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Abstract

:

Depending on the temperature regime used during roasting, the biochemical and sensory characteristics of macadamia nuts can change. ‘A4′ and ‘Beaumont’ were used as model cultivars to examine how roasting temperatures affected the chemical and sensory quality of macadamia nuts. Using a hot air oven dryer, macadamia kernels were roasted at 50, 75, 100, 125, and 150 °C for 15 min. The quantity of phenols, flavonoids, and antioxidants in kernels roasted at 50, 75, and 100 °C was significant (p < 0.001); however, these kernels also had high levels of moisture content, oxidation-sensitive unsaturated fatty acids (UFAs), and peroxide value (PV), and poor sensory quality. Low moisture content, flavonoids, phenols, antioxidants, fatty acid (FA) compositions, high PV, and poor sensory quality—i.e., excessive browning, an exceptionally crunchy texture, and a bitter flavor—were all characteristics of kernels roasted at 150 °C. With a perfect crispy texture, a rich brown color, and a strong nutty flavor, kernels roasted at 125 °C had lower PV; higher oxidation-resistant UFA compositions; considerable concentrations of flavonoids, phenols, and antioxidants; and good sensory quality. Therefore, ‘A4′ and ‘Beaumont’ kernels could be roasted at 125 °C for use in the industry to improve kernel quality and palatability.
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1. Introduction


According to [1,2], macadamia (Macadamia integrifolia) is the top-ranking nut in the world and is frequently consumed either roasted or as an ingredient in different confectionery items. The widespread intake of macadamia nuts may be attributed to its high nutritional value and alleged health benefits, which include reducing the risk of type 2 diabetes and cardiovascular disease [3,4,5]. These health advantages are linked to low cholesterol levels, a high oil content (69–78%) that is rich in monounsaturated fatty acids (80%), primarily oleic (60%) and palmitoleic (20%) acids, and antioxidants due to a number of phytochemicals and polyphenols also present in kernels [2,5,6,7,8,9]. The beneficial macronutrients protein, dietary fiber, vital minerals, vitamin E, and plant sterols are also abundant in macadamia [10]. Macadamia nuts are especially sensitive to hydrolytic and oxidative rancidity when they contain significant levels of free moisture because they have a high proportion of monounsaturated fatty acids [11,12].



According to [13,14], roasting is one of the best processing techniques for maintaining the quality of nuts and increasing their overall palatability. Kernels underwent sensory and chemical modifications as a result of this processing technique [15]. Through non-enzymatic reactions such as Maillard browning, it enhances the color, flavor, aroma, and texture of the nuts [16,17,18]. The pyrazines and pyridine compounds that give roasted nuts their characteristic brown color are byproducts of the Maillard reaction, which requires reducing sugars to react with amino acids to produce browning products [12,16,19].



The Maillard process occurs during roasting and produces a variety of volatile chemicals that give kernels their flavor and aroma [15,20]. According to [21], pyrazines, furans, and pyrroles are crucial elements of the scent of roasted kernels. Pyrazines are produced during heating by Strecker degradation and Maillard sugar–amine reactions [12]. Pyrazines feature nutty and roasted odors. Compared to raw kernels, roasted kernels have a crispier texture and a more delicate, distinctively nutty flavor that makes them more popular for consumption [13,22]. Additionally, roasting deactivates the oxidative enzyme system (lipoxygenic enzymes), lowers moisture content, and, as a result, gets rid of germs while minimizing degradative reactions such as lipid oxidation, which has antioxidant activity [18,22].



The sensory attributes, nutritional value, and lipid quality of nuts can all be impacted by roasting, despite the fact that roasting has numerous positive effects [23]. Furthermore, excessive roasting or high temperatures can promote lipid oxidation and non-enzymatic browning reactions, which can decrease the nutritional value of food by causing the loss of essential fatty acids, essential amino acids, and carbohydrates [23,24]. Additionally, this may hasten the occurrence of lipid oxidation, sometimes referred to as oxidative rancidity. According to [25], these chemical modification reactions may lead to the production of hazardous chemicals in nuts that may be harmful to consumers’ health. Due to their high fat content and susceptibility to oxidation, macadamia nuts require low roasting temperatures [5,26]. The nut industry defines mild temperature as a range of 30 to 180 °C, during which roasting is performed for 15 to 60 min using a variety of techniques, including infrared heating, radio frequency and microwave dielectric processes, commercial electrical ovens, and so on [22,23,27]. However, little is known about the effect of mild roasting temperatures on the sensory and chemical quality of macadamia kernels. Therefore, the objective of this study was to evaluate the impact of different roasting temperatures on the sensory and biochemical quality of macadamia nuts.




