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CHANGES IN B VITAMINS IN MAIZE GRAINS STORED USING A TRIPLE BAGGING SYSTEM IN THE PRESENCE OF TWO AROMATIC PLANTS Lippia multiflora Moldenke (Verbenaceae) AND Hyptis suaveolens Poit (Lamiaceae)


ABSTRACT
Maize is a vital source of nutrition for rural populations in Côte d’Ivoire. Maize grains are a rich source of many vitamins, particularly B-group vitamins, which play an essential role in overall health and nutrition. Unfortunately, this crop faces the persistent challenge of sustainable storage in rural areas, resulting in significant quantitative and qualitative losses of essential nutrients (vitamins) within a few months of storage. This study aims to evaluate the impact of a triple-bagging system, with or without aromatic plant leaves (Lippia multiflora and Hyptis suaveolens), on the B-vitamin content of maize grains during storage. Nine experimental batches (with different proportions/combinations of aromatic plant leaves added) and one control batch were prepared and stored for 9.5 months based on an experimental design. Statistical analyses revealed significant (P < 0.05) variations in the levels of these vitamins during the 9.5-month storage period, depending on the type of packaging. In the control batch (TeSP), average losses of water-soluble vitamins ranged from 32% to 77%. In the TB0 batch, however, this decrease was less pronounced, with maximum losses of just 33%. The lowest loss rates were recorded in all batches that received different proportions/combinations of leaves, compared to both the control batch and the TB0 batch. The mean values ranged from 10.47% to a maximum of 25%. Combining triple-bagging technology with aromatic plant leaves appears to be a promising alternative to synthetic pesticides, ensuring the sustainable preservation of the nutritional quality and vitamin content of maize grains in rural areas.
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1. INTRODUCTION
Maize is the second most widely consumed cereal among the population of Côte d'Ivoire. Maize grains can be consumed in various ways, such as fresh, boiled or roasted, or processed into flour to make “tô” paste, a traditional dish, or “tchapalo”, a traditional beer (Yao et al., 2013). Consequently, these grains are a vital source of both nutritional security and income for rural communitiesIn addition to its high starch content (71%) and lipid levels, maize is a rich source of vitamins, particularly B-group vitamins (Azam et al., 2022). These water-soluble vitamins play essential roles in energy metabolism, nervous system function and overall health (Tardy et al., 2020). Furthermore, the nutrient density of maize makes it a competitive commodity that helps to lower the cost of staple foods such as dairy products and meat (Nuss and Tanumihardjo, 2011). However, this crop faces major storage constraints due to attacks by storage pests such as bruchids. These insects feed on the nutritional content of the grains, including vitamins, in order to survive (Rabany et al., 2014). Moreover, the most common storage technique for cereals and legumes in rural areas of Côte d’Ivoire is the use of polypropylene bags, which results in substantial quantitative and qualitative losses (including reductions in essential nutrient content) after only a few months of storage (Fofana et al., 2023a). Consequently, achieving food self-sufficiency becomes increasingly difficult during periods of scarcity due to declining stock levels. Farmers therefore resort to inappropriate control methods, including the use of synthetic pesticides. However, the excessive use of synthetic pesticides for food preservation raises serious concerns regarding human health, food safety and environmental integrity (Beyuo et al., 2024), as these chemical agents cause significant harm to populations and contaminate the environment. To address this issue, aromatic species such as Lippia multiflora (Verbenaceae) and Hyptis suaveolens (Lamiaceae) are used to protect crops or stored harvests (Fofana et al., 2023b). These perennial, highly aromatic herbs grow naturally in almost all regions of Côte d’Ivoire, particularly in the central and northern parts of the country (Akoun et al., 2021). In Côte d’Ivoire, triple-layer bags comprising an outer woven polypropylene bag and a double inner polyethylene layer are increasingly being used for storing cereals and legumes (Felix et al., 2025). These systems have proven effective in preserving the sanitary and nutritional quality of food commodities. However, evaluating the effect of these storage systems (triple-bagging with or without the addition of Lippia multiflora and Hyptis suaveolens leaves) on the vitamin content of maize grains would enable these packaging methods to be more widely recognisedrecognized and utilisedutilized in rural settings. Therefore, our aim was to evaluate the influence of triple-bagging, with or without aromatic plant leaves (Lippia multiflora and Hyptis suaveolens), on the B vitamin content of maize grains during storage.
2. MATERIALS AND METHODS
2.1. Materials
2.1.1. Study Site
The experiments were conducted in the storage room of the Biochemistry and Food Sciences Pedagogical Research Unit at Félix Houphouët-Boigny University, where the average temperature and relative humidity were 27.27 °C ± 1.41 and 81.58 % ± 3.02, respectively. Wooden pallets were placed on the floor to support the bags during storage.

