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Food fortification is an effective strategy to combat vitamin A deficiency. Gari, a cassava-based West
African food product, is an interesting product to fortify with vitamin A, but the low stability of vitamin A
poses a challenge. We showed that toasted wheat bran can stabilise vitamin A as retinyl palmitate (RP)
during storage of RP-fortified gari to a limited extent. After four weeks of accelerated storage, the RP
retention of gari with toasted wheat bran was 34 + 9% whereas this was only 19.4 + 0.3% for gari
without bran. When comparing different fortification strategies, including RP addition, red palm oil
addition and the use of yellow cassava, red palm oil addition was shown the most promising strategy.
After eight weeks of accelerated storage, the vitamin A retention was more than four times higher for
red palm oil-fortified gari (22.6 + 0.1%) than for the two other fortification strategies.

Gari is a dry granular product obtained by fermenting and roasting
ground cassava (Manihot esculenta Crantz). The process of converting
raw cassava roots into gari, also called garification, has several advantages
as it decreases the content of toxic hydrogen cyanide and increases the
shelf life of the highly perishable cassava roots"*. However, gari has a low
nutritional value as it consists mainly of carbohydrates (86-91% dry
matter (dm)) and is poor in essential minerals and vitamins, including
vitamin A*™* Gari is an important staple food in Ghana, Nigeria and other
West African countries’. In this region, micronutrient deficiencies,
including vitamin A deficiency, are highly prevalent®®. Micronutrient
deficiencies can cause severe adverse health effects. Vitamin A deficiency,
in particular, can lead to blindness, an impaired immune system and other
negative health effects®”.

Food fortification has already been proven to be an effective strategy for
preventing vitamin A deficiency, but the food product of choice determines
its effectiveness. Ideally, an affordable food product which is consumed by
all population groups should be chosen'®"". Gari fulfils these requirements
and several studies have already investigated the fortification of gari with
vitamin A. Amongst these studies, two fortification strategies can be dis-
tinguished, being the addition of ingredients rich in 3-carotene (provitamin
A) such as red palm oil, moringa seeds and orange-fleshed sweet potato, and
biofortification by developing new B-carotene-rich cassava varieties, also
called yellow cassava"''""*. When looking at fortifying other food products,
adding preformed vitamin A, mainly as retinyl palmitate (RP), is a widely

applied strategy*™". Nevertheless, we found no studies investigating the
fortification of gari with RP.

Next to increasing the vitamin A content through addition of
[-carotene-rich ingredients, RP or biofortification, ensuring a high vitamin
A stability is crucial for effective food fortification. Stability is especially
important in gari since gari can be stored for several months at ambient
temperature. Unfortunately, RP and p-carotene degrade very rapidly under
these conditions"". Bechoff et al.' showed that about 54% of the initially
present B-carotene in red palm oil-fortified gari was degraded after 80 days
of storage at 33 °C. For biofortified gari, the stability of B-carotene was even
lower as 87% of the initially present B-carotene was degraded under these
conditions. To the best of our knowledge, no attempts to improve the
stability of vitamin A in fortified gari by adding stabilising agents have been
reported.

In a previous study, we showed that cereal bran can be used as a cost-
effective vitamin A-stabilising agent with different cereal bran types having a
different ability to stabilise vitamin A'’. However, this stabilising effect was
observed using model systems consisting of vitamin A in the form of RP, oil
and cereal bran. It remains unknown whether the stabilisation will be
maintained in a real food system, such as gari. The first objective of this study
is therefore to investigate the potential of wheat and rice bran to stabilise RP
in gari during accelerated storage. Hereto, three different bran samples are
used: heat-treated rice bran, toasted wheat bran and native wheat bran.
Based on our previous studies, a higher RP stability is expected in the bran-
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containing gari samples and native wheat bran is expected to be the least
effective stabilising agent due to the presence of endogenous lipase activity"’.
The best stabilising effect is predicted for toasted wheat bran, given its high
antioxidant capacity and the absence of endogenous lipase activity”’. Next to
the stabilising potential of cereal bran, three different fortification strategies,
including the addition of RP, the addition of red palm oil and the use of
biofortified yellow cassava will be compared in terms of vitamin A content
and stability. This forms the second objective of this study. The information
gained in this study can help to formulate guidelines and establish effective
strategies for the fortification of gari with vitamin A that can be applied by
local gari producers. Implementing the fortification of gari with vitamin A
can help reduce the prevalence of vitamin A deficiency.

Results and discussion
The potential of cereal bran to stabilise RP during storage of gari
The RP retention as a function of storage time for RP-fortified gari samples
without bran addition and with the addition of native wheat bran, heat-
treated rice bran and toasted wheat bran is shown in Fig. 1. The initial
vitamin A content of these four samples ranged from 2.5-3.8 ug retinol
equivalents (REeq) per gram gari. RP degradation occurred relatively fast in
the first week and then slowed down gradually. When comparing the dif-
ferent bran types, toasted wheat bran showed the best RP stabilisation,
followed by heat-treated rice bran and then native wheat bran. This ranking
corresponds to the RP stabilisation as observed in model systems in our
previous studies'*”". However, for the gari samples the differences between
the different samples are small and not always significant. In addition, the
difference in RP retention between the control sample, without bran addi-
tion, and the samples with bran addition was relatively small. After one week
of accelerated storage, no significant differences (p < 0.05) were observed
between the samples. For all four samples, between 43 and 55% of RP was
retained after one week. After two and four weeks of storage, a clear stabi-
lising effect was observed for the sample with toasted wheat bran. The RP
retention for this gari sample was 53 + 5% and 34 + 9% after two and four
weeks, respectively. For the sample without bran addition, the RP retention
was only 36 +5% after two weeks and 19.4 +0.3% after four weeks of
accelerated storage. However, these differences were not significant
(p <0.05) due to the relatively high batch-to-batch variation. After eight
weeks of storage, about 2 to 10% of RP was retained in all samples. The RP
retention was 1.9 + 1.2%, 4.9 £ 0.9%, 7.2 £ 0.2% and 10.4 + 1.1% for the gari
sample with native wheat bran, without bran, with heat-treated rice bran
and with toasted wheat bran, respectively. Hereby, the RP retention of the
sample with toasted wheat bran was twice as high and significantly higher
than the RP retention of the control sample without bran (p < 0.05).
Based on these results, we can conclude that only toasted wheat bran
can noticeably stabilise RP during gari storage. The stabilisation of RP by
toasted wheat bran can be explained by the high antioxidant capacity of

