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Abstract

:

Herein, the possibility of valorizing defatted sesame seed meal (DSSM) as a viable source for valuable plant proteins and amyloid-based nanostructure was investigated. Sesame seed protein isolate (SSPI) and the major storage protein globulin (SSG) were prepared by alkaline extraction–isoelectric point precipitation as well as fractionation in the case of SSG. The protein samples were characterized for their physicochemical attributes. SSPI and SSG were also evaluated for their ability to form amyloid structures under heating (90 °C) at low pH (2.0). Additionally, the functional attributes, antioxidant activity, and biocompatibility of the proteins and amyloid nanostructures were also examined. SSPI and SSG were both successfully prepared from DSSM. The data showed that the physicochemical attributes of both protein samples were quite similar, except for the fact that SSG was mostly composed of 11S globulin, as evinced by Tricine-SDS-PAGE analysis. TEM micrographs revealed that SSG was able to form curly-shaped fibrillar amyloid structures, whereas those derived from SSPI were mostly amorphous. Thioflavin-T assay and Tricine-SDS-PAGE analysis indicated that acidic heating promoted protein hydrolysis and self-aggregation of the hydrolyzed peptides into a β-sheet rich amyloid structure. Importantly, the amyloid preparations displayed commendable solubility, superior water and oil holding capacities, and antioxidant activity against DPPH and ABTS. The protein amyloid nanostructures were found to be non-toxic against RAW264.7 cells, HaCaT cells, and red blood cells. These findings indicate that DSSM could be upcycled into valuable protein amyloid structures with good potentialities as novel food ingredients.
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1. Introduction


Amyloid-based nanostructures have continued to command intense research interest due to their intriguing structure and versatile roles in areas as diverse as materials, biomedicine, and food science. Evidence emerging from the previous decade does not only demonstrate that food protein amyloid nanostructures are safe for human nutrition [1] but also indicates their potential multifarious applications as transporters for the delivery of valuable bioactive compounds and nutrients [2] and sustainable food coating materials [3,4], as well as in the development of various novel food products such as cultivated meat [5]. Food protein amyloid nanostructures, by virtue of their unique physicochemical attributes, have been found to enhance the solubility, thermal and photostability, and biological properties of various functional ingredients and food products [6,7]. Interestingly, it has also been noticed that protein amyloid nanostructures exhibit superior techno-functional characteristics and antioxidative attributes when compared to their precursor proteins [8,9], underscoring their potential importance in the modulation of food quality and design of food with desirable attributes. Nonetheless, widespread application remains elusive because animal proteins used as source materials are expensive. Thus, there is a clear need for cheaper, more abundant, and more sustainable sources of food proteins capable of producing amyloid nanostructures. In this regard, plant-derived protein appears to be very promising.



Recent investigations have largely been focused on the preparation and characterization of amyloid nanostructure from more conventional food protein sources such as whey [9], soy [5], rice [8], and oats [10]. The successful formation of protein amyloid-based nanostructures was accomplished through the process of aggregation facilitated by thermal-induced denaturation and polypeptide hydrolysis, often at temperatures around 80–95 °C and low pH (2.0). Less-conventional plant protein sources, such as amaranth protein-rich waste [11] and defatted hempseed [12], have also been explored. The challenge often encountered in using plant-derived proteins for amyloid formation is that they are complex and of low purity. In addition, the presence of small bioactive molecules in the protein concentrate or isolate may hamper amyloid fibril formation. The source of the plant protein and the preparation strategy may improve the outcome.



Defatted sesame seed meal (DSSM) is an interesting but unexplored resource that could be potentially utilized as a sustainable, cheap, and abundant plant protein source for amyloid-based nanostructures. DSSM is an agri-food industry residue obtained from the extraction of sesame seed oil. DSSM could also be used as organic nitrogenous fertilizer [13]. Remarkably, DSSF is exceedingly rich in proteins (33–40%, depending on the source) [14], and as a result, it is often used in feed formulation for cattle, poultry, and fish [15]. Sesame seed protein is mainly composed of four storage proteins, namely prolamin (1.3%), glutelin (6.9%), albumin (8.6%), and globulin (67.3%). In other words, globulin (conventionally called α-globulin) and, to a lesser extent, albumin (conventionally called β-globulin) make up the majority of the proteins in sesame seed, together accounting for more than 90% of sesame seed storage proteins [16,17]. This implies that a large amount of sesame seed globulin (SSG) could be obtained from DSSM without much difficulty. Additionally, sesame seed protein isolate (SSPI) obtained from DSSM is regarded as high quality and capable of meeting the essential amino acid requirement for adults, according to FAO/WHO (2007) [18]. SSPI is unique in its rich content of sulfur-containing amino acids (3.8–5.5%), especially methionine (2.5–4%) [17], making it a reliable complementary source for balancing most plant proteins, which are limited in these amino acids, such as soy and ground rice. Sesame protein and peptides have also exhibited commendable biological properties (antioxidative, antihyperlipidemic, antihypertensive) [19,20,21] and functionality (surface properties and hydration) [16], underscoring their potential in the development of food products for health improvement. DSSM is very cheap (0.27–0.41 USD/kg) and abundant [22]; thus, it can be an inexpensive, readily available, and sustainable source for not only valuable plant proteins but also plant protein amyloid nanostructures. At the moment, there is a paucity of reports on the preparation of food amyloid nanostructures from plant proteins. Particularly, there is no report on the preparation and characterization of protein amyloid nanostructure from proteins derived from DSSM.



Thus, this work is focused on investigating the viability of proteins derived from defatted black sesame seed meal (DSSM) as a source material for the production of plant protein amyloid-based nanostructures. To this end, sesame seed protein isolate (SSPI) was prepared from DSSM using the alkaline extraction–isoelectric point precipitation (AE-IP) method. Being the most abundant protein group, sesame seed globulin fraction (SSG) was also prepared from DSSM via alkaline extraction, fractionation, and the isoelectric point precipitation (AE-F-IP) method. The ability of both SSPI and SSG to form amyloid nanostructures under thermal-induced aggregation in acidic conditions (90 °C, pH 2.0) was investigated. Furthermore, the amyloid nanostructures from both protein samples were characterized, and their functional, antioxidant properties and biocompatibility were examined. The findings from this work are expected to open an additional frontier for the valorization of defatted black sesame seed meal in the food industry.




2. Materials and Methods


2.1. Materials


Black sesame seeds sourced from the Huai Siao Royal Project Development Center in Ban Pong Subdistrict, Hang Dong District, Chiang Mai Province, Thailand, were subjected to roasting at 80 °C prior to extraction using supercritical CO2 (at 45 °C and 225 bars for an extraction duration of 3 h). The resultant defatted black sesame seed meal (DSSM) obtained after supercritical CO2 extraction was subsequently utilized for the preparation of sesame seed protein isolate (SSPI) and sesame seed globulin (SSG). Acrylamide was obtained from ACROS ORGANICS (Geel, Belgium), bis-acrylamide was obtained from TOKU-E Company (Bellingam, WA, USA), glycine was obtained from Fisher Scientific Ltd. (Leicester, UK), sodium Lauryl sulfate was purchased from Sigma-Aldrich (St. Louis, MO, USA), Tris (molecular biology grade) was obtained from Vivantis Technologies Sdn Bhd (Selangor Darul Ehsan, Malaysia), Tricine was purchased from USB Corporation (Cleveland, OH, USA). Except stated otherwise, all chemical reagents used in this work were of analytical grade.




2.2. Preparation of Sesame Seed Protein Isolate (SSPI)


Sesame seed protein isolate was prepared using the so-called ‘universal alkaline extraction and isoelectric point precipitation’ (AE-IP) method (Figure 1). Put succinctly, the whole defatted black sesame seed meal (DSSM) was pulverized into fine powder. DSSM powder was dispersed into distilled water at a solid-to-solvent ratio of 1:10 w/v. The pH of the dispersion was adjusted to 10.0 by adding a few drops of 2 M NaOH. The extraction was carried out by stirring for 2 h at room temperature. The mixture was then centrifuged at 10,000× g for 15 min at 4 °C. The supernatant was collected while the pellet was discarded. The supernatant was adjusted to pH 4.5 by adding a few drops of 5 M HCl to enable the isoelectric point precipitation of sesame seed proteins. The solution was left for 12 h at 4 °C for complete precipitation. Thereafter, sesame seed protein was collected by centrifuging the solution at 15,000× g for 15 min at 4 °C. The protein was collected as the pellet. The pellet was washed twice by re-dispersing it in distilled water, followed by centrifugation. Finally, the pH of the protein solution was adjusted to 7.0 using 1 M NaOH solution, frozen at −20 °C for 24 h, and freeze-dried using Labconco FreeZone 12 freeze dryer (Labconco Corp., Kansas City, MO, USA) to obtain a sesame seed protein isolate (SSPI). The coarse freeze-dried SSPI flakes were crushed into powder and stored at 4 °C.




2.3. Preparation of Sesame Seed Globulin (SSG)


Firstly, DSSM powder was dispersed into distilled water at a ratio of 1:10 w/v. After adjusting the pH to 10.0 using 2 M NaOH solution, the mixture was stirred at room temperature for 2 h. Then, the supernatant was collected after centrifuging at 10,000× g for 15 min at 4 °C. Subsequently, the pH of the supernatant was adjusted to 7.0 using a chilled HCl solution. The protein solution was kept at 4 °C for 12 h. After centrifugation of the solution, crude sesame seed globulin was collected as a pellet, whereas the supernatant, which is rich in water-soluble albumin, was discarded. The collected pellet was further re-dispersed in distilled water (containing 5% NaCl) at 1:15 w/v. The dispersion was stirred for 2 h, after which the supernatant was collected via centrifugation. The pH of the supernatant was adjusted to 4.5 by adding a few drops of 5 M HCl solution to trigger the precipitation of sesame seed globulin (SSG). After centrifugation, the SSG precipitate was collected, washed twice with distilled water, and adjusted to pH 7.0 using 1 M NaOH solution. Salt and other small molecule impurities were removed by dialyzing for 24 h against distilled water using a snakeskin dialysis membrane (MWCO: 14 kDa). The retentate was freeze-dried to obtain SSG powder, which was stored at 4 °C awaiting further use.




2.4. Determination of Protein Yield and Recovery Rate


The total protein content of the samples was determined using the Kjeldahl method for total nitrogen content. The protein content in the samples was then calculated using a nitrogen-to-sesame seed conversion factor of 6.25. The protein yield and protein recovery rate were determined thusly:


Protein yield (%) = [M2/M1] × 100



(1)






Protein recovery rate (%) = [(M2 × P2)/(M1 × P1)] × 100



(2)




where M2 and M1 are the weight in grams of sesame seed protein and defatted sesame seed meal, respectively, whereas P2 and P1 are the respective purity in percent of sesame seed protein and defatted sesame seed meal.