2.1.2. Biological Material
2.1.2.1. Maize Used in the Study
The dry maize grains used in this study were obtained from producers in the Hambol region of the Katiola department, in central-northern Côte d’Ivoire, immediately after harvest. These grains were of the improved GMRP-18 variety, which has a relatively short production cycle of 90–95 days to maturity.

2.1.2.2. Selected Plants
[bookmark: _Hlk216820868]Leaves from Lippia multiflora and Hyptis suaveolens were collected in Bouaké, in the Gbêkê region of Côte d'Ivoire. They were air-dried in the shade at an average temperature of 27.27°C ± 1.41 for one week and then chopped into small pieces.

2.1.3. Storage Materials
Polypropylene and polyethylene bags with a 120 kg capacity, obtained from the Adjamé market in Abidjan, were used for storage. A set of bags was prepared consisting of an outer bag made of synthetic woven polypropylene, lined internally with two polyethylene bags hence the designation 'triple-layer bag.

2.2. Methods
2.2.1. Bagging
A central composite design (CCD) was employed to develop the maize grain storage methodology. This involved mixing a defined proportion of ground, dried leaves with a specified quantity of maize grains. A total of nine experimental batches and one control batch were prepared as follows:
· TeSP: control treated without biopesticides in a polypropylene bag,
· TB0: triple-bagging with 0% biopesticides,
· TB1: triple-bagging with 2.5% biopesticides (0.625 kg of L. multiflora and 0.625 kg of H. suaveolens),
· TB2: triple-bagging with 3.99% biopesticides (0.40 kg of L. multiflora and 1.60 kg of H. suaveolens),
· TB3: triple-bagging with 3.99% biopesticides (1.60 kg of L. multiflora and 0.40 kg of H. suaveolens),
· TB4: triple-bagging with 1.01% biopesticides (0.10 kg of L. multiflora and 0.40 kg of H. suaveolens),
· TB5: triple-bagging with 1.01% biopesticides (0.40 kg of L. multiflora and 0.10 kg of H. suaveolens),
· TB6: triple-bagging with 5% biopesticides (1.25 kg of L. multiflora and 1.25 kg of H. suaveolens),
· TB7: triple-bagging with 2.5% biopesticides (1.25 kg of L. multiflora), and
· TB8: triple-bagging with 2.5% biopesticides (1.25 kg of H. suaveolens). The experiment lasted 10 months.

2.2.2. Sample Collection
Sampling was carried out at various time points defined by the CCD: at T0 (immediately after purchase and before storage); then at T1 (1 month); T2 (4.5 months); and T3 (9.5 months). Sampling was performed in triplicate. A 5 kg sample of maize was collected from each bag at different levels. The samples were ground in the laboratory using a Moulinex mixer (France) to obtain a fine powder (flour) for determining vitamin content.

2.2.3. Determination of Vitamin Potential
Water-soluble B-group vitamins were quantified using high-performance liquid chromatography (HPLC; Waters Alliance, USA), according to AOAC Method 985.20 (AOAC, 2000). The HPLC system consisted of a Waters pump, an automatic injector, a visible UV/PDA detector and a Servotrace recorder. The operating conditions were adapted according to the type of vitamin being analysedanalyzed. Two grams of maize powder were extracted five times with n-hexane, after which the mixture was centrifuged at 3000 rpm for five minutes at a low temperature. The organic solvent was collected and preserved. The residue was re-extracted using the same solvent and this process was repeated until the extract was colourlesscolorless. The total volume of the extract was determined and 20 µL were injected into the HPLC system. The individual vitamins were identified and quantified by determining the retention times (tR) corresponding to each standard. A calibration curve was established for each vitamin at different concentrations.