wheat bran and the absence of wheat bran endogenous enzymes due to
toasting. This stabilisation mechanism was investigated in depth in our
previous studies'’*". However, in gari, the RP-stabilising effect of cereal bran
is limited, especially compared to the stabilising effect observed in our
previous study where RP-enriched oil was mixed with toasted wheat bran"’.
The reason for this is assumed to be twofold. Firstly, the concentration of RP
in the fortified gari is about a factor of 250 lower than the RP content of the
model system consisting of 0.16% RP, 19.84% soy oil and 80.00% cereal
bran, used in our previous study"’. In another study, we showed that a high
RP concentration combined with a high lipid content causes RP to act as a
pro-oxidant, accelerating its own oxidation and lipid oxidation. Moreover, a
negative correlation was observed between lipid oxidation and RP stability.
This pro-oxidative effect is, to a certain extent, counteracted by bran anti-
oxidants, such as polyphenols, phenolic acids and tocopherols, resulting in a
pronounced RP stabilisation” . Given the low RP concentration and the
low lipid content of the fortified gari, the pro-oxidative effect of RP is
assumed to be absent here. This can, in part, explain the limited stabilising
effect of cereal bran. It is therefore important to investigate the RP stability in
the food matrix of interest fortified with the desired concentration of RP.
Secondly, it is possible that the gari matrix as such stabilises RP to a certain
extent, resulting in a less pronounced effect on RP stability when bran
is added.

When comparing the RP stability in gari to other fortified food pro-
ducts, both lower and higher RP retentions compared to the RP retention in
gari have been reported in the literature. Kim etal.”” reported an 85% RP loss
in RP-fortified cornflakes after four weeks of storage at ambient tempera-
ture. When stored at an elevated temperature of 45 °C, RP degradation
occurred faster and about 85% was already lost after two weeks. When
comparing the RP stability observed in the study of Kim et al.”” with the RP
stability in gari, it can be stated that RP shows good RP stability in the gari
matrix. After two weeks of storage at 60 °C and 70% relative humidity, about
65% RP was lost in the fortified gari. This is lower than the RP loss observed
in the study of Kim et al.””, even though the storage conditions in the study of
Kim et al."” were milder. However, other studies also reported higher RP
retentions. For example, Lee et al.” reported an RP retention higher than
90% in fortified rice after six weeks of storage at 35 °C and 80% relative
humidity. Despite the milder storage conditions, the RP stability in the
fortified rice is presumably higher than in gari. Nevertheless, comparing
storage experiments performed at different temperatures and different
relative humidities is challenging, especially when the storage temperature
exceeds 40 °C. The Arrhenius plot can be used to calculate the reaction rate
at different temperatures, whereby a temperature increase of 10 °C corre-
sponds to a doubling of the reaction rate’*. However, it has been shown that
above 40 °C, other oxidation mechanisms can occur, which impedes the use
of the Arrhenius equation. Furthermore, the combined effect of temperature
and humidity further complicates the extrapolation to ambient conditions™.

Fig. 1 | The retention of retinyl palmitate (RP) in

—e—Toasted wheat bran
—e—No bran

—eo— Heat-treated rice bran

--e--Native wheat bran

RP-fortified gari during accelerated storage at 100 4
60 °C and 70% relative humidity. Gari production
was done in duplicate, and RP analysis was also done >S5 80
in duplicate, resulting in a 2 x 2 setup. Error bars s g )
represent standard deviations of duplicate gari = g
production followed by accelerated storage. The ok = 60 -
initial vitamin A contents of the gari samples were E c =
3.80 + 0.02 pg retinol equivalents (REeq)/g (no § -‘g g 40 |
bran), 3.2 + 0.3 pg REeq/g (native wheat bran), a S 8
3.22 £ 0.07 pg REeq/g (toasted wheat bran) and © S a
2.5+0.2 pug REeq/g (heat-treated rice bran). - 20 -
0
0

Storage time (weeks)

npj Science of Food | (2024)8:102


www.nature.com/npjscifood

https://doi.org/10.1038/s41538-024-00350-2

Article

Table 1| Overview of the quality characteristics of RP-fortified gari with the addition of native wheat bran, toasted wheat bran

and heat-treated rice bran

No bran Native wheat bran Toasted wheat bran Heat-treated rice bran
Moisture content (%) 2.1+0.9° 2.3+0.8° 21+0.2° 21+0.9°
Ash content (% dm) 1.6+0.4% 1.7+0.3% 1.7+0.3% 2.1+0.3°
Average particle size (um) 761 £ 662 819+ 93 986 +227? 849 +180°
pH 4.41+0.01% 4.59 +0.06% 4.58 +0.09° 4.62 +0.03°
TTA (g lactic acid/ 100 g dm) 0.55+0.10° 0.52 +0.09° 0.43+0.02* 0.52+0.12%
Swelling capacity 2.93+0.03* 2.90+0.00* 3.3+0.2° 2.8+0.2°
L-value 8172 68 + 6% 63+ 7% 7372
b-value 17.3+0.2% 16.8+0.5% 18.1+£1.72 19.2+0.4%

The analysed characteristics include the moisture content (%), ash content (% dry matter (dm)), average particle size (um), pH, total titratable acidity (TTA) (g lactic acid/100 g dm), swelling capacity and the
colour expressed as the L-value and b-value according to the Lab-colour system. Gari production was performed in duplicate and analytical measurements were performed in duplicate. Values within the

same row indicated with a different letter are significantly different (o < 0.05).

