Oxidative stability, structural and textural properties of margarine enriched with Moringa oleifera leaves extract
Short running title: Moringa oleifera as antioxidant in margarine
Sara Ouahrania, Daylan Amelia Tzompa-Sosa*b, Koen Dewettinckb, Farid Zaidia
a Département des Sciences Alimentaires, Faculté des Sciences de la Nature et de la Vie, Université de Bejaia, 06000 Bejaia, Algeria.
b Food Structure & Function Research Group, Department of Food Technology, Safety and Health, Faculty of Bioscience Engineering, Ghent University. Coupure Links 653, 9000B, Ghent, Belgium.
*Corresponding author. Coupure Links 653, 9000B, Ghent, Belgium. E-mail: daylan.tzompa@ugent.be  Tel: +32 9 264 61 98  

Daylan A. Tzompa Sosa [image: ORCID logo]0000-0002-8336-6651
Koen Dewettinck [image: ORCID logo]0000-0002-5984-932X

Acknowledgments: The authors acknowledge Cevital Company for providing ingredients for the margarine preparation.



Abstract
	Consumer’s demand for more natural food formulations has driven the development of alternative food additives. This study falls within this challenge through valorisation of Moringa oleifera leaves grown in Algeria as a possible natural food additive. The application of Algerian Moringa oleifera leaves extract (MOLE) was evaluated as a substitute of vitamin E in margarine at various addition levels (400 ppm, 600 ppm and 800 ppm). The impact on margarine quality attributes was studied, namely oxidative stability, structural and textural structural properties. It was shown that addition of MOLE to margarine increased resistance towards oxidation, showing a higher antioxidant capacity as compared to vitamin E. Moreover, MOLE formulated in margarine served as an emulsifier decreasing water droplet size, which is desirable from a microbiological viewpoint. These observed effects can have a positive impact on margarine’s shelf life. Furthermore, addition of MOLE leads to the formation of smaller fat crystals, resulting in a different microstructure. MOLE also increased the hardness of margarine by altering the crystallization process.

Practical applications: MOLE represents a natural, food-grade additive that prevents lipid oxidation. It is a food ingredient that can contribute positively to margarine quality and to the development of clean-label food products. 
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Highlights
1. Morinaga oleifera leaves extract (MOLE) provides margarine more resistance to oxidation than vitE
2. Water droplet size decreased in margarine with MOLE improving its microbiological quality.
3. Inclusion of MOLE to margarine modifies fat crystallization process increasing its hardness.


1. Introduction
	Lipid oxidation is of great concern to food manufacturers and consumers as it leads to the development of undesirable off-flavours, loss in nutritional value and promotion of health disorders such as cancer, heart disease and aging (Vieira et al., 2017) Among food products, margarine is a typical  example prone to oxidation due to its high fat content (Karleskind, 1992). In order to retard the oxidative deterioration and extend the shelf-life of many food products, addition of antioxidants is necessary (Abdalla and Roozen, 1999, Zandi and Gordon, 1999, O Brien and Timms, 2004, Robbins and Sewalt, 2005). Thus, food industries often add synthetic antioxidants such as  butylated hydroxyanisole (BHA), butylated hydroxy toluene (BHT), tert- butylhy-droquinone (TBHQ), propyl gallate (PG) and tocopherols (vitamin E). Possible toxicological effects of certain synthetic antioxidants and the consumer demand for more natural products have resulted in an increased interest  for natural antioxidants (Kaur and Kapoor, 2001).
Natural antioxidants, mostly derived from spices and herbs, can slow down lipid oxidation due to the fact that they contain certain phytochemicals. The extract from Moringa oleifera Lam. (Moringaceae), the so-called “Miracle Tree”, is one of those products studied for its antioxidant potential. Moringa oleifera leaves extracts have been reported to be a rich source of various types of antioxidant compounds such as flavonoids, ascorbic acid, carotenoids and phenolics compounds which might be used to enhance the shelf-life of fat containing foods (Dillard and German, 2000, Siddhuraju and Becker, 2003). The Moringa plant grows in the tropical and subtropical regions of the world (Gopalakrishnan et al., 2016) and is rich in nutrients owing to the presence of a variety of essential phytochemicals present in the leaves, pods and seeds. In fact, Moringa leaves are mentioned  to provide seven times more vitamin C than oranges, 10 times more vitamin A than carrots, 17 times more calcium than milk, nine times more protein than yoghurt, 15 times more potassium than bananas and 25 times more iron than spinach (Rockwood et al., 2013). For this reason, Moringa oleifera is considered an effective remedy for malnutrition and a natural energy booster (Dubey et al., 2013). 
A significant number of studies have been conducted to investigate the antioxidant potential of Moringa oleifera leaves in vivo and in vitro (Verma et al., 2009, Saleem et al., 2020), as well as in food products such as butter and sunflower oil (Anwar et al., 2007, Nadeem et al., 2013b). However, no study has been conducted to investigate the impact of the addition of Moringa oleifera leaves extract on margarine, a fat-rich food product widely available worldwide. Therefore, in the present study margarine was used as food system to explore the impact of Moringa oleifera leaves extract on oxidative, structural and textural properties of margarine. Margarines produced with Moringa oleifera leaves extract were compared to margarines containing vitamin E (D alpha toco-acetate) as antioxidant and to a control margarine without antioxidants. 