2. Materials and Methods


2.1. Macadamia Samples


‘Beaumont’ and ‘A4′, two hybrids of Australian-bred Macadamia integrifolia cultivars, were taken from Elliot Farm’s commercial orchards in Port Shepstone, KwaZulu-Natal, South Africa (latitude: 30°44′28′′ S, longitude: 30°27′17′′ E, and elevation: 36 m). According to standard industry procedure, nuts were harvested during the early season (May 2017) and the late season (June 2017). For further processing, approximately 20 kg of nuts from each cultivar were gathered on each sample day and brought to the Ukulinga Research Farm of the University of KwaZulu-Natal (UKZN).




2.2. Dehusking, Drying, and Cracking Process


At UKZN’s Ukulinga Research Farm, dehusking was carried out on the same day as harvesting using a 01-one-lane dehusker from WMC Sheet Metal Works in Tzaneen, South Africa. Nuts-in-shell (NIS) were dried using a mechanical convection oven (RY-EB-550, Rongyao factory, Wuhan, China) at the UKZN Postharvest Research Laboratory for three days in a row, starting at 35 °C on the first day, 38 °C for the second day, and 50 °C for the third day, according to a method described by [28] with minor modifications. To prevent quality deterioration, these drying temperatures were chosen in accordance with nut industry practices [22,29]. The moisture level of the dried nuts was monitored, and they were only taken out of the oven when it reached 1.5%. Based on the initial and final (dry) weights, the moisture content of nuts was determined. According to [30], dry basis (db) calculations of moisture content in nuts were made using mass changes. According to [31], the moisture content was calculated as follows:


    MC   db   =    W i  −  W d     W d    × 100  



(1)




where MCdb is moisture content on a dry mass basis, and    W i      and    W d      are the initial and the dry sample weights, respectively. Additionally, using a commercial mechanical macadamia nutcracker (TZ-150 macadamia nut cracker, Alibaba Group Houlding (PTY) LTD, Hangzhou, China), macadamia nuts were mechanically cracked into wholes, halves, and bits. Only whole kernels were utilized in the experiment, and the shell and kernel were manually separated. The percentage of kernel recovery was computed and expressed as a percentage weight of the nut that is a kernel at 1.5% moisture content, with the rest being a shell (Equation (2)). Raw kernels are nuts that have been dried to a kernel moisture level of 1.5% for the purpose of dehusking and cracking [32].


  KR =    NIS    − Shell   NIS   × 100  



(2)




where KR is kernel recovery and NIS is nut-in-shell.




2.3. Roasting Process


The roasting process was carried out in accordance with [19] with minor modifications. Roasting temperatures were also selected based on industry norms for nuts in order to prevent quality degradation [18,22,23]. ‘A4′ and ‘Beaumont’ were used as two distinct cultivars during the early and late harvesting seasons. Only complete kernels with no visible faults were used for sampling. The kernels were roasted using a convection oven (RY-EB-550, Rongyao manufacture, Wuhan, China) for 15 min at 5 different temperatures, i.e., 50, 75, 100, 125, and 150 °C, at the Department of Horticultural Science Postharvest Laboratory of UKZN, South Africa. Raw kernels were used as the benchmark. For postharvest storage trials, commercial brown paper bags were filled with a randomly selected set of kernels, each weighing 2 kg and consisting of 15 replicates of each treatment, cultivar, and harvest season. After roasting, the sensory quality of the kernels was immediately assessed. The same day, the roasted kernels were ground into a fine powder and stored at −20 °C for future analysis using a Brabantia-table blender (BBEK 1051, Massdiscounter (Pty) Limited, Johannesburg, South Africa).




2.4. Quantification of Peroxide Value


Using a Brabantia-table blender (BBEK 1051, Massdiscounter (Pty) Limited, Johannesburg, South Africa), kernels were ground into a fine powder after roasting. The amount of kernel oil was quantified from ground sample material using a method similar to that of [33] with a few minor adjustments. Three grams of ground kernel sample were placed in a test tube with hexane (9.0 mL) before the test tube was immersed in an ultrasonic bath (Labotec, Model No. 132, Labotec (PTY) LTD, Johannesburg, South Africa) for 10 min. The test tube’s residual received another 6 mL of hexane after the supernatant was vacuum-filtered. The test tube was then filled with the Buchner funnel after being left for 5 min. Following filtering, the supernatant was dried with 15 mL of hexane using a GenVac® concentrator (SPScientific, Genevac LTD, Suffolk, UK) while maintaining the sample’s oil content. The remaining oil was measured and reported using its dry weight.