2.5. Preparation of Sesame Seed Protein Amyloid-Based Nanostructures


Amyloid fibrils from sesame seed globulin were prepared via acid hydrolysis as previously described. SSG solution (3% w/w) was prepared by dispersing the protein powder in distilled water, pH 2.0. After stirring for 2 h, the solution was kept at 4 °C for 12 h for complete hydration. The protein dispersion was then centrifuged at 10,000× g for 15 min at 4 °C, and the supernatant was collected. Protein aggregation was initiated by adjusting the pH of the solution to 2.0 using 5 M HCl solution followed by heating at 90 ± 5 °C while stirring at 300 rpm. Aliquots of the protein solution were collected at specific time intervals (0, 4, 8, 12, and 24 h), quenched by inserting in an ice-water bath for 20 min, and kept at 4 °C awaiting further analysis.




2.6. Color Analysis


The physical appearance of all the protein samples was examined using a Konica Minolta CR-400 chroma meter manufactured by Konica Minolta Optics, Inc. (Tokyo, Japan). Color parameters were recorded as L*, a*, and b* values, where the L* value represents lightness, the a* value (red/green), and the b* value (yellow/blue) [23]. The color difference, ΔE, was calculated as follows:


  Δ E =           L   0    *   −    L   1    *       2   +        a   0    *   −    a   1    *       2     +      b   0    *   −    b   1    *       2       



(3)




where L0*, a0* and b0* represent the color parameters of DSSM and L1*, a1*, and b1* represent those of the different samples.




2.7. Tricine SDS-PAGE


Tricine SDS-PAGE was performed following the method outlined by [24,25] with minor modifications. Firstly, protein sample solutions were added into 1.5-mL Eppendorf tubes. GE Healthcare’s low molecular weight marker, which contained standard proteins with molecular weight in the range of 14.4–97 kDa, was prepared alongside and used as a protein marker. SDS sample loading buffer (free of β-mercaptoethanol) was added to the protein solutions, followed by mixing. Each sample of protein solution was boiled briefly (5 min) and separated on Tricine SDS-PAGE system with a 5% polyacrylamide gel stacking layer and a 12% resolving gel layer under low voltage using Atto AE-6450 Dual Mini Slab Kit for electrophoresis, Atto Corporation (Tokyo, Japan) connected to EC-105 LINE VOLTAGE 230VAC 50–60 HZ 80 W power source, E-C Apparatus Corporation (Marietta, OH, USA). Subsequently, the gels were gently removed from the glass plates, rinsed with distilled water, and immediately stained with 0.2% Coomassie brilliant blue G-250 dye in methanol: distilled water: acetic acid (45:45:10; v/v/v) staining solution for 12 h. After, the gels were destained with the same solvent system used in the staining solution but without the dye to enable the visualization of the protein bands of the samples.




2.8. Scanning Electron Microscopy Analysis


Freeze-dried protein samples were dispersed in ethanol. The samples were then spotted on an adhesive copper tape and allowed to dry. SEM micrographs of the samples were obtained using a Hitachi SU3800 scanning electron microscope (Hitachi Ltd., Tokyo, Japan) operated at 3–5 kV.




2.9. Transmission Electron Microscopy Analysis


TEM images of the amyloid fibrils were acquired using the JOEL JEM-2100Plus transmission electron microscope, JOEL Ltd. (Tokyo, Japan). Samples (20 µL) were initially dispersed in ultrapure water (1 mL). The protein solution (5 µL) was then carefully dropped onto the surface of the TEM grid and allowed to rest for 2 min. Afterward, the tip of a filter paper was used to gently blot off excess fluid from the grid. Then, the grid was rinsed twice, each time with a drop of ultrapure water. Subsequently, the proteins on the grid were negatively stained by dropping 10 µL of 2% uranyl acetate onto the grid’s surface. The TEM grids were allowed to air dry prior to visualization of the proteins with the microscope at 100 kV.




2.10. FT-IR Analysis


FTIR analysis was performed using a JASCO FT/IR-4700 spectrometer, JASCO Ltd. (W. Yorkshire, UK). Each sample powder was mixed with KBr powder and pressed into a thin translucent disc. The KBr disc was inserted into the sample holder, and spectra were captured with 120 scans at 4 cm−1 resolution over a range of 4000 to 400 cm−1. Baseline, deconvolution, and peak fitting treatments were subsequently performed using OriginPro software version 10.1.0.170, OriginLab Corporation (Northampton, MA, USA).




2.11. Thioflavin-T Fluorescence Spectroscopy


Thioflavin-T (ThT) stock solution (2 mM) was prepared by dissolving the powder in ultrapure water. The stock solution was filtered using a 0.22 µm syringe filter to remove any residual precipitates. ThT working solution (50 µM) was prepared from the stock solution by diluting it with ultrapure water. Then, aliquots of the protein solution (15 µL) were introduced into a 96-well microplate. ThT working solution (200 µL) was added to each protein solution and mixed well. After 10 min of reaction, the ThT fluorescence intensity of the samples was recorded using a microplate reader at an excitation wavelength of 440 nm and an emission wavelength of 480 nm. Fluorescence of ThT working solution (200 µL) with ultrapure water, pH 2.0 (15 µL) was used for background correction.




2.12. Surface Hydrophobicity


The surface hydrophobicity of sesame protein samples was determined via the bromophenol blue binding assay [26]. Protein dispersion (2 mg/mL) was prepared in phosphate-buffered saline (PBS), pH 6.0, by vortex mixing. Bromophenol blue dye solution (1 mg/mL) was also prepared in PBS buffer. Then, 10 mL of protein sample (2 mg/mL) was mixed with 2 mL of bromophenol blue solution. The control solution was prepared by replacing the protein solution with only PBS buffer in the protein-dye mixture. Thereafter, all samples were centrifuged for 15 min at 6000× g, and supernatants were collected. The supernatants were diluted 10-fold, and absorption of the samples was recorded at 595 nm.


Bromophenol blue bound (µg/mg) = 200 × [(Ac − As)/(Ac × 2)]



(4)




where Ac and As represent the absorbance of the control and samples, respectively.




2.13. Functional Attributes


2.13.1. Solubility


Protein solubility was ascertained following the description given by [27] with minor modifications. Firstly, protein dispersions were prepared from the powder in a phosphate-buffered saline solution (PBS, 10 mM). The pH of the dispersions was adjusted using either 1 M NaOH or 1 M HCl to obtain dispersions with pH values from 2.0 to 10.0. Thereafter, the dispersions were stirred at 100 rpm for 2 h. After centrifuging at 8000× g for 20 min, the supernatants were collected. A modified Bradford assay [28] was used to determine the protein content of the supernatant (Conc. sample). The supernatant obtained from protein dispersion prepared using 0.1 M NaOH was regarded as the control (Conc. control). The protein solubility (%) was calculated thusly:


Protein solubility (%) = [Conc. sample/Conc. control] × 100



(5)








2.13.2. Fluid Holding Capacity


The water holding capacity (WHC) and oil holding capacity (OHC) of the protein powder samples were determined following the method described by [29]. Each protein powder (1 g) was introduced to 50-mL centrifuge tube. Distilled water (10 mL) was added to the protein sample in the case of WHC, whereas soybean oil (10 mL) was added to the powder in the case of OHC. The protein mixture was vortexed and mixed for 2 min. After 30 min, the protein dispersions were centrifuged for 20 min at 3000× g. The supernatants were carefully decanted to allow the weight of the wet pellet or paste to be measured. The WHC or FAC was calculated thusly:


WHC or OHC = (W2 − W1)/W0



(6)




where W2 is the weight of the wet pellet or paste plus tube (g), W1 is the weight of the dry powder plus tube (g), and W0 is the weight of the dry powder (g).





2.14. Antioxidant Activity


The antioxidant activity of the protein samples was evaluated using DPPH and ABTS assays [30]. Protein dispersions (2 mg/mL) were prepared in distilled water. DPPH solution (0.1 mM) was prepared using methanol. The DPPH assay was performed by adding 100 µL of the protein dispersion into a 96-well microplate, followed by 100 µL of the DPPH solution. Control solution consisted of DPPH solution with distilled water. The solution mixture was mixed briefly and incubated for 30 min at room temperature in the dark. Absorbance of the samples was read at 517 nm. The antioxidant activity was presented as radical scavenging activity (RSA%).


RSA (%) = [(Ac − As)/Ac] × 100



(7)




where Ac and As in this equation represent absorbance of the control and sample, respectively.



The antioxidant activity of the protein samples was also determined using ABTS assay [8]. Firstly, the ABTS˙+ stock solution was prepared by mixing 5 mL of ABTS solution (7 mM) with 5 mL of potassium persulfate solution (2.45 mM). This stock solution was incubated in the dark for 12 h. The stock solution was diluted with distilled water to obtain an absorbance of 0.7 ± 0.02 as the working solution. Thereafter, protein samples (30 µL) were reacted with 250 µL of the ABTS working solution for 6 min. The absorbance of the samples was recorded at 734 nm using a microplate reader. Samples with distilled water in place of the protein solution were used as a control. Result obtained was presented as radical scavenging activity (%) calculated as described supra.




2.15. Biocompatibility


2.15.1. In Vitro Cytotoxicity


In vitro cytotoxicity of the prepared amyloid samples was evaluated on mouse macrophage (RAW264.7) and human keratinocyte (HaCaT) cells as previously described [31] with minor modification. RAW264.7 cells were obtained from ATCC (Manassas, VA, USA), whereas HaCaT cells were obtained from CLS Cell Lines Service GmbH (Eppelheim, Germany). The cells were seeded into 96-well plates at a density of 1 × 104 cells/cm2 for 24 h. Thereafter, the cells were treated with SSPAN and SSGAN solution and incubated for 24 h in a CO2 incubator at 37 °C. Then, the exhausted media from the wells was gently aspirated. This was replaced with 200 µL fresh medium (without fetal bovine serum) containing 0.5 mg/mL MTT reagent. The plates were then incubated at 37 °C for 3 h. Subsequently, media was removed, and DMSO was added to the wells to dissolve the formazan crystals that were formed. The absorbance of the wells was measured at 560 nm using a Thermo Scientific microplate reader (Themo Scientific, Waltham, MA, USA).


Cell viability (%) = (AbsT/AbsC) × 100



(8)




where AbsT and AbsC depict the absorbance of the treated sample and the absorbance of the control sample, respectively.