2. Material and methods
2.1. Moringa oleifera leaves extract (MOLE)
2.1.1. Plant material and extraction of antioxidant compounds

Moringa oleifera leaves were collected from the south of Algeria (Oued-Souf region). M. oleifera leaves were air dried and cleaned to remove impurities, dust as well as damaged and yellow leaves. After removing the stem, the leaves were ground to pass a 0.5-mm sieve (Retsch Analytical sieve shaker AS 200) and defatted by Soxhlet with hexane (VWR, Prolabo (CE-EMB), ≥ 99% purity). The defatted leaves powder was further used for phenolic compound extraction by maceration according to a previously described procedure (Oomah et al., 2011). In short, the defatted powder was mixed with methanol 80% (VWR, Prolabo (CE-EMB), ≥ 99% purity), and stirred for 2 h using a magnetic stirrer. Then, the extract was filtered, and the filtrate was centrifuged for 30 min at 11,000g. The supernatant was transferred to a round flask and dried using a rotary evaporator followed by lyophilization using a freeze drier system (ALPHA 1-4 LD plus, lyophilizer, Christ, Osterode, Germany), at -65 °C and 0.044 mbar. Dried Moringa oleifera leaves extract (MOLE) was stored in light protected glass flasks until further use. The dried extract was used for margarine production. For the phytochemical characterization, the MOLE was dissolved in the initial conditions of the extraction. These solutions were filtered through a 0.22 µm nylon syringe filter.

