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Abstract

Background The use of local foods has been widely recognized as a sustainable strategy to address micronutrient defi-
ciencies among resource-constrained households in rural areas in developing countries. Acholi sub-region of Uganda
has recently recorded a high prevalence of micronutrient deficiencies due to inadequate iron, zinc, and calcium contents
in complementary foods. Thus the sub-region was used as a case study to examine the potential of amaranth grain-
silverfish-iron rich beans micronutrient dense composite flour in improving nutritional quality of complementary foods.
Design Microsoft Excel was used to derive ingredient combinations based on the micronutrient requirements. Labora-
tory analyses were used to determine (1) nutritional quality; (2) functional properties and; (3) storage stability of the
micronutrient-dense composite flour. Data was analysed using a one-sample t-test and analysis of variance by Statistical
Package for Social Sciences (SPSS) version 25.

Results The micronutrient-dense composite flour contained 19 mg/100 g, 13 mg/100 g, and 354 mg/100 g of iron, zinc,
and calcium, respectively. The cost (0.037-0.058 USD) of the micronutrient-dense composite flour required to meet the
RDA for iron and zinc among children 6-24 months old was found lower than the cost (4.81 USD) of a sachet of standard
micronutrient powder equivalent to RDA. The product exhibited low bulk density (0.68 g/1), high water solubility index
(25.56-29.16%), and short reconstitution time (40.00-45.00 s), and remained safe during the entire 70 days of storage.
Theoretically, daily enrichment of complementary foods for children 6-11 and 12-24 months old with 58 and 37 g of
the composite, respectively would contribute 100% of the recommended dietary allowance for iron and zinc and 50%
for calcium.

Conclusion The developed micronutrient-dense composite flour has the potential to improve the micronutrient quality
of complementary foods. A concerted effort is required to promote its use as a strategy to address micronutrient defi-
ciencies among children 6-24 months in resource-constrained settings.
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1 Introduction

Globally, malnutrition accounts for 45% of child mortality annually and the trend is projected to increase [1]. Children
who survive death due to malnutrition often have impaired development including cognitive function, which in turn
undermines learning outcomes and attainment of full potential in adulthood [2]. Globally, 162 million children under
five years have low height-for-age (stunting) [3] whereas up to 45.4 million have low weight-for-height (wasting) with
Sub-Saharan Africa being one of the most affected regions [4]. Uganda is one of the countries in Sub-Saharan Africa
which experiences high prevalence of malnutrition. Indeed, the prevalence of stunting, wasting, and underweight
among children under five years stands at 29%, 4%, and 11%, respectively whereas death due to poor nutrition has
been estimated at 88 per 1000 live births which translates to a mortality rate of about 8.8% [5]. Specifically, the Acholi
sub-region of Uganda has had 30.6, 15.4, and 3.9% of children under five years being stunted, underweight, and
wasted, respectively [6]. As such, the Acholi sub-region is among the sub-regions in Uganda with high malnutrition
prevalence based on the aforementioned stunting, wasting, and underweight prevalence statistics [7]. Associated
with this high level of malnutrition indicators are deficiencies of essential micronutrients such as iron, zinc, and
calcium [8].

Micronutrient deficiencies are a threat to the well-being of young children ages 6-24 months due to their high
demand for growth and development of the body [9]. Micronutrient deficiencies have largely been attributed to
household food insecurity that often results in the routine consumption of predominantly carbohydrate-based
foods, which are known to contain limited quantities of minerals and vitamins [10]. The occurrence of micronutrient
deficiencies among children in a given population causes both direct and indirect impairments in psychoemotional,
social, behavioural, and cognitive development [11]. For instance, minerals such as iron, zinc, and calcium promote a
healthy immune system, act as cofactors in metabolic pathways, and maintain homeostasis in the body [12]. Despite
these benefits, iron deficiency among children under five years has been estimated at 43% globally [13] and at 71%
in the Acholi sub-region of Uganda [5]. On the other hand, calcium deficiency has been associated with a peak inci-
dence of rickets among infants and young children 6-23 months old [14]. Accordingly, 9.5% of children diagnosed
with severe pneumonia at Uganda’s national hospital also presented with nutritional rickets [15]. This observation
could be a snapshot for other regions of the country since not all patients visit the national referral hospital. Further-
more, low zinc status is estimated at 17-29.6% globally and children are the most affected, especially in developing
nations which account for 4% of childhood deaths due to low zinc status [16]. Micronutrient deficiencies among
children 6-24 months old in Sub-Saharan African countries has been associated with low contents of the respective
micronutrients in complementary foods thus leading to inadequate intake [17, 18]. Similar observations have been
made in the Acholi sub-region where iron, zinc, and calcium intake are inadequate in commonly used complemen-
tary foods (maize/millet flour porridges) [8]. This situation if left unattended can potentially lead to compromised
human capital development in the sub-region and country at large, taking into account the positive impact of good
nutrition in childhood on healthy growth, education, and human potential in adulthood [19]. Furthermore, annual
gross domestic product loss due to malnutrition has been estimated at 11% for Asia and Africa [20]. In monetary
terms, preventing malnutrition has been estimated to deliver 16 United States Dollars (USD) as a return on invest-
ment for every dollar spent [20]. In the context of developing countries such as Uganda, it is therefore apparent that
preventing malnutrition by food enrichment using nutrient-dense locally formulated food composites does not only
contribute to better health outcomes but also economic development.