With a few minor adjustments, the peroxide value (PV) was calculated in accordance with [29]. In total, 20 mL of acetic acid/chloroform (3:2 v/v) was used to dissolve a 1 g sample of oil, and then a burette was used to add 1 mL of a saturated potassium iodide solution. Iodine was created after the reaction had occurred. Deionized water (50 mL) was added. Using a burette, iodine was titrated with Na2S2O3. The following formula was used to compute the peroxide value (expressed as milliequivalents of peroxide per kilogram of sample):


   PV       meq   per   kg    =      S    −    B    ×  N    × 1000    Sample   wt     g  × 1000    



(3)




where S = sample titration (µL); B = blank titration; N = normality of Na2S2O3.




2.5. Quantification of Fatty Acid Profile


With minor changes, the method described by [5,34] was used to determine fatty acids (FAs). First, 2 mL of hexane was added after the sample was weighed at 100 mg. As an internal standard, heptadecanoic (C17) was added (50 µL of 1000 ppm). The sample combination received 1 mL of 20% sulfuric acid in methanol solution. The mixture was then incubated for one hour in an oven that was kept at a temperature of 80 °C. The mixture was allowed to cool at room temperature after incubation. In order to extract the fatty acid methyl esters (FAMEs), 3 mL of 20% (w/v) NaCl was added. To facilitate phase separation, the materials were agitated firmly and then centrifuged. The upper hexane phase (hexane containing FAMEs) was transferred to a gas chromatograph (GC) vial.



GC (Trace1300, Thermo Scientific, Austin, Texas, USA) connected to a flame ionization detector (FID) was used to separate the FAMEs. A GC-FID system and a CTC Analytics PAL autosampler were connected. On a non-polar Stabil wax (60 m, 0.32 mm ID, 0.25 m film thickness), FAs were separated. In this experiment, 1 mL/min of helium was employed as the carrier gas. At 240 °C, the injector temperature was maintained. A 5:1 split ratio was used to inject 1 L of the material. The oven’s temperature was set to 50 °C for 2 min, then increased to 180 °C at a rate of 25 °C per minute and held for 2 min, 200 °C at a rate of 3 °C per minute and held for 5 min, and lastly 240 °C at a rate of 4 °C per minute and kept for 15 min. Using the Chrom-Card data system version 2.3 software for Windows (Thermo Electron, Rodano, Italy), each FA in the chromatogram was identified by comparing the retention times with certified standard mixes (Grain FAME Mix Supelco, Bellefonte, PA, USA; Catalog No: 47801) and quantified by the peak areas on the chromatogram. In terms of g of FA per g of total FAs, the results were expressed. The total fatty acids (TFA), the ratio of saturated to unsaturated fatty acids (SFA/MUFA), and the ratio of monounsaturated to polyunsaturated fatty acids (MUFA/PUFA) were all calculated using the fatty acid composition that was obtained [22].




2.6. Quantification of Free and Membrane-Bound Phenols


Phenols were identified using [35] as a guide, with a few minor modifications. One gram of each sample of roasted kernels was combined with ten milliliters of 99.8% (v/v) methanol and vortexed for thirty seconds. The mixture was then agitated for an additional night at room temperature in order to remove the free phenols. Following centrifugation of the mixture, the supernatant was filtered through Whatman® no. 1 filter paper, and the sample was once again washed with 10 mL of solvent until the solvent was clear. The remaining kernel residue was then effectively released from cell wall-bound phenols using acid hydrolysis. Each sample received 10 mL of 60% aqueous methanol that had been acidified (2 M hydrochloric acid) before being submerged in a hot water bath for 90 min. Supernatants were filtered through a 0.45 m filter after being allowed to cool in glass tubes. Gallic acid monohydrate was used as a standard in the spectrophotometric determination of the total phenolic concentration, and the result was expressed as mg OF gallic acid equivalents (GAE) kg−1 of sample dry weight (5 mL of distilled water + 1 mL of extract + 1 mL Folin–Ciocalteu reagent + 10 mL of 7% Na2CO3 + 8 mL of distilled water, left at room temperature overnight).