2.1.2. Determination of phenolic compounds in Moringa oleifera leaf extract
Leaf extract was analysed for total phenolic compounds, condensed tannins, hydrolysable tannins and flavonoid content. Total phenolic compounds were analysed according to Škerget et al. (Škerget et al., 2005). Condensed tannins were analysed according to Deshpande et al. (Deshpande et al., 1986) hydrolysable tannins were analysed with ferric chloride reported by Mole et al. (Mole and Waterman, 1987).  Finally, flavonoid content was analysed according to the method reported by Lamaison et al. (Lamaison et al., 1990). 
2.1.3. DPPH radical scavenging activity of Moringa oleifera leaf extract
The DPPH method was used to determine the antioxidant activity of MOLE. This method is based on scavenging activity of the stable free radical DPPH (1, 1-diphenyl-2- picrylhydrazyl) through an antioxidant that decolourizes the DPPH solution. Briefly, 50 µL of extract were added to 1950 µL of DPPH solution. The decrease in absorbance was determined at 515 nm with a spectrophotometer (UV- 9200 biotech engineering management. CO. Ltd. UK), after incubation for 30 min. All the measurements were performed in triplicate. Radical scavenging activity was expressed as the inhibition percentage of free radical and calculated as follows: 
[(A0–A1)/A0] x100
Where A0 is the absorbance of the control (without extract), and A1 is the absorbance of the extract/ standard. 
2.2.  Production of margarine with Moringa oleifera leaf extract 
Three concentrations of Moringa freeze-dried leaf extract were tested (400, 600 and 800 ppm). Margarine was manufactured at a laboratory scale.  This margarine contained 16% of an aqueous phase and 84% of a lipid phases, which were prepared separately.  The lipid phase was prepared by heating the margarine base palm oil sunflower oil and equivalent hydrogenated soybean oil  at above their melting point (60°C) using a stirring hot plate under moderate agitation. Following, the oil soluble ingredients were added, namely emulsifiers (monoglyceride and lecithin) and sorbic acid. The aqueous phase contained salt (0.60%), lactic acid (0.5 ml/kg) and potassium sorbate (300 mg/kg). Dried MOLE was incorporated in the liquid phase at the desired concentrations. Finally, the emulsions were prepared by adding gradually the aqueous phase to the lipid phase while stirring at 45°C for 5 minutes using a mixer.
Two control margarines were prepared using the same conditions but either without antioxidants or using a synthetic antioxidant (vitamin E, D alpha toco-acétate) at 100 ppm. Physicochemical and microbiological analysis were done before performing the other analysis to demonstrate the conformity of the produced margarines to ISO standards as used by the company Cevital as listed in table 3 in the supplement section.
2.3.  Determination of margarine oxidative stability 
The induction period of the margarines was determined by the Rancimat test according to the ISO International Standard, Method 6886. (ISO‐, 2006). Briefly, 3 g of sample were placed under accelerated oxidation conditions i.e. a temperature of 98°C and an air flow of 10 l/h. The formation of volatile compounds is detected by a conductivity increase. The induction period of the samples is given in hours and is determined from the inflection point of the conductivity curve.
2.4.  Physical, structural and textural properties of margarine:
2.4.1. Colour 
Colour analysis of the samples was conducted with a spectrophotometer CM-2500d (Minolta, CO, LTD, Japan) using L*, a* and b* colour scale with the Specular Component included (SCI) and Specular Component Excluded (SCE).  
2.4.2. Water droplet size distribution 
Water droplet size distribution of margarines was determined by pulsed field gradient NMR (Nuclear Magnetic Resonance) at 5 °C on a benchtop Maran Ultra spectrometer (Oxford Instruments, UK) operating at a frequency of 23.4 MHz. pfg-NMR experiments were conducted using an inversion recovery-stimulated echo pulse sequence characterized by a time duration τ (i.e. T1-filter), making it possible to suppress the NMR signal contribution of the fat phase. 
2.4.3.  Hardness 
Texture analysis was performed using a 5942 Instron TA 500 Texture Analyzer (Instron, USA). Margarines samples were placed in plastic cups (5 × 3 cm) and cooled to 5 °C for an hour before analysis. A cylindrical probe with 11mm diameter penetrated the sample to a depth of 10 mm at a rate of 1mm/s with 0.1 N trigger value trigger value at 5 °C to avoid slippage and the destruction of the samples.
2.4.4. Microstructure 
A polarized light microscope (Olympus, Model BH-2, Tokyo, Japan) equipped with a Linkam PE 94 temperature control system (Linkam, Surrey, Germany) was used to determine the crystal morphology and microstructure of the margarines. The microscopical examination was conducted after placing a small amount of margarine at 5°C on a glass microscope slide and covered with a slit. The slides were placed on a temperature-controlled plate at 5°C to visualize the microstructure under transmitted polarized and normal light. Images were recorded with a Colour View camera (Leica Q500mc Qwin Vol 0.02, Leica Cambridge Ltd., Cambridge UK).

2.5. Statistical analysis
Statistical differences between the samples were tested using STATISTICA software (5.5) following the one-way ANOVA and Fisher LSD post hoc test. Differences were considered statistically significant at the p < 0.05 level. 