Amaranth grains, iron-rich beans, and silverfish are rich in iron, zinc, and calcium. The aforementioned ingredients
are readily available in the study community, and provide an opportunity for formulating nutrient-dense flour for
the enrichment of complementary food. Amaranth grains for instance contain 17.4, 3.7, and 175 mg/100 g of iron,
zing, and calcium, respectively [21] whereas 100 g of iron-rich beans contain 10, 33, and 113 mg of iron, zinc, and
calcium, respectively [22]. On the other hand, one hundred grams of silverfish contain 8.18-10.91, 4.07-10.25, and
1556.4-1866.5 mg of iron, zinc, and calcium, respectively depending on the form of silverfish, that is, fresh, boiled
or dried [23]. As such, these foods have the potential of complementing one another when formulated and used for
routine enrichment of complementary food(s). Furthermore, these three ingredients are fairly affordable and hence
suitable for resource-constrained households, which are unable to access commercial micronutrient powders for
complementary feeding such as those in the Acholi sub-region of Uganda [5]. However, despite the nutritional value
of amaranth grains, iron-rich-beans, and silverfish and their availability in the study community, they remain underu-
tilized as a composite for complementary food enrichment, and limited information is available on nutritional quality,
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functional properties, and storage stability of Micronutrient Dense Composite Flour (MDCF) formulated from these
ingredients. Therefore, this study sought to develop MDCF from amaranth grains, iron-rich beans, and silverfish for
routine enrichment of commonly used complementary foods in the Acholi sub-region of Uganda.

2 Materials and methods
2.1 Study area and population

This study was carried out in Lamwo district in Acholi sub-region located in the Northern part of Uganda (supplementary
material I) in which iron, zinc, and calcium deficiencies attributable to limited micronutrient quality of complementary
foods in the community have been reported [8]. For instance, the highest anaemia prevalence (71%) among children ages
6-24 months nationally has been reported in the sub-region [5]. Children ages 6-24 months were the target population in
this study mainly because they rely largely on complementary feeding for nutrient intake and are at risk of micronutrient
deficiencies if fed foods of low nutrient quality. Complementary food used in rural areas of Uganda is usually porridge,
and largely constituted by carbohydrates [24]. This could explain the high prevalence of micronutrient deficiencies as
documented in the latest national demographic and health survey report [5]. Therefore, it was found extremely vital to
improve the micronutrient quality of complementary foods through the development of MDCF for routine enrichment.

2.2 Development of micronutrient-dense composite flour

Study materials (silverfish [R. argenteal, iron-rich beans [Naro 4C], and amaranth grains [A. hypochondriacus]) were pur-
chased from local markets in Lamwo district (03°31’N 32°47’E). This involved the purchase of four samples of two kilo-
grams each per ingredient from at least 5 different stalls (n=20), and thorough mixing to ensure uniformity as well
as sample representativeness. The ingredients were purchased from different sellers to account for variations in the
nutritional composition of ingredients due to differences in soil fertility, length of time the crops take on the farm before
harvesting, health status of the crops on the farm, and the postharvest process involved [25]. To develop the composite
flour, pebbles were removed from iron-rich beans by handpicking followed by winnowing. Thereafter, the beans were
washed and soaked in distilled water for 6 h. The soaking water was then drained, and the beans dried under sunshine
for forty-eight hours and stored at ambient temperature (approximately 28 °C+ 2). Silverfish were handpicked to remove
unwanted solid matter such as stones and washed with distilled water. They were then dried in the sun and stored as
in the case of beans. Amaranth grains were sorted, winnowed, and washed in distilled water to remove stones, leaves,
and dust. Distilled water was then used for steeping the grains for 7 h followed by germination at ambient temperature
(approximately 28 °C+2) in perforated black polythene bags for forty-eight hours. Germinated grains were then sun-
dried for forty-eight hours, and the rootlets were removed after. All ingredients were then roasted separately in open
saucepans mounted on charcoal stoves and allowed to cool at room temperature in readiness for subsequent processes.
Roasted ingredients were mixed to yield a composite formula that fits the recommended dietary allowance (RDA) of
11 and 3 mg/day for iron and zinc, respectively, and RDA of 270 mg/day for calcium for children 6-11 months while
covering slightly more than half of calcium demand for children 12-24 months [26]. Considering the sub-age catego-
ries, the formulation prioritized iron, zinc, and calcium in decreasing order following the recent report which showed
that deficiencies of these micronutrients in the study community are associated with limited micronutrient quality of
complementary food, especially iron and zinc [8]. Formulation was based on deficits in iron intake relative to the RDA
requirements for children 6-11 months which stood at 5 mg/day as compared to that for children 12-24 months which
stood at 1 mg/day [8]. Besides, a formulation that meets the RDA of 11 mg of iron/day for the 6-11 months age group
would automatically meet that of 7 mg/day RDA for the 12-24 months age sub-group. Therefore, the formulation was
done using Harvest Plus Food Composition Table [27] and Microsoft Excel [28]. Specifically, a linear equation with a fixed
value for iron at 11 mg/day and varying concentrations of ingredients was developed. The proportion of ingredients
providing the aforementioned quantity of iron was determined intuitively and later adjusted based on recommended
acceptable levels [29] as shown in Table 1 in the results section. The composite was then milled into flour using a ham-
mer mill (0.1 mm sieve). The composite was prepared in duplicate and subjected to laboratory analyses within 12-24 h
and subsequently after 14-day intervals for 70 days for storage stability analysis upon storage at ambient temperatures
(28 °C+2) in high-density polythene (HDPE). For all laboratory analyses, the samples were analyzed in triplicates. A
schematic diagram showing the production process of MCDF is provided in Supplementary Material Il.
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2.3 Determination of nutritional quality and cost-effectiveness of the micronutrient-dense composite flour