2.7. Quantification of Total Flavonoids Concentration


Using quercetin as a standard, the total flavonoid concentration was measured using aluminum chloride (AlCl3) in accordance with an established procedure (kernel extract prepared for phenolic concentration determination). This procedure was based on that provided by [36], with a few minor adjustments. In a glass tube, 0.10 mL of the kernel extract was added. The reaction mixture was then added, and 5% NaNO2 (0.03 mL) was added after that. It was let to stand at room temperature for 5 min. Then, 0.03 mL of 10% AlCl3 was added and allowed to react for 6 min before being mixed with 0.2 mL of 1 mM NaOH and diluted to 1 mL with purified water. At 510 nm, the absorbance of the reaction mixture was measured in comparison to methanol, which served as a blank. In terms of sample dry weight, the results were represented as mg quercetin kg−1.




2.8. Quantification of Total Antioxidants Activity


2.8.1. Free Radical Scavenging Capacity


The 2,2′-diphenyl-1-picrylhydrazyl (DPPH) free radical scavenging activity was assessed with some minor modifications from [37]. First, 1.94 mg of DPPH was dissolved in 50 mL of methanol to create the stock solution of the radical, which was then stored at −20 °C until usage. The DPPH stock solution was diluted with methanol to produce the working solution for the radical, which had an absorbance of around 0.98 (0.02) at 517 nm. In a polystyrene 4.5 mL cuvette, 20 L of gallic acid or sample extract was measured. Following the addition of 1 mL of 0.1 mM DPPH solution, which was carried out in the dark and covered with aluminum foil, the mixture received 800 L of 100% methanol and was left to remain at room temperature for 60 min. The results were represented as mg DPPH GAE kg−1 of sample dry weight after the absorbance was measured at 517 nm against an absolute methanol blank in low light.




2.8.2. 2,2′-Azinobis-3-ethylbenzothiazoline-6-sulfonic Acid (ABTS) Assay


The 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) concentration was calculated using [38] with a few minor adjustments. For evaluating the hydrophilic and lipophilic antioxidant fractions, respectively, a 7 mM solution of 2,2′-azinobis-3-ethylbenzothiazoline-6-sulfonic acid was made. The 7 mM ABTS solution was combined with 2.45 mM ammonium persulfate to create the ABTS radical cation (ABTS.+), which was then left to sit in the dark at room temperature for 3 to 6 h. After that, 10 mL of sample solution made from roasted material extracts in acetate buffer (pH 4.0) was added together with 1.0 mL of activated ABTS solution (A734 nm = 0.700 ± 0.5). The decrease in absorbance at 734 nm was recorded after 6 min and the results were expressed as mg ABTS GAE kg−1 of sample dry weight.





2.9. Sensory Evaluation


A randomized set of macadamia kernels were examined raw and immediately after roasting (50, 75, 100, 125 and 150 °C at the Department of Horticultural Science Postharvest Laboratory of UKZN. Samples were given to trained panelists ranging from the age of 25 to 44 to assess the quality of ‘A4′ and ‘Beaumont’kernels in terms of their texture, colour and taste [13,26,39]. The trained panelists employed in this study were 5 males and 5 females as described by similar studies where the panelists ranged between 7 and 12 in number [40,41,42]. Moreover, according to [13,39] with some minor modifications, the texture, colour, and taste of the kernels were evaluated using a 5-point scale as follows:Texture, where 1 denotes very hard, 2: hard, 3: slightly crispy, 4: crispy, and 5: very crispy; Colour, where 1 denotes very light, 2: light, 3: slightly brown, 4: brown, and 5: extremely brown and; Taste, where 1 denotes very nutty, 2: nutty, 3: slightly bitter, 4: bitter, and 5: extremely bitter.




2.10. Statistical Analysis


The collected data were subjected to analysis of variance (ANOVA) using GenStat statistical software (GenStat®, 18.1 edition, VSN International, Hemel Hempstead, UK) 18.1. Least significant difference values (LSD; p < 0.001) were calculated for mean separation.





3. Results and Discussion


3.1. Moisture Content


The ‘A4′ and ‘Beaumont’ cultivars’ kernel moisture content considerably (p < 0.001) reduced as the roasting temperature rose (Figure 1). ‘A4′ and ‘Beaumont’ kernels roasted at 50, 75, 100, and 125 °C exhibited substantial drops in moisture content of 1.474% and 1.432%, 1.429% and 1.4%, 1.393% and 1.318%, and 1.319% and 1.211%, respectively, whereas kernels roasted at 150 °C had the lowest moisture content of 1.218% and 1.025%, respectively. This might be caused by convectional roasting processes, where moisture is first removed from the kernel’s surface and then lost when water diffuses from the kernel’s inside to the dried surface [43]. Additionally, excessive moisture evaporation and the loss of volatile compounds may be due to the significant decrease in kernel moisture content at 150 °C. This problem is made worse by the reaction of free amino acids and short-chain peptides with free mono- and disaccharides during nonenzymatic browning, as well as the potential for protein denaturation and degradation when roasting nuts at temperatures above 130 °C [27]. These chemical alterations may have an impact on the sensory and chemical quality of the kernel [18,22,44]. As a result of using higher temperatures (150 °C) during roasting, Refs. [13,14,26] reported similar significant decreases in kernel moisture content from 2.4% to 1%.