3. Results and discussions 
3.1. Moringa oleifera leaves extract characterization 
3.1.1. Phenolic compounds 
The phenolic composition of MOLE presented in table 1 shows the presence of condensed tannins, hydrolysable tannins and flavonoids. Kasolo et al.  [17] employed serial extractions, using ether, ethanol and water as solvents and showed a similar variety of phenolic compounds. The total content of phenolic compounds of the MOLE was 27.21±0.77 mg eq gallic acid/g of dry samples, which is comparable to the value 26.36±0.40 mg eq gallic acid/g dry sample reported by Rocchetti et al. (2019)  using an ultrasonic extraction method with methanol 100%. The flavonoid content of the MOLE was 1.49±0.04 mg eq quercetin /g of dry samples which is comparable to the value reported by Vongsak et al. (2013). They reported a concentration of 1.46±0.06 mg eq quercetin/g of dry sample in 50% ethanolic extract using percolation method. The condensed tannins content of the MOLE was 0.39±0.01 mg eq catechin/ g of dry sample which is comparable to the value obtained Makkar and Becker (1996) who reported a concentrations of 0 to 14 mg eq catechin/g dry sample  in 80% ethanol extract. Moreover, the MOLE used in this study showed high levels of total phenolic content and flavonoids (27.21mg eq gallic acid/ g of dry sample and 1.49 mg Eq quercetin/ g of dry sample). A comparison across studies should consider the variation in plant physiology caused by various factors including the climatic conditions and environmental aspects, the geographical origin of the sample, sample conservation and extraction process, drying mode and storage condition.(Avallone et al., 1997, Hristov et al., 2013, Benchikh et al., 2014).
3.1.2. Antioxidant activity 

The inhibitory effect by radical scavenging on DPPH of the MOLE is significantly higher than that of BHT (butylated hydroxytoluene, a synthetic antioxidant used as food additive) with 94.19%±0.11 for MOLE against 89.32%±0.09 for BHT prepared at the same concentration (7.92 mg /ml). In this study it was decided to use BHT as antioxidant standard instead of vitamin E since it is a hydrosoluble compound, thus similar to MOLE. The results in this study show that MOLE’s antioxidant effect was higher than that reported by Shahriar et al. (2012) who showed the inhibition of radical DPPH for MOLE (methanolic extract) of 67.59% which was lower than for BHT which was 92.59 %  at the same concentration. The comparison of these results with those from literature is not evident.  Differences can be explained by the influence of various factors related to the plant itself, to the climatic conditions and environmental aspects, the geographical origin of the sample, sample conservation and extraction process, drying mode and storage conditions. aAvallone et al. (1997), Chumark et al. (2008), Hristov et al. (2013), Benchikh et al. (2014) and Verma et al., (2009) reported that MOLE presented a strong in vivo and in vitro antioxidant activity. This activity has been attributed to the phenolic compounds present in the extract. Moringa oleifera is indeed known for its antioxidant power and its activity against free radicals (Dell'Agli et al., 2004, Sumathy et al., 2013). This antioxidant potential was confirmed in this study. 

3.2.  Conformity of the produced margarines 
In the present study, MOLE was successfully incorporated into margarines without changing the physicochemical and microbiological properties of the product. Regarding microbiological quality, the absence of yeasts, molds, staphylococci, faecal coliforms and salmonella was noted (Supplements table 4) indicating that the margarines were produced under controlled conditions, and therefore their hygienic quality was guaranteed during the entire production process (Karleskind, 1992). The physicochemical analysis of the freshly prepared margarines showed their conformity with the ISO standards and regulatory requirements of the company Cevital (Bejaia, Algeria). Moreover, all the margarines elaborated exhibited a similar pH, chlorides content, acidity P- anisidine value, peroxide value and fatty acid composition (supplements table 4 and 5). The similarity in chemical characteristics among the different margarines produced may be related to the addition levels of MOLE(Salem et al., 2015).
Water activity (aw) of the margarines was the only parameter affected by inclusion of MOLE. This parameter was inversely proportional to the MOLE level. The addition of MOLE decreased significantly the water activity (aw = 0,71±0,04 at 800 ppm) compared to the control with vitamin E and without antioxidants (aw =0,81±0,00 at 0ppm). Water activity is an important property that can be used to predict food stability and safety with respect to microbial growth, rates of deteriorative reactions, and physical properties such as texture and shelf life(Leung et al., 1984). Therefore, reduction of the water activity might lead to an increase in the shelf-life of margarine enriched with MOLE. 

