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                                 Abstract
Sesame (Sesamum indicum L.) is an oil crop that belongs to the family Pedaliaceae. It is cultivated all over the world. Sesame seeds possess nutritional value being a rich source of proteins, dietary fibers, carbohydrates, fats, and vitamins. Sesame seeds and oil have several biological potentials: antioxidant, antimutagenic, estrogenic, and hypolipidemic. Many phytochemical constituents were observed in sesame seeds and/or oil as phenolic acids, flavonoids, lignans, phytosterols, and unsaturated fatty acids. The total world production of sesame is around seven million tons with a production of two million tons of sesame oil with nearly 70% of agri-industrial by-product in the form of the cake counterpart. Some studies focused on the cake by-product’s phytochemical composition and biological potential, reflecting the valorization of such agri-industrial by-products where the effective utilization of them could lead to sustainability in the industry of food supplements, nutraceuticals, and non-food applications.
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                                        1 Introduction
“Open Sesame!” was the secret magical phrase in “Ali Baba and the Forty Thieves” story for door opening, which exactly like the biological potentials of sesame that open the way for many health benefits.
Sesame (Sesamum indicum L., Pedailaceae) is an oil-producing crop. It is cultivated all over the globe with a total production of seven million tons of seeds producing two million tons of oil with a remaining agri-food residue (agri-industrial by-product) corresponding to the cake counterpart, which represents nearly 70% of the total production in accordance to FAO statistics [1]. Anciently, it was originated in India and known in the Ancient Egyptian civilization in the treatment of asthma [2, 3]. Sesame seeds and/or oil are a source of valuable bioactive metabolites viz., lignans, flavonoids, phenolic acids, and pharmacologically active protein isolates [4,5,6,7,8,9,10,11]. Besides, sesame seeds, oil, and/or their isolated metabolites possess valuable biological activities, for example, antihypertensive, hypocholesterolemic, antidiabetic, anti-inflammatory, antioxidant, anticancer, among others [4,5,6, 8,9,10, 12,13,14,15,16,17,18,19].
Preserving natural resources is a significant challenge, especially for food applications for their nutritional and functional properties. The recycling of vegetable oil processing by-products can offer an economical solution for the risk of natural resource exhaustion which emerged as a world research trend for managing this serious problem [20]. Furthermore, sesame waste such as cake, meal, and extract can be a source of many bioactive ingredients like antioxidants, protein, and dietary fiber with health benefits that make them suitable for the food and/or nutraceutical industries [9, 10, 21].
Sesame by-products can be used to preserve and balance nutritional properties of food [22,23,24,25,26,27,28,29,30,31,32,33], nutraceutical for the management of neurodegenerative diseases [34,35,36,37,38], and as a substrate for the production of valuable ingredients such as enzymes and antibiotics [39,40,41,42,43,44,45,46,47,48,49,50]. Other valorization strategies are in animal feedstuff [51,52,53,54,55,56,57], agricultural applications such as liquid fertilizers, seed priming and pathogens biocontrol agent [58,59,60,61], bioremediation of the environment [62,63,64], and in bioenergy production [65,66,67].
In this chapter, the different strategies for the revalorization of sesame cake in order to develop high value-added products are described.


2 

Bioactive Metabolites Described in Sesame Cake
A wide array of bioactive metabolites was described in sesame cakes or defatted seeds, giving a prospect of the significance of such agri-food residue as a source of bioactive metabolites. Thus, the utilization of agri-food residue could contribute to the sustainable development of food industries and nutraceuticals [10, 68]. In this context, state-of-art techniques such as ultra/high-performance liquid chromatography coupled to high-resolution mass spectrometry allowed the detection of many phenolic compounds, namely, lignans, flavonoids, hydroxybenzoic acids, hydroxycinnamic acids, among others

.
2.1 

Phenolic Compounds




Several classes of phenolic compounds were observed in sesame cakes [7, 10, 21, 35, 69]. They were reviewed and classified into lignans, flavonoids, phenolic acids, among others, considering each metabolite name, molecular formula, occurrence, geographical origins, extraction, and analytical method. However, most of the reported studies focused on lignans as they possess valuable biological activities [14]. They are naturally occurring phenolics composing two phenyl propane units by a β-β linkage with several biological activities. Therefore, they are classified into furofuran, furans, dibenzylbutanes, arylnaphthalene, aryltetralin, and dibenzylbutyrolactone classes [70, 71]. Table 1 and Fig. 1 summarize the observed lignans in sesame cake.