3.2. Peroxide Value (PV)


The most-used metric to assess the degree of primary oxidation products, mostly hydroperoxides in edible oils, is the peroxide value [12,23]. According to [25,29], a number of variables, such as roasting temperature, levels of unsaturated fatty acids, the presence of enzymes, and antioxidant levels, may have an impact on the peroxide value, which is a sign of autoxidation (free radical reaction). Nut rancidity results from a reaction between the hydroperoxides produced by autoxidation and other nut components such as proteins and amino acids [45].



From Figure 2, it can be observed that the PV of ‘A4′ and ‘Beaumont’ kernels roasted at 50 °C (2.203 and 1.303 meq O2 kg−1), 75 °C (1.72 and 1.232 meq O2 kg−1), 100 °C (1.569 and 1.011 meq O2 kg−1), and 125 °C (1.161 and 0.947 meq O2 kg−1) significantly (p < 0.001) declined with increasing roasting temperatures. It is thought that kernels roasted at 125 °C have reduced PV, which is a sign of high quality. A high-quality macadamia product is defined by a low peroxide value of less than 1 meq O2 kg−1, which is deemed acceptable for a freshly refined fat and is categorized by a low oxidation state, according to [24,46]. Our findings are in line with those of [45], who found that when roasting temperature increased (from 110 to 120 °C), the PV of Canariumindicum L. (Burseraceae) kernels drastically dropped from 1.30 to 1 meq O2 kg−1.



Both cultivars ‘A4′ (1.727 meq O2 kg−1) and ‘Beaumont’ (1.682 meq O2 kg−1) saw an increase in PV after being roasted at 150 °C. This could be attributable to greater temperatures, which encourage the peroxide’s breakdown and polymerization into a variety of secondary compounds such as aldehydes and ketones [47]. According to [25], temperature has a significant impact on the rate at which edible oils oxidize and produce rancidity; the higher the temperature, the faster rancidity develops. Our findings concur with those of [23,44], who claimed that the increase in PV caused by thermal processing in sesame and walnuts, respectively, could be attributed to the rise in hydroperoxides caused by free radicals attacking the unsaturated fatty acids of oil. Our results indicate that roasting ‘A4′ and ‘Beaumont’ kernels at 150 °C should be avoided since [24,47] showed that the increase in PV may result in the development of detectable off-flavors.




3.3. Fatty Acids (FAs)


The FAME analysis of raw (control) and roasted kernels of ‘A4′ and ‘Beaumont’ macadamia nuts identified a total of thirteen individual FAs, among which oleic acid (C18:1n9c) and palmitoleic acid (C16:1) were predominant, followed by palmitic acid (C16:0), omega-6 (n-6), linoleic acid (C18:2n6c), stearic acid (C18:0), and cis-11-Eicosenoic acid (C20:1) (Table 1 and Table 2). Additionally, Table 1 and Table 2 display the total amount of fatty acids (TFAs) found in ‘A4′ and ‘Beaumont’ kernels. ‘A4′ had the highest concentration of TFAs. The majority of the fatty acids in both cultivars were monounsaturated fatty acids (MUFA), followed by polyunsaturated fatty acids (PUFAs) and saturated fatty acids (STAs). Moreover, (∑ n-6)/(∑ n-3) was high in both cultivars. The ratio of ∑ PUFA:∑ SFA was low in both cultivars. These findings are in agreement with [5,22], who reported these major FAs in raw and roasted kernels of macadamia nuts and hazelnuts, respectively.