For all laboratory analyses, the samples were analyzed in triplicates. The micronutrient-dense composite flour was
analyzed for moisture, crude fibre, crude protein, crude ash, crude fat, total carbohydrate, iron, zinc, and calcium
content, and anti-nutritional factors (phytates and tannins) at Gulu University laboratories. Moisture content was
analyzed by oven drying method using a hot air oven (Huanghua Faithful Instrument, Huanghua, China) according
to the Association of Official Analytical Communities (AOAC) 1995 method number 925.10-32.1.03. Ash analysis fol-
lowed the dry ashing method using a muffle furnace (VELP Scientifica, New York, United States of America) according
to AOAC (1995) method number 923.03-32.1.05. Crude protein was analyzed according to the Micro Kjeldahl method
following digestion and automatic distillation [30]. Briefly, the samples were digested at 420 °C using concentrated
sulphuric acid in a digestion block (VELP Scientifica, New York, United States of America) to liberate organic nitrogen
as ammonium ions. The digests were then distilled using water, sodium hydroxide, and boric acid to form ammonium
salt using an automated Kjeldahl machine (VELP Scientifica, New York, United States of America). The distillates were
then titrated using 0.1N Sodium hydroxide while continuously being stirred using a magnetic stirrer to determine
the nitrogen content. The nitrogen content was then multiplied by a constant factor of 6.25 to obtain the protein
content. Crude fat was determined using the AOAC Soxhlet method (2005: method number 920.39C) using a sox-
hlet fat extractor (Shamboo Scientific Glass Works, Ambala, India). Accordingly, organic solvent (hexane) was used
to extract fat from food samples and the solution was evaporated, causing the solvent to vaporize while leaving
fat. The weight of the fat was then determined and expressed as a per cent of the initial sample weight. Crude fibre
analysis followed the Weende method according to AOAC (method number: 978.10) using a raw fibre extractor (VELP
Scientifica, New York, United States of America). Upon determination of sample moisture content, the samples were
hydrolyzed using sulphuric acid and potassium hydroxide solutions. The residue was then dried in a hot air oven
overnight and subsequently ashed as previously explained for ash content. Crude fibre was therefore determined by
the weight difference of the residue before and after ignition. The percentage of total carbohydrate was determined
by difference method [31]. This method is based on the assumption that carbohydrate is originally any compound
in food that is not protein, fat, moisture, fibre, or ash. The findings of these analyses were compared to standard
cut-off values as well as findings of similar studies to determine the suitability of the product for its application. For
instance, the proximate parameters of MDCF were compared to the standard cut-off of < 10.00%, < 5.43%, > 15.20%,
8.15-8.50%, < 2.17%, and 48.90% for moisture content, crude ash, crude protein, crude fat, crude fibre, and carbo-
hydrates, respectively [32]. Crude ash in particular is an indication of the total quantity of minerals available in the
product [33] and this reflects the research concept of dense mineral content of the product. On the other hand,
phytate and tannin contents were compared to maximum limits of < 25 and < 10 mg/100 g for phytates and tannins,
respectively which is an indication of the bioavailability of micronutrients [34].

Micronutrient composition (iron, zinc, and calcium) was determined by the AOAC method (1995: method num-
ber 970.12) [35]. This involved acid digestion to remove the sample matrix thus leaving the minerals followed by
atomic absorption spectrometry (AAS), which assumes absorption of atoms of a particular mineral is proportional
to the concentration of the mineral present in the sample. An atomic absorption spectrophotometer (Perkin Elmer,
Waltham, USA) was used. Phytate and tannin determination followed ultra-violet visible spectroscopy. This method
measures the absorbance of a sample which is equivalent to the concentration of phytate or tannin in that sample.
Accordingly, the anti-nutritional factor (phytate or tannin) was first extracted from the sample using hydrochloric acid
followed by isolation from lower esters, and finally quantified by measuring absorbance. Phytate analysis in particular
followed the AOAC method (986.11) [36] and the absorbance was read at 640 nm using an ultraviolet-visible spec-
trophotometer (Beckman instruments, California, USA). On the other hand, tannin levels were determined according
to the vanillin-HCI procedure [37] and the absorbance was read at 500 nm using an ultraviolet-visible spectropho-
tometer (Beckman Instruments, California, USA). Results of micronutrient composition and anti-nutritional factors
analyses were used to estimate the bioavailability of iron, zinc, and calcium using the molar ratios approach based
on atomic weights of 660 g/mol, 56 g/mol, 65 g/mol, and 40 g/mol for phytate, iron, zinc, and calcium, respectively
[38]. This method is widely recognized as a proxy indicator of invitro bioavailability [38]. Briefly, the mole of phytate
and micronutrients (iron, zinc, and calcium) was determined by dividing the weight of phytate and micronutrients
by their atomic weight. The molar ratio between phytate and each micronutrient was then determined by divid-
ing the mole of phytate by the mole of each micronutrient [38]. The results were then compared against standard
cut-off values of phytate-micronutrient molar ratios that quantify the bioavailability of each micronutrient [39]. The
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contribution of MDCF to the micronutrient needs of the age group under study was established by determining the
quantity (grams) of the product that corresponds to the RDA of each micronutrient. To achieve this, the RDA value
for each micronutrient was multiplied by 100 g and then divided by the quantity of the micronutrient in 100 g of
MDCF. The cost of MDCF was based on the principle of comparison between the cost of MDCF required to achieve
the RDA for the micronutrients versus the cost of one sachet of commercial micronutrient powder, which meets the
RDA for micronutrients hence the basis for their comparison. First, the cost of MDCF was determined by dividing the
total cost incurred in producing the MDCF by the quantity produced and then multiplied by the quantity required
to meet the RDAs for the micronutrients. The resulting cost was then compared to the average price of a sachet of
commercial micronutrient powder, which is equivalent to RDAs [40] in United States dollars.