2.15.2. Hemolytic Effect


The hemolytic effect of the protein amyloid-based nanostructures was evaluated on rat erythrocytes, according to a previous report [32]. Fresh rat blood (10 mL) was commercially obtained from the National Laboratory Animal Center, Mahidol University, Thailand. Erythrocytes were collected by centrifuging the blood at 1500 rpm for 10 min. The pellet containing erythrocytes was collected and washed thrice by resuspending in PBS, followed by centrifugation. Then, fresh erythrocyte suspension was prepared from the cell pellet (2% v/v) by adjusting with PBS. Protein dispersion was also prepared in PBS, pH 7.4. The protein dispersion (2 mL) was added to the erythrocyte suspension (2 mL) and gently mixed. The negative control consisted of PBS solution added into the erythrocyte suspension, while the positive control contained distilled water. The resultant mixture was incubated at room temperature for 30 min. The mixture was subjected to 10 min of centrifugation at a speed of 1500 rpm and at 4 °C. Supernatants of the samples were collected and diluted 4-fold with distilled water. Then, the absorption of the diluted solutions was recorded at 540 nm using a UV-vis spectrophotometer. Erythrocyte hemolysis induced by the samples was calculated thusly:


Hemolysis (%) = [(AS − AN)/(AP − AN)] × 100



(9)




where AS, AN, and AP represent the absorbance of the sample, the negative control, and the positive control, respectively.





2.16. Statistical Analysis


All data were collected at least in triplicate. The data were analyzed using one-way ANOVA followed by the Tukey test for post hoc multiple comparisons. p value was set at less than 0.05 for statistical significance. All data analysis was carried out using GraphPad Prism software version 10, GraphPad Software, Inc. (San Diego, CA, USA).





3. Results and Discussion


3.1. Preparation and Characterization of Sesame Proteins from DSSM


3.1.1. Protein Extraction and Recovery


In view of the growing importance of sustainability and promoting a circular economy around the world to meet the challenges posed by resource constraints, it is absolutely imperative to re-examine hitherto underexplored agri-food industry residue as a potential feedstock for the generation of value-added bioproducts and food ingredients. Herein, defatted black sesame seed meal, a highly promising protein-rich byproduct of the oil extraction process from roasted black sesame seeds using supercritical CO2 extraction, was examined. The purpose was to determine whether it could serve as a viable and sustainable source for the production of food proteins and amyloid nanostructures for potential use in nutritious and functional food products.



Sesame seed protein isolate (SSPI) and sesame seed globulin (SSG) fraction were successfully obtained from the defatted sesame seed meal. An overview of the workflow involved in the preparation of both SSPI and SSG is depicted in the schematic (Figure 1).



As shown in Table 1, the protein content of the defatted sesame meal powder was (34.18%). This value was within the range of crude protein content previously reported for sesame seed cake by other authors [33]. The recovery rate for both SSPI and SSG using the AE-IP method was modest, approximately 50% and 40%, respectively. Considering the fact that the preparation was based on an orthodox and simple extraction technique, the recovery rate was actually commendable. This notion is buttressed by the findings from analogous studies by Yang et al., wherein extraction of proteins by AE-IP technique from cold-pressed sesame cake with or without ultrasonic pre-treatment exhibited recovery of 22.24–25.95% and solid yield of 15.57–18.62% [33]. The protein content (%w/w) of SSPI and SSG was equally impressive for a conventional extraction process. This is particularly notable since the source material was extracted only once and without any pre-treatment step in contrast to other reports where multiple extractions were carried out on the crude material. Often, the protein content is considered as a rough indicator of purity. Apparently, SSG had better purity compared to SSPI (protein content of 83% vs. 79%), which is credited to the additional fractionation steps included during the preparation of SSG (Figure 1). Also, it could be said that both SSPI and SSG were of comparable purity to protein isolates obtained from Turkish local beans (protein content of 80–85%) by AE-IP method [34] but of superior purity to protein proteins extracted from pea flour by salt extraction, micellar precipitation or AE-IP techniques (protein content of 73–75%) [35] and protein isolate (protein content of 77.1%) obtained from sesame meal powder AE-IP approach. Although this may not strictly be an ideal comparison given the nuances sometimes involved, such as differences in the source of the raw material as well as the extraction procedure, the results in Table broadly confirmed that the protein preparation technique applied herein was efficacious.




3.1.2. Physical Appearance of Sesame Protein Samples


The physical appearance of protein products, such as isolates, hydrolysates, or concentrates, has a major influence on consumer appeal and acceptance. This is because of the use of appearance by many as a first approximation of product quality. The visual appearance and corresponding color parameters of DSSM and protein samples prepared and derived from it are presented in Figure 2 and Table 2, respectively. It can be seen that both SSPI and SSG were similar in color but darker when compared to DSSM.



The color parameters in terms of L*, a*, and b* values were consistent with the visual appearance. The L* value denotes lightness, i.e., the higher the L* value (closer to 100), the lighter the color, and vice versa. Compared to both SSPI and SSG, the crude sesame seed flour was significantly lighter in appearance, as evinced by the higher L* value. The L* values of both SSPI and SSG did not only signify that both were darker, but also that there was no variability in their dark color. The same trend was reflected in their a* (greenness to redness) and b* (blueness to yellowness) values. With respect to the overall color, there was a large difference in the color of the protein samples, which could be visually perceived (ΔE value greater than 6.0) [23] relative to the DSSM sample.



Pigmentation, such as the dark color of sesame seed, had been credited to metabolites in the seed coat [18], such as flavonoids and terpenoids, as well as amino acids and their derivatives. In fact, studies have reported a greater preponderance of these valuable bioactives in black sesame seeds compared to other color varieties such as brown or white [36]. According to Dossou et al., the dark color or pigmentation is mainly due to melanin from the seed coat or hull of the sesame seed. The melanin from black sesame seed was similar to melanin from other natural sources. Polyphenols were proposed as precursors to the pigment [37]. Meanwhile, the ‘black sesame pigment’ isolated from black sesame seed was reported to exhibit strong antioxidant, reducing, and anti-nitrosating properties [38]. On the basis of the ostensible increase in the dark color of the protein samples, a proposition could be made. That is, processing the DSSM into SSPI and SSG led to the release and greater availability of bioactive pigment components ending up in the obtained protein sample. This implies that better activity of the protein samples could be obtained, thereby enriching their value as potential functional food ingredients. Meanwhile, from an aesthetic perspective, SSPI and SSG could serve an auxiliary purpose as natural colorants to improve the visual appeal of the functional food products, such as bread, cake, cookies, beverages, etc., into which they are incorporated.




3.1.3. Microstructure of Sesame Seed Protein Samples


The morphology and structure of sesame protein microparticles were examined using SEM. Figure 3 depicts representative micrographs of SSPI and SSG. It can be seen that particles from both samples broadly feature the same morphology, although SSG seemed a bit denser and more compact than SSPI. The protein particles manifested a rugged rock-like appearance. This quintessential morphology of sesame protein particles can be credited to the use of the freeze-drying technique during the drying of the aqueous dispersion in order to obtain solid protein samples. Freeze-drying typically takes a long time, during which ice crystals are formed. The long duration allows greater molecular interaction of the protein molecules, enabling them to coalesce and form clumps. Sublimation of the ice crystals facilitates the formation of the pores in the microstructure [39]. The ridges observed on the surface of the particles can be attributed to the rate of water loss as a consequence of sublimation during lyophilization. The rapid rate of water loss on the surface of the sample during the freeze-drying process can cause the formation of wrinkles on the surface of particles, giving rise to the ridge-like structure and rough appearance. It is apparent that the microparticles of both SSPI and SSG are irregular in shape as a result of the freeze-drying. Similar rough surfaces and non-uniformly shaped particles were observed for freeze-dried protein isolates obtained from unprocessed alfalfa seeds [40].




3.1.4. Electrophoretic Mobility of Sesame Protein Samples


The protein profile of DSSF, SSPI, and SSG were ascertained via Tricine-SDS-PAGE. Illustrated in Figure 4 is the electrophoretic pattern of the different protein samples resolved under non-reducing conditions (no β-mercaptoethanol). It can be seen that the most intense and prominent protein band was present in the range of 45–66 kDa (Figure 4). As mentioned earlier, 11S globulin makes up the majority of protein in sesame seeds, with a reported relative abundance of 78.68% [41]. The native protein exists as an oligomeric structure consisting of six subunits held together by noncovalent bonds. Each of these subunits is further composed of an acidic (30–34 kDa) and a basic (20–25 kDa) linked together by a disulfide linkage. Thus, under non-reducing (i.e., absence of disulfide bond chemical reducing agents) conditions, 11S globulin is expected to be resolved with apparent MW around 50 kDa. According to Orruño and Morgan, under non-reduced SDS-PAGE, sesame 11S globulin fraction exhibited four protein bands around 36, 41, 46.6, and 51.8 kDa [42]. The protein band around 45–60 kDa was the most intense. A similar pattern of protein bands can be observed in the SSG prepared in this, indicating that 11S globulin was the dominant component. Other authors have also noted 11S globulin in this same position under non-reducing SDS-PAGE condition. Nouska and colleagues reported an identical SDS-PAGE profile for sesame protein isolates obtained via micellization and isoelectric precipitation. The authors noted the presence of a major 11S globulin band at 50–53 kDa position when the protein isolates were resolved under non-reducing conditions. In the presence of reducing agents, the widely reported ≈20 kDa and ≈30–33 kDa polypeptides become prominent [43]. The electrophoretic pattern of 11S globulin in SSG is also similar to that of oat globulin, which presents an 11S monomer with apparent molecular weight around 55 kDa position under non-reducing conditions because of its component α (32 kDa) and β (22 kDa) polypeptides linked by a disulfide bond [44]. Meanwhile, Chen et al., using Tricine-SDS-PAGE, found that the sesame 11S globulin acidic polypeptide unit and basic polypeptide unit were located at 33 kDa and 20 kDa positions, respectively [41]. Taken together, the result seen in the present electrophoretogram suggested that the sesame 11S globulin contains disulfide bonds linking the two main polypeptide subunits, resulting in intense protein bands in the region between 45 and 60 kDa, and the prepared protein has not been altered. In addition to the 11S globulins, another protein band could be seen around position 97 kDa, which had been ascribed to sesame globulin. Other authors have also spotted this globulin fragment in sesame seed proteins at similar positions [45,46]. It has also been reported that sesame seed contains a 7S globulin, which constitutes about 1–5% of the total protein content [42,47]. Previously, the 7S globulin monomers were seen as polypeptides devoid of disulfide linkages between 12.5 and 60 kDa. The most prominent of these had a band around 45 kD [42]. Because of the low relative abundance of sesame 7S globulin, it is presumed that the protein bands around 45 kDa were overshadowed by the 11S globulin in Figure 4. Importantly, it should be pointed out that while both SSPI and SSG protein profiles were largely similar, an interesting difference emerges on closer examination. Around the 20 kDa range, it can be seen that the SSPI profile manifested an intense protein band. This protein band was less prominent in the SSG protein profile. Given that the 11S globulin basic polypeptide unit has a molecular weight of about 20 kDa, at first it might be assumed that it is representative of this band. Alternatively, it is conceivable that this protein band belongs to albumin fraction. The latter notion is supported by the absence of a disulfide reducing agent which is necessary to produce the globulin fraction at this location, thus pointing to the band being albumin. Secondly, the diminished intensity of the band in the SSG further supports that it is albumin and its lack of prominence in SSG was due to their removal during the fractionation procedure. Albumins have been previously reported to appear in similar position in the electrophoretogram of sesame protein [45] as well as in other plant proteins such as mung bean, Bambara groundnut and pea [48]. In essence, the result of the protein profiles supports the notion that the facile fractionation approach adopted herein, indeed produced a protein fraction rich in sesame globulins.





