aflatoxins efficiently from the supernatant. These isolates are a 

promising source of locally sourced probiotics [59], with excellent aflatoxin 

decontamination potential [chapter 3.1]. Moreover, most of the isolates are plant 

derived, thus they can be easily adapted for production of fermented foods.  

The Ugandan approach on the treatment of aflatoxin-induced liver cancer 

should also include prevention strategies by further reducing the exposure by 

decontaminating aflatoxin from food. Gut bacteria such as Lactobacillus species, 

effectively reduced aflatoxicosis among children [43], and promoted quick excretion 

of aflatoxins from the body [58]. For sustainability and effective distribution, chosen 

probiotics can therefore be developed as starter culture for fermentation of a number 

of desirable foods [54]. Commercial sales of these foods would generate income and 

thus reduce poverty. Moreover, the consumption of the fermented foods would be 

a cost effective way to reduce the negative health effect of consumption of aflatoxin-

contaminated foods. This would therefore improve health and reduce expenditure 

towards aflatoxin-induced ill-health. With all these benefits, this approach would 

address at least three of the Sustainable Development Goals (improving health, 

reducing poverty, and food security). Additionally, this approach could possibly 

prevent stunting and adverse effects of aflatoxins on a child’s education or learning 

ability, and for adults their ability to work. People who are malnourished are 

disease-prone and have reduced work output. 

In conclusion, identifying gut probiotic bacteria with the potential to 

minimize bio-absorption of aflatoxin in our population, and developing locally 

based probiotics could provide a local solution to the health risk of aflatoxins in 

common foods and feeds such as porridge, yoghurt, millet bread, ground nut pastes. 

The chosen bacteria would have gone through natural selection over millennia 

within the prevailing ecosystem. Noting that diseases are linked to genetics, culture 
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(what people eat and how they prepare it), and geography or environment. 

Therefore, the use of probiotic fermented food, which mimics the body’s own 

physiological mechanisms of ecological symbiosis, and application of modern 

science in local contexts for prevention of cancer, stunting, and possibly treatment 

of malnutrition, would be highly recommended. 

 

4.6 Outlook: locally sourced probiotics for the production of fermented 

foods 

The current thesis described the development, validation, and feasibility studies 

of the novel point-of-care sensor. The author clearly demonstrated not only the 

presence of aflatoxin in high demand stable foods, but also confirmed the frequent 

intake of the toxin by vulnerable people. The potential of gut Lactobacillus isolates to 

remove aflatoxin through binding was also well investigated. However, during the 

course of this study, the author identified some opportunities with tremendous 

future research potential, which are described hereafter.  

Although gut microbiota has been explained to play key roles in reducing the 

risk effects of consumed aflatoxin, a double blind randomized control study is 

recommended to evaluate the contribution of newly developed Lactobacillus species. 

A double-blind randomized control trial with fermented porridge and unfermented 

porridge as control is recommended to assess aflatoxin bio-avialability and/or 

absorption through analysis of blood for aflatoxin-lysine adduct, urine for aflatoxine 

M1 and stool for free aflatoxin. 

Several Lactobacillus species were isolated, characterized, and their aflatoxins-

binding potential investigated. The ability of these isolates to degrade aflatoxin and 

turn it into nontoxic metabolites is another and urgent area for future research. The 

potential of the probiotic strategy is great but still unclear as questions such as ‘what 

exactly happens to the bacteria-aflatoxin complex after consumption, what is the 

toxicity and carcinogencity of the final product’ remain unanswered. The 

Lactobacillus species are also candidates for future locally sourced starter cultures. 

These starter cultures offer microbial safety, better sensory quality, nutritional and 

health advantages [63]. However, those on markets were designed for production of 

yoghurt and yet milk is quiet expensive and not accessible in some rural settings. 

However, this requires well-designed studies to unmask their benefits, and ability 

to grow and ferment local foods. Moreover, their ability to survive and remain stable 

in the fermented product is also very important.  
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SUMMARY 

Aflatoxin is a major fungal toxin with enormous effect on animal and human 

health, agriculture, and trade, particularly in African countries with poor storage 

facilities and improper postharvest handling methods. The serious health effects 

associated with eating food contaminated with aflatoxins include liver cancer, 

impaired immune system and cognitive development in children, stunted growth, 

and injuries to the intestinal wall among others. Most farmers do not know the 

dangers of aflatoxins, let alone their existence, and therefore are not concerned about 

their mitigation. Quantitative analysis of aflatoxins is optional for locally consumed 

foods, but mandatory for crops designated for export in order to meet international 

regulatory standards. Community members who might otherwise be interested in 

analyzing their food for aflatoxin contamination before consumption may fail to do 