2.4 Determination of functional properties of the micronutrient-dense composite flour

Pasting property (peak viscosity, final viscosity, pasting time, and pasting temperature) was determined using a Rapid
Visco Analyzer linked to a computer system (Perten Instruments, New South Wales, Australia) [41]. This method examines
the formation of viscous gel of the sample based on its rheology under variable and controlled conditions. First, the
moisture content of the sample was determined followed by the addition of water into the sample to form a suspension
that was then spun and heated under controlled time-temperature conditions. Bulk density measurement adopted
standard procedure [37]. Briefly, a graduated cylinder of 100 ml was weighed and 15 g of sample was then transferred
into the cylinder and shaken steadily to release air that was present, and the new volume was recorded. The mass of the
cylinder plus the flour sample were recorded. Bulk density was then calculated as the mass of the sample divided by its
volume. Water absorption capacity was determined by centrifugation method [42]. Accordingly, the principle underly-
ing this method is the determination of the amount of water retained by the flour sample in the centrifuge tube after
adding water to it. On the other hand, the water solubility index was determined by centrifugation followed by drying
[42]. This method measures the ability of a sample to dissolve in water and expresses the weight as a percentage of the
dry supernatant. Reconstitution time was assessed using the dispersion method [43]. Briefly, 2 g of flour sample was
spread on the surface of 50 ml distilled water at room temperature in a 150 ml cylinder. The time taken for the flour to
completely disperse was recorded as the reconstitution time.

2.5 Determination of storage stability of the micronutrient-dense composite flour

The storage stability of the MDCF was determined through microbial and chemical analyses. The former helps to identify
and enumerate spoilage microorganisms [44] whereas the latter is an indication of biochemical and chemical reactions
that have implications for the safety of a food product [45]. Accordingly, the results of microbial and chemical analyses of
the MDCF were compared with standard critical values for food safety to establish its safety status as a function of storage
time. To determine microbial quality, the MDCF flour was stored at ambient conditions (25 °C+ 2) followed by microbial
tests (total microbial, yeasts and moulds, and coliform counts) every fortnight [46]. Briefly, sterile plate count agar, potato
dextrose agar, and violet red bile agar (Himedia, Mumbai, India) were used to determine total microbial count, yeasts and
moulds, and coliform counts, respectively for 70 days. The results were compared to acceptable limits of 5 log,, cfu/g, 2
log,, cfu/g, and 3 log,, cfu/g for the total microbial count, coliform count, and yeast and moulds, respectively [44]. On the
other hand, chemical deterioration was determined using titration methods. This involved the use of organic solvents in
which fats dissolve. Specifically, the AOAC method Ca 5a-40 (1990: 2000) was used to determine free fatty acid levels in
the micronutrient-dense composite flour across the 70-days storage period. Specifically, 5 g of flour sample were added
into a solution of diethyl ether and ethanol containing 1% phenolphthalein and drops of 0.1 M sodium hydroxide and
titrated against aqueous 0.1 M solution of sodium hydroxide. Free fatty acid was then determined by multiplying the
constant factor of oleic acid (28.2) by the volume of sodium hydroxide used for titration and the normality of sodium
hydroxide and the results divided by the weight of the sample. On the other hand, the AOCS official method Cd 8-53
(1997) was used to assess the peroxide value in the flour. The principle underlying this method is that the quantity of
iodine produced during the oxidation of fats reflects the quantity of peroxides present. As such, a solution containing
acetic acid-chloroform, flour sample, and saturated potassium iodide was titrated against 0.1 N sodium thiosulfate
solution and the peroxide level (mEqg/kg) was determined using standard formula. Findings of chemical analysis were
compared to maximum limits of 1.75% and 10 mEq/kg for free fatty acid and peroxide values, respectively.
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2.6 Data analysis

Statistical Package for the Social Sciences (SPSS) version 25 was used for data analysis. One sample t-test was used to
analyze data on proximate composition, anti-nutritional factors content, micronutrient content (iron, calcium, and zinc),
and functional properties of the MDCF. This model was found appropriate to compare the nutritional and functional
properties of the MDCF with the recommended standards and findings of earlier studies. As such, the proximate com-
position, antinutritional factors, and micronutrient content of MDCF were compared to standard recommendations for
complementary foods [32] as well as findings of previous studies in which similar products containing 40% common
dry bean, 30% amaranth, and 30% rice [31], and that of a study that used 90% amaranth grains and 10% sorghum [47].
Data on storage stability was analyzed using one-way analysis of variance (ANOVA) to compare microbial (total micro-
bial count, yeast and moulds, and coliforms) and chemical (free fatty acid and peroxide value) parameters at different
nodes during storage followed by mean separation using Tukey’s Honestly Significance Difference Test (HSD). Pearson’s
correlation analysis was used to determine the association between the storage stability parameters examined. For all
analyses, the level of statistical significance was fixed at 5%.

3 Results

3.1 Formulation of the micronutrient dense composite flour (MDCF)

The ingredient composition of the micronutrient-dense composite flour is shown in Table 1.