Despite this, we can conclude that the gari matrix as such provides a
moderate RP stability, making gari a good food product of choice for RP
fortification. It is hypothesised that the low RP concentration and the low oil
content of gari prevent fast RP and lipid oxidation, resulting in good RP
stability. In addition, the gari matrix might provide physical protection
against oxidation. However, there is still room to improve the RP stability.
The RP stability could be further improved by optimising packaging and
storage conditions. RP oxidation can be prevented by limiting the contact
with oxygen using vacuum or modified atmosphere packaging. In addition,
storing gari at low temperatures can be done to slow down RP degradation,
although this is expected to be difficult in practice*®”’. Next to storage and
packaging conditions, advanced RP stabilisation techniques such as
microencapsulation could be explored™”’.

Apart from the RP stability, the gari quality and sensory characteristics
are important. When looking at the effect of cereal bran addition on the
quality characteristics of gari, no significant differences were observed
(Table 1). All investigated gari samples had a moisture content lower than
12% and an ash content lower than 2.75%, which is in accordance with the
Codex Alimentarius guidelines on gari quality’’. However, the TTA was
slightly lower than the specified minimum of 0.6%, which suggests the
fermentation time should have been increased. Moreover, all gari samples
showed a swelling capacity of around a factor three, which indicates good
gari quality’. When looking at the colour, the gari samples enriched with
cereal bran, particularly wheat bran, had a visually observed darker colour.
The colour of both native and toasted wheat bran is darker than the colour of
gari, with toasted wheat bran having the most intense dark brown colour
due to the Maillard reaction during toasting. However, no significant dif-
ferences in colour were measured. The colour change, likely together with
other sensory attributes, is assumed to be the main limitation for applying
cereal bran as a stabilising agent.

Despite the limited effect of cereal bran addition on the gari quality, no
pronounced stabilising effect of cereal bran on RP was observed during the
storage of gari (Fig. 1). Toasted wheat bran was the only bran sample that
showed a small but significant potential to stabilise RP. However, this sta-
bilisation should be verified at ambient storage conditions. Unfortunately,
wheat bran is typically not locally produced in Ghana, which likely implies a
higher ingredient cost. To circumvent this, the use of other locally sourced
cereals could be explored. However, given the limited effect of cereal bran
addition on the RP stability, it is possible that the investment cost would not
make up for the improvement in RP stability and the impact on gari sensory
aspects. To investigate this, a financial analysis should be carried out. Next to
the production process for RP-fortified gari used in this study, the addition
of a small amount of a mixture of RP, oil and cereal bran with a high RP
concentration as an additive to gari could be another valuable fortification
strategy. Hereby, cereal bran is used to stabilise RP in the additive which is
highly concentrated in RP. Hence, the focus, in this case, is on RP stabili-
sation during storage of the additive rather than RP stabilisation during gari

storage. Moreover, the amount of cereal bran added to gari would be much
lower in this case compared to the amount added to the gari prepared in this
study. This will reduce both the effect on sensory aspects as well as the
investment cost.

Comparison of three strategies for the production of vitamin
A-fortified gari
The local production of RP-fortified gari will be challenging as the RP used
in this study is chemically synthesised on an industrial scale and not easily
accessible to local producers. Therefore, two other fortification strategies
were investigated. These include the addition of red palm oil to gari and the
use of biofortified yellow cassava. Both red palm oil and yellow cassava are
rich in provitamin A, mainly present as B-carotene'. In addition, both
ingredients are locally produced in Ghana and, more broadly, in West
Africa. This implies that both strategies could be feasible for local, small-
scale gari producers. As the addition of cereal bran only had a limited effect
on the RP stability, the use of cereal bran to stabilise vitamin A, in the form of
[-carotene present in red palm oil and yellow cassava, will not be further
investigated.

In Fig. 2, the vitamin A retention, expressed as a percentage of the initial
RP or B-carotene content, is shown as a function of the storage time. Based
on these results, it can be concluded that the red palm oil-fortified gari
provided the highest vitamin A stability. After one week of accelerated
storage, 94 £ 15% of vitamin A was retained for red palm oil-fortified gari,
whereas the vitamin A retention was only 48 + 9% for RP-fortified gari and
54 + 1% for yellow cassava gari. After eight weeks of storage, the vitamin A
retention for red palm oil fortified gari was 22.6 + 0.1%, which was more
than four times higher compared to the two other fortification strategies. In
the literature, a limited number of studies were found that investigated the
stability of B-carotene in red palm oil-fortified gari and yellow cassava
gari”’'~. For RP-fortified gari, on the other hand, no studies were found. In
the study of Abiodun et al.”, only yellow cassava gari was investigated and
B-carotene retentions ranging from 47-72% were observed after two
months of storage at ambient conditions. In the study of Bechoff et al.', both
fortification strategies were compared. A (-carotene retention of around
70% was observed for red palm oil-fortified gari stored for four weeks at
40 °C. For yellow cassava gari, a substantially lower $-carotene retention of
23% was measured after four weeks of storage. Although a lower storage
temperature was used in the study of Bechoff et al.', resulting in higher
[-carotene retention, the higher -carotene stability observed in red palm
oil-fortified gari compared to yellow cassava gari is in line with our results.
This can presumably be attributed to the presence of natural antioxidants in
red palm oil and the protective effect of the oil matrix on p-carotene™.