so to the high cost of analysis (more than $30 per test per sample), and laborious 

analytical techniques. These techniques include high performance liquid 

chromatography (HPLC), enzyme linked immunosorbent assay (ELISA), and 

fluorescence spectrophotometer, which are only available in the major food 

laboratories in the main cities, which are located hundred kilometers away from 

most farm lands. The aim of this thesis was to develop interventions to monitor 

aflatoxin concentration at the point of need, and to reduce levels and bioavailability 

in foods and the gut, respectively, in order to lower the public health risks of 

aflatoxins and promote aflatoxin-free trade. To achieve this aim, we developed an 

electrochemical cysteine based immunosensor, and analyzed its feasibility for on-

site detection of aflatoxins. We also studied fermentation as a means to 

decontaminate aflatoxins. Last but not least we assessed the aflatoxin binding ability 

of Lactobacillus species isolated from the gut of Ugandan children.  

In this thesis, a novel on-site detection device was developed through an 

electroless deposition of silver (plating) onto a glass slide, immobilization of cysteine 

amino acid on the deposited silver, followed by conjugation of aflatoxin B1 to 

cysteine groups, and blocking of free cysteine groups with horseradish peroxidase. 

The performance of the immunosensor was monitored using the indirect 

competitive immunoassay format, whereby free and immobilized aflatoxin B1 on the 

sensor competed for the binding site of free anti-aflatoxin B1 antibody. The sensor 

generated a differential staircase voltammogram peak that was inversely 

proportional to the concentration of aflatoxin B1. The immunosensor was validated 

with a range of aflatoxin concentrations from 0 to 15 µg kg-1, and produced a lower 

limit of detection of 0.7 µg kg-1 maize flour. The results obtained by the novel 

immunosensor positively correlated with the established laboratory-based HPLC 
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and ELISA-detection of aflatoxin B1, with correlation coefficients of 0.94 and 0.98, 

respectively. Unlike HPLC, ELISA, and many other laboratory-based quantitative 

methods for detection of aflatoxins, the developed novel immunosensor is portable, 

weighing approximately 0.5 kg. Therefore, a trader or regulatory agent can move 

with it to places where people buy and/or sell produce. On-site detection of aflatoxin 

may enhance awareness, and therefore lead to a healthier population, low incidence 

of rejected exports due to aflatoxin contamination, and higher earnings in foreign 

exchange. 

In this thesis we also tested the performance of the novel on-site method in 

real time by determining the concentration of aflatoxins in maize flour samples on 

the market and households in Kampala, Uganda. The novel immunosensor revealed 

that aflatoxin contamination in maize flour at household levels is 2.5-fold the 

concentration of aflatoxin found in maize flour from the markets. This indicates that 

the risk of acute and chronic aflatoxicosis increases down the crop distribution chain. 

Therefore, practices such as proper drying of grains, frequent testing for aflatoxin 

contamination, and proper storage conditions should become everyday practices in 

order to minimize exposure to aflatoxin. The immunosensor also revealed that 

hulled maize samples are more frequently contaminated, with concentration levels 

of approximately 4.3 times greater than dehulled maize.  

The probiotic kwete was successfully produced using starter culture with the 

probiotic Lactobacillus rhamnosus yoba 2012 and Streptococcus thermophilus C106. 

Probiotic kwete was acceptable to the consumers, with a score of ≥ 6 on a 9-point 

hedonic scale. The products were stable over a month’s study period, with a mean 

pH of 3.9, titratable acidity of 0.6% (w/v), and L. rhamnosus counts >108 cfu g−1. The 

yoba bacteria in the probiotic kwete decontaminated aflatoxins B1, B2, G1, and G2 to 

over a 1000-fold reduction. However, the toxicity on the final product still needs to 

be elucidated. In vitro fluorescence spectroscopy confirmed binding of aflatoxin 

B1 to L. rhamnosus yoba 2012 with an efficiency of more than 80% for a one 

microgram per ml of aflatoxin concentration. Daily consumption of probiotic kwete 

should lower the risk of aflatoxicosis and aflatoxin-induced ill health such as liver 

cancer. Moreover, this innovative fermentation system is affordable and transferable 

to many contexts, and to other nations. The fermentation can improve nutrition 

security, particularly for children, thus improving their growth and development. It 

can easily be taken up as a business model by the youth and women, thereby 

reducing poverty and enhancing economic growth.  