3.2 Nutritional quality and cost-effectiveness of the micronutrient-dense composite flour
3.2.1 Proximate composition

The micronutrient-dense composite flour (MDCF) conformed to the Tanzania Bureau of Standards (TBS) recommenda-
tions for complementary foods. These recommended standards are < 10.00%, < 5.43%, > 15.20%, 8.15-8.50%, < 2.17%,

Table 1 .|r.]gredient Ingredients Mixing
composition of the ratio

micronutrient-dense (%)
composite flour

Amaranth grains 80
Silverfish 16
Iron-rich beans 4

The formulation was made based on recommended dietary allowances (RDA) of 11, 3, and 270 mg/day of
iron, zinc, and calcium, respectively for the age group of 6-11 months taking into consideration optimal
levels of iron and zincin 100 g

Table 2 Proximate

. Proximate parameter STDR MDCF NDCF

composition of the

micronutrient-dense Moisture content (%) <10.00? 4.67 +0.06P 5.20+0.00°

composite flour Ash (%) <5.4326.60+0.10°2.20+0.10°
Crude protein (%) >15.20° 17.67 £0.58% 14.40 +0.30°
Crude fat (%) 8.15-8.50° 8.67 + 0.06° 6.80 + 0.40°
Crude fiber (%) <2.1724.00+0.26 3.00+0.10°
Carbohydrates (%) >48.90% 57.00+ 1.00% 63.40+1.10°

STDR standard recommendations by Tanzania Bureau of Standards [32]; MDCF micronutrient dense com-
posite flour; NDCF nutrient dense complementary food [47]; superscripts a, b, and c refer to statistical
significance, values with different superscripts within a row are significantly different (p <0.05); Values for
MDCF and NDCF are mean + standard deviation; The quantities were determined on a dry weight basis
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Fig. 1 Comparison of micro-
nutrient content of micro-
nutrient-dense composite
flour and similar products in
milligrams per gram (mg/qg). 350 4
MNP refers to standard
micronutrient powder; MDCF
refers to micronutrient-dense
composite flour developed

in this study; BBCF refers to
bean-based composite flour
developed in a previous
study; different letters on bars
indicate that the difference in
quantities of study micro-
nutrients among the three
products was statistically
significant (p <0.05); MDCF 100
and BBCF are consumed in
amounts>1 g such as 58 g of

4002

= Amount in mg/g of standard
300 - MNP
= Amount in mg/g of MDCF

250 -
= Amount in mg/g of BBCF

200

150 1

Micronutrient content (mg/g)

50 -

MDCF for 6-11 months old 12.; 0.19 0.13 5 0.3 0.06

children per day while MNP is — b |c ha b |c

consumed in 1 g portion daily 0 v .

dose Iron Zinc Calcium

Table 3 Antinutritional factors

. ! i Antinutritional factor Critical limits MDCF PV

in the micronutrient-dense

composite flour Phytates (mg/100 g) <25’ 0.03+0.00 0.48+0.033
Tannins (mg/100 g) <10? 0.00 0.00*

MDCF- micronutrient dense composite flour; PV-previous studies; values of phytates and tannins range
from lowest to highest; '[49]; 2[50]; 3[48]; and *[47]

and 48.90% for moisture content, ash, crude protein, crude fat, crude fibre, and carbohydrates, respectively. On the other
hand, the MDCF was also compared to a similar product (nutrient-dense complementary flour [NDCF]) developed in a
previous study [47] and the findings showed that MDCF conformed to the recommended standards more often than
NDCF as shown in Table 2.

3.2.2 Micronutrient composition

The iron, zinc, and calcium contents of the micronutrient-dense composite flour were significantly lower (p < 0.05) than
that of standard micronutrient powder but significantly higher (p <0.05) than that of a similar nutrient-dense product
(common bean-amaranth-rice composite flour) developed in a previous study [31] as depicted in Fig. 1.

3.2.3 Antinutritional factors

Both phytate and tannin levels in the micronutrient-dense composite flour (MDCF) were lower than the critical limits
of <25 and < 10 mg/100 g for phytates and tannins, respectively as recommended in previous studies [49, 50]. These

findings were also comparable to the amount of phytate and tannin observed in composites for complementary feeding
similar to MDCF [47, 48] as shown in Table 3.
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Table 4 Phytate to

. | mol . Phytate content Micronutrient Micronutrient content  Phytate: mineral Molar ratio
mlner_a mq ar IjE:TtIOS (mg/100 g) (mg/100 g) molar ratio critical
and bioavailability of value
micronutrients
0.03 Iron 19 0.0000132 <0.15
0.03 Zinc 13 0.0000225 <10
0.03 Calcium 354 0.0000005 <0.24

Phytate content is expressed as the mean of phytates recorded in the micronutrient-dense composite
flour; molar ratio critical values are obtained from an earlier study [39]

Table.5 Micronutrient Micronutrient RDA (mg/day) Grams of MDCF equivalent to RDA
contribution of the
micronutrient-dense 6-11 months 12-24 months 6-11 months 12-24 months
composite flour to RDAs

Iron 11 7 58 37

Zinc 3 3 23 23

Calcium 270 500 76 141

MDCF refers to micronutrient-dense composite flour; RDA denotes recommended dietary allowance;
micronutrient-dense composite flour contains 19, 13, and 354 mg of iron, zinc, and calcium per 100 g,
respectively. RDA for iron, zinc, and calcium for the two age groups was obtained from [26]

3.2.4 Estimated micronutrient bioavailability of the micronutrient-dense composite flour

The molar ratios of phytate to individual micronutrients studied were below the critical values of <0.15,<10,and < 0.24
for phytate to iron, phytate to zinc, and phytate to calcium, respectively (Table 4), indicating that the bioavailability of
targeted micronutrients in the micronutrient dense composite flour developed might be good.

3.2.5 Micronutrient contribution of the micronutrient-dense composite flour to RDAs

Generally, about 58 and 37 g of the micronutrient-dense composite flour for children of ages 6-11 and 12-24 months,
respectively would be required to meet the iron and zinc requirements adequately while catering for 76% and 26% of
the RDA for calcium for the two age groups, respectively (Table 5). These quantities of MDCF are required to meet the
RDA based on the micronutrient content in the product and do not provide excess micronutrients since the product is
food-based but not pure mineral powders.