3.3.  Determination of the oxidative stability of margarines 
Induction period values were obtained using conductivity curves (table 2). The results showed that addition of MOLE at all levels (400 to 800 ppm) significantly increased the induction period as measured by the Rancimat test. Induction period is an important parameter in evaluating the quality of oils and fats, and predicting oxidative stability (Aparicio et al., 1999). Induction period is used as an assay to assess the thermal and oxidative stability of fats and oils. A higher induction period is often associated with prolonged shelf life (Ramadan and Mörsel, 2004, Bandyopadhyay et al., 2008).
The shortest induction period was found for the control sample without added antioxidant (0 ppm). The induction period significantly increased as the concentration of MOLE increased. The induction time did not change significantly between 600 and 800 ppm MOLE. Moreover, the induction time of margarine with MOLE at all levels was higher than the one for margarine formulated with vitamin E. This shows that addition of MOLE to margarine provides resistance towards oxidation with and effect higher than that of vitamin E, which is very often used in margarine as (synthetic) antioxidant. As previously discussed, the resistance towards oxidation is most probably due to the presence of phenolic antioxidants that delay the development of autooxidation products, as was studied by Anwar et al. (2005). MOLE is a rich source of natural antioxidants, and thus extends the shelf-life of food containing fat due to the presence of several types of antioxidant compounds (Dillard and German, 2000, Siddhuraju and Becker, 2003).

Resistance towards oxidation after addition of MOLE has been reported by different authors that studied other food products such as sunflower oil, butter and butter oil. Anwar et al. (2007) studied the stabilization of sunflower oil by Moringa oleifera leaf extract and reported lower oxidation values and longer shelf life at 600 ppm level of MOLE inclusion using a 80% methanolic extract as compared with others solvents and others concentrations of MOLE. Nadeem et al. (2013a) studied the antioxidant potential of MOLE for the stabilization of butter at refrigeration temperature. They showed that the induction period of butter with 600 ppm of MOLE was higher than the butter without any addition. Another study on butter oil with modified fatty acid profile showed that MOLE at 600 ppm level enhances oxidative stability (Nadeem et al., 2013b). The induction time in this study was 10.84 hours, even after 90 days of storage at ambient temperature. The results from these previous studies combined with the ones presented in this study, suggest that MOLE at 600 ppm seems an appropriate concentration to convey resistance towards oxidation providing storage stability to all kind of fat rich products.


3.4. Physical, structural and textural characterization of margarines 
3.4.1. Colour of margarines
The effect on colour of margarine supplemented with MOLE as compared with the control with 100 ppm vitamin E was investigated using the  L*, a*, b* scale with specular component included (SCI) and with specular component excluded (SCE) (Table 2). The results show that the incorporation of MOLE led to a darkening of the margarine as seen from a decrease in L* value. Furthermore, greenness (-a*) and yellowness (+b*) significantly changed with MOLE addition. A change towards a stronger yellow colour was seen as the supplementation with MOLE increased. The change in green tones was significant, however this change was small (<0.3). MOLE is rich in yellow and green pigments, such as lutein, β-carotene, and chlorophyll which induced the colour change in margarines (Nambiar and Seshadri, 1998, Liu et al., 2007, Saini et al., 2012, Jahan et al., 2015). To asses properly if the change in colour can perceived by the viewer,  DE’s were calculated using the commercial margarine formulation as a reference (100 ppm). A DE > 2 is considered to be perceptually different(Witzel et al., 1973). The results show that all the margarines prepared with MOLE had a DE > 2. indicating that there is a perceptual colour difference between the commercial margarine and the margarines with MOLE supplementation at all levels. This difference was even higher when excluding the specular component (SCE), which is related to the appearance of the object’s colour as perceived by the viewer. 

3.4.2. Water droplet size distribution of margarines
Water droplet size distribution (Figure 1) indicated that addition of MOLE to margarine significantly decreased droplet size as compared to the control margarines at 0 ppm and with vitamin E (100 ppm) addition. Experimental data were divided into six classes of diameters (<2, 2 to 5, 5 to 10, 10 to 15, 15 to 30, and > 30 um) to comprehensible understand the effect of MOLE addition. A large amount of the biggest water droplets with diameter (> 15 µm) were noticed in margarine with vitamin E (>14% ) and in control margarine at 0 ppm  (> 20%) compared to the margarine enriched with MOLE where large droplets represented less than 11% at all concentrations, this percentage is related to the total volume of water droplets. Moreover, small water droplets (<2 µm) are predominant in margarine with MOLE (9.6% to 11.23%) compared with the control margarine at 0 ppm (6.6%) and margarine with vitamin E (9.2%). 
The water droplet size distribution of margarine is an important quality parameter. It affects the microbiological stability, hardness, mouth feel and flavour release of margarine. Small water droplets are generally preferred since the growth of microorganisms is delayed when water droplets are smaller  (0.5 -5μm) (Freeman, 2000, Van Dalen, 2002). This indicates that margarine with MOLE are can be more microbiological stable than margarine with vitamin E from a physicochemical viewpoint.