Not only the vitamin A retention but also the vitamin A content is
important to evaluate the effectiveness of the investigated fortification
strategies. To this end, the RP or B-carotene content of the fortified gari
samples was converted to retinol equivalents (REeq). This is, however,
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Fig. 2 | The vitamin A retention monitored during accelerated storage of gari
fortified with retinyl palmitate (RP), gari fortified with red palm oil and bio-
fortified gari made with yellow cassava. The gari samples were stored for eight
weeks at 60 °C and 70% relative humidity. Gari production was done in duplicate
and vitamin A analysis was also done in duplicate, resulting in a 2 x 2 setup. Error
bars represent standard deviations of duplicate gari production followed by accel-
erated storage. The initial vitamin A content of RP- fortified gari was 3.80 + 0.02 ug

retinol equivalents (REeq) per gram gari, using a conversion factor of 1.83:1. The
initial vitamin A content of red palm oil-fortified gari and yellow cassava gari was
1.88 £ 0.08 pg REeq/g and 2.5 + 0.5 pg REeq/g, respectively, using a conversion
factor of 6:1 for B-carotene. When using a conversion factor of 2.4:1 for red palm oil-
fortified gari and 4.5:1 for yellow cassava gari, the initial vitamin A content was
4.7 £0.2 ug REeq/g and 3.3 + 0.6 ug REeq/g, respectively.

challenging as largely different conversion factors have been reported for
B-carotene™. This is partly due to the effect of the food matrix on the
bioavailability of -carotene™. Moreover, little is known about the bioa-
vailability of RP in the gari matrix. Using different conversion factors can
substantially affect the resulting conclusions. To illustrate this, the vitamin A
content (ug REeq/g gari) of red palm oil-fortified gari and yellow cassava gari
was calculated using two different conversion factors for B-carotene. For RP-
fortified gari, one ug REeq corresponds to 1.83 pg RP””. When the generally
accepted conversion factor of 6 ug p-carotene per pg REeq was used for red
palm oil-fortified gari and yellow cassava gari, the RP-fortified gari sample
had the highest initial vitamin A content (3.80 + 0.02 pg REeq/g), followed
by the yellow cassava gari (2.5+ 0.5 pug REeq/g) and the red palm oil-
fortified gari (1.88 + 0.08 pg REeq/g). Assuming a portion size of 50 g, one
portion of RP-fortified gari, yellow cassava gari or red palm oil-fortified gari
provides respectively about 27%, 18% or 13% of the recommended daily
vitamin A intake. The vitamin A content is here compared with the
recommended daily intake as this value was used to calculate the amount of
vitamin A added to the gari. It should be noted that a calculation based on
and a subsequent comparison with the estimated average requirement
would be more appropriate*. However, after one week of accelerated sto-
rage, the differences in vitamin A content between the three different
samples were reduced and the vitamin A content of all gari samples ranged
between 1.3 and 1.8 ug REeq/g. After eight weeks of accelerated storage, this
content was further reduced to 0.1-0.4 pg REeq/g, with the red palm oil-
fortified gari having the highest vitamin A content. Different conclusions
can be drawn when using the -carotene conversion factors determined by
Zhu et al."" and La Frano et al.”, specifically determined for red palm oil-
fortified gari and yellow cassava gari. Hereby, one pg REeq corresponded to
2.4 pg B-carotene in red palm oil-fortified gari or 4.5 pg B-carotene in yellow
cassava gari'"”. The difference in conversion factor might be explained by
the presence of oil in the red palm oil-fortified gari, which can enhance the
uptake of P-carotene. In addition, the possible inclusion of B-carotene in
plant cell walls might reduce its bioaccessibility in yellow cassava gari***'.
Using these conversion factors, red palm oil-fortified gari had the highest
initial vitamin A content (4.7 £ 0.2 ug REeq/g), followed by RP-fortified gari
(3.80 £ 0.02 ug REeq/g) and yellow cassava gari (3.3 + 0.6 ug REeq/g). This
content corresponds to 34%, 27% and 24% of the recommended daily
vitamin A intake per portion of 50 g, respectively. After one week of storage,
the vitamin A content decreased to 4.4 + 0.5 ug REeq/g, 1.8 + 0.4 ug REeq/g
and 1.8 + 0.3 ug REeq/g for red palm oil-fortified gari, RP-fortified gari and

yellow cassava gari, respectively. After eight weeks, 1.06 + 0.04 pg REeq/g
was retained in red palm oil-fortified gari, whereas less than 0.2 ug REeq/g
was retained for the two other fortification strategies. Overall, it can be stated
that the initial vitamin A content of the fortified gari samples ranged from
1.9 to 4.7 pug REeq/g, taking into account different B-carotene conversion
factors. This aligns with the study of Bechoff et al.", who measured an initial
vitamin A content ranging from 2-3 ug REeq/g for red palm oil-fortified
gari and yellow cassava gari. Aruna et al."* obtained a substantially higher
vitamin A content for gari fortified with moringa seed powder.