The exposure of 10 children aged 55–60 months from a cohort of 512 to 

aflatoxin B1 was confirmed, with mean urine aflatoxin M1 levels ranging from 15–
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170 pg mg-1 creatinine. The children were frequently fed on hulled and dehulled 

maize flour and peanut, which contained 9 ± 9 µg kg-1, 5 ± 8 µg kg-1, and 13 ± 8 µg 

kg-1 levels of aflatoxin B1, respectively. The strains of Lactobacillus species isolated 

from the children’s fecal samples removed aflatoxin B1 at varying levels. The 

abundance of Lactobacillus in the gut microbiota of 140 children from the same cohort 

at 24 and 36 months positively correlated with stunting. The correlation could be 

attributed to change in the diet of the children from breastfeeding to plant-based 

solid foods, which could be heavily contaminated with aflatoxins. These solid foods 

also promote intake of Lactobacillus species. 

The current thesis demonstrates the feasibility of using the newly developed 

on-site immunosensor device for the analysis of aflatoxins, and reveals the 

prevalence and abundance of aflatoxin contamination in Uganda. The thesis further 

demonstrates that Lactobacillus species isolated from fecal samples of Ugandan 

children bind aflatoxins. Results in this thesis indicate that bacterial fermentation is 

not only a way to enrich and preserve foods, but can also serve to reduce widely 

occurring aflatoxin contamination. As a follow-up, a double-blind, placebo 

controlled trial is recommended with fermented maize porridge to substantiate 

reduction of the bio-availability of aflatoxin in consumed foods.  
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SUMMARY IN LUO  

(LOCAL LANGUAGE of UGANDA) 

WIYE-WIYE 

Aflatoxin otiye kwir marac maloyo i kind kwir pa okudi magi lwongo fungus 

matiye kud adwogi marac makwe i kum leya ku dhanu i tenge mi yot kum, fur man 

koloka, masagone i ngom mi Africa pi lembe pa kabedo marac magi gwoko iye cam 

man kura marac magitiyo kudu ingey coko dhu cam. Adwogi marac mawok itenge 

mi yot kum malubere kucamo cam mu onyotere ku kwir pa Aflatoxin eni otiye 

cancer mi cwiny, dwoko kum dhano goro macopo ciro two ongo, man kelo goro 

nyang manok ni awia mathindo, dongo mujay, man enyayo rem ikum cind ic man 

ku munge bende. Kadi obed nia adwogi ma kwir marac ma wanwango i cam ma 

Aflatoxin onyayo omiyo lworo madwong akecha ni ngom mir Africa, ngec ikum 

kwir maeni ne nongere kende i kabedo ma adwogi marac ma kwir eni opodo iiye. 

Jurufur mapol ongeyo ongo adwogi marac ma kwir mi cam eni kelo man gingeyo 

ongo bedo otiye pa kwir eni, dong oketo giniang zo ongo adwogi marac ma kwir eni 

timo ikum dhanu. Pimo cam me neno ke kwir maeni utiye iiye ni dhanu mi kyaro 

eyot ongo man etiye kangati omito, ento pi cam mawa lworo ni ngom mawoko pimo 

kwir maeni etiye cik mi wi kom acel acel mu umako giwor. Adura ma tiye ku mit 

mi ngeyo nyo cam migi onytere ku kwir eni eyot igi ongo pirango lapim ne bey pare 

tek makwe (wel ne otiye makadho dolla 30 pi kit cam acel kende). Man doki cuma 

magi tiyukudu ka pimo kwir maeni ma calo HPLC, ELISA, man fluorescence 

spectrophotometer nongenre i ot pima pa gamente madongo mu tiye itawun ma 

dongo donge kende mu tiye kamabor ku podo. Dong pimeno mitere nia diro mi 

ngec mi pimo man mi jwigu kwir eni icam man kudi ic inge camo cam kara nyo copo 

ka jwigo adwogi marac ma kwir eno kelo i kum dhano man mi keto kuloka ku ngom 

munge obed ber labongo kwir marac eni. 

Lapim maleng magi wok kudu mi pimu kudu kwir eni i cam i sawa me yubu 

ne, gi fuyu nyunyu ma tar (silver) i kum glassi, ka gi mwono cysteine ikum silver ka 

dong gi tubu dok kwir kum cysteine. Dong cysteine ma utubere ongo ku kwir, gi 

gam gi mwono wiye ku horseradish peroxidase. Kite mi tic pa macin eni gi nongo 

nia utiye kud alara lara mukandere (indirect competitive immune assay format) I 

kin kwir ma gimwono ikum macin eni man ku kwir mi cam pi a cikari ma lwenyo 

ikum two. Macin eni opimo kwir maeni mucakere ku 0.7 ± 0.1 ugam ujik ku 11 ± 0.3 

µg kg-1, man kwir ma tidi me epimo jik 0.7 ± 0.1 µg kg-1. Dong adwogi mi pim pa 

group eni owok rom ku pim mi laboratory ma malo nogi. Lapim ma eni eyot, kilo 

pare utiye 0.45 kg kende. Dong jakuloka, nyo jurucik mi lengo copo kawoto kude i 

kare ma jurulwor man juruwil mi cam utiye iiye. Dong cidho ku lapim eni mi pimo 
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kwir nyayo ngec ikin dhano man doki copo ka konyo kwo pa dhano. Cam mwa de 

ngom mawoko copo ongo kakwero man bikelo lonyo ni ngom mwa nde. 