3.2. Formation of Sesame Protein Amyloid Nanostructures


The feasibility and extent to which the prepared sesame proteins could generate amyloid nanostructures were investigated under acid-induced hydrolysis coupled with heat treatment. This condition facilitates the partial unfolding of the globular entity, release of the polypeptide chains, and cleavage into smaller peptides, which are more amyloidogenic. In this context, the tendency of the protein species to aggregate and undergo fibrillation is significantly enhanced. Insights into the morphology of the protein species following exposure to aggregation conditions after 24 h was obtained using transmission electron microscopy. The electron micrographs of SSPI and SSG after 24 h of incubation are presented in Figure 5. The TEM micrograph of SSPI revealed the presence of non-fibrillar amyloid aggregates in the form of clusters (Figure 5a,b). Some of these structures were spherical, but most of the aggregates were amorphous in shape and of varied sizes. There have been a number of reports on the protein fibrillation-enhancing effect of ultrasonication treatment [2,49]. This notion was briefly tested by applying ultrasonication treatment (power of 750 Watts, frequency of 20 kH at 50 amplitude, and pulse of 5 s ON and 5 s OFF) for 30 min at a temperature below 35 °C, CPX750 ultrasonic processor, Cole-Parmer Instruments (Vernon Hills, IL, USA) to SSPI after hydrating at pH 2.0 followed by heating. The result was somewhat interesting. Instead of the amyloid fibril aggregates that were expected, spherical amyloid nanoparticles were observed (Figure 5c). Meanwhile, the micrograph of the SSG sample subjected to aggregation conditions but without ultrasound treatment revealed aggregates with morphology that was mostly fibrillar, curly, short, and worm-like in shape (Figure 5d). The process of protein aggregation under acidic heating is an intricate phenomenon with a continuum of oligomeric intermediates having various morphologies. Kinetic and thermodynamic competition between these intermediate species would determine the predominant form of amyloid post-incubation. Additionally, many other factors could influence the amyloid formation process, including the composition of the protein isolate, the amino acid composition of the polypeptides and the hydrolyzed peptides, reaction conditions, and protein concentration, among others. Apparently, on the basis of TEM analysis, it seems SSG was more amenable to formation of amyloid with a well-defined structure relative to SSPI under the same condition. A possible explanation is that the additional fractionation steps during the preparation of SSG removed small soluble bioactive molecules, which could restrict amyloid fibril formation.



Hydrolysis of proteins into their subunits and peptides is an essential preceding step prior to heat-induced aggregation under acidic conditions (pH, 2.0) [50]. Tricine-SDS-PAGE was used to monitor the extent of SSG and SSPI hydrolysis during the course of the aggregation process (Figure 6a,b). Gel images of both SSG and SSPI aliquots during aggregation were resolved under non-reducing conditions. It is noticeable from both gel images that the 11S globulin band (≈55 kDa) intensity became narrow or greatly depleted at time 0 h in comparison to the same band for the native proteins that were not subjected to aggregation (as shown in Figure 4). This reduction in 11S globulin band intensity at time 0 h revealed that even before thermal treatment, a marked amount of the 11S globulin in SSG was hydrolyzed merely by exposing the protein solution to acidic conditions (pH, 2.0). A similar pattern was observed for SSPI, albeit the hydrolysis of 11S globulin appears to be greater. The 11S globulin from sesame seed is known to be structurally similar to the typical 11S globulin from seed proteins such as soy protein. The acid-induced hydrolysis of sesame 11S globulin observed here was in accord with reports from the research of Yu et al., who noticed that incubation of soy protein isolates at pH 2.0 caused a considerable hydrolysis of the 11S globulin subunit [51]. Application of thermal treatment (90 °C) to the protein solution under acidic milieu caused a gradual hydrolysis of the major medium molecular weight proteins (>35 kDa) with time. In fact, it can be seen that all the 11S globulin had been hydrolyzed by the 8th hour in both SSG and SSPI, and by the 12th hour, most of the proteins that remained were of low molecular weight ≤20 kDa.



The evolution of amyloid nanostructures from sesame protein solution under aggregation induced by acidic heating was monitored using a ThT fluorescence assay. ThT is a small fluorescent dye with a remarkable ability for preferential binding to the cross-β-sheet rich motifs typically found in amyloid structures. This binding interaction with amyloid proteins results in increased fluorescence intensity [52]. Thus, the ThT assay has become a valuable probe of choice for examining the presence and extent of protein amyloid formation based on its variation in fluorescence intensity [8,52,53]. The ThT fluorescence intensity of SSG and SSPI solutions at pH 2.0 subjected to aggregation under different heating times (0–24 h) is presented in Figure 6c,d. As shown in Figure 6, there was a marginal but insignificant increase in the ThT fluorescence intensity of the SSG solution after heating for 2 h at pH 2.0. This is probably an indication of the relatively modest content of β-sheet structures in the protein solution at that time because protein hydrolysis was still quite limited, and the rate of self-assembly of the peptides to amyloid species was low. In other words, the SSG aggregating solution was at a lag phase. A marked increase in the ThT fluorescence intensity of the SSG solution was observed after heating for 4 h at pH 2.0, signifying a relative increase in the content of β-sheet structures and amyloid formation. This increase in ThT fluorescence intensity was progressively enhanced with an increase in heating time from 4 to 24 h. This can be credited to the fact that the protein aggregation solution entered the so-called ‘growth phase’ where the rate of formation of amyloid species with characteristic β-sheet structures from self-assembly of the peptides increased considerably [54]. In the case of the SSPI solution at pH 2.0, the lag phase appeared to be shorter, as evinced in the substantial increase in fluorescence intensity after heating for 2 h. The increase in ThT fluorescence intensity continued from 2 to about 8 h, suggesting an increasing rate of formation of β-sheet structure as a consequence of protein aggregation. Beyond 12 h of heating, the increase in ThT fluorescence intensity was less dramatic, which may be due to the protein aggregation reaction entering the stationary phase [53]. At this point, the content of peptides in the solution available for self-assembly is lower, which diminishes the vigor of the aggregation reaction. In both protein solutions, the ThT fluorescence intensity following heating from 4 to 24 h was clearly higher than the solution without heating, underscoring the progressive formation of amyloid nanostructures with thermal treatment of the protein solutions at acidic conditions (pH 2.0). A similar increase in the ThT fluorescence intensity of rice glutelin solution (pH 2.0) was noted by Li et al. after heating for 24 h, confirming the formation of amyloid-based nanostructures [8]. It is worthy of note that the impact of heating on formation of amyloid nanostructures was varied between both SSG and SSPI samples, perhaps due to difference in the unfolding transition temperature of both samples resulting in slightly different ThT fluorescence intensity pattern (Figure 6). Indeed, it has been previously noted that the unfolding transition of proteins subjected to aggregation is contingent to the mode of sample preparation, ionic strength of the medium, structure of proteins as well as modification of the proteins [11]. The result from the ThT fluorescence assay of sesame protein aggregation indicated a progressive increase in protein amyloid formation with increase in heating time under acidic condition. When this result is considered in light of the different morphologies revealed by TEM, the ThT result could be an indication that there may be an optimal heating time for obtaining amyloid nanostructures with different features.




3.3. Secondary Structure Analysis of Sesame Proteins and Amyloid Nanostructures


Further insights pertaining to the secondary structure and likely conformational alterations of the protein isolates and amyloid nanostructures were facilitated with the aid of FTIR analysis. Figure 7 depicts the FTIR spectra of the protein samples in the region 1800–1300 cm−1, which encompasses the Amide I band located between 1600 and 1700 cm−1 and the Amide II band delineated by IR absorption from 1580 to 1480 cm−1. The full FTIR spectra (4000–400 cm−1) are included in Supplementary Materials (Figure S1). The Amide I band represents the stretching vibration of C=O bond (80%), whereas the Amide II band corresponds to the vibrations emerging from a combination of the C–N bond stretching (30%), N–H bond bending (60%), and C–C bond stretching [55]. The strong IR absorption peaks noticeable in the Amide I and II spectral regions (Figure 7) are a testament to the proteinaceous nature of the sesame samples. The peak position of SSPI (1653 cm−1) and SSG (1652 cm−1) Amide I bands was similar (1654/1655 cm−1) to those obtained by other authors for sesame protein isolate [33]. By dint of its exceptional signal-to-noise ratio and remarkable sensitivity to protein secondary structure, the Amide I (1700–1590 cm−1) band of each sample was used for evaluating the composition of the various secondary structural elements present in the proteins pre and post-aggregation. This was accomplished by deconvolution of the Amide I band into component peaks. Peak position and assignment were in accordance with insights drawn from previous studies. The corresponding peak area as a percent of the total area of all peaks in the Amide I region was used to calculate the composition the four major structural elements, namely β-sheets (1618 cm−1, 1625 cm−1, and 1634 cm−1, 1680 cm−1), random coils (1644 cm−1), α-helix (1651 cm−1 and 1658 cm−1), and β-turns (1667 cm−1) [43,55,56].



In all the samples, β-sheets emerged as the most abundant secondary structural element. The difference in the relative composition of the secondary structure of the native proteins, when contrasted with those subjected to aggregation, attests to the fact that the proteins were structurally modified by the aggregation process. Among the various samples, it was noticed that the content of β-sheets increased remarkably after the proteins were subjected to aggregation treatment. Meanwhile, the composition of random coils decreased following the acidic heating of the native proteins. This observation is consistent with the notion that the protein conformation became well-organized and ordered after aggregation. This was more pronounced in the case of SSGAN, which exhibited greater content of β-sheet structures compared to SSPAN. The increased content of β-sheet in SSGAN and conformational re-alignment support the presence of amyloid structures in the sample.