Based on the results discussed above it can be concluded that the used
conversion factors largely affect the final results in terms of vitamin A
content. To make a statement about the effectiveness of the three investi-
gated fortification strategies, human intervention studies are therefore
required. Nevertheless, it can be stated that the red palm oil-fortified gari
provided the best vitamin A stability. In addition, local production of red
palm oil in Ghana and other West African countries makes this fortification
strategy a feasible approach for small-scale producers. However, apart from
the vitamin A content and stability, quality and sensory aspects are crucial
determinants for consumer acceptance. Therefore, the main quality char-
acteristics were analysed and a sensory analysis was performed.

In Table 2, an overview of the quality characteristics measured for
regular gari, red palm oil-fortified gari and yellow cassava gari is given. For
all three gari samples, the moisture content, the ash content and TTA fell
within the range specified in the Codex Alimentarius guidelines™. In addi-
tion, the pH and swelling capacity for the fortified gari samples did not differ
significantly from the regular gari (p < 0.05). All gari samples had a swelling
capacity factor of around three, which is desirable. The particle size for
yellow cassava gari was significantly smaller than for regular, unfortified gari
and red palm oil-fortified gari (p < 0.05). Most importantly, the colour of the
fortified gari samples was significantly more yellow than the regular gari, as
measured by the b-value. This was, however, not surprising given the intense
orange colour of B-carotene. The L-value for the fortified samples was
slightly lower compared to the regular gari. This indicates a less bright colour
for the fortified gari, although the difference was not significant (p < 0.05).

Next to the analysis of the quality characteristics, a sensory analysis was
performed. The average scores attributed during this sensory analysis are
shown in Table 3 and Fig. 3. As shown in Table 3, the taste and smell of both
fortified gari samples were rated significantly lower than the regular gari. In
addition, the colour of the yellow cassava gari was given a significantly lower
score than the regular gari. The colour of red palm oil-fortified gari was also
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Table 2| Overview of the quality characteristics of regular gari, gari fortified with red palm oil and biofortified yellow cassava gari

Regular gari Gari with red palm oil Yellow cassava gari

Moisture content (%) 2.64 +0.09° 3.12+1.93* 5.28 +0.22°

Ash content (% dm) 1.54 +0.03° 1.46 +£0.29° 0.96 +0.05°

Average particle size (um) 870+ 11 895+ 8* 613+11°

pH 4.55 +0.06% 4.43+0.112 4.19+0.16%

TTA (g lactic acid/ 100 g dm) 1.00£0.01* 0.70+0.04* 1.09+0.12°
Swelling capacity 3.03 £0.02% 3.23+0.28° 3.28 +0.02%

L-value 89.17 +4.52¢ 71.94 +5.46° 73.73+0.02°
b-value 23.49+0.31° 34.96 +1.61° 29.30 + 0.44°

The analysed characteristics include the moisture content (%), ash content (% dry matter (dm)), average particle size (um), pH, total titratable acidity (TTA) (g lactic acid/100 g dm), swelling capacity and the
colour expressed as the L-value and b-value according to the Lab-colour system. Gari production was performed in duplicate and analytical measurements were performed in duplicate. Values within the

same row indicated with a different letter are significantly different (o < 0.05).

Table 3 | Sensory evaluation of regular gari, gari with red palm
oil and yellow cassava gari

Attribute Regular gari Gari with red Yellow

palm oil cassava gari
Colour 7.8+1.9° 7.2+2.1%0 6.3+2.3°
Smell 7.3+1.6° 6.3+2.2° 6.0+2.4°
Mouthfeel 7.1 +1.6° 6.2+2.0° 6.2+2.1°
Taste 74+1.6° 6.3+2.2° 6.2+2.1°
Sourness 6.9+1.9° 6.1+2.2° 5.9+2.2°

Five different attributes were scored (colour, smell, mouthfeel, taste, and sourness) according to a
9-point hedonic scale. Hereby, 1 is the lowest score and 9 the highest. Scores within the same row
with a different letter are significantly different (o < 0.05).

scored lower than the regular gari, yet not significantly lower (p < 0.05). This
is likely due to the more yellow colour of the fortified samples. For the
mouthfeel and sourness, no significantly different scores were given for the
three gari types. When looking at the overall appearance of the fortified gari
samples (Fig. 3), both samples were scored lower than the regular gari for
both preparation methods. Although when prepared as if the gari would be
used for gari with beans or shito, the attributed scores were not significantly
different from the regular gari. For the preparation of gari soakings, on the
other hand, the fortified gari samples were rated significantly lower. Con-
sequently, it is advisable to use the fortified gari for the preparation of gari
with beans or shito rather than for soakings.

The results from the sensory analysis corresponded well with the main
conclusion from the focus group discussion. During this discussion, the
overall appearance of the regular gari was rated the highest and attributed an
average score of 8.3. The fortified samples were rated slightly lower. The red
palm oil-fortified gari and yellow cassava gari were given an average score of
7.8 and 7.3, respectively. Despite the slightly lower scores, the participants
indicated that they would be more willing to buy the fortified gari because of
its associated health benefits. When comparing the obtained results
regarding the gari quality and sensory aspects with existing literature, similar
observations are described in the literature'**. As stated by Adinsi et al."”,
the main gari characteristics affected by fortification include colour and
odour, whereas other characteristics, such as swelling capacity, texture and
sourness, are not affected. Despite the negative impact of vitamin A for-
tification on the quality and sensory attributes, consumers with previous
knowledge of fortification tend to associate the yellow colour of fortified gari
with health benefits such as a positive influence on eyesight'’. Consequently,
as stated by Bechoff et al.”’, campaigns to inform consumers about the health
benefits of gari fortification are crucial and might overcome the limited
negative effect on sensory attributes.