The water droplet size distribution of margarine enriched with MOLE, reflects that MOLE enhances the emulsification process. This effect can be related to the action of polyphenols on the emulsion. According to Stöckmann and Schwarz (1999) phenolic compounds are mainly polar compounds with a higher affinity for the water phase of an emulsion. However, the physical environment can change the partitioning of the phenolic compounds into the emulsifier pseudo phase of an emulsion. Some phenolic molecules have proven to possess surface activity, which is related to their chemical structure (Richards et al., 2002). Therefore, besides their antioxidative protective properties, it is also expected that they can affect both the dispersion degree and the physical stability of the dispersed phase. To the best of our knowledge, the emulsifying effect of MOLE in food emulsions in absence of other emulsifying agents has never been explored yet.
 When investigating the effect of phenolic compounds in the emulsions, several factors such as pH and emulsifier type can influence their antioxidant activity. Sørensen et al. (2008) investigated the effect of some phenolic compounds on the physical and chemical stability of the emulsions. The data showed that the location of the antioxidants may not be the only important factor affecting the efficacy of the antioxidants in the emulsions. In food emulsions the attainment of an adequate structure and the achievement of oxidative and physical stability upon storage represents an important goal. 
3.4.3. Hardness of margarines
Hardness is one of the most important textural properties of fat systems and is widely used to characterize margarines functionality (Himawan et al., 2006). This physical property is a contributory factor of margarine quality attributes characteristics such as appearance, ease of packaging, workability, spreadability, and oil exudation (Miskandar et al., 2002). 
The inclusion of MOLE up to 400 ppm did not significantly increase the hardness of margarine as compared to the control formulations (Table 2). However, a significant increase in hardness was seen at 600 ppm (17.2 ±1.2) and 800 ppm (16.4 ±1.3). Addition of MOLE could have affected the crystallization mechanism of margarine by functioning as a catalytic impurity and promoting heterogeneous crystal nucleation i.e. nucleation at the surface of these impurities. When this nucleation type occurs, more and generally smaller crystals are formed with more connection points between them creating a stronger crystal network (Skoda and Van den Tempel, 1963, Walstra and Van Beresteyn, 1975, Povey, 2014). It can be We hypothesized that the increase in hardness can be explained by a process called sintering. Sintering involves the formation of solid bridges within the fat crystal networks (Johansson and Bergenståhl, 1995). This mechanism can explain the effect of an increased hardness for the margarines formulated with > 600 ppm MOLE. 
It is however important to note that margarine hardness is a property that is not solely dependent on the presence of impurities in the system. Factors such type of fat blend, process conditions (e.g. time, temperature and shear rate), and crystal polymorphism also play an important role in developing the 3D microstructure of margarine (Campos et al., 2002, Miskandar et al., 2005, Liu et al., 2010). Thus, the increase in hardness upon MOLE addition can be very likely counteracted by adapting various industrial parameters. 
3.4.4. Microstructure of margarines
Fat crystal size plays a key role in determining the physical properties of margarine including consistency, hardness/softness and spreadability (Saadi et al., 2012). The crystal network of margarine with added MOLE reveals that the crystals were a mixture of smaller and bigger crystals (Figure 2). Smaller crystals were predominantly present at all concentration levels in margarine supplemented with MOLE, (Figure 2: C, D, E). Reversely big crystal agglomerates are predominantly present in margarine without MOLE  and margarine with vitamin E the (Figure 2: A and B). These observations can also be related to the increase in hardness which was previously discussed.
4. Conclusion 
Moringa oleifera leaves extract is a rich source of natural antioxidants that provides oxidation stability to margarine. In the present study it was demonstrated that addition of MOLE to margarine increases resistance towards oxidation, even higher than margarine containing vitamin E. Moreover, MOLE in margarine serves as an emulsifier decreasing water droplet size, which is desirable from a microbiological viewpoint. These two effects can have a positive impact on the shelf life margarine. 
Addition of MOLE to margarine also changes the 3D microstructure of the fat system by reducing the fat crystal size, which can be related to an increase in hardness. It can be suggested that MOLE promotes heterogeneous nucleation and the formation of more and smaller crystals that, combined with crystal sintering, explain the increase in margarine hardness.
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	Phenolic compound  Content 
	