2.2.4. Validation of Vitamin Determination Methods by High-Performance Liquid Chromatography (HPLC)
The study of calibration range linearity, the determination of detection and quantification limits, and the calculation of repeatability and reproducibility coefficients of variation for the assays, as well as extraction yield, enabled the validation of methods for determining vitamins in accordance with French standard NF V 03-110 (AFNOR, 1986 and AFNOR, 1996) and European standard CEN/TS 15190 (CEE, 2000). This procedure included:
· Linearity 
The linearity of a test method is its ability to provide information or results that are proportional to the amount of analyte present in the test material within a given range (OIV, 2006). The linearity of the relationship between peak area and concentration was determined for vitamin standard concentrations ranging from 0 μg/mL to 125 μg/mL, using five calibration points (0, 25, 50, 75 and 125 μg/mL). Five and ten independent assays were performed.
· Detection Limit
The detection limit is defined as the lowest concentration of the analyte that can be detected with acceptable uncertainty, but not quantified, under the experimental conditions described by the method  (method (OIV, 2006). This limit was calculated using the following formula:
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LD :LD: detection limit;
Mx :Mx: mean of 10 matrix blank assays;
S :S: standard deviation of 10 matrix blank assays.

· Quantification Limit
The quantification limit is the lowest concentration of the analyte that can be quantified, with an acceptable uncertainty, under the experimental conditions described by the method (OIV, 2006):
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LQ: quantification limit;
Mx: mean of 10 matrix blank assays;
S: standard deviation of 10 matrix blank assays.
· Repeatability Tests
Intra-laboratory repeatability is defined as the value below which the absolute difference between two individual results obtained under the same conditions (i.e. by the same operator using the same equipment in the same laboratory within a short time interval) is expected to lie with a specified probability (OIV, 2006). The repeatability test was carried out using reference standard solutions at two concentration levels, as well as 10 extracts from a maize sample analysedanalyzed by high-performance liquid chromatography (HPLC).
· Reproducibility Test
Intra-laboratory reproducibility is defined as the value below which the absolute difference between two individual results obtained under different conditions (e.g. different operators and/or equipment and/or times) is expected to lie with a specified probability (OIV, 2006). Reproducibility was assessed using five separate assays of a maize sample analysedanalyzed by high-performance liquid chromatography (HPLC) at three-day intervals, for a total of fifteen assays.
· Extraction Yield
To calculate the recovery percentage, ten independent assays were performed for the spiked addition. The standard solution had a concentration of 5 mg/mL.

2.2.5. Statistical Analyses
All analyses were performed in triplicate and all data were statistically processed using SPSS software (version 22.0). A two-way analysis of variance (ANOVA) was conducted considering both storage duration and method (i.e. the different treatments applied during storage). Significant parameters were compared using a Tukey test at a significance level of ≤5%. Additionally, correlations between parameters were performed using STATISTICA software (version 7.1), including principal component analysis (PCA).