3.2.6 Cost of the micronutrient-dense composite flour

The market price for standard micronutrient powders in Uganda (including the Acholi sub-region) [51], is higher than
the cost of MDCF produced in this study. On the other hand, the cost of the MDCF in this study is slightly higher than
UNICEF's average price. For instance, MDCF has been established to cost 0.058 and 0.037 USD to meet the RDA of 6-11
and 12-24-months old children, respectively, whereas MNP costs 0.018 USD for achieving the RDA for both age groups
based on UNICEF's price projection. However, the market price of MNP in Uganda is higher than that projected by UNICEF
and stands at 4.81 USD. Standard micronutrient powders are produced in high-income countries and imported by African
countries. This could explain why the market price of the same standard micronutrient powder is high in Uganda compared
to UNICEF's prices factoring in importation costs and other expenses incurred. As such, producing MDCF as shown in this
study is more cost-effective. Notably, standard micronutrient powders contain other micronutrients such as magnesium
and vitamin A. MDCF on the other hand may contain additional micronutrients though not investigated in this study.

3.3 Functional properties of the micronutrient-dense composite flour
There are no specific cut-off standards for the functional properties of complementary foods. As such, the functional prop-

erties of the micronutrient-dense composite flour were compared to the results of previous studies in which similar prod-
ucts for complementary feeding were developed. These studies included optimization of the functional characteristics,
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pasting, and rheological properties of pearl millet-based composite flour [52], investigation of proximate composition
and functional properties of composite flours of amaranth, rice, millet, and soybean [53], and investigation of the proxi-
mate, functional and pasting properties of FARO 44 rice, African yam bean, and brown cowpea seeds composite flour
[54]. Therefore, the suitability of the MDCF for complementary feeding was determined by the aforementioned studies
on similar products. As such, some of the functional properties of the MDCF were above, similar to, or lower than the
findings reported in earlier studies as shown in Table 7. For instance, the water solubility index, water absorption capac-
ity, and peak viscosity were higher than those obtained from earlier studies whereas bulk density, pasting time, and
pasting temperature were similar to those of earlier studies. On the other hand, the final viscosity of MDCF was lower
than that of pearl millet-based composite flour [52] but higher than that of FARO 44 rice, African yam bean, and brown
cowpea seeds composite flour [54]. Lastly, the reconstitution time of MDCF was generally lower than similar products.

3.4 Storage stability of the micronutrient-dense composite flour

In terms of microbial quality, the three microbial groups investigated (total microbial, coliform, and yeast and mould
count) increased gradually with an increase in storage time (Fig. 2). However, the nature and magnitude varied with
specific microbial groups. Despite the increase in counts, all microbial groups remained within the acceptable limits of
5, 3, and 2 log,, cfu/g for total microbial count, yeast and moulds, and coliforms, respectively [44] for up to 70 days of
storage. Notably, total microbial count followed a cluster pattern of 0-14, 28-42, and 56-70 days of storage. As such,
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the increase in total microbial count within a cluster was not significantly different (p >0.05) however, the reverse was
true for comparison between the clusters. Yeast and molds increased from 1.48 to 2.06 log;, cfu/g across storage time.
There was a significant difference (p <0.05) in yeast and mould counts among all nodes of storage except on days 0 and
14 which were not significantly different (p >0.05) from each other although both were significantly lower than for the
rest of storage nodes (p < 0.05). Coliform counts increased significantly (p <0.05) among all nodes of storage except on
days 28 and 42, which were not significantly different (p >0.05) from each other. However, coliforms at day 28 and 42
were significantly higher (p <0.05) than for all other storage nodes considered in the study.

The amount of free fatty acid in the micronutrient-dense composite flour increased with the storage time, ranging from
0.53% to 0.75% (Fig. 3). The increase in free fatty acid significantly (p <0.05) occurred over a window period of 28 days.
However, there was no significant difference (p > 0.05) in free fatty acid within 14-day window period. The free fatty acid
values remained within the standard limit of 1.75% [56] at the end of the storage time.

Generally, there was a minimal increase in peroxide value during storage (Fig. 4).The difference in peroxide values
at various days of storage portrayed different levels of statistical significance as shown in Fig. 4. However, all peroxide
values remained within the maximum limit of 10 mEq/kg [57].

Parameters of storage stability showed positive and significant correlation with one another.

4 Discussion

Proximate composition has generally been used as an indicator of nutritional quality and shelf life of food products hence
a reflection of their suitability for use [58]. For instance, the low moisture content observed in this study could be attrib-
uted to the processing methods used, and this quality suggests that the product potentially has good storage stability
and could be devoid of unnecessary bulkiness that would otherwise occur due to excess moisture. On the other hand,
the high ash content of MDCF could be due to silverfish and iron-rich beans, which are known for their richness in calcium
and iron, respectively [23]. These findings suggest that the ingredients of MDCF have the potential to contribute to the
reduction of hidden hunger when composited into flour for routine enrichment of complementary foods. The slightly
high levels of crude protein in the MDCF could be attributed to the inclusion of iron-rich beans and silverfish, which are
known to be rich in proteins [29, 59] while the fat content could be due to the inclusion of silverfish, which contains poly-
unsaturated fatty acids [60]. Accordingly, polyunsaturated fatty acids are essential for energy provision, brain develop-
ment, growth, and immune function in children [61] though excessive intake (especially omega-6 fatty acid) is associated
with allergies and inflammatory diseases as well as cell proliferation [62]. It is recommended that complementary foods
be constituted of low fibre content to avoid bulkiness and reduced energy density [63]. However, the high fibre content
of MDCF could be attributed to plant-based ingredients of the product, which are known to be rich sources of fibre [64]
though it was below a 5% tolerable limit for complementary feeding products [65, 66]. Notably, fibre is undeniably an
important component of foods and hence cannot be eliminated. For instance, soluble fibre nourishes the gut bacteria
through fermentation in the colon hence maintaining the integrity of the digestive tract while insoluble fibre prevents
constipation by facilitating bowel movement [67, 68]. Carbohydrate content of MDCF conformed to the Tanzania Bureau
of Standards (TBS) recommended levels for complementary foods (Table 2). Accordingly, adequate carbohydrates are
essential for energy provision though excessive amounts are associated with the risk of obesity in children [69].
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Owing to the limited accessibility of standard micronutrient powders among resource-limited households in devel-
oping countries, the formulation of composites using locally available food resources has been promoted as a feasible
solution to address micronutrient deficiency [70]. Ideally, the micronutrient powders are used to fortify food at the point
of use as sprinkles [71]. This is the concept upon which MDCF was developed. The iron and zinc content of the MDCF
was significantly lower than for standard micronutrient powders (Fig. 1). This is possibly because standard micronutrient
powders use elemental minerals [71] unlike MDCF which uses available food resources that contain other non-mineral
portions like carbohydrates, fats, and proteins. The lower micronutrient content of MDCF relative to standard micronutri-
ent powders suggests that the MDCF would contribute to the achievement of recommended dietary allowance when
applied at higher quantities and frequency.