	Total phenolic compounds ( mg eq gallic acid/g of dry sample)
	  27.21±0.77 

	condensed tannin (mg eq catechin /g of dry sample)
	0.39±0.01

	hydrolysable tannin (mg eq tannic acid / g of dry sample)
	14.7954292±0.69

	flavonoids content (mg eq quercetin /g of dry sample)
	1.49±0.04










Table 1: phenolic compounds of Moringa oleifera leaves extract using methanolic extraction (80%) (N=3).
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Table 2: Induction period, hardness (maximum load), colour measurement SCI and SCE CieLab coordinates (L*, a*, b*) of margarines prepared with Moringa oleifera leaves extract (MOLE) at different concentrations (mean ± S.D, N = 3).
	[bookmark: _Hlk34422892]Margarines
	Induction time (h)
	Maximum load
	SCI colour
	
	SCE colour
	

	
	
	
	L*
	a*
	b*
	DE SCI1
	L*
	a*
	b*
	DE SCE1

	0 ppm
	15,16 a ± 0,20
	11,2a  ± 1,1
	87,99a±0,59
	-1,86 a  ±0,08
	12,11 a  ±0,17
	2,83
	86,89 a ±0,78
	-1,84 a ±0,06
	12,01 a  ±0,10
	3,08

	100 ppm 
Vitamin  E
	19,76 b ± 0,08
	13,3 a  ± 1,9
	90,80 d ±1,20
	-2.00 c  ±0,04
	11,83 a  ±0,76
	-
	89,95 d ±1,19
	-1,98 c ±0,05
	11,72 a  ±0,71
	-

	400 ppm MOLE
	24,29 c ± 0,00
	13,1 a ± 1,0
	87,50 a ±1,02
	-1,86 a ±0,11
	14,88 b ±0,32
	4.5
	86,18 a ±1,04
	-1,84 a ±0,12
	14,85 b ±0,36
	4,9

	600 ppm MOLE
	24,63 d ± 0,01
	17,2 b ± 1,2
	82,61 b ±0,96
	-1,82 ab ±0,03
	16,37 c ±0,20
	9.37
	80,7 b 2±0,95
	-1,79 ab ±0,03
	16,45 c ±0,21
	10,39

	800 ppm MOLE
	24,68 d ± 0,01
	16,4b ± 1,3
	84,86c ±0,99
	-1,74 b ±0,03
	15,56b ±0,14
	7.02
	83,39 c ±1,00
	-1,68 b ±0,03
	15,46 b ±0,17
	7,55


[bookmark: _GoBack]100 ppm was taken as reference for DE calculations. DE*ab 

Different letters indicate significant difference at p < 0.05.
Figure legends

Figure 1. Water droplet size as measured by PFG-NMR diffusometry of margarines produced with Moringa oleifera leaves extract (MOLE) at different concentrations. Samples with 0 ppm and 100 ppm vitamin E are used as controls. Different letters describe significant differences at p< 0.05. Percentages are related to total volume (N = 03).

Figure 2. Microstructural images of margarines (at 5°C) obtained by polarized light microscopy (PLM) (scale bar =100 µm) A: margarine without any addition, B: margarine with vitamin E, C: margarine with 400 ppm MOLE, D: margarine with 600 ppm MOLE, E: margarine with 800 ppm MOLE. 

Graphical abstract
This study demonstrates that MOLE added to margarine at all levels (400, 600,800 ppm) resulted in a better antioxidant capacity than synthetic antioxidant (vitamin E). Moreover, addition of MOLE to margarine improved the emulsification, promote a desirable microstructure and texture of margarine.
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