3. RESULTS AND DISCUSSION
3.1. Results
3.1.1. Vitamin Quality Characteristics of Stored Maize Grains
Statistical analyses revealed significant variations in vitamin content depending on storage duration and treatment type (P < 0.05). Furthermore, the interaction between these two factors was also significant (P < 0.05). The evolution of the content of water-soluble vitamins is presented in Table 1. According to the type of treatment and storage method, the results show that levels of thiamine (B1), riboflavin (B2), niacin (B3), pantothenic acid (B5), pyridoxine (B6), biotin (B8), folic acid (B9), cobalamin (B12) and choline decreased during the 9.5-month storage period. Specifically, the lowest values were recorded after 9.5 months of storage in the control batch (TeSP) for initial contents of 3.63 ± 0.14 mg/kg (B1), 2.28 ± 0.03 mg/kg (B2), and 15.54 ± 0.49 mg/kg (B3), followed by the TB0 batch (triple-bagging with 0% biopesticides) (Table I). These decreases in vitamin content corresponded to loss rates of 48.21% (B1), 58.77% (B2) and 48% (B3) for the control batch and 25.89% (B1), 36.84% (B2) and 29.02% (B3) for the TB0 batch. In the other batches (triple-bagging systems containing different proportions and combinations of aromatic plant leaves), the recorded values remained at approximately 3.00 mg/kg for thiamine (B1), 2.00 mg/kg for riboflavin (B2) and 12.74 mg/kg for niacin (B3) after 9.5 months of storage, corresponding to reduction rates of around 17%, 12% and 18%, respectively. The initial contents of vitamins B5 (pantothenic acid), B6 (pyridoxine) and choline at the beginning of storage were 27.97 ± 0.12 mg/kg, 14.99 ± 1.18 mg/kg and 554.00 ± 0.00 mg/kg, respectively. After 4.5 months, significant variations (P < 0.05) were observed in the control batch (TeSP) and TB0. At the end of the storage period (9.5 months), the final values were 12.29 ± 0.06 mg/kg, 8.66 ± 0.20 mg/kg and 375.21 ± 0.00 mg/kg for TeSP and 17.75 ± 0.05 mg/kg, 11.13 ± 0.07 mg/kg and 473.61 ± 0.00 mg/kg for TB0 for vitamins B5, B6 and choline, respectively. These correspond to reduction rates of 56.06% (B5), 42.23% (B6) and 77.78% (B8) in the control batch and 36.54% (B5), 25.75% (B6) and 33.33% (B8) in the TB0 batch. In triple-bagging systems incorporating aromatic plant leaves, variations in B5, B6 and choline content were observed at the end of the 9.5-month storage period, depending on the proportion and combination of leaves used (see Table 1). Overall, the reduction rates were approximately 30% (B5), 14.94% (B6) and 25% (B8). Similar decreasing trends were observed for biotin (B8), folic acid (B9) and cobalamin (B12) as previously reported (Table 1). Indeed, maize grains exhibited significant decreases in biotin, folic acid, and cobalamin contents after the first 4.5 months of storage (Table 1), with initial mean contents at month 0 of 0.09 ± 0.00 µg/kg (B8), 0.24 ± 0.00 µg/kg (B9), and 0.76 ± 0.00 µg/kg (B12). Final values at 9.5 months were 0.02 ± 0.00 µg/kg (B8), 0.09 ± 0.00 µg/kg (B9), and 0.28 ± 0.00 µg/kg (B12) in the control batch (TeSP), and 0.06 ± 0.00 µg/kg (B8). The values were 0.17 ± 0.00 µg/kg (B9) and 0.44 ± 0.00 µg/kg (B12) in the TB0 batch. The corresponding reduction rates were 62.5% (B9), 63.15% (B12) and 32% (choline) in the control batch and 29.16%, 42.10% and 32.27% in the TB0 batchThe values obtained for the contents of biotin, folic acid and cobalamin in maize grains stored in triple-bagging systems with different proportions and combinations of aromatic plant leaves after 9.5 months (see Table 1) correspond to reduction rates of approximately 22.92% (B9), 15.46% (B12) and 10.47% (choline).









Table 1a: Changes in the water-soluble vitamin content (B1, B2 and B3) of maize grains stored for nine and a half months.
	Vitamins
	Duration
	TeSP
	TB0
	TB1
	TB2
	TB3
	TB4
	TB5
	TB6
	TB7
	TB8

	B1
(mg/kg)

	0
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA
	3.63±0.14aA

	
	1
	3.54±0.09bA
	3.63±0.04aA
	3.63±0.03aA
	3.62±0.05aA
	3.63±0.11aA
	3.62±0.02aA
	3.62±0.04aA
	3.63±0.14aA
	3.62±0.06aA
	3.63±0.03aA

	
	4.5
	2.57±0.18bB
	3.06±0.04aB
	3.26±0.15aB
	3.28±0.06bA
	3.30±0.09Ab
	3.29±0.01aB
	3.30±0.10bA
	3.32±0.01aB
	3.32±0.07aB
	3.27±0.13aB

	
	9.5
	1.88±0.02cE
	2.69±0.04dC
	2.95±0.07abC
	3.03±0.01cA
	3.03±0.02aC
	2.84±0.04aC
	2.92±0.00bcC
	3.04±0.00aC
	3.00±0.00abC
	3.00±0.00abC

	B2
(mg/kg)

	0
	2.28±0.03aA
	2.28±0.03aA
	2.28±0.03aA
	2.28±0.03aA
	2.28±0.03aA
	2.28±0.03aA
	2.28±0.03Aa
	2.28±0.03aA
	2.28±0.03aA
	2.28±0.03aA

	
	1
	2.10±0.17aA
	2.26±0.04aA
	2.26±0.24aAB
	2.26±0.05aA
	2.25±0.22aA
	2.27±0.46aA
	2.27±0.06Aa
	2.27±0.06aA
	2.26±0.02aA
	2.26±0.02aA