Table 1 and Table 2 show that control kernels of ‘A4′ and ‘Beaumont’ significantly (p < 0.001) had the highest amounts of ∑ TFAs (1458.25 and 1165.55 µg/g), ∑ MUFAs (1250.10 and 959.68 µg/g), ∑ PUFAs (71.75 and 68.39), (∑ n-6)/(∑ n-3) (97.82 and 113.77 µg/g), linoleic acid (C18:2n6c) (64.34 and 52.70 µg/g), dihomo-γ-linolenic acid (C20:3n6) (5.26 and 15.22 µg/g), and omega-6 (n-6) (69.61 and 67.92 µg/g), respectively. The kernels are nutritious due to the large number of unsaturated fatty acids (UFAs), but they are also more prone to lipid peroxidation and rancidity, particularly when they have a high moisture content [5,48]. High kernel moisture content stimulates the breakdown of lipids into free fatty acids (FFAs), which leads to the creation of rancidity, as well as the growth of microfungi that produce deteriorating enzymes [49]. This is supported by Figure 1 and Figure 2, which demonstrate that the control kernels of ‘A4′ and ‘Beaumont’ had significantly (p < 0.001) greater PV (2.432 and 1.741 meq O2 kg−1) and moisture content (1.5 and 1.46%), respectively. These values are within the acceptable range but indicate kernel susceptibility to the development of rancidity [11,48]. Moreover, control kernels of ‘A4′ and ‘Beaumont’ had significantly (p < 0.001) high ∑ SFAs (136.40 and 137.48 µg/g) and lower ∑ PUFA: ∑ SFA (0.43 and 0.38 µg/g), respectively. Our findings are similar to [50], who reported a low ratio of ∑ USFA: ∑ SFA (0.11%) and high ∑ SFA (8.42%), attributed to the low content of linoleic acid content, probably as the result of its peroxidation [51].



With higher roasting temperatures, the fatty acid contents of ‘A4′ and ‘Beaumont’ kernels significantly (p < 0.001) reduced (Table 1 and Table 2). This could be explained by the enzymes becoming inactive during roasting, which also results in a decrease in the activity of the lipase enzyme and moisture content [52]. Additionally, ‘A4′ and ‘Beaumont’ kernels roasted at 150 °C demonstrated a further drop and a smaller number of FA components. According to [52], excessive roasting at temperatures above 150 °C could hasten the oxidation of lipids. ‘A4′ and ‘Beaumont’ kernels roasted at 150 °C had considerably (p < 0.001) lower levels of linoleic acid (C18:2n6c) of 0.01 and 0.09 g/g, respectively. According to [43], the breakdown of linoleic acid during heating processes might result in the production of aliphatic aldehydes such as 2-heptenal and nonanal, which are to blame for the emergence of bad flavors and odors in nuts [49]. According to the Southern African Macadamia Growers Association (SAMAC), 1.73 and 1.69 meq O2 kg−1 of the ‘A4′ and ‘Beaumont’ kernels, respectively, roasted at 150 °C had significantly (p < 0.001) higher PV, which is within the acceptable limit, but illustrates the vulnerability of kernels to the development of rancidity [48].



Additionally, ‘A4’ and ‘Beaumont’ kernels roasted at 125 °C exhibited considerably (p < 0.001) the largest concentrations of oleic acid (C18:1n9c) (751.97 and 624.92 g/g) and palmitoleic acid (C16:1) (472.96 and 340.36 g/g), respectively. This may be because some FAs are released when kernels are roasted at 125 °C, resulting in the synthesis of Maillard and caramelization browning products [18]. Oleic acid-rich oils are less likely to experience lipid oxidation [53]. ‘A4’ and ‘Beaumont’ kernels roasted at 125 °C contained significantly (p < 0.001) more oleic acid (C18:1n9c) (800.97 and 624.92 ug/g) and lower linoleic acid (C18:2n6c) (32.74 and 22.02 ug/g), respectively. Higher temperature during roasting can result to degradation of unsaturated fatty acids [54]. Ref. [55] observed from their study on the stability and change in fatty acids composition of several oils that oils rich in linoleic and linolenic acids are less heat-tolerant compared to those rich in oleic acid (C18:1). In their study, the oils rich in oleic acid remained relatively stable during heat treatment temperatures between 150 and 180°C [55]. Thus, this could be the case for the Oleic Acids and lower linolenic acids observed when nuts were roasted at 125 °C.



Moreover, ‘A4’ and ‘Beaumont’ kernel roasted at 125 °C are less prone to lipid oxidation and the formation of rancidity. ‘A4’ and ‘Beaumont’ kernels roasted at 125 °C had significantly (p < 0.001) reduced PV (1.16 and 0.95 meq O2 kg−1, respectively), proving this. These PV show that the kernels are fresh and do not taste rancid because they are within the minimal permissible level (1–3 meq O2 kg−1) [11,48].