Table 1 Lignans described in the cakes of sesameFull size table

Fig. 1
Chemical structures of 



lignans described in sesame cakes


Full size image



2.1.1 Flavonoids


As for flavonoids, Mekky et al. [10] performed untargeted metabolic profiling for the cake of sesame of the Egyptian cultivar Giza 32, describing 26 flavonoids being classified into flavan-3-ols, flavanones, flavones, flavonols. Most of the observed flavonoids were observed for the first time in sesame with a noticed occurrence of apigenin and luteolin C glycosides that accounted for around 48% qualitatively and 96% quantitatively of all the detected flavonoids [10]. C-conjugates enhance the antioxidant potential of flavones where the chelation sites are free, and hence, the radical scavenging activity is increased [10, 78, 79]. In this sense, Table 2 and Fig. 2 demonstrate the observed flavonoids in sesame cakes.
Table 2 Flavonoids described in the cakes of sesameFull size table

Fig. 2
Chemical structures of flavonoids described in sesame cake






Full size image

2.1.2 Phenolic Acids
Several phenolic acids were detected, being classified into hydroxybenzoic and hydroxycinnamic acids. Furthermore, they were classified into monohydroxybenzoic acids, dihydroxybenzoic acids, and trihydroxybenzoic acids and presented either in free or glycosides forms. Regarding hydroxycinnamic acids, they were either free or conjugated with sugars, phenylethanoid glycosides, or quinic acid. Besides, umbelliferon was observed as an example of coumarins. In this regard, Table 3 and Fig. 3 illustrate the observed phenolic acids and coumarins.
Table 3 Phenolic acid and coumarins described in the cakes of sesameFull size table

Fig. 3
Chemical structures of phenolic acid and coumarins described in sesame cake


Full size image

2.2 Nonphenolic Compounds


In line with the nonphenolic compounds observed in sesame cakes, they were grouped into amino acids, peptides, nucleosides, organic acids, and sugars

. In addition, aromatic amino acids and oxidized glutathione were observed in sesame seeds’ cake, giving an insight into their contribution to the antioxidant potential of the cake by-product [10, 81, 82]. 

Table 4 and Fig. 4 demonstrate the observed nonphenolic compounds in sesame cakes

.
Table 4 Non-phenolic compounds in sesame cakeFull size table

Fig. 4
Chemical structures of non-phenolic compounds described in sesame cake


Full size image

2.3 





Total Phenol Content, Total Flavonoid Contents, Total Lignans Content
The quantification of the total contents of phenols, flavonoids, and/or lignans of vegetal matrices is considered an indicator of their antioxidant activity impact on the well-being in general [82,83,84]. In this sense, a plethora of studies focused on quantifications of the aforementioned parameters of sesame cake. The TPC ranged from 0.8 to 1.9 mg GAE (gallic acid equivalent) g−1 DW (dry weight defatted seed extract) and from 19.2 to 32.3 mg GAE g−1 FW (fresh weight defatted seeds extract). In line with the total flavonoids content (TFC), it ranged from 0.4 to 0.88 mg QE (quercetin equivalent) g−1 DW and from 11.2 to 13.9 mg CE (catechin equivalent) g−1 FW (Table 5). As for total lignans content (TLC), Bodria et al. determined the TLC of the Argentinian defatted sesame seeds, and it was 21.6 mg SE (sesamin equivalent) g−1 FW [86].