Phytates and tannins are anti-nutritional factors that occur naturally in foods of plant origin due to the presence of
phosphate and phenolic compounds [72, 73]. These antinutritional factors have been associated with reduced bioavail-
ability of minerals in foods [34]. Specifically, phytates and tannins, which are negatively charged, bind with the positively
charged metal ions (such as iron, zinc, and calcium) forming chelates thereby preventing mineral absorption [34]. The
low phytate and tannin content observed in MDCF (Table 3) could be attributed to the processing methods used which
included steeping, soaking, germination, and roasting, which have been found to be effective in reducing the afore-
mentioned antinutritional factors [74, 75]. Phytate-mineral molar ratios have been widely recognized as a method of
estimating the bioavailability of micronutrients in plant-based foods [76, 77]. As such, the phytate-mineral molar ratios
in this study were lower than the critical values [22] as shown in Table 4, indicating that the bioavailability of the study
micronutrients might be good. Notably, there have been concerns about zinc inhibition of iron absorption but this only
applies to high doses of zinc supplements over a long time and not the dietary sources [78]. On the other hand, calcium
oxalate, which is a complex formed as a result of interaction between calcium and oxalic acid has been associated with
reduced iron absorption [79]. This effect was countered by subjecting iron-rich beans and amaranth grains to processes
such as soaking [16].

Iron and zinc are the major micronutrients of public health importance in developing countries whereas calcium
intake is usually inadequate [71]. For this reason, the current study aimed at achieving 100% RDA for iron and zinc for
children 6-11 and 12-24 months while contributing to RDA for calcium. Therefore, theoretical computation showed
that daily enrichment of complementary foods (such as porridge) with 58 and 37 g of MDCF for children 6-11 and
12-24 months, respectively would meet 100% RDA for iron and zinc as well as calcium for 6-11 months old children and
50% of RDA for calcium for 12-24 months old children (Table 5). Accordingly, locally formulated foods have the poten-
tial to meet RDA for iron and zinc if applied in higher quantities and frequencies [80]. The market price for a sachet of
standard micronutrient powder (1 g) in Uganda, which is adequate for achieving the RDA is higher than the cost of MDCF
(58 and 37 g for children 6-11 and 12-24 months old, respectively) required to meet the RDA for iron and zinc among
children 6-24 months old. However, the price of MDCF required to meet the RDA of iron and zinc for the two sub-age
groups (6-11 and 12-24 months) is slightly higher than UNICEF's average price for standard micronutrient powders [40]
(Table 6). Therefore, this study shows that it could be more cost-effective to use MDCF rather than micronutrient powder
in developing countries.

Functional properties often determine the suitability of a given food product for its targeted end use [81] hence
application-specific [82]. Accordingly, the bulk density of complementary foods should be low for easy feeding and to
prevent choking [83, 84]. The bulk density of MDCF was relatively low. On the other hand, the high water solubility index
observed for MDCF could be associated with a high amount of simple sugar following the germination of amaranth

Table 6 Cost of the

. - Micronutrient package Cost (USD) for meeting RDA per age group

micronutrient-dense
composite flour required to 6-11 months 12-24 months
meet RDA

MNP-15 0.010 0.010

MNP-5 0.018 0.018

MNP-15 in Uganda 4381 4.81

MDCF 0.058 0.037

MNP-5 and MNP-15 denote standard commercial micronutrient powders containing 5 and 15 micronutri-
ents, respectively [40]; MDCF denotes micronutrient-dense composite flour developed in this study; USD
refers to United States dollars; RDA refers to recommended dietary allowance; actual price of MNP-15 in
Uganda was sourced from [51]
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Table 7 !:unctior.\al properties Functional property MDCE B C

of the micronutrient-dense

composite flour Bulk density (g/1) 0.68 0.73-0.78' 1.06-1.08*
Water solubility index (%) 25.56-29.16 3.77-7.30 14.00-37.40*
Water absorption capacity (%) 215.06-219.80 122.05-178.10" 6.42-7.00*
Reconstitution time (sec) 40.00-45.00 88.00-90.00° 2347.80-2397.60*

Peak viscosity (RVU)
Final viscosity (RVU)
Pasting time (min)

Pasting temperature (°C)

558.33-651.67
619.88-723.12
4.24-8.04
79.85

358.00-462.00°
782.00-975.00°
5.47-7.00°
89.60-91.25%

213.81-213.84°
123.57-247.34°
5.91-5.93°
84.75°

MDCF refers to micronutrient dense composite flour; B and C are findings from previous studies; '[42];
2[55]; 3[52]; 4[53]; °[54]; functional properties were analysed in triplicate