3.4. Phenolic Concentration


Phenolic concentration was discovered to be inversely correlated with flavonoid concentration, with phenolic concentrations of ‘A4′ and ‘Beaumont’ roasted at 50 °C (0.096 and 0.143 mg GAE kg−1), 75 °C (0.095 and 0.137 mg GAE kg−1), 100 °C (0.089 and 0.130 mg GAE kg−1), 125 °C (0.082 and 0.127 mg GAE kg−1), and 150 °C (0.038 and 0.087 mg GAE kg−1). The majority of phenolic chemicals, according to [56], are extremely unstable and may be lost during processing. In accordance with [44], who reported that roasting temperatures above 130 °C lead to a gradual decrease in total phenolic concentration as a result of thermal and oxidative degradation of polyphenols and intermediate products of the brown reaction, it can be seen from Figure 3 that roasting ‘A4′ and ‘Beaumont’ kernels at 150 °C further reduced phenolic concentration. In pine nuts roasted at 150 °C, Ref. [52] similarly found a comparable decline in total phenolics, which they hypothesized would be caused by heat stress-induced thermal breakdown of phenolic compounds. Additionally, Ref. [57] observed that rancidity, oxidation, and hydrolysis could all contribute to the breakdown of phenols at high roasting temperatures. This confirms our findings even more, as Figure 2 demonstrates that kernels roasted at 150 °C had high PV within the permissible range, but also suggests that these kernels are more prone to developing rancidity [24].




3.5. Flavonoid Concentration


With increasing roasting temperature, the flavonoid concentrations of ‘A4′ and ‘Beaumont’ kernels decreased significantly (p < 0.001) (0.071 and 0.097 mg quercetin kg−1, 0.071 and 0.089 mg quercetin kg−1, 0.067 and 0.075 mg quercetin kg−1, 0.066 and 0.071 mg quercetin kg−1, and 0.053 and 0.067 mg quercetin kg−1). According to [58], depending on the temperatures used to roast items, the concentration of flavonoids in food and their functional qualities may change during thermal processing [59,60]. According to [16], some antioxidants are lost during roasting as a result of chemical processes such as the Maillard browning reaction. In our study, roasting the ‘A4′ and ‘Beaumont’ kernels at 150 °C further decreased the flavonoid content (Figure 3). This may also be due to the kernels’ vulnerability to rancidity after being roasted at 150 °C, as shown by their high PV levels (Figure 2), which may encourage nutritional loss and the emergence of bad flavors [61]. Given that the synthesis and polymerization of 5-hydroxymethylfurfural (HMF) are accelerated at low moisture content, the drop in flavonoid concentration at 150 °C may also be attributable to hydrolytic mechanisms. This is consistent with our findings, as Figure 1 demonstrates that the lowest moisture level was found in kernels roasted at 150 °C, which may have facilitated the loss of flavonoids during roasting. According to [62], high roasting temperatures may cause intracellular water to evaporate, resulting in significant changes in the chemical composition, including the formation of protein, amino acids, reducing sugars, sucrose, trigonelline, chlorogenic acid, and melanoidins, which are primarily caused by Maillard reactions. The loss of flavonoids could come from several chemical processes. Our results are consistent with those of [60], who found that apricot kernels roasted at 720 W (24.56 mg CE/g DW) had lower flavonoid concentrations than those roasted at 540 W (32.41 mg CE/g DW), presumably due to heat stress.




3.6. Antioxidant Activity (DPPH (2,2′Diphenyl1-picrylhydrazyl) and ABTS (2,2′-Azinobis-3-ethylbenzothiazoline-6-sulfonic Acid) Assay)


The decrease in flavonoids and phenols was accompanied by changes in antioxidant activity (Figure 3). ‘A4′ and ‘Beaumont’ cultivars’ antioxidant activity (DPPH and ABTS) significantly (p < 0.001) decreased with rising roasting temperature. Compared to kernels roasted at a higher temperature of 150 °C (0.003 and 0.005 ABTS mg GAE kg−1 and 0.001 and 0.006 DPPH mg GAE kg−1, respectively), ‘A4′ and ‘Beaumont’ kernels roasted at 50 °C had a high concentration of antioxidants (0.017 and 0.017 ABTS mg GAE kg−1 and 0.005 and 0.007 DPPH mg GAE kg−1). Ref. [63] reported a similar decrease in antioxidants in hazelnuts roasted at 180 °C, which may be due to the oxidation of phenols [64]. It is clear from Figure 4 that roasting ‘A4′ and ‘Beaumont’ kernels at 150 °C further reduced the antioxidant activity. Juhaimi et al. [60] showed that apricot kernels roasted at 720 W had decreased antioxidant activity, which may have been caused by phenolics being damaged by heat. Higher roasting temperatures, such as 160 °C, promote excessive browning in products commonly referred to as dark roast in beans and further reduce the total antioxidant activity due to oxidation, hydrolysis, decarboxylation, and other degradative chemical reactions, resulting in the degradation of the product’s sensory and chemical quality, according to [65,66]. This further corroborates our observations because kernels roasted at 150 °C displayed a notable rise in PV (Figure 2).