Table 5 TPC, TFC, and TLC of different sesame cakeFull size table

2.4 Comparison Between 

Sesame Seed Cake and Oil
An untargeted metabolic profiling employing RP-HPLC-DAD-QTOF-MS and tandem MS was performed for the sesame seed cake and oil of the Egyptian cultivar Giza 32 [10, 79]. A total number of 112 metabolites were observed in the cake and 86 metabolites in the oil. Among them, 72 metabolites were commonly detected in both the cake and the oil. This profiling presents an insight on the significance of the cake as an agri-food residue being a richer source of bioactive metabolites than the oil. Generally, the common metabolites between the cake and oil mainly belonged to phenolics with the presence of glutathione disulfide. The presence and transfer of such bioactive metabolites from the cake to the oil enhances the biological potential of the oil as well as its shelf life and oxidative stability [25, 85, 88, 89]. In this context, Fig. 5 illustrates the base peak chromatograms (BPC) of both the oil (Fig. 5a1) and cake (Fig. 5a2) of the Egyptian cultivar Giza 32 and the observed metabolites classified concerning mass to charge (m/z), retention time (RT), and relative area for the oil (Fig. 5b1) and the cake (Fig. 5b2) [10, 79].
Fig. 5
Base peak chromatograms (BPC) of the Egyptian cultivar of sesame Giza 32 of the oil (a1) and the cake (a2) and the distribution and classification of the observed metabolites in the oil (b1) and the cak

e (b2). (Adapted from [10, 79])


Full size image

2.5 Proximate Composition of Sesame Cakes
Sesame cakes

 are considered a rich source of nutrients [29]. In this line, the proximate analysis of sesame cake indicates the composition of sesame cakes of nutrients. The protein contents ranged from 30.5% to 41%, and hence, it represents an undervalued source of protein. As for carbohydrate content, it varied from 14.4% to 56.4% (Table 6).
Table 6 Proximate composition of different sesame cakeFull size table



3 Biological Activities
3.1 Antimutagenic Activity
Sesamolinol-4′-O-β-D-glucoside

, sesamolinol, samine, sesaminol-2-O-β-D-glucopyranoside, sesamolin, episesaminone, xanthoxylol isolated from dehulled defatted sesame seeds exhibited antimutagenic activities in both hydrogen peroxide and benzo[a]pyrene models [69].
3.2 Antidepressant Activity
Liu et al. investigated the antidepressant effect of the alcoholic extract sesame cake (600 mg/kg/day) and sesamol (10 mg kg−1 day−1) in a chronic unpredictable mild stress (CUMS)-induced model of mice. Remarkably, both sesame cake and sesamol significantly increased serotonin levels and inhibited oxidative stress in brain tissues of depressed mice. Moreover, both prevented the associated memory loss by increasing postsynaptic density protein 95 in mice hippocampus depression and cognitive impairments [35].
3.3 Hypoglycemic Activities
Defatted sesame seeds

 expressed hypoglycemic activity in genetically diabetic KKAy male mice. The mice were fed hot water extract of defatted sesame seeds (4%) and its water-eluent (1.4%) and methanol-eluent (0.7%) fractions. Remarkably, hot water extract and its methanol-eluent fractions lowered plasma and urine glucose levels that could be attributed to their effect on the delay of glucose absorption [95]. In the same manner, Wikul et al. [73] isolated lignans from sesame cake viz., pinoresinol, sesamolin, sesamin, and sesaminol monoglucoside. The isolated lignans exhibited α-glucosidase inhibitory activity except for sesaminol monoglucoside, where the IC50 ranged from 200 to 492 μM, indicating the bioactivity of the furo-furan lignan aglycones. Moreover, the methanol extract of defatted black sesame cake showed α-glucosidase inhibitory in a dose-dependent manner where the IC50 of α-glucosidase inhibition was 375 μg mL−1 extract. Nevertheless, the extract showed milder α-amylase inhibitory activity with 18% inhibition at approximately 750 μg mL−1 extract [92].
3.4 Antiaging Activity
Nantarat et al. [76] isolated sesaminol diglucoside from black sesame seed cake. It exerted collagenase inhibitory activity (IC50 0.26 mg mL−1), which was greater than the standard ascorbic acid collagenase inhibitory activity (IC50 0.44 mg mL−1), and hence, it has a preventive effect on collagen degradation and wrinkles formation and could be a potential component in cosmetics preparations.
3.5 