The values of respective functional properties reported in columns B and C were obtained from studies
that used the ingredients: unripe cooking banana, pigeon pea, and orange-fleshed sweet potato flour
blends; pearl millet-based composite flour; composite flours of Amaranth, Rice, Millet, and Soybean; and
FARO 44 rice, African yam bean, and brown cowpea seeds

grains and due to high levels of protein from iron-rich beans and silverfish [85]. This property is an indication of improved
digestibility of the product [85]. The MDCF also portrayed high water absorption capacity (Table 7) and this could be
due to the high amount of protein (Table 2) as well as the change in protein quality due to germination, which increases
hydrogen bonding and consequently water absorption [86]. As such, fair amounts of MDCF will be required for gelation
[42], leading to adequate micronutrient intake. The low reconstitution time observed in this study could be attributed to
high water absorption capacity [87], indicating that the MDCF can be incorporated into porridges easily [53]. The fairly
low peak and final viscosities indicate that the MDCF forms a less viscous paste, which is suitable for complementary diets
as it is not cumbersome to the digestive system [88], and this could be attributed to roasting of ingredients, which has
been associated with reduced gelatinization tendency and increased swelling property of starch granules [89]. Notably,
the rapid visco analyzer works in a range of 20-8000 cps at 160 rpm thus detecting the slightest changes in viscosity [41].

Generally, all three groups of microbial indicators of storage stability increased during storage. However, they were
within the acceptable limits at the seventy days of storage (Fig. 2A-C). As such, the MDCF can be prepared in quantities
that can be used for up to seventy days without posing any microbial risk. On the other hand, the free fatty acid content
of MDCF increased significantly (p <0.05) after every twenty-eight days (Fig. 3). However, the increase was minimal
compared to the findings observed in a similar product [90]. The low free fatty acid content observed in MDCF could be
attributed to the unfavourable temperatures of storage (approximately 28 °C +2) since the activity of lipolytic enzymes
is accelerated at a temperature of 40 °C [91]. Similarly, the peroxide value of MDCF increased gradually during storage
(Fig. 4). Similar observations were made in unpacked millet flour [92] and full-fat maize-groundnut composites [90]
whose peroxide values increased gradually during storage. The minimal peroxides observed in MDCF could be attrib-
uted to the roasting of all the ingredients before milling, which could have inactivated lipolytic enzymes that would
otherwise degrade triglycerides to free fatty acids and eventually to peroxides [92]. Both free fatty acid and peroxide
values were highly positive and significantly correlated with storage time (Table 8). In addition, the peroxide value was

Table 8 Association among parameters of storage stability

Study parameters Storage time Free fatty acid Peroxide value Coliform count  Total micro-  Yeast and

bial count Moulds
count

Storage time (days) 1

Free fatty acid (%) 0.998* 1

Peroxide value (mEq/Kg) 0.936* 0.921* 1

Coliform count (log;, cfu/g) 0.973* 0.963* 0.952* 1

Total microbial Count (log;, cfu/g) 0.998* 0.993* 0.932* 0.977* 1

Yeast and Moulds (log;, cfu/g) 0.946* 0.927% 0.911* 0.973* 0.963* 1

*Shows statistical significance at 5%
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highly positive and significantly correlated with free fatty acid content (Table 8). This observation could be explained by
the fact that peroxides are derivatives of free fatty acid content [93]. Total microbial, coliform, yeast, and mould counts
were significantly associated with storage time (Table 8). This is a known phenomenon based on the classical microbial
growth curve [94]. Furthermore, microbial-induced rancidity could be the main factor accounting for the formation of
free fatty acids and peroxides due to the strong correlation between microbial groups investigated with free fatty acid
and peroxide values. Previous studies have documented the lipolytic effect of coliform yeast and moulds [95, 96]. On the
other hand, both coliform count and yeast and moulds dominated the total microbial count and are likely to be found in
MDCF at higher levels than any other microorganisms. Lastly, a co-existence was observed between yeast and moulds
and coliform count, which could be an indication of their mutual growth in MDCF.

5 Study limitations and strengths

This study was limited to the ingredients used in the development of micronutrient-dense composite flour, namely,
amaranth grains, silverfish, and iron-rich beans. Secondly, the micronutrients of interest in this study were limited to iron,
zinc, and calcium though the product could be having other minerals and vitamins of nutritional significance. Further-
more, the bioavailability of the micronutrients were estimated using the phytate-mineral molar ratio method, as such
future study should determine the actual bioavailability of the minerals in the micronutrient-dense composite flour. On
the other hand, this study had several strengths. The study harnessed the potential of locally available foods with great
potential in the alleviation of hidden hunger to develop MDCF. This study has availed a low-cost alternative (MDCF) to
micronutrient powder on the market, hence more affordable to resource-constrained households.

6 Conclusion

This study has demonstrated that amaranth grain-silverfish-iron-rich beans micronutrient dense composite flour has the
potential to adequately meet the recommended dietary allowance for iron and zinc and can improve calcium intake fairly
among children 6-24 months old when used for routine enrichment of complementary foods. The micronutrient-dense
composite flour largely had desirable functional properties indicating its suitability for application in complementary
foods. The product was safe for use for up to seventy days when stored at ambient temperature and thus can be pre-
pared in quantities that would last for such duration. The cost of the micronutrient-dense composite flour is lower than
that of commercial micronutrient powders available in Uganda thus making it cost-effective for resource-constrained
households typical of those in rural areas of Acholi sub-region of Uganda as well as other developing countries. Therefore,
community nutritionists should provide nutrition education to caregivers on the application of MDCF to meet RDA for
improved micronutrient intake among children under five years in micronutrient deficiency endemic localities.
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