In conclusion, the goal of this study was to explore different strategies
to fortify gari, a cassava-based West African food product, with vitamin A

whereby obtaining a high vitamin A stability during storage was the main
focus. In the first part of this study, the potential of cereal bran to stabilise RP
during gari storage was investigated. Unfortunately, cereal bran addition
only resulted in a limited improvement of the RP stability. This effect was
significant but small for toasted wheat bran. For native wheat bran and heat-
treated rice bran, RP stabilisation was not observed. Therefore, it is advised
to use cereal bran to stabilise RP in a highly concentrated food additive
consisting of RP, oil and cereal bran rather than during storage of the
fortified food product itself. In the second part, three different strategies for
the fortification of gari were tested. These strategies included the addition of
RP, the addition of red palm oil and the use of yellow cassava. Amongst these
three approaches, the incorporation of red palm oil is the most promising
fortification strategy. This approach resulted in the highest vitamin A sta-
bility during accelerated storage. Moreover, the effect of red palm oil
addition on the gari quality and sensory aspects was limited. In addition, as
red palm oil is locally produced in many African countries, this fortification
strategy is easily applicable for small-scale local producers. However, more
research is needed to accurately estimate the vitamin A degradation in red
palm oil-fortified gari during storage at ambient conditions.

Materials and methods

Materials

White cassava roots (Manihot esculenta Crantz) were obtained from local
farmers (Ashanti region, Ghana). Yellow cassava roots were provided by the
Crop Research Institute of the Council for Scientific and Industrial Research
(Fumesua, Ghana). Commercial wheat (Triticum aestivum L.) and rice
(Oryza sativa L.) bran were from Dossche mills (Deinze, Belgium) and Mars
(Olen, Belgium), respectively. Prior to use, wheat bran was milled to an
average particle size of 322 + 4 um using a Cyclotec 1093 Sample Mill (FOSS,
Hogenas, Sweden) with a 0.5 mm sieve. After milling, a part of the wheat
bran was toasted for 30 min in an oven (Memmert GmbH, Schwabach,
Germany) at 170 °C as described by Jacobs et al.”’. Rice bran was heat-
treated at the supplier and had an average particle size of 290 + 13 um. Both
the heat treatment of wheat and rice bran were sufficient to inactivate
peroxidase, the most heat-stable enzyme in cereal bran, which was verified
by measuring the peroxidase activity according to Bergmeyer*’. Red palm oil
was supplied by Bange farms (Ejisu-Krapa, Ghana) and soy oil was from
Vandemoortele (Izegem, Belgium). Prior to use, impurities in soy oil,
including surface-active components, were removed as described in Bahtz
et al.*’, with some minor modifications. To this end, 50 mL soy oil was
shaken with 10 g Florisil® (Merck KGaA, Darmstadt, Germany) for 2 hours
and filtered.

Retinyl palmitate (RP) (>93% purity) and retinyl acetate (99.7%
purity) were from Merck KGaA (Darmstadt, Germany). B-Carotene
(0.8 mg/L acetone) was from DHI (Horsholm, Denmark). Chloroform,
methanol and methyl tert-butyl ether were from Acros Organics (Geel,
Belgium), acetonitrile and ammonium acetate were from VWR (Haasrode,
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Fig. 3 | Overall appearance of regular gari, gari with red palm oil and yellow
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samples included regular gari (control), gari with red palm oil and gari made from
yellow cassava. An untrained panel of 77 participants scored the samples based on a
hedonic scale, whereby 1 is the lowest and 9 is the highest score. Samples indicated
with a different letter are significantly different (p < 0.05).

Belgium), and ethyl acetate and acetone were from Merck KGaA (Darm-
stadt, Germany). Solvents used for the analysis of RP and -carotene were
HPLC-grade.

Gari production

The processing of cassava roots into gari was initiated within 12 hours after
harvest. White (47-75 kg) or yellow cassava roots (38-41 kg) were manually
peeled, washed and mechanically ground. The white (33-36 kg) or yellow
(19-21kg) cassava mash was loaded into a polypropylene sack and sub-
jected to simultaneous spontaneous fermentation and dewatering for
40 hours using a hydraulic press. The fermented cassava grits was sieved
(mesh size 1.40 mm) to remove fibers and divided into portions of 1 kg for
roasting. Each portion of 1 kg was roasted for 17 minutes on a cook stove
with a stainless-steel plate, heated by a wood fire. During roasting, the
temperature of the stainless-steel plate was monitored with an infrared
thermometer at a distance of three to five centimeters from the plate to limit
temperature variations during the roasting of the different batches.

For gari samples fortified with RP, RP was first dissolved in soy oil and
mixtures consisting of 6.7 g RP-enriched soy oil (0.05% RP in oil) and 26.8 g
cereal bran on dry matter basis were prepared. These mixtures were added to
1 kg of fermented cassava grits after 10 minutes of roasting. At this point in
the roasting process, the gari is not yet completely dry, which facilitates the
adhesion of RP and bran to the gari particles. Moreover, a comparison of the
measured vitamin A content of the RP-fortified gari samples (2.5-3.8 pg
REeq/g) and the calculated vitamin A content (3.5 ug REeq/g) showed that
RP degradation during the last 7 minutes of roasting was limited. Three
different cereal bran samples were used: native wheat bran, toasted wheat
bran and heat-treated rice bran. A control sample without bran, gari to
which 6.7 g RP-enriched soy oil (0.05% RP in oil) was added after
10 minutes of roasting, was also included. The level of RP addition was
calculated based on an average portion size of 50 g and a daily intake of
700 pg/day, the average recommended daily intake for men and women™.
The amount of RP added to the fortified gari corresponds to 25% of the
recommended daily intake per portion. For the gari samples fortified with
red palm oil, 6.7 g of red palm oil was added after 10 minutes of roasting. No
vitamin A was added for yellow cassava samples as vitamin A, in the form of
[-carotene, is present in yellow cassava. An unfortified gari sample without
cereal bran, RP or B-carotene added was also produced using white cassava.