	
	4.5
	1.35±0.06bC
	1.84±0.05bB
	2.09±0.05aB
	2.08±0.04aB
	2.08±0.03aAB
	2.03±0.02aA
	2.04±0.06aB
	2.10±0.02aB
	2.11±0.09aB
	2.10±0.03bA

	
	9.5
	0.94±0.02cG
	1.44±0.03fC
	1.98±0.02cAB
	2.06±0.01aB
	2.07±0.00aAB
	1.94±0.03dAB
	1.97±0.00deB
	2.08±0.00aB
	2.00±0.00bcB
	2.03±0.00abC

	B3
(mg/kg)

	0
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA
	15.54±0.49aA

	
	1
	15.43±0.38aA
	15.53±0.05aA
	15.54±0.08aA
	15.52±0.23aA
	15.52±0.54aA
	15.53±0.30aA
	15.51±0.10aA
	15.54±0.33aA
	15.52±0.02aA
	15.53±0.55aA

	
	4.5
	11.23±0.44bB
	13.85±0.08aB
	14.02±0.03aB
	14.00±0.11bA
	14.08±0.01aB
	13.91±0.09aB
	13.89±0.11aB
	14.02±0.05aB
	14.02±0.00aB
	14.05±0.06aB

	
	9.5
	8.08±0.05dC
	11.03±0.01cC
	12.06±0.06bC
	13.14±0.05cA
	13.18±0.04Ac
	12.05±0.07cC
	12.07±0.07cC
	13.20±0.02aC
	13.08±0.01aC
	13.11±0.01aC



Table 1b: Changes in the water-soluble vitamin content (B5, B6 and B8) of maize grains stored for nine and a half months. 
	Vitamins 
	Duration
	TeSP
	TB0
	TB1
	TB2
	TB3
	TB4
	TB5
	TB6
	TB7
	TB8

	B5
(mg/kg)
	0
	27.97±0.12aA
	27.97±0.12aA
	27.97±0.12aA
	27.97±0.12Aa
	27.97±0.12Aa
	27.97±0.12aA
	27.97±0.12aA
	27.97±0.12aA
	27.97±0.12aA
	27.97±0.12aA

	
	1
	25.81±0.23aB
	27.90±0.79aA
	27.83±0.11aA
	27.83±0.05Aa
	27.81±2.52Aa
	27.80±0.91aA
	27.76±1.47aA
	27.82±0.64aA
	27.83±1.80aA
	27.83±0.21aA

	
	4.5
	14.83±0.19bC
	19.60±0.54aB
	20.27±0.64aB
	20.62±0.54Ab
	20.37±0.55Ab
	19.61±0.54aB
	20.20±0.43aB
	20.35±0.56aB
	20.62±0.65aB
	20.32±0.59aB

	
	9.5
	12.29±0.06gD
	17.75±0.05fC
	18.67±0.08cC
	19.77±0.02Ac
	19.82±0.06Ab
	18.06±0.04eC
	18.47±0.10dBC
	19.85±0.01aB
	19.41±0.05bBC
	19.70±0.06aB

	B6
(mg/kg)
	0
	14.99±1.18aA
	14.99±1.18aA
	14.99±1.18aA
	14.99±1.18Aa
	14.99±1.18Aa
	14.99±1.18aA
	14.99±1.18aA
	14.99±1.18aA
	14.99±1.18aA
	14.99±1.18aA

	
	1
	14.47±0.66aA
	14.96±1.00aA
	14.93±1.68aA
	14.97±0.11Aa
	14.97±0.05Aa
	14.92±0.07aAB
	14.95±0.16aA
	14.97±1.00aA
	14.96±1.05aA
	14.93±0.91aA

	
	4.5
	9.88±0.18bB
	12.97±0.06aB
	13.50±0.49aAB
	13.88±0.22Aab
	13.99±0.12Aab
	13.56±0.28aB
	13.60±0.33aA
	14.03±0.97aAB
	13.80±0.02aAB
	13.86±0.14aAB

	
	9.5
	8.66±0.20fB
	11.13±0.07eC
	12.08±0.02dBC
	12.81±0.04abB
	12.89±0.07abB
	12.06±0.03dC
	12.07±0.03dB
	12.96±0.05aABC
	12.44±0.07cB
	12.65±0.16bcB