3.4. Solubility and Surface Hydrophobicity


Solubility is a critical attribute of vital importance in the application of proteins in food. The protein solubility could profoundly impact essential aspects such as the foaming, gelation, emulsification, color, texture, and sensory attributes of the protein-incorporated food product. One factor that greatly impacts protein solubility is its hydrophilicity/hydrophobicity balance, which in turn is dependent on the composition of the surface amino acids. In a case where there is a greater number of surface hydrophilic amino acid residues and a higher net charge leading to greater electrostatic repulsion and ionic hydration, the tendency of the protein is one of higher solubility and vice versa [14].



Apparently, protein solubility is pH-dependent. Solubility of both SSPI, SSG, and SSGAN from pH 2.0 to 10.0 is presented in Figure 8a. Limited availability of SSPAN samples meant that solubility could only be performed on SSGAN. The solubility of all protein samples was at least around pH 3.5–5.0, which is consistent with the pH range of the isoelectric point of sesame proteins. In general, there was an increase in solubility toward the alkaline pH range, which is from 6.5 to 10. This is consistent with previous reports. Also, there appears to be an increase in solubility of the proteins, especially SSGAN, at acidic pH (2.0) and alkaline pH (8.0–10.0), which is valuable for food product formulation. SSGAN was significantly more soluble than SSPI and SSG at pH 2.0–3.5 (p < 0.05). The increase in SSGAN solubility at low pH can be explained in part by the fact that at low acidic pH, amyloid samples typically present greater positively charged structures compared to their native monomers [4,8,57]. This increased net positive charge engenders greater electrostatic repulsion of the amyloid species, thereby obviating their precipitation in solution. Consequently, the physical stability of the amyloid suspension is enhanced [8]. Also, the presence of hydrolyzed peptides with small molecular weights in the amyloid sample can improve the solubility of SSGAN at low pH. It has been reported that the extraction method or processing could have a considerable impact on the solubility of obtained products such as protein isolate, concentrate, etc. For instance, it was observed that the processing of raw sesame meals by cooking, microwave, or ultrasound improved the protein solubility of the processed sesame meal relative to its raw counterpart [14]. It can, therefore, be inferred from the result herein that modification of SSG via amyloid formation can improve the protein solubility in an acidic milieu.



Understanding the surface hydrophobicity of plant-based proteins and protein amyloid species is important because hydrophobic interactions have a considerable impact on protein conformation, structure, as well as functional characteristics such as the proteins’ affinity toward the water–oil interface. To obtain insights with respect to the surface hydrophobicity of the proteins, bromophenol blue dye was used as a probe. That is, the higher the amount of bromophenol blue bound to the protein, the higher the surface hydrophobicity. Data on the surface hydrophobicity are shown in Figure 8b. The results revealed that in both SSPI and SSG, the formation of amyloid-based nanostructures after heating for 24 h at pH 2.0 markedly reduced the surface hydrophobicity. It has been reported that at the initial heating period of the aggregation process (≈2–4 h), surface hydrophobicity typically increases due to protein hydrolysis coupled with partial unfolding of the protein structure [51]. As a result, hydrophobic amino acid residues, which are normally buried inside the globular protein, become exposed to the surface. The exposed hydrophobic patches on the protein surface interact, causing self-assembly and the formation of aggregate species or protofibrils. Interestingly, extending the heating time has proven to not only promote protein aggregation into amyloid nanostructures but also decrease the surface hydrophobicity of the obtained amyloid species. The latter is attributed to the reburial of the hydrophobic regions rich in β-sheets as they re-assembled to form ordered amyloid structures [58]. So, while it is common to see an increase in surface hydrophobicity of some plant proteins post-formation of amyloid species, it is not uncommon to also see the reverse in others such as chicken pea, lentil, and pumpkin seed protein isolates [4]. The result obtained from this study concurred with a similar work by Xu et al., who also noticed that the surface hydrophobicity of oat globulin decreased substantially after heating for 24 h at acidic conditions because of the formation of oat globulin fibrils [10].




3.5. Water Holding and Oil Holding Capacity of Sesame Protein and Amyloid Structures


The water absorption capacity of the protein samples is represented in Figure 9. It can be observed that the water retention ability of the sesame protein amyloid nanostructures was higher than that of the native proteins. It is understood that for proteins subjected to thermal-mediated unfolding under acidic conditions, there is an increase in the reactive sulfhydryl groups, the distribution and number of charges, as well as the hydrophilic and hydrophobic groups. This increases the tendency and potential of the protein functional groups to form strong intermolecular interactions with water molecules [59]. Besides the obvious fibrillar species in the amyloid nanostructures, non-fibrillar and peptides resulting from acid-mediated hydrolysis of the polypeptides are also present as part of the amyloid sample [56]. These peptide species tend to be more hydrophilic and, therefore, contribute toward increasing the water holding capacity of the amyloid nanostructure [59]. Meanwhile, it is understood that protein fibrillation increases the overall charge of the fibrillated protein relative to the native proteins [57], and this increase in charge improves the ability of the amyloid protein sample to interact with water molecules.



With respect to the oil absorption capacity of the protein samples, the trend was positive following amyloid formation, i.e., the OHC increased markedly for the aggregated proteins relative to their native counterpart. Protein aggregation is enabled by the unfolding of the compact globular proteins due to the thermal treatment that exposes the hydrophobic residues and polypeptide chains, which become converted into various oligomeric and fibrillar species. As such, the surface area for hydrophobic interaction between protein species and monolayer oil is increased in the amyloid protein compared to native protein. This leads to a greater amount of oil binding and retention by the amyloid nanostructure. As such, the sesame amyloid nanostructures could be valuable in the preparation of food products with high fluid holding requirements.




3.6. Antioxidant Activity of Sesame Protein Amyloid Nanostructures


Oxidation of food can lead to a significant decline in quality, resulting in poor taste, aroma, flavor, texture, and color, as well as enrichment with undesirable and unhealthy metabolites such as free radial and reactive oxygen species. Thus, fortifying and increasing the antioxidant content of food products have become common place as a valuable strategy to mitigate oxidative deterioration, preserve food quality, and enhance shelf-life. Increasingly, consumer preference has been shifting toward the use of natural antioxidants for food application. Plant proteins in their various forms and compositions, including concentrates, hydrolysates, and peptides, have been reported for their antioxidant activity. Interestingly, amyloid fibrils from food proteins are increasingly being recognized for having appreciable radical scavenging properties.



As evidenced in the results from DPPH and ABTS assays (Figure 10), the antioxidant activity of sesame proteins was remarkably increased after the formation of amyloid nanostructures. This finding is consistent with results from other studies. For instance, Mohammadian et al. found that the antioxidant property of amyloid fibrils derived from whey protein isolate and hydrolysate was substantially higher than that of their respective precursor proteins. Meanwhile, Li et al. established that fibrillization of rice glutelin markedly elevated the antioxidant activity of the obtained amyloid nanostructures [60]. As often noted, early events of protein amyloid formation under elevated temperature and acid pH are characterized by partial unfolding and hydrolysis of the native proteins into amyloid-competent peptides. Du et al. [20], in their study, also found that the antioxidant activity increased following enzymatic hydrolysis and unfolding of black sesame seed protein. The antioxidant properties of protein amyloid species have been credited to their peptide building blocks. Wei et al. noted that the antioxidant activity of ovotransferrin amyloid fibril prepared via heating at 90 °C in acidic milieu (pH 2.0) was due to its constituting peptides [61]. Indeed, it has been previously noted that antioxidant property is one of the common features shared by both peptides in amyloid structures and bioactive peptides [62]. Compared to their precursor proteins, the peptides in these structures tend to offer greater solvent accessibility of their active amino acid residues—the main driver for the antioxidant activity [63].



Amino acid resides such as methionine, cysteine, phenylalanine, tryptophan, tyrosine, and histidine are among the most active in terms of antioxidant properties. A good number of these residues, including tyrosine and tryptophan, are not only typically found in amyloid structures where they participate in π–π stacking [64], but also in sesame seed proteins [14]. The antioxidant activity of these amyloid structures could be modulated via a number of mechanisms, such as chelating metal ions, scavenging free radicals and reactive chemical species, or participating in the breakage of free-radical chain reactions. The antioxidant activity of sesame proteins and amyloid nanostructures is a testament that the amyloid nanostructures could be used as ingredients in enhancing food quality by inhibiting oxidation as well as in the development of functional foods.




3.7. Biocompatibility of Sesame Protein Nanofibrils


A fundamental and cogent consideration in the production and utilization of protein amyloids is their safety as food ingredients for nutrition. Unlike native food proteins, which have been part of human diets from time immemorial without many worries besides the occasional incidence of allergenicity, protein amyloids derived from food proteins have been restricted in their application as food ingredients for nutrition and health. The reluctance in use of food protein amyloids is linked to the historical association of amyloids in general to the development of many chronic and neurodegenerative diseases. Notable examples of this include the polypeptide hormone amylin, which is released together with insulin as a response to food. Aggregation of amylin causes the protein to suppress the activity of insulin and glucagon, leading to type 2 diabetes mellitus [65]. Also, β-amyloid peptide and α-synuclein aggregation and amyloid formation have been linked to the development of Alzheimer’s disease and Parkinson’s disease, respectively. Specifically, with respect to the safety of amyloids derived from food proteins, a consensus is yet to emerge since some studies indicate that they (e.g., egg-white lysozyme) are toxic [66], whereas others deem them (soy, whey, egg-white, kidney, and bean amyloid) as safe [67]. In this context, to obtain clarity as to whether sesame-derived amyloids are safe or potentially harmful, in vitro biocompatibility studies were performed.