Anti-inflammatory Activity
Jan et al. [96] studied the anti-inflammatory activity of sesaminol triglucoside that was isolated from defatted sesame seeds. In a model of Sprague-Dawley rats and upon the oral administration of sesaminol triglucoside, its concentration was higher in small intestines, colon, cecum, and rectum than in the heart, lungs, liver, and kidneys with low detectable presence in the brain. The intestinal flora metabolized sesaminol triglucoside into catechol metabolites absorbed and distributed to the cardiovascular system and other systems. Significantly, they decreased the production of inflammatory markers as TNF-α and IL-6, RAW264.7 murine macrophages stimulated with lipopolysaccharide.
The isolated sesaminol diglucoside from defatted black sesame seeds showed an inhibitory effect on hyaluronidase using SDS-PAGE with an IC50 value of 0.70 mg mL−1 at 48 h in a concentration-dependent manner [76].


3.6 Estrogenic Activity
The isolated sesaminol triglucoside from sesame cake was metabolized by intestinal flora to catechol metabolites that exhibited ligand-dependent transcriptional activation in estrogen receptors beyond sesaminol triglucoside itself [96].
3.7 Antimicrobial Activity
Das et al. [97] managed to prepare protein hydrolysate from defatted sesame meal in an enzymatic membrane reactor with sequential fractionation and filtration to obtain peptides. They were tested against the pathogens Pseudomonas aeruginosa and Bacillus subtilis. Significantly, sesame peptides with molecular weight less than 1 kDa showed bacteriostatic activity.
3.8 

Antihypertensive Activity
Regarding the antihypertensive activity of sesame, Aondona et al. studied the potential of the protein isolates of defatted sesame protein meal against angiotensin-converting enzymes (ACE) and human recombinant renin. The less than 1 kDa peptide fraction exhibited inhibition of (81%) against ACE being the most active among other protein isolates, whereas the other peptides (>3–5 and 5–10 kDa) were the most effective against renin with inhibition of (75–85%) [98]. In this context, Nakanao et al. investigated the antihypertensive activity of sesame peptide powder against ACE where the peptides Leu-Val-Tyr, Leu-Gln-Pro, and Leu-Lys-Tyr efficiently inhibited ACE at respective Ki values of 0.92 M, 0.50 M, and 0.48 M. Besides, a reconstituted mixture of the peptides Leu-Ser-Ala, Leu-Gln-Pro, Leu-Lys-Tyr, Ile-Val-Tyr, Val-Ile-Tyr, Leu-Val-Tyr, and Met-Leu-Pro-Ala-Tyr exerted intense antihypertensive activity via a significant temporal decrease in the systolic blood pressure (SBP) in spontaneously hypertensive rats (SHRs) by a single administration (1 and 10 mg kg−1). These findings necessitate further studies for the development of nutraceuticals of sesame protein isolates to prevent hypertension 

[99].
3.9 Hypocholesterolemic Activity
Visavadiya and Narasimhacharya explored the hypocholesterolemic activity of sesame where defatted sesame seeds powder was administered orally through the diet to normal and hypercholesterolemic males Wistar rats for 4 weeks period at 5% and 10% dose levels. The powder of defatted sesame seeds did not influence normal rats. Nevertheless, it exerted a significant decline in the serum and hepatic levels of the total lipids, cholesterol, and LDL-cholesterol with an increase in the levels of HDL-cholesterol. Also, there was an increase in the fecal excretion of cholesterol and bile acids accompanied by a significant increase in hepatic HMG-CoA reductase activity and bile acid content. In addition, the oral intake of defatted sesame powder significantly enhanced hepatic cellular antioxidant enzymes viz, catalase, and superoxide dismutase. The activity is mainly attributed to the sesame meal of fibers and lignans, among other phenolics [100].
3.10 