	B8
(µg/kg)
	0
	0.09±0.00Aa
	0.09±0.00aA
	0.09±0.00aA
	0.09±0.00aA
	0.09±0.00Aa
	0.09±0.00aA
	0.09±0.00aA
	0.09±0.00Aa
	0.09±0.00aA
	0.09±0.00aA

	
	1
	0.09±0.01aA
	0.09±0.00aA
	0.09±0.01aA
	0.09±0.00aA
	0.09±0.00Aa
	0.09±0.00aA
	0.09±0.00aA
	0.09±0.00Aa
	0.09±0.00aA
	0.09±0.00aA

	
	4.5
	0.04±0.00bB
	0.06±0.01abB
	0.07±0.00aB
	0.07±0.00aB
	0.08±0.00Ab
	0.07±0.00aB
	0.07±0.00aB
	0.08±0.00Aab
	0.08±0.00aB
	0.07±0.00aB

	
	9.5
	0.02±0.00cC
	0.06±0.00bB
	0.07±0.00aB
	0.07±0.00Ab
	0.07±0.00Abc
	0.06±0.00aB
	0.06±0.00aB
	0.07±0.00Ab
	0.07±0.00aC
	0.07±0.00aBC



Table 1c :c: Changes in the water-soluble vitamin content (B9, B12 and Choline) of maize grains stored for nine and a half months.

	Vitamins
	Duration
	TeSP
	TB0
	TB1
	TB2
	TB3
	TB4
	TB5
	TB6
	TB7
	TB8

	B9
(µg/kg)

	0
	0.24±0.00Aa
	0.24±0.00aA
	0.24±0.00aA
	0.24±0.00Aa
	0.24±0.00Aa
	0.24±0.00aA
	0.24±0.00aA
	0.24±0.00Aa
	0.24±0.00aA
	0.24±0.00aA

	
	1
	0.22±0.00Aa
	0.23±0.00aAB
	0.23±0.00aA
	0.23±0.00Aa
	0.23±0.00Aa
	0.23±0.00aA
	0.23±0.00aA
	0.23±0.00Aab
	0.23±0.00aA
	0.23±0.00aA

	
	4.5
	0.13±0.00Bb
	0.18±0.00aBC
	0.19±0.00aAB
	0.20±0.00Aab
	0.20±0.00Aab
	0.19±0.00aAB
	0.19±0.00aAB
	0.21±0.00Abc
	0.20±0.00aAB
	0.20±0.00aAB

	
	9.5
	0.09±0.00Eab
	0.17±0.00dC
	0.17±0.00dBC
	0.19±0.00abAB
	0.20±0.00abAB
	0.17±0.00dBC
	0.17±0.00dBC
	0.20±0.00Abc
	0.19±0.00bcAB
	0.19±0.00cAB

	B12
(µg/kg)



	0
	0.76±0.00Aa
	0.76±0.00aA
	0.76±0.00aA
	0.76±0.00Aa
	0.76±0.00Aa
	0.76±0.00aA
	0.76±0.00aA
	0.76±0.00Aa
	0.76±0.00aA
	0.76±0.00aA

	
	1
	0.61±0.00Bb
	0.75±0.00aA
	0.75±0.00aA
	0.75±0.00Aa
	0.75±0.00Aa
	0.76±0.00aA
	0.75±0.00aA
	0.75±0.00Aa
	0.75±0.00aA
	0.75±0.00aA

	
	4.5
	0.43±0.00Cc
	0.57±0.00bB
	0.70±0.00aB
	0.71±0.00Ab
	0.70±0.00Ab
	0.68±0.00aB
	0.70±0.00aB
	0.71±0.00Ab
	0.71±0.00aB
	0.71±0.00aB

	
	9.5
	0.28±0.00Ed
	0.44±0.00dC
	0.59±0.00cC
	0.69±0.00Ab
	0.69±0.00Ab
	0.57±0.00cC
	0.58±0.00cC
	0.70±0.00Ab
	0.64±0.00bC
	0.68±0.00aB

	Choline
(mg/kg)


	0
	554.00±0.00aA
	554.00±0.00aA
	554.00±0.00aA
	554.00±0.00Aa
	554.00±0.00Aa
	554.00±0.00aA
	554.00±0.00aA
	554.00±0.00Aa
	554.00±0.00aA
	554.00±0.00aA