Figure 11 represents the results of in vitro cytotoxicity and hemolytic effect of SSPAN and SSGAN. As shown in Figure 11a, following the exposure of murine macrophage (RAW264.7) cells to the sesame amyloids (7.81–1000 µg/mL) for 24 h, there was a noticeable decrease in the cell viability to about 90% following exposure of cells to both amyloid samples at a concentration of 250 µg/mL. At higher concentrations of SSPAN and SSGAN (up to 1000 µg/mL), the cell viability was further reduced by not lower than 88%. A similar decrease could also be seen in the cell viability of human keratinocyte (HaCaT) cells following treatment with the amyloid samples. In both cell lines, it can also be seen that the cells were marginally more viable in the presence of SSGAN compared to SSPAN. Importantly, the viability at all treatment concentrations remained high (greater than 75% in HaCaT cells and 80% in RAW264.7 cells), suggesting that the amyloids were non-toxic to the cells [68]. Furthermore, the results on erythrocyte hemolysis show that for erythrocytes exposed to either SSPAN or SSGAN (250–1000 µg/mL), the percentage hemolysis was less than 2% (Figure 11b), which is below the threshold for materials which do not possess any hemolytic activity (that is hemolysis value <5%) [69]. From these findings, it can be inferred that the amyloids prepared from SSG and SSPI were non-toxic to the treated cells. A similar observation was also made by Lassé and co-researchers, who found that amyloid fibrils obtained from food proteins, namely kidney bean, whey, egg white, and soy protein isolates, were non-toxic to Hec-1a and Caco-2 cell lines in vitro [67]. Further credence on the safety of food amyloid was offered by a recent study in which the authors demonstrated that in vitro digested amyloid fibrils from milk β-lactoglobulin and hen egg-white globulin were non-toxic in both in vitro and in vivo models. In fact, the digested amyloid fibrils promoted cell viability in Caco-2 and HCEC cell lines because they served as nutrients to the cells [1]. Based on the result obtained in the present work, it is apparent that SSPAN and SSGAN are biocompatible and, thus, are potentially safe for use as ingredients for possible advancement of nutrition and health.





4. Conclusions


The self-assembly of plant proteins into amyloid-based structures presents an interesting modification strategy for improving their functionalities and extending their potential application in food and healthcare. Up until now, proteins derived from sesame seeds have yet to be investigated as potential amyloid materials. So, in this work, the viability of defatted sesame seed meal was explored as an inexpensive, abundant, and sustainable source of plant-based proteins and amyloid structures. We demonstrated that sesame seed protein fraction rich in 11S globulin could be facilely prepared from DSSM. Under acid-induced hydrolyses and heating, the sesame seed globulin was converted into fibrillar amyloid nanostructures with high β-sheet content via self-assembly of the hydrolyzed peptides. Importantly, the prepared amyloid nanostructure from sesame seed globulin exhibited improved solubility at low pH, oil retention, and radical scavenging properties. In addition, the sesame protein amyloid preparation demonstrated a good safety profile. In aggregate, these findings indicate that amyloid-based nanostructures derived from sesame seed globulin could be a promising ingredient for application in functional foods and plant-based food products. It also highlights the fact that proteins and amyloid preparation could be a valuable strategy for upcycling and adding value to defatted sesame seed meal. In the future, the sesame seed globulin amyloid nanostructures could be further exploited in the delivery of valuable nutraceutical ingredients, in tailoring the functional properties of foods, such as gelation, fluid holding capacity, interfacial properties, as well as in the development of edible food coatings and scaffolds for plant-based meat analogs.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/foods13142281/s1, Figure S1: FTIR spectra of sesame proteins (SSPI and SSG) and amyloid-based nanostructure (SSPAN and SSGAN) from 4000–400 cm−1 highlighting prominent peaks.





Author Contributions


Conceptualization, F.N.E. and R.M.; methodology, F.N.E. and S.S.; validation, F.N.E., R.M., S.S., W.J., T.S. and Y.C.; formal analysis, F.N.E., R.M., S.S., W.J., T.S. and Y.C.; investigation, F.N.E., S.S., W.J. and T.S.; resources, F.N.E., R.M., S.S., W.J., T.S. and Y.C.; data curation, F.N.E.; writing—original draft preparation, F.N.E.; writing—review and editing, F.N.E., R.M., W.J., T.S. and Y.C.; supervision, R.M., W.J., T.S. and Y.C. All authors have read and agreed to the published version of the manuscript.




Funding


This research was partially supported by CMU Proactive Researcher Scheme (2023), Chiang Mai University.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The original contributions presented in the study are included in the article, further inquiries can be directed to the corresponding author.




Acknowledgments


This work was partially supported by CMU Proactive Researcher Scheme (2023), Chiang Mai University.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Xu, D.; Zhou, J.; Soon, W.L.; Kutzli, I.; Molière, A.; Diedrich, S.; Radiom, M.; Handschin, S.; Li, B.; Li, L.; et al. Food Amyloid Fibrils Are Safe Nutrition Ingredients Based on In-Vitro and in-Vivo Assessment. Nat. Commun. 2023, 14, 6806. [Google Scholar] [CrossRef]

	



Chen, X.; Yi, J.; Wen, Z.; Fan, Y. Ultrasonic Pretreatment and Epigallocatechin Gallate Incorporation Enhance the Formation, Apparent Viscosity, and Antioxidant Activity of Pea Protein Amyloid-like Fibrils. Food Hydrocoll. 2024, 149, 109630. [Google Scholar] [CrossRef]

	



Dong, Y.; Lan, T.; Wang, L.; Wang, X.; Xu, Z.; Jiang, L.; Zhang, Y.; Sui, X. Development of Composite Electrospun Films Utilizing Soy Protein Amyloid Fibrils and Pullulan for Food Packaging Applications. Food Chem. X 2023, 20, 100995. [Google Scholar] [CrossRef]

	



Li, T.; Zhou, J.; Peydayesh, M.; Yao, Y.; Bagnani, M.; Kutzli, I.; Chen, Z.; Wang, L.; Mezzenga, R. Plant Protein Amyloid Fibrils for Multifunctional Sustainable Materials. Adv. Sustain. Syst. 2023, 7, 2200414. [Google Scholar] [CrossRef]

	



Wei, Z.; Dai, S.; Huang, J.; Hu, X.; Ge, C.; Zhang, X.; Yang, K.; Shao, P.; Sun, P.; Xiang, N. Soy Protein Amyloid Fibril Scaffold for Cultivated Meat Application. ACS Appl. Mater. Interfaces 2023, 15, 15108–15119. [Google Scholar] [CrossRef]

	



Liu, S.; Sun, N.; Ren, K.; Tan, X.; Li, L.; Wang, Z.; Dai, S.; Tong, X.; Wang, H.; Jiang, L. Utilization of Self-Assembled Soy Protein Nanoparticles as Carriers for Natural Pigments: Examining Non-Interaction Mechanisms and Stability. Food Hydrocoll. 2024, 148, 109491. [Google Scholar] [CrossRef]

	



Wang, Y.-R.; Yang, Q.; Jiang, Y.-X.; Chen, H.-Q. Enhanced Solubility, Thermal Stability and Antioxidant Activity of Resveratrol by Complexation with Ovalbumin Amyloid-like Fibrils: Effect of pH. Food Hydrocoll. 2024, 148, 109463. [Google Scholar] [CrossRef]

	



Li, T.; Zhou, J.; Wu, Q.; Zhang, X.; Chen, Z.; Wang, L. Modifying Functional Properties of Food Amyloid-Based Nanostructures from Rice Glutelin. Food Chem. 2023, 398, 133798. [Google Scholar] [CrossRef]

	



Zhao, Y.; Wang, C.; Lu, W.; Sun, C.; Zhu, X.; Fang, Y. Evolution of Physicochemical and Antioxidant Properties of Whey Protein Isolate during Fibrillization Process. Food Chem. 2021, 357, 129751. [Google Scholar] [CrossRef]

	



Xu, J.; Tang, M.; Wang, D.; Xie, Q.; Xu, X. Exploring the Self-Assembly Journey of Oat Globulin Fibrils: From Structural Evolution to Modified Functionality. Food Hydrocoll. 2024, 149, 109587. [Google Scholar] [CrossRef]

	



Mykolenko, S.; Soon, W.L.; Mezzenga, R. Production and Characterization of Amaranth Amyloid Fibrils from Food Protein Waste. Food Hydrocoll. 2024, 149, 109604. [Google Scholar] [CrossRef]

	



Kutzli, I.; Zhou, J.; Li, T.; Baier, S.K.; Mezzenga, R. Formation and Characterization of Plant-Based Amyloid Fibrils from Hemp Seed Protein. Food Hydrocoll. 2023, 137, 108307. [Google Scholar] [CrossRef]

	



Ramachandran, S.; Singh, S.K.; Larroche, C.; Soccol, C.R.; Pandey, A. Oil Cakes and Their Biotechnological Applications—A Review. Bioresour. Technol. 2007, 98, 2000–2009. [Google Scholar] [CrossRef] [PubMed]

	



Sá, A.G.A.; Pacheco, M.T.B.; Moreno, Y.M.F.; Carciofi, B.A.M. Cold-Pressed Sesame Seed Meal as a Protein Source: Effect of Processing on the Protein Digestibility, Amino Acid Profile, and Functional Properties. J. Food Compos. Anal. 2022, 111, 104634. [Google Scholar] [CrossRef]

	



Sarkis, J.R.; Boussetta, N.; Blouet, C.; Tessaro, I.C.; Marczak, L.D.F.; Vorobiev, E. Effect of Pulsed Electric Fields and High Voltage Electrical Discharges on Polyphenol and Protein Extraction from Sesame Cake. Innov. Food Sci. Emerg. Technol. 2015, 29, 170–177. [Google Scholar] [CrossRef]

	



Koysuren, B.; Oztop, M.H.; Mazi, B.G. Sesame Seed as an Alternative Plant Protein Source: A Comprehensive Physicochemical Characterisation Study for Alkaline, Salt and Enzyme-Assisted Extracted Samples. Int. J. Food Sci. Technol. 2021, 56, 5471–5484. [Google Scholar] [CrossRef]

	



Saini, C.S.; Sharma, H.K.; Sharma, L. Thermal, Structural and Rheological Characterization of Protein Isolate from Sesame Meal. Food Meas. 2018, 12, 426–432. [Google Scholar] [CrossRef]

	



Hu, S.; Gao, H.; Ouyang, L.; Li, X.; Zhu, S.; Wu, Y.; Yuan, L.; Zhou, J. Mechanistic Insights into the Improving Effects of Germination on Physicochemical Properties and Antioxidant Activity of Protein Isolate Derived from Black and White Sesame. Food Chem. 2023, 429, 136833. [Google Scholar] [CrossRef]

	



Biswas, A.; Dhar, P.; Ghosh, S. Antihyperlipidemic Effect of Sesame (Sesamum indicum L.) Protein Isolate in Rats Fed a Normal and High Cholesterol Diet. J. Food Sci. 2010, 75, H274–H279. [Google Scholar] [CrossRef] [PubMed]

	



Du, T.; Huang, J.; Xiong, S.; Zhang, L.; Xu, X.; Xu, Y.; Peng, F.; Huang, T.; Xiao, M.; Xiong, T. Effects of Enzyme Treatment on the Antihypertensive Activity and Protein Structure of Black Sesame Seed (Sesamum indicum L.) after Fermentation Pretreatment. Food Chem. 2023, 428, 136781. [Google Scholar] [CrossRef]