Antioxidant Activity
Sesame cake showed strong antioxidant potential. However, the radical scavenging activity of a compound or a plant is dependent on the polarity of the extract and the type of assay. Therefore, it is advised to use several assays to figure out the antioxidant potential of a specific extract [24]. In this context, several studies addressed the antioxidant activity of different extracts of sesame cakes from different geographical origins employing 1,1-diphenyl-2-picrylhydrazyl (DPPH·) radical-scavenging activity, β-carotene/linoleic acid bleaching assay, trolox equivalent antioxidant capacity assay (TEAC), ferric ion reducing antioxidant power (FRAP), among other activities. Table 7 demonstrates the antioxidant activities of some sesame cakes from different geographical origins.


Table 7 Antioxidant activity of sesame cakes from different sources in TEAC, DPPH, β-carotene/linoleic acid, and FRAP systemsFull size table



4 





Valorization Strategies of Sesame Oil Processing By-products
4.1 The Preservative Potential of Sesame Bio-waste
Natural antioxidants have captured the interest as a preservative for food products as they are safer than synthetic ones [23]. Sesame oil is one of the most stable vegetable oils of high oxidation resistance, preserving its nutritional values for a longer shelf-life [29]. Sesame oil stability was explained by many antioxidant compounds such as sesamol, sesamin, and sesamolin. The waste of sesame oil processing still contains the previously mentioned lignans and other antioxidant compounds such as phenolic acids and flavonoids [24]. Sesamol, sesamin, and sesamolin, which were isolated from sesame cake, showed higher antioxidant activities than synthetic butylated hydroxytoluene (BHT), which, for example, reach the double activity as for sesamol [22]. Sunflower oil was effectively stabilized by sesame cake methanolic extract at 200 ppm, comparable to those of BHT and butylated hydroxyanisole (BHA). The total phenolics and flavonoid contents were 0.81 mg gallic acid equivalent g−1 dry weight and 0.4 mg quercetin equivalent g−1 dry weight. Sesame cake methanolic extract was able to reduce the loss of polyunsaturated fatty acids as well as inhibited double bond conjugation and thermal deterioration of sunflower oil. Mohdaly et al. recommended the use of sesame cake as a potent source of preservative for foods, especially vegetable oils and/or nutraceutical industries [24].
Moreover, cake methanolic extract was tested for preserving sunflower and soybean oils qualities using three different antioxidant mechanisms that proved a higher activity of the extract at 200 ppm than BHT and BHA at their legal limit. The estimated total phenolic and flavonoid of the extract were 1.94 (mg gallic acid equivalent g−1 dry weight) and 0.88 (mg quercetin equivalent g−1 DW), respectively [23]. Nadeem et al. tested three different concentrations of ethanolic sesame cake extract (50, 100, 150 ppm for 3 months), which was incorporated into olein-based butter and compared with control, BHA, and BHT for their potentials as a natural food preservative. The lipid peroxidation inhibition of ethanolic extract at 150 ppm was superior to those of control, BHA, and BHT. The oxidative stabilization potentials of ethanolic extract was explained by the presence of antioxidant phenolic compounds at 1.72 mg gallic acid equivalent g−1 dry weight and higher extents of antioxidant substances such as sesamol, sesamin, and sesamolin. The preservative effect of ethanolic extract was better than (BHT) without affecting overall acceptability score which suggesting its long-term use as a preservative [25]. Hydroethanolic extracts 70% of coconut oil meal and sesame oil meal were able to improve oxidative stability and extend the microbial shelf life of the vanilla cake. The total phenolic contents of coconut meal and sesame meal extracts were 0.77 and 2.11 mg gallic acid equivalent g−1 dry weight. Meals extracts were incorporated at 20 mg 100 g−1 of margarine before mixing with other ingredients of vanilla cake. Over 90% of the antioxidant activity was retained indicating high thermal stability after heating for 2 h at 180 °C [31]. Extraction is a crucial step that affects the yield of the recovered amount of antioxidant compounds from sesame waste.
Furthermore, the solvent, extraction time, temperature, and technique are the main factors that should be harmonized to maximize the recovered amount [29]. It is found that methanol and ethanol are more efficient solvents than the less polar ones such as diethyl ether, hexane, and petroleum ether using overnight maceration in a shaker at room temperature [24]. New electricity-based extraction techniques of sesame cake, such as high voltage electrical discharges and pulsed electric fields, offer an industrial solution through the decreased amount of used solvent and temperature values than conventional extraction procedure and increased yield up to 4.40 (mg GAE g−1 DW) [26]. Sesame waste as a source of these phytochemicals with high antioxidant potentials can serve as high added-value compounds in many ways, such as antioxidants of health benefits that can protect from damaging effects of free radicals, which can cause many diseases like cancer. Furthermore, sesame waste can be used as food additive for fat containing foods to prevent lipid oxidation as a potent natural preservative of edible plant origin [29].
4.2 