	
	1
	544.88±0.00aA
	552.54±0.00aA
	552.77±0.00aA
	553.31±0.00Aa
	553.71±0.00Aa
	553.45±0.00aA
	552.85±0.00aA
	552.67±0.00Aa
	552.88±0.00aA
	552.38±0.00aA

	
	4.5
	456.17±0.00bB
	500.79±0.00aB
	502.79±0.00aB
	509.58±0.00Ab
	510.07±0.00Ab
	505.81±0.00aB
	502.79±0.00aB
	510.04±0.00Ab
	511.07±0.00aB
	509.12±0.00aB

	
	9.5
	375.21±0.00dC
	473.61±0.00cC
	490.06±0.00bC
	501.09±0.00Ac
	501.44±0.00Ac
	489.27±0.00bC
	490.08±0.00bC
	502.46±0.00Ac
	495.82±0.00abC
	498.85±0.00aC



According to Tukey, averages (± standard deviation) with the same upper/lowercase letters in the same row/column are not significantly different from each other at the 5% threshold. TeSP: control treated without biopesticides in a polypropylene bag, TB0: triple-bagging with 0% biopesticides, TB1: triple-bagging with 2.5% biopesticides (0.625 kg of L. multiflora and 0.625 kg of H. suaveolens), TB2: triple-bagging with 3.99% biopesticides (0.40 kg of L. multiflora and 1.60 kg of H. suaveolens), TB3: triple-bagging with 3.99% biopesticides (1.60 kg of L. multiflora and 0.40 kg of H. suaveolens), TB4: triple-bagging with 1.01% biopesticides (0.10 kg of L. multiflora and 0.40 kg of H. suaveolens), TB5: triple-bagging with 1.01% biopesticides (0.40 kg of L. multiflora and 0.10 kg of H. suaveolens), TB6: triple-bagging with 5% biopesticides (1.25 kg of L. multiflora and 1.25 kg of H. suaveolens), TB7: triple-bagging with 2.5% biopesticides (1.25 kg of L. multiflora), and TB8: triple-bagging with 2.5% biopesticides (1.25 kg of H. suaveolens). B1: vitamin B1; B2: vitamin B2; B3: vitamin B3; B5: vitamin B5; B6: vitamin B6; B8: vitamin B8; B9: vitamin B9; B12: vitamin B12 and choline.


3.1.2. Multivariate Data Analysis
A Principal Component Analysis (PCA) was performed on the different maize samples in relation to nine vitamin parameters: thiamine, riboflavin, niacin, pantothenic acid, pyridoxine, biotin, folic acid, cobalamin and choline. This analysis identified two principal axes that explained the dispersion and distribution of the samples. These two axes accounted for 97.88% of the total variability observed. Figure 1a shows that, according to the correlation circle, all vitamins were strongly and negatively correlated with the F1 axis. This axis is a good indicator of the quality of the vitamins in the stored grains. Projecting the samples onto the 1-2 plane allowed them to be grouped into three clusters (Figure 1b). The first group comprised all samples from triple-bagging systems with various proportions and/or combinations of biopesticides in the first month of storage (D1, F1, G1, H1, I1, J1, K1 and L1), the single triple-bagging sample after one month (C1) and the initial sample (E0) at the start of storage. These samples exhibited higher vitamin contentThecontent The second group consisted of samples stored in triple-bagging systems with different proportions and/or combinations of biopesticides (D2, F2, G2, H2, I2, J2, K2 and L2 at T2 (4.5 months) and T3 (9.5 months); D3, F3, G3, H3, I3, J3, K3 and L3 at T2 and T3). There waswere also a simple triple-bagging system (C2 at 4.5 months) and a control batch (A1 at 1 month). These samples had vitamin content similar to that of the first group. The third group included samples from the control batches A2 and A3 and the simple triple-bagging system C3 (9.5 months). These samples exhibited the highest rates of vitamin degradation.







a- Projection of variables                                                                              b- Projection of individuals
                              Figure 1. Projection of vitamin variables (a) and individuals (b) in factorial plan 1–2 of main component analysis.
Vitamin variables include B1 (thiamine), B2 (riboflavin), B3 (niacin), B5 (pantothenic acid), B6 (pyridoxine), B8 (biotin), B9 (folic acid), B12 (cobalamin) and choline,