Dong eber mi tiyo ku lapim eni pi ngeyo bero ne, mi ngeyo kite ma kwir eni 

otiye ii mogo anywagi isoko man i igang pa dhano i Kampala, Uganda. Lapim eni 

nyutu nia kwir ma tiye i mogo anwagi, i paco acel acel dwong oloyo 2.5 ke I poro ku 

mogo mu utiye isoko ma wangiewo iye cam enigi. Dong mitire nia kura minuoyo 

kodi, pim matere tere pa kwir eni man gwoko kodhi i kabedo maber obed lembe 

majwi kara ojwig pego mir okudi makwir eni kelo ikum dhano. Lapim eni nde 

onyutu nia anywagi ma otiye ku pote otiye ku kwir eni wang 4.3 makadho anywagi 

ma gi lunyu pokgi. Dong pimeno camo anywagi ma gi lunyu pokgi kadi bende nia 

etiye ku mor cam man vitamin manok, ento eber pirango ekonyi mi nwango ongo 

kwir maeni. 

Kwete gi yubu ku okudi maber ma gi lwong nia Lactobacillus rhamnosus yoba 

2012 and Streptococcus thermophilus C106. Kwete ma gi yubu kudu ukudi maber 

enike gi foye makwe ma Dong ginwango nia Kwete ma gi yubu kudu ukudi maber 

jucwako pire ni juma tiyo kude pirango adwogi ne ber manda ku ≥6 iwi pim 9. Kwete 

ne obedo labongo aloka loka moko pi dwi acel ku pH 3.9, lur pa acid mi iiye opedo 

0.6%, man wel okudi maber L. rhamnosus ukado 108 cfu g-1. Okudi maber ma gi tiyu 

kudu my yobu Kwete ojwigu kwir marac mu obedo anywagi wang 1000. Gi nwango 

nia ukudi maber eni ma gi tiyu kude mi yubu kwete konyu makwe mi kwanyo kwir 

marac, calo me kwanyo 83.5 ikum 100 pa kwir marac. Dong camo nyo madho kwete 

ma gi yubu kudu okudi maber copo ka jwigo tego pa kwir manyoto yot kum, macalo 

cancer mi cwiny. Yore ma eni mi yubu kwete kui okudi maber yot musago man ni 

dakongec ne i yore mapol man ni nyutu kura ne ni ngom mange. Copo miyo gwok 

ni awia ikum kwir marac pa cam man emiyo dongo ni awia eni man kelo aloka loka 

mi gyero kum man jwigu can man nyayo lonyo ni dhanu. 

Awia 10 ma oro migi obedo i kind dwi 55-60 ma gitingu kudi I adura pa awai 

512 man gi camo cam mu nyotere ku kwir marac eni, kwir ne gi pimo man gi nongo 

I lac migi i kind wel 14.8-168 pg mg-1. Awia eni kare ku kare gibedo kamiyo igi cam, 

mogo magi lunyu pokgi, kuma gilunyu ongo macalo anywagi, ful. Cam magi lunyu 

poke onge obedo ku kwir 9.1 ± 9.1 µg kg-1, magi lunyu poke 5.3 ± 8.2 µg kg-1 man ful 

obedo ku kwir 12.8 ± 7.9 µg kg-1. Okoko ma leng magi kwanyu kudi icet pa awaia 

eni gi nongo nia gi ber me jwigo kwir marc. Ukoko maber mu tiye iiya awia 140 

marom i kind dwi 24-36 gi nongo nia awia mu tiye ku gi madwong doki dongo oloyo 

gi. Adwogi maeni obedo ni kum aloka loka i kum weko cak man dwogo i cam ma 

nwang mujebere ku kwir. 
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Buku maeni nyutu anda kony pa lapim ka pimu kwir I cam ka bedo mutere 

man dit pa cam marac mujebere ku kwir otiye kudu i ngom mwa mi Uganda. Buku 

eni nde nyutu nia ukudi maber ma tiye I dhano konyo makwe ka jwigu kwir marac 

mu tiye I cam. Gwoko cam eni kende ongo otye yore midwoko cam leng ento etiye 

yore majwigo nyai pa kwir marac ma cam kelo man dok mor cam eno mawok ku 

kwogo cam gyero kum dok emiyo dok tego madwong akecha ma gwoko kum. 
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