Balancing of Food Product Contents and Its Health Impacts
Nutrient phytochemicals of sesame residue can improve and balance the nutritional value of some commercial food products. Beside non-nutrient phytochemical content, cold-pressed cake is rich in protein (16.9–45.9%), essential amino acids, crude fiber (3.28–22.7%), and minerals such iron (14.5–55.6 mg 100 g−1), zinc (10.2–13.0 mg 100 g−1), sodium (23.3–39 mg 100 g−1), potassium (117–406 mg 100 g−1), and calcium (153–560 mg 100 g−1) [29, 32]. Sesame meal contains relatively the same contents of protein and crude fiber as cake. However, sesame protein concentrate contains about 59% of protein which can be a suitable alternative source of protein for food industries [33]. Many nutritional limitations of the extruded products based on wheat, such as high gluten content, are linked to celiac disease, relatively low protein content, and a high glycemic index. These problems could be overcome by the addition of nutrient-rich supplements such as sesame protein concentrate which contributed to decrease of gluten and carbohydrate (lower glycemic index) and increase of protein contents, as well as tef flour and tomato powder contributed to improving antioxidant properties and fiber content. Therefore, sesame protein concentrate could help balance macronutrients of wheat-based extruded as a partial substitute by improving nutritional and functional properties. Formulas with 10% have higher scores for acceptability of the color [30]. Nutritional qualities of wheat crackers and corn crackers enriched with sesame oil cake (DSC) and sesame waste sieved from tahini processing (SSWPT) were enhanced by increased protein, fiber, and minerals contents, as well as the caloric value and was decreased by a reduction in carbohydrates contents.
Additionally, the antioxidant phytochemical content of (DSC) and (SSWPT) explains the high antioxidant activity and low peroxide value, which positively impacts both cracker’s stabilities. As a result, the nutritional and functional qualities of both crackers were improved. Moreover, both crackers containing 20% sesame sieved waste were the highest-ranked for technological qualities and overall liking of panelists [27]. Prakash et al. observed an improvement of microbial stability and nutritional qualities of wheat flour biscuits fortified with defatted flour of white and black sesame up to 50% without affecting biscuits’ overall quality [28]. Nowadays, several trails for the development of valuable dietary products using sesame waste for decreasing hydrogenated fat content adverse effects on the health such as spreadable cocoa cream as well as enhancing functional and nutritional qualities of other traditional foods such as Jordanian Ma’amoul’s dessert or Indian Cook Curry 

Mix [101,102,103].
4.3 

Prospects for Treatment of Certain Diseases
Wichitsranoi et al. observed a decrease in the blood pressure of prehypertensive patients after treating with 2.52 g/day black sesame meal capsules for 4 weeks in a double-blinded study. Sesamin, sesamolin, and total tocopherol contents were 1.17 mg g−1 DW, 0.60 mg g−1 DW, and 105 μg g−1 DW, respectively. The hypotensive effect was suggested to the decreased oxidative stress. Therefore, Wichitsranoi et al. recommended regular daily ingestion of 2.52 g dietary black sesame meal for prehypertensive individuals to prevent the progress of hypertension and with hypertensive patients as a part of the treatment [104]. Moreover, a meta-analysis showed that the consumption of sesame could be helpful in the reduction of blood pressure after retrieving data from eight controlled trials of 843 patients who met the eligibility criteria [105]. Reactive oxygen species (ROS) have been implicated in the initiation of neuronal cell death, which is responsible for the progression of many neurodegenerative diseases, such as Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease. Oxidative stress worsens these diseases through impairment of cognitive functions and memory deficits [106]. Sesame cake extract, hydrolysate, and bioactive peptides proved beneficial effect in treating these neurodegenerative diseases by reducing oxidative stress combined with different mechanisms, as shown in Table 8. Sesame by-products, as a cheap source of great benefits in combating these neurodegenerative diseases, made them potential candidates for the development of nutraceuticals to be a part of the treatment guidelines.