	



Shu, Z.; Liu, L.; Geng, P.; Liu, J.; Shen, W.; Tu, M. Sesame Cake Hydrolysates Improved Spatial Learning and Memory of Mice. Food Biosci. 2019, 31, 100440. [Google Scholar] [CrossRef]

	



Buranachokpaisan, K.; Chalermchat, Y.; Muangrat, R. Economic Evaluation of the Production of Oil Extracted from Pressed Sesame Seed Cake Using Supercritical CO2 in Thailand. J. Appl. Res. Med. Aromat. Plants 2022, 31, 100410. [Google Scholar] [CrossRef]

	



Goyeneche, R.; Agüero, M.V.; Roura, S.; Di Scala, K. Application of Citric Acid and Mild Heat Shock to Minimally Processed Sliced Radish: Color Evaluation. Postharvest Biol. Technol. 2014, 93, 106–113. [Google Scholar] [CrossRef]

	



Eze, F.N.; Ingkaninan, K.; Prapunpoj, P. Transthyretin Anti-Amyloidogenic and Fibril Disrupting Activities of Bacopa monnieri (L.) Wettst (Brahmi) Extract. Biomolecules 2019, 9, 845. [Google Scholar] [CrossRef] [PubMed]

	



Jiang, S.; Liu, S.; Zhao, C.; Wu, C. Developing Protocols of Tricine-SDS-PAGE for Separation of Polypeptides in the Mass Range 1-30 kDa with Minigel Electrophoresis System. Int. J. Electrochem. Sci. 2016, 11, 640–649. [Google Scholar] [CrossRef]

	



Bühler, J.M.; Dekkers, B.L.; Bruins, M.E.; van der Goot, A.J. Modifying Faba Bean Protein Concentrate Using Dry Heat to Increase Water Holding Capacity. Foods 2020, 9, 1077. [Google Scholar] [CrossRef] [PubMed]

	



Hu, S.; Zhu, S.; Luo, J.; Ouyang, L.; Feng, J.; Zhou, J. Effect of Extrusion on Physicochemical Properties and Antioxidant Potential of Protein Isolate Derived from Baijiu Vinasse. Food Chem. 2022, 384, 132527. [Google Scholar] [CrossRef] [PubMed]

	



Ernst, O.; Zor, T. Linearization of the Bradford Protein Assay. J. Vis. Exp. 2010, 12, 1918. [Google Scholar] [CrossRef]

	



Hadnađev, M.; Dapčević-Hadnađev, T.; Lazaridou, A.; Moschakis, T.; Michaelidou, A.-M.; Popović, S.; Biliaderis, C.G. Hempseed Meal Protein Isolates Prepared by Different Isolation Techniques. Part I. Physicochemical Properties. Food Hydrocoll. 2018, 79, 526–533. [Google Scholar] [CrossRef]

	



Hu, J.; Qi, Q.; Zhu, Y.; Wen, C.; Olatunji, O.J.; Jayeoye, T.J.; Eze, F.N. Unveiling the Anticancer, Antimicrobial, Antioxidative Properties, and UPLC-ESI-QTOF-MS/ GC–MS Metabolite Profile of the Lipophilic Extract of Siam Weed (Chromolaena odorata). Arab. J. Chem. 2023, 16, 104834. [Google Scholar] [CrossRef]

	



Singh, S.; Chidrawar, V.R.; Hermawan, D.; Nwabor, O.F.; Olatunde, O.O.; Jayeoye, T.J.; Samee, W.; Ontong, J.C.; Chittasupho, C. Solvent-Assisted Dechlorophyllization of Psidium guajava Leaf Extract: Effects on the Polyphenol Content, Cytocompatibility, Antibacterial, Anti-Inflammatory, and Anticancer Activities. S. Afr. J. Bot. 2023, 158, 166–179. [Google Scholar] [CrossRef]

	



Eze, F.N.; Nwabor, O.F. Valorization of Pichia Spent Medium via One-Pot Synthesis of Biocompatible Silver Nanoparticles with Potent Antioxidant, Antimicrobial, Tyrosinase Inhibitory and Reusable Catalytic Activities. Mater. Sci. Eng. C 2020, 115, 111104. [Google Scholar] [CrossRef]

	



Yang, K.; Xu, T.-R.; Fu, Y.-H.; Cai, M.; Xia, Q.-L.; Guan, R.-F.; Zou, X.-G.; Sun, P.-L. Effects of Ultrasonic Pre-Treatment on Physicochemical Properties of Proteins Extracted from Cold-Pressed Sesame Cake. Food Res. Int. 2021, 139, 109907. [Google Scholar] [CrossRef]

	



Gundogan, R.; Can Karaca, A. Physicochemical and Functional Properties of Proteins Isolated from Local Beans of Turkey. LWT 2020, 130, 109609. [Google Scholar] [CrossRef]

	



Tanger, C.; Engel, J.; Kulozik, U. Influence of Extraction Conditions on the Conformational Alteration of Pea Protein Extracted from Pea Flour. Food Hydrocoll. 2020, 107, 105949. [Google Scholar] [CrossRef]

	



Segla Koffi Dossou, S.; Xu, F.; You, J.; Zhou, R.; Li, D.; Wang, L. Widely Targeted Metabolome Profiling of Different Colored Sesame (Sesamum indicum L.) Seeds Provides New Insight into Their Antioxidant Activities. Food Res. Int. 2022, 151, 110850. [Google Scholar] [CrossRef]

	



Dossou, S.S.K.; Luo, Z.; Wang, Z.; Zhou, W.; Zhou, R.; Zhang, Y.; Li, D.; Liu, A.; Dossa, K.; You, J.; et al. The Dark Pigment in the Sesame (Sesamum indicum L.) Seed Coat: Isolation, Characterization, and Its Potential Precursors. Front. Nutr. 2022, 9, 858673. [Google Scholar] [CrossRef]

	



Panzella, L.; Eidenberger, T.; Napolitano, A.; d’Ischia, M. Black Sesame Pigment: DPPH Assay-Guided Purification, Antioxidant/Antinitrosating Properties, and Identification of a Degradative Structural Marker. J. Agric. Food Chem. 2012, 60, 8895–8901. [Google Scholar] [CrossRef]

	



Misra, S.; Pandey, P.; Panigrahi, C.; Mishra, H.N. A Comparative Approach on the Spray and Freeze Drying of Probiotic and Gamma-Aminobutyric Acid as a Single Entity: Characterization and Evaluation of Stability in Simulated Gastrointestinal Conditions. Food Chem. Adv. 2023, 3, 100385. [Google Scholar] [CrossRef]

	



Sahni, P.; Sharma, S.; Surasani, V.K.R. Influence of Processing and pH on Amino Acid Profile, Morphology, Electrophoretic Pattern, Bioactive Potential and Functional Characteristics of Alfalfa Protein Isolates. Food Chem. 2020, 333, 127503. [Google Scholar] [CrossRef]

	



Chen, Y.; Zhu, J.; Zhang, C.; Kong, X.; Hua, Y. Sesame Water-Soluble Proteins Fraction Contains Endopeptidases and Exopeptidases with High Activity: A Natural Source for Plant Proteases. Food Chem. 2021, 353, 129519. [Google Scholar] [CrossRef]

	



Orruño, E.; Morgan, M.R.A. Purification and Characterisation of the 7S Globulin Storage Protein from Sesame (Sesamum indicum L.). Food Chem. 2007, 100, 926–934. [Google Scholar] [CrossRef]

	



Nouska, C.; Deligeorgaki, M.; Kyrkou, C.; Michaelidou, A.-M.; Moschakis, T.; Biliaderis, C.G.; Lazaridou, A. Structural and Physicochemical Properties of Sesame Cake Protein Isolates Obtained by Different Extraction Methods. Food Hydrocoll. 2024, 151, 109757. [Google Scholar] [CrossRef]

	



Zhou, J.; Li, T.; Peydayesh, M.; Usuelli, M.; Lutz-Bueno, V.; Teng, J.; Wang, L.; Mezzenga, R. Oat Plant Amyloids for Sustainable Functional Materials. Adv. Sci. 2022, 9, 2104445. [Google Scholar] [CrossRef]

	



Afify, A.E.-M.M.R.; Rashed, M.M.; Mahmoud, E.A.; El-Beltagi, H.S. Effect of Gamma Radiation on Protein Profile, Protein Fraction and Solubility’s of Three Oil Seeds: Soybean, Peanut and Sesame. Not. Bot. Horti Agrobot. Cluj-Napoca 2011, 39, 90–98. [Google Scholar] [CrossRef]

	



Idowu, A.O.; Alashi, A.M.; Nwachukwu, I.D.; Fagbemi, T.N.; Aluko, R.E. Functional Properties of Sesame (Sesamum indicum L.) Seed Protein Fractions. Food Prod. Process. Nutr. 2021, 3, 4. [Google Scholar] [CrossRef]

	



Tai, S.S.K.; Lee, T.T.T.; Tsai, C.C.Y.; Yiu, T.-J.; Tzen, J.T.C. Expression Pattern and Deposition of Three Storage Proteins, 11S Globulin, 2S Albumin and 7S Globulin in Maturing Sesame Seeds§. Plant Physiol. Biochem. 2001, 39, 981–992. [Google Scholar] [CrossRef]

	



Yang, J.; Kornet, R.; Diedericks, C.F.; Yang, Q.; Berton-Carabin, C.C.; Nikiforidis, C.V.; Venema, P.; van der Linden, E.; Sagis, L.M.C. Rethinking Plant Protein Extraction: Albumin—From Side Stream to an Excellent Foaming Ingredient. Food Struct. 2022, 31, 100254. [Google Scholar] [CrossRef]

	



Hu, A.; Li, L. Effect Mechanism of Ultrasound Pretreatment on Fibrillation Kinetics, Physicochemical Properties and Structure Characteristics of Soy Protein Isolate Nanofibrils. Ultrason. Sonochem. 2021, 78, 105741. [Google Scholar] [CrossRef]

	



Xu, Z.; Wang, X.; Gao, Y.; Zhang, Y.; Jiang, L.; Sui, X. Structural Insights into Acidic Heating-Induced Amyloid Fibrils Derived from Soy Protein as a Function of Protein Concentration. Food Hydrocoll. 2023, 145, 109085. [Google Scholar] [CrossRef]

	



Yu, Z.; Li, N.; Liu, Y.; Zhang, B.; Zhang, M.; Wang, X.; Wang, X. Formation, Structure and Functional Characteristics of Amyloid Fibrils Formed Based on Soy Protein Isolates. Int. J. Biol. Macromol. 2024, 254, 127956. [Google Scholar] [CrossRef] [PubMed]