3.2. Discussion
The high-performance liquid chromatography (HPLC) technique used to analyseanalyze all nine vitamins revealed low coefficients of variation in the repeatability and reproducibility tests (1.0 at 4.4%), reflecting the method's stability and satisfactory precision. Additionally, the extraction yields from the standard addition and linearity confirm the technique's reliability. Furthermore, the low detection and quantification limits ensure the sensitivity of the vitamin assays in the samples analysedanalyzed by the HPLC system. The results of this study suggest that vitamin content in maize grains generally decreases during storage. After 9.5 months, the lowest loss rates were observed in triple-bagging systems with biopesticide additions compared to triple-bagging systems without biopesticide additions (TB0) and polypropylene control bags (TeSP). Unlike the batches treated with biopesticides, which experienced a maximum reduction of around 25%, the significant decrease in water-soluble vitamin content (over 50% loss) in grains stored in the polypropylene bag was due to damage caused by storage insects. During their various developmental stages, these pests consume large quantities of vitamins as nutrients to sustain life, support larval development, and facilitate metamorphosis (Mogbo et al., 2014). Similar observations were reported by Baciu et al. (2023), who noted substantial losses of vitamins (riboflavin, thiamine and niacin) at various levels of infestation. These losses can be explained by the distribution of vitamins within grain composition (Karanja et al., 2022). Indeed, vitamins have been described as nutrients that are distributed most evenly together with proteins throughout grains (Bamaiyi et al., 2006). In triple-bagging systems that do not use biopesticides, variations in B-vitamin content could be explained by low oxygen levels inside the system. The resulting humidity and heat can accelerate respiration, leading to the degradation of stored grains. In the other experimental batches, the combination of low oxygen levels and the presence of biopesticides creates an environment that is unfavourableunfavorable for the development of insects and microorganisms. This may explain why vitamin content is stable in maize grains stored under these conditions. Additionally, Konan (2017) and Ezoua (2019) highlighted in their respective studies that low oxygen levels and the presence of biopesticides inhibit the development of insects and associated microorganisms. These effects result in the maximal reduction of grain damage at the end of storage. Under such conditions, with the integrity of the maize grains well preserved, the rate of vitamin deterioration during storage remains low. This indicates that all treatments using Lippia multiflora and Hyptis suaveolens leaves are effective compared to systems without leaves in preserving the vitamin quality of maize grains during storage. The evolution of the various vitamin parameters in maize grains during storage allowed for the structuring of maize samples based on certain similarities. This observation is supported by principal component analysis (PCA). This multivariate analysis divided the samples into three groups. The structuring observed in the PCA of the samples stored in polypropylene bags (TeSP), simple triple-bagging (TB0) and triple-bagging with biopesticides (TB1 to TB8) appears to reflect the effectiveness of the triple-bagging system. Triple-bagging is indeed a grain storage system based on the principle of controlled and modified atmospheres. It promotes the creation and maintenance of atmospheric conditions lethal to insects. Thus, the high-density polyethylene bags, protected by the outer polypropylene bag, restrict oxygen permeability (Masson, 2019). According to Trupin (2007), this system offers superior barrier properties compared to polypropylene thanks to its thickness (80 µm) and composition, which make it more robust. The incorporation of Lippia multiflora and Hyptis suaveolens leaves further helps to preserve the quality of stored grains. These findings are consistent with those of Ezoua et al. (2017) and Fofana et al. (2018), who demonstrated the effectiveness of these biopesticides in preserving the nutritional and sanitary quality of cereals (e.g. maize) and legumes (e.g. cowpea) in Côte d'Ivoire in improved granaries, woven polypropylene bags and triple-bagging systems. Furthermore, optimisationoptimization studies conducted by Biego and Chatigre (2015) on maize storage showed that L. multiflora and H. suaveolens leaves significantly improved the preservation of maize grain vitamin quality stored in polypropylene bags over a six-month period. This storage efficacy is likely due to the phytochemical composition of these leaves. Indeed, these leaves contain a high concentration of phytochemical substances. These are aromatic compounds with volatile properties that are responsible for their insecticidal, bactericidal and fungicidal activities (Soujanya et al., 2016).




4. CONCLUSION
The results obtained confirmed that the storage method has a decisive influence on the stability of vitamins in maize grains. The implemented triple-bagging system with the addition of biopesticides significantly limited the degradation of vitamin quality in maize grains over a 9.5-month period. This reflects better control of internal storage conditions. Consequently, this technology is a sustainable and cost-effective solution for enhancing the nutritional value of stored maize in tropical regions.
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