Table 8 Sesame biowaste as a potential source for the development of nutraceuticals for neurodegenerative diseasesFull size table

4.4 

Animal Feedstuffs
Price fluctuations in the feedstuff market can affect the production cost of animal products such as meat and dairy products. Therefore, developing good quality feed, especially cheap oil by-products, offers an economical and environmentally sustainable solution [55]. Soybean meal is one of the most expensive ingredients in conventional ruminant diets, which can be replaced by cheap alternative and a good source of protein such as sesame oil meal, cake or hulls [51, 54, 55], as shown in Table 9. Sesame meal improved feed intake and digestibility in lambs without affecting their performance and carcass composition [32]. The fermentation process of sesame meal using Lactobacillus acidophilus, Saccharomyces cerevisiae, and a combination of them showed the improved nutrient value and decreased phytic acid content. Therefore, broiler performances were enhanced by incorporating fermented sesame meal better than the raw meal [57].
Table 9 Beneficial impacts for using sesame by-products as a feedstuff ingredientFull size table

Additionally, a broiler diet supplemented with sesame meal bioactive peptides showed beneficial effects on performance and microbiota activity [56], as shown in Table 9. Since fishmeal represents about 65% of the production costs in aquaculture [52], sesame oil cake, whether fermented or not, can be a less expensive and more sustainable alternative source of protein in fish feed, as shown in Table 9. However, the cake can be bio-processed using solid-state fermentation to increase amino acids and decrease crude fiber and antinutritional factors contents [53].






4.5 Substrate for Production of Valuable Ingredients
Sesame waste is a good source of nitrogen carbon that offers an inexpensive alternative substrate for the microbial production of antibiotics, antioxidants, and enzymes which mostly used solid-state fermentation technique (SSF) (Table 10). Sesame oil cake was a good carbon source for the production of daunorubicin with HEPES (N-[2-Hydroxyethyl]piperazine-N′-[2-ethanesulfonic acid]) or phosphate buffer, which effectively increase the yield 6.6 and 5.4 folds and reduce the cost of production to 4.26% and 0.26%, respectively, in comparison with standard media [39]. Bacitracin production was improved by incorporating inexpensive sesame oil cake with soybean meal compared to soybean meal as a single source of nitrogen [47]. However, using sesame oil cake as a single source of nitrogen showed enhanced productivity of neomycin 8834 mg kg−1 compared to soybean meal 8245 mg kg−1 and control 7455 mg kg−1 [40]. In the same way, rifamycin production was enhanced by using sesame oil cake as a single source of nitrogen [44]. The extraction efficiency for sesaminol triglucoside and sesaminol diglucoside was 12.2 and 7.6 mg g−1 DW in the fermented sesame oil cake and 6.8 and 3.4 mg g−1 DW in the nonfermented, respectively, which represent about a twofold increase. Therefore, fermentation can be a valuable tool for sesaminol glucosides industrial production [41]. Sesame waste was used for increasing the parasporal protein production, and carbon and nitrogen sources replacing control medium with sesame oil cake extract which showed concentration increase from 0.23 to 0.34 mg mL−1 [48]. Pullulan was produced at 54.50 g/kg of sesame oil cake substrate, significantly higher than other substrates [50]. Sesame oil cake can be used as a co-substrate to produce polyhydroxyalkanoate, a promising bioplastic substitute for petrochemical plastics [49]. Many enzymes of critical industrial applications can be produced using sesame oil cake as a substrate, such as Lipase, phytase, L-glutaminase, and protease (Table 10). Their production depends on optimizing parameters such as time of incubation, moisture, pH, and particle sizes of substrate [32]. Although substrates based on sesame oil cake were investigated in many research pieces to produce various valuable compounds, which proved a success from the economic and environmental point of view, further studies are needed to discover more potentials and valorization strategies for this valuable agro-industrial waste.