	



Gade Malmos, K.; Blancas-Mejia, L.M.; Weber, B.; Buchner, J.; Ramirez-Alvarado, M.; Naiki, H.; Otzen, D. ThT 101: A Primer on the Use of Thioflavin T to Investigate Amyloid Formation. Amyloid 2017, 24, 1–16. [Google Scholar] [CrossRef]

	



Liu, C.; Wu, D.; Wang, P.; McClements, D.J.; Cui, S.; Liu, H.; Leng, F.; Sun, Q.; Dai, L. Study on the Formation Mechanism of Pea Protein Nanofibrils and the Changes of Structural Properties of Fibril under Different pH and Temperature. Food Hydrocoll. 2024, 150, 109735. [Google Scholar] [CrossRef]

	



Liu, J.; Tang, C.-H. Heat-Induced Fibril Assembly of Vicilin at pH 2.0: Reaction Kinetics, Influence of Ionic Strength and Protein Concentration, and Molecular Mechanism. Food Res. Int. 2013, 51, 621–632. [Google Scholar] [CrossRef]

	



Martínez-Velasco, A.; Lobato-Calleros, C.; Hernández-Rodríguez, B.E.; Román-Guerrero, A.; Alvarez-Ramirez, J.; Vernon-Carter, E.J. High Intensity Ultrasound Treatment of Faba Bean (Vicia faba L.) Protein: Effect on Surface Properties, Foaming Ability and Structural Changes. Ultrason. Sonochem. 2018, 44, 97–105. [Google Scholar] [CrossRef]

	



Herneke, A.; Lendel, C.; Johansson, D.; Newson, W.; Hedenqvist, M.; Karkehabadi, S.; Jonsson, D.; Langton, M. Protein Nanofibrils for Sustainable Food–Characterization and Comparison of Fibrils from a Broad Range of Plant Protein Isolates. ACS Food Sci. Technol. 2021, 1, 854–864. [Google Scholar] [CrossRef]

	



Song, Y.; Li, T.; Zhang, X.; Wang, L. Investigating the Effects of Ion Strength on Amyloid Fibril Formation of Rice Proteins. Food Biosci. 2023, 51, 102068. [Google Scholar] [CrossRef]

	



Yang, Q.; Wang, Y.-R.; Du, Y.-N.; Chen, H.-Q. Comparison of the Assembly Behavior and Structural Characteristics of Arachin and Conarachin Amyloid-like Fibrils. Food Hydrocoll. 2023, 138, 108479. [Google Scholar] [CrossRef]

	



Farrokhi, F.; Badii, F.; Ehsani, M.R.; Hashemi, M. Functional and Thermal Properties of Nanofibrillated Whey Protein Isolate as Functions of Denaturation Temperature and Solution pH. Colloids Surf. A Physicochem. Eng. Asp. 2019, 583, 124002. [Google Scholar] [CrossRef]

	



Mohammadian, M.; Madadlou, A. Characterization of Fibrillated Antioxidant Whey Protein Hydrolysate and Comparison with Fibrillated Protein Solution. Food Hydrocoll. 2016, 52, 221–230. [Google Scholar] [CrossRef]

	



Wei, Z.; Huang, Q. Impact of Covalent or Non-Covalent Bound Epigallocatechin-3-Gallate (EGCG) on Assembly, Physicochemical Characteristics and Digestion of Ovotransferrin Fibrils. Food Hydrocoll. 2020, 98, 105314. [Google Scholar] [CrossRef]

	



Zhang, M.; Zhao, J.; Zheng, J. Molecular Understanding of a Potential Functional Link between Antimicrobial and Amyloid Peptides. Soft Matter 2014, 10, 7425–7451. [Google Scholar] [CrossRef] [PubMed]

	



Elias, R.J.; Kellerby, S.S.; Decker, E.A. Antioxidant Activity of Proteins and Peptides. Crit. Rev. Food Sci. Nutr. 2008, 48, 430–441. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Mezzenga, R. Food Protein Amyloid Fibrils: Origin, Structure, Formation, Characterization, Applications and Health Implications. Adv. Colloid Interface Sci. 2019, 269, 334–356. [Google Scholar] [CrossRef] [PubMed]

	



Paul, A.; Kalita, S.; Kalita, S.; Sukumar, P.; Mandal, B. Disaggregation of Amylin Aggregate by Novel Conformationally Restricted Aminobenzoic Acid Containing α/β and α/γ Hybrid Peptidomimetics. Sci. Rep. 2017, 7, 40095. [Google Scholar] [CrossRef] [PubMed]

	



Wu, J.W.; Liu, K.-N.; How, S.-C.; Chen, W.-A.; Lai, C.-M.; Liu, H.-S.; Hu, C.-J.; Wang, S.S.-S. Carnosine’s Effect on Amyloid Fibril Formation and Induced Cytotoxicity of Lysozyme. PLoS ONE 2013, 8, e81982. [Google Scholar] [CrossRef] [PubMed]

	



Lassé, M.; Ulluwishewa, D.; Healy, J.; Thompson, D.; Miller, A.; Roy, N.; Chitcholtan, K.; Gerrard, J.A. Evaluation of Protease Resistance and Toxicity of Amyloid-like Food Fibrils from Whey, Soy, Kidney Bean, and Egg White. Food Chem. 2016, 192, 491–498. [Google Scholar] [CrossRef] [PubMed]

	



Markstedt, K.; Mantas, A.; Tournier, I.; Martínez Ávila, H.; Hägg, D.; Gatenholm, P. 3D Bioprinting Human Chondrocytes with Nanocellulose–Alginate Bioink for Cartilage Tissue Engineering Applications. Biomacromolecules 2015, 16, 1489–1496. [Google Scholar] [CrossRef]

	



Amin, K.; Dannenfelser, R.-M. In Vitro Hemolysis: Guidance for the Pharmaceutical Scientist. J. Pharm. Sci. 2006, 95, 1173–1176. [Google Scholar] [CrossRef]








[image: Foods 13 02281 g001] 





Figure 1. Schematic depiction of the preparation of sesame seed protein isolates via alkaline extraction and isoelectric point precipitation (AE-IP) and sesame seed globulin via alkaline extraction, fractionation, and isoelectric point precipitation (AE-F-IP). 
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Figure 2. Physical appearance of defatted sesame seed meal (DSSM), sesame seed protein isolate (SSPI), and sesame seed globulin (SSG) powder samples. 
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Figure 3. SEM images of sesame seed protein isolate, SSPI (a1–a3) and sesame seed globulin, SSG (b1–b3). Both SSPI and SSG were prepared from defatted black sesame seed meal. 
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Figure 4. Tricine SDS-PAGE gel image of sesame proteins separated under non-reducing conditions and stained with Coomassie brilliant blue G. Marker: low molecular weight protein standard, DSSM: defatted black sesame seed meal, SSPI: sesame seed protein isolate, and SSG: sesame seed protein globulin. 
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Figure 5. TEM images of sesame protein amyloid species after fibrillation for 24 h at pH 2 and 80 °C: (a) SSPI amyloid species prepared from 3% w/w protein solution without ultrasonication treatment; (b) Image of SSPI amyloid species at higher magnification; (c) SSPI amyloid species prepared from 3% w/w protein solution with ultrasonication treatment; (d) SSG amyloid species prepared from 3% w/w protein solution without ultrasonication treatment. 
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Figure 6. Tricine-SDS-PAGE profiles of (a) sesame seed globulin and (b) sesame seed protein isolate incubated at pH 2.0 and 90 °C depicting the gradual hydrolysis of the proteins with the increase in time (0 to 24 h). ThT fluorescence intensity of (c) SSG and (d) SSPI solutions, pH 2.0, subjected to aggregation by heating (90 °C) for 2, 4, 8, 12, 18, and 24 h. Different lowercase letters represent values that are significantly different (p < 0.05). 
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Figure 7. (a) FTIR spectra of sesame proteins (SSPI and SSG) and amyloid-based nanostructures (SSPAN and SSGAN) revealing noticeable peaks in the Amide I and Amide II regions; (b) relative content of secondary structure in the Amide I band obtained from the relative area of corresponding Gaussian components, i.e., size of each resolved peak in percent. 
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Figure 8. (a) Solubility of sesame protein isolate, globulin, and amyloid fibrils under different pH conditions; (b) Surface hydrophobicity of sesame protein samples. Different lowercase letters (e.g., a, b, c) on the columns represent values that are significantly different from each other (p < 0.05). 
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Figure 9. The water holding capacity (WHC) and oil holding capacity (OHC) of sesame seed protein isolate (SSPI), sesame seed globulin (SSG), as well as their respective amyloid nanostructures, SSPAN and SSGAN. Different lowercase letters (e.g., a, b, c) on the columns represent values that are significantly different from each other (p < 0.05). 
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Figure 10. Radical scavenging activity of sesame seed proteins and amyloid nanostructure against the following: (a) DPPH; (b) ABTS radicals. 
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Figure 11. Effect of SSGAN and SSPAN on viability of (a) murine macrophage RAW264.7 and (b) human keratinocyte HaCaT cells 24 h after treatment; (c) Hemolytic effect of SSGAN and SSPAN on rat red blood cells (insert depicts image of the sample treated erythrocyte suspension after centrifugation at 1500 rpm for 10 min. a–e represent samples treated with 0–1000 µg/mL protein amyloid, whereas f connotes sample treated with distilled water only). 
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Table 1. Protein extraction, yield, and recovery rate of defatted black sesame seed protein samples.
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	Sample
	Protein Content (%)
	Yield (%)
	Recovery Rate (%)





	DSSM
	34.18 ± 0.47 a
	-
	-



	SSPI
	78.92 ± 0.53 b
	21.53 ± 1.22 c
	49.71 ± 0.98 b



	SSG
	83.42 ± 1.81 c
	16.33 ± 0.91 d
	39.86 ± 0.76 a







Different superscript letters within the same column represent mean values that are significantly different (p < 0.05).













 





Table 2. Colorimetric parameters of defatted black sesame seed protein samples.
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	Sample
	L*
	a*
	b*
	ΔE





	DSSM
	44.92 ± 0.31 a
	0.40 ± 0.05 c,d
	5.02 ± 0.08 a
	-



	SSPI
	33.39 ± 0.07 b
	0.11 ± 0.04 c,d,e
	4.40 ± 0.40 b
	11.66 ± 0.37 a



	SSG
	33.24 ± 0.29 b
	−0.38 ± 0.01 c,e
	3.37 ± 0.05 c
	11.83 ± 0.32 a







Different superscript letters within the same column represent mean values that are significantly different (p < 0.05).
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