For each sample type, the entire gari production process was performed
in duplicate to account for day-to-day variability. For each production trial,
the processing steps up to sieving were performed with the entire cassava
quantity. After sieving, the fermented cassava grits was divided into portions
of one kg to which red palm oil, RP-enriched soy oil and/or cereal bran were

added. Consequently, the different sample types produced on the same day
were fermented as one batch. After production, the gari samples were stored
at —80 °C in plastic bags. An estimated yield calculation of the gari pro-
duction process can be found in Table SI.

Analysis of gari quality characteristics

The moisture content, ash content, pH, total titratable acidity (TTA), colour,
swelling capacity and particle size of the produced gari samples were eval-
uated as these physicochemical properties give an indication of the gari
quality. The moisture content and ash content were determined according
to AACC Method 44-15.02 and AACC Method 08-01.01, respectively™’. To
measure the pH, 1.00 g gari was suspended in 50 mL deionised water and the
pH of this suspension was recorded. Next, this suspension was titrated with
0.1 M NaOH until a pH of 8.5 to determine the TTA. The TTA was cal-
culated based on the volume 0.1 M NaOH needed to reach a pH of 8.5
assuming the main acid present in gari is lactic acid. The colour of the gari
samples was measured according to the L*a*b colour system with a chroma
meter (CR-410, Konica Minolta, Tokyo, Japan). The L-value gives an
indication of the brightness of the sample, whereas the b-value provides an
indication of the yellowness. The particle size of the gari was determined by
sieving as described by Jacobs et al.”. Hereto, 20.0 g gari was sieved for
30 minutes using a Vibratory Sieve Shaker (Retsch, Aartselaar, Belgium) ata
frequency of 1.5 s~ with sieves of mesh size 2.00 mm, 1.00 mm, 500 pm and
250 um. The average particle size was calculated based on the mass of gari
remaining on each sieve. The swelling capacity was determined according to
Bainbridge et al.*, with some minor modifications. Hereto, a 50 mL mea-
suring cylinder was filled to the 10 mL mark with gari and deionised water
was added to the 50 mL mark. The cylinder was inverted two times
immediately after water addition and two times after two minutes of
soaking. After soaking for 30 minutes, the final volume of the gari was
recorded. The swelling capacity factor was calculated as the ratio of the final
to the initial volume of gari.

Accelerated storage experiments

The gari samples produced as described above were divided into six portions
of approximately 20 g each. One portion was frozen at —80 °C and this
sample corresponded to a storage time of zero weeks (starting point). The
other five portions were stored in the dark in open, plastic containers (d:
4.6 cm, h: 8 cm) for 1, 2, 4, 6 and 8 weeks in a climate chamber (Memmert
GmbH, Schwabach, Germany) at 60 °C and 70% relative humidity. These
storage conditions were chosen based on our previous study'®. Moreover, it
is advised to avoid storage temperatures exceeding 60 °C as other lipid
oxidation mechanisms might occur at higher temperatures””. After the
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indicated storage time, the gari samples were stored at —80 °C before
analysis of the RP or B-carotene content.

Quantification of retinyl palmitate (RP) and (3-carotene
Quantification of retinyl palmitate (RP). RP was extracted from the
stored gari samples and the gari samples that were not stored using
chloroform/methanol (Chl/MeOH) as extraction solvent. To this end,
the extraction procedure described in Van Wayenbergh et al.”" was
adapted to a sample amount of 10 g. Modification was necessary given the
low RP content of the fortified gari and the need to monitor the RP
content during storage with high accuracy. To 10.0 g RP-fortified gari,
1.0 mL internal standard (50 ug retinyl acetate/mL methanol), 1.0 mL
chloroform and 73 mL Chl/MeOH (1/1, volume-to-volume (v/v)) were
added. After shaking (90 min, 175 strokes per minute (spm), room
temperature (RT)) and centrifugation (2000g, 10 min, 20 °C), the
supernatant was decanted, and the residue was re-extracted with 75 mL
Chl/MeOH (1/1, v/v). After shaking (90 min, 175 spm, RT) and cen-
trifugation (2000g, 10 min, 20 °C), the supernatant was decanted, and
both extracts were pooled. Milli-Q water (45 mL) was added to the pooled
extracts to induce phase separation. This phase separation was achieved
by shaking (30 min, 175 spm, RT) and centrifugation (2000g, 10 min,
20 °C). The upper methanol/water layer was removed, and the lower
chloroform layer was filtered over sodium sulphate. Next, chloroform
was evaporated using the rotational evaporator (40 °C). The residue was
redissolved in 5.0 mL acetone/methanol (7/3, v/v) and filtered (0.45 um)
into an amber glass vial. RP was analysed with reversed-phase high
performance liquid chromatography (HPLC) with UV detection as
described in Van Wayenbergh et al.”® The HPLC system (Shimadzu,
Kyoto, Japan) was equipped with a Kinetex C18 column (5 um, 150 x
4.6 mm, Phenomenex, Torrance, CA, USA) and consisted of an LC-20AT
pump, a DGU-20A5 degasser, a SIL-20AC HT autosampler (10 °C), a
CTO-20AC column oven (30 °C) and an SPD-10Avp UV-VIS detector
(325 nm). A tertiary gradient elution with methanol, MilliQ water and
methanol/methyl tert-butyl ether (50/50, v/v) was used at a flow rate of
1 mL/min. The injection volume was set at 10 pL. OriginPro 2018 soft-
ware (OriginLab Corporation, Northampton, MA, USA) was used to
separate the RP peak from a partially overlapping peak, presumably
originating from the gari matrix, present in the HPLC profiles. The RP
content (ug/g) of the samples was determined based on a calibration
curve and the RP retention (%) was calculated as:

RP content,
RP content

at timet o 100

at time0

RP retention (%) =

Quantification of B-carotene. -carotene was extracted from the gari
samples fortified with red palm oil and the samples made with yellow
cassava according to the procedure developed in Van Wayenbergh et al.”
using Chl/MeOH as extraction solvent, with minor adaptations. To 0.50 g
gari, 10 mL methanol, 5 mL chloroform and 1.0 mL Milli-Q water were
added. After vortexing (30 s), 5 mL chloroform and 5 mL Milli-Q water
were added, followed by vortexing for 30 s and centrifugation (750 g,
10 min, 20 °C). The upper methanol/water phase was removed and the
lower chloroform phase was transferred to a clean tube. The residue was
re-extracted with 10 mL Chl/MeOH (1/1, v/v) and 3 mL Milli-Q water.
After vortexing (30s) and centrifugation (750 ¢, 10 min, 20 °C), the
phases were separated as described above. The above-mentioned
extraction steps were repeated a second time. All chloroform extracts
were pooled, and the solvent was evaporated with the rotational vacuum
concentrator (2-25 CDplus, Christ, Osterode am Harz, Germany) at
40 °C and 2mbar. The residue was redissolved in 5.0 mL acetone/
methanol (7/3, v/v) and filtered (0.45 um) into an amber glass vial.
B-carotene was quantified by HPLC-UV analysis according to the
method described in Gheysen et al.”’. Hereto, the HPLC system and column
as specified earlier were used. The temperature of the autosampler was set at
10 °C, the oven temperature at 30 °C, the detector’s wavelength at 436 nm,

the injection volume at 40 pL and the flow rate at 0.7 mL/min. Tertiary
gradient elution was used with methanol/ammonium acetate buffer (pH 7.2,
0.5 M) (80/20, v/v), acetonitrile/Milli-Q water (90/10, v/v) and ethyl acetate.
OriginPro 2018 software (OriginLab Corporation, Northampton, MA,
USA) was used to separate the -carotene peak from a partially overlapping
peak present in the HPLC profile. B-carotene was quantified using a cali-
bration curve set up in the range of 0-1 pg/mL and the B-carotene retention
was calculated.

Sensory evaluation of vitamin A-fortified gari

A sensory evaluation was conducted to test the consumer acceptability of the
vitamin A-fortified gari. Hereto, consumers were served five gari samples,
including two with and three without cereal bran addition. However, in this
study, only the sensory evaluation of the three gari samples without bran will
be discussed. These samples included a control sample consisting of regular,
unfortified gari, a sample fortified with red palm oil and a sample made with
yellow cassava. The two samples with bran addition are left out here as the
analysis of the vitamin A stability during storage did not reveal a strong
stabilising effect of cereal bran. The samples fortified with red palm oil and
yellow cassava were chosen for sensory evaluation as these fortification
strategies are the most feasible in practice. An untrained panel of 77 high
school students (T.I. Ahmadiyya Senior High School, Kumasi, Ghana) was
asked to score the gari samples on five attributes (colour, smell, taste,
mouthfeel, and sourness) according to a 9-point hedonic scale. Hereby, ‘1’
corresponds to ‘extremely dislike’ and ‘9 corresponds to ‘extremely like’. In
addition, the participants were asked to score the overall appearance of the
fortified gari with the addition of a small amount and a large amount of
water. These two preparation methods correspond to typical gari-based
dishes: gari with beans or shito (a sauce made with fish and peppers), and
soakings, respectively.

In addition to the sensory analysis, a focus group discussion was held
with seven gari producers from the Ashanti region, Ghana. The producers
were served the same gari samples as discussed above for the sensory ana-
lysis and were asked to rate the overall appearance of the samples based on a
9-point hedonic scale. Afterwards, the given scores were discussed.

Statistical analysis

Gari production followed by accelerated storage was performed in duplicate.
The quantification of RP or B-carotene was also performed in duplicate for
each sample, resulting in a 2x2 setup. Standard deviations on the RP or
[-carotene retention therefore represent standard deviations of duplicate
gari production followed by accelerated storage. The analysis of the gari
quality characteristics was also performed in duplicate. Standard deviations
on the quality characteristics thus represent standard deviations of duplicate
gari production. For the data on vitamin A retention during storage and the
analysed quality characteristics, statistical differences were tested by one-
way analysis of variance, with a comparison of mean values using the Tukey
test (a=0.05) (JMP Pro 16, SAS Institute, Cary, NC, USA).

For the results from the sensory evaluation, statistical differences were
tested using the Kruskal-Wallis H test, followed by a Dunn test. Hereby, the
former test was used to investigate if there were significant differences
(a=0.05) between the different samples and the latter was used to test which
samples significantly differed from each other (a = 0.05) (JMP Pro 16, SAS
Institute, Cary, NC, USA).

Data availability

The data that support the findings of this study are openly available in the
KU Leuven Research Data Repository (RDR) at https://doi.org/10.48804/
ALTRWW.

Abbreviations

Chl chloroform

HPLC high performance liquid chromatography
MeOH methanol

REeq retinol equivalents
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RP retinyl palmitate

RT room temperature

spm strokes per minute
TTA total titratable acidity
viv volume-to-volume ratio
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