Table 10 Valuable ingredients production using sesame oil cakeFull size table

4.6 Agriculture Applications
Sesame oil cake can be valorized in many agricultural applications such as liquid fertilizer, seeds priming agent, and for biocontrol of fungi and nematodes infecting crop plants. Cucumber plant height, leaf number, and shoot fresh weight were significantly increased after 14 days of treatment with 1% aqueous extract of sesame oil extract as a liquid fertilizer [61]. Priming maize seeds with 5% of sesame oil cake extract for 12 h was an effective treatment before sowing and showed the maximum percent of germination, length in root and shoot, and vigor index [59]. Rahman et al. observed that 3% of sesame oil extract produced 42.5% and 50.1% inhibition of Fusarium oxysporum FOS-3 isolate, which was higher than cake extracts of soybean and coconut, which may contribute to the biocontrol of Fusarium root rot and wilt disease of soybean [60]. Amending sesame oil cake to the soil at 50 g kg−1 showed a 98.1% reduction in galling of the root-knot nematode, Meloidogyne incognita infecting tomato [58].
4.7 

Environmental Bioremediation
Soil and water contamination with lead is a serious threat to both human health and the environment. Govarthanan et al. suggested that 2% of sesame oil cake extract can be employed to immobilize lead in mine soil through the biostimulation of nonindigenous activity of Bacillus sp. SKK11 [62]. Moreover, sesame oil cake hydrochar showed 24.5 mg/g Pb(II) adsorption capacity, which represents 97.2 adsorption percent for Pb(II) removal from water [64]. Additionally, powder of ZnCl2-modified sesame cake was a promising remedy for eliminating Basic Blue 26 from water with 91.2 mg/g maximum uptake capacity [63]. Therefore, sesame waste can be used for the bioremediation of both water and soil.


4.8 Bioenergy
The energy contained in organic compounds of sesame biomass can be produced either thermally by pyrolysis or anaerobic digestion. Pyrolysis of sesame oil cake in a semi-batch reactor yield 58.5% of bio-oil has a calorific value of 25.5 MJ kg−1 which can be used as a fuel, and the produced bio-char can be used as combustion additive or adsorbent [65]. Chang et al. suggested using sesame oil meal as an alternative fuel because of the high combustion efficiency with 5140 kcal kg−1 calorific value and low chlorine and sulfur emissions [67]. Rajagopalan et al. observed that the highest concentrations of butanol and hydrogen were obtained after 7 days of fermentation using Clostridium strain BOH3 in a mixed medium containing rice bran and sesame oil cake 94.5 and 36.7 g L−1, respectively [66].








5 Conclusion
The global production of sesame is around seven million tons, with nearly 70% agri-food residue as the cake counterpart produced after oil expression. Several studies focused on the phytochemical composition of the cake counterpart, expressing its richness in polyphenolic as lignans, flavonoids, phenolic acids, and biologically active peptides. Besides, the sesame cake possesses several biological activities, for example, antioxidant, antimutagenic, hypocholesterolemic, anti-inflammatory, and antihypertensive activities with a remarkable neurodegenerative protective potential. Furthermore, sesame cake phenolics enhance the stability and extend the shelf life of vegetable oils. Furthermore, being a reservoir of nutrients, sesame cake is used in fortifications of animal feedstuffs and as liquid fertilizers. In addition, the by-product of sesame seeds is efficiently utilized in the bioremediation of the environment and bioenergy production. The efficient utilization of such under-valued agri-food residues provides a new prospect for its significance in the sustainable development of several industries.
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