3.7. Sensory Evaluation


3.7.1. Kernel Texture


As the roasting temperature increased, ‘A4′ and ‘Beaumont’ kernels became considerably (p < 0.001) more crispy, which is thought to be a fundamental property of roasted kernels [67]. This might be a result of heat permeating the kernels, which would reduce moisture content and make the kernels crispy [68]. According to [69,70], the internal microstructure of samples is altered during roasting, producing a texture that is typically more brittle, crispy, and/or crunchy. The appealing crispy texture of the roasted kernels at 125 °C won the panelists’ favor. Our results are consistent with those of [71], who said that eight trained panelists preferred pistachio kernels that had been roasted at 120 °C because such kernels had the most appetizing crispy texture. According to [71,72,73], pistachio and soybean kernels roasted at lower temperatures (100 °C) had a hard texture that is less crispy. Figure 5A also demonstrates that kernels roasted at lower temperatures (50, 75, and 100 °C) had a hard texture. Heat stress caused unattractive excessive crispiness in ‘A4′ and ‘Beaumont’ kernels when they were roasted at 150 °C [13].




3.7.2. Kernel Color


Because brown pigments increase as the Maillard and caramelization reactions advance, color is one of the criteria that is employed for process control during roasting [71]. In addition, it serves as one of the most crucial characteristics of roasted nuts and a gauge of kernel flavor [67,68,74]. In our study, the panelists rated the color of the roasted kernels as poor because they had a light color, whereas roasting temperatures over 75 °C considerably (p < 0.001) improved the color of the kernels (Figure 5). The development of color due to pyrazines and pyridines compounds, which are recognizable products resulting from non-enzymatic browning reactions such as Maillard browning and caramelization, could be attributed to the browning of ‘A4′ and ‘Beaumont’ kernels with increasing temperatures [12,28,75]. Le Lagadec et al. [76] added that enzymatic and non-enzymatic processes that take place during roasting transform sucrose into the reducing sugars glucose and fructose. The Maillard reaction, which appears to be responsible for the browning of the kernels, is primarily made up of reducing sugars and amino acids [19]. According to our study, roasted kernels at 125 °C had the most desired brown color, whereas those at 150 °C were overly brown and therefore over-roasted [77]. Our results are consistent with those of [78], who found that roasting almond nuts over 150 °C caused the kernels to become darker in color. This darker color may be the consequence of a non-enzymatic reaction that happens when a reducing sugar and protein are cooked together [79].




3.7.3. Kernel Taste


The panelists felt that lower roasting temperatures of 50 and 75 °C lead to mildly nutty-tasting kernels, while roasting temperatures above 75 °C considerably (p < 0.001) improved kernel flavor (Figure 5). ‘A4′ and ‘Beaumont’ kernels roasted at 100 °C had a nutty taste, and kernels roasted at 125 °C had an extremely nutty taste, which might be related to the development of desired flavors through Maillard reactions during roasting [18,67]. According to [71], the chemical reactions that take place during roasting, such as the interaction of carbohydrates with proteins, lipids, and physiologically active compounds, result in the production of flavor and aroma. According to [17,76,80], benzaldehyde, methylphenol, and alkylbenzenes are flavor and aromatic chemicals that are produced during roasting and provide nuts a more palatable, improved, and robust nutty-roasted flavor. Additionally, kernels roasted at 125 °C had the lowest PV, indicating that there were no discernible off-flavors in the kernels [11]. Although [71] showed that higher roasting temperatures (150 °C) induced an increase in bitterness in pistachio kernels, the ‘A4′ and ‘Beaumont’ kernels were assessed as being extremely bitter. High roasting temperatures cause proteins and carbohydrates to alter, lipids to oxidize, and the flavor of kernels to become bitter [71]. High roasting temperatures (>150 °C), according to [81], impairs the stability of the hazelnuts’ proteins, carbohydrates, and oil. This reduces the overall palatability of the products and makes the kernels bitter. These findings are similar to those of Ref. [68], who observed that roasting peanuts at high temperatures (149 to 204 °C) caused a bitter taste because these temperatures cause the oxidation of secondary products such as aldehydes, ethanol, and ketones, which are linked to off-flavors. Additionally, kernels roasted at 150 °C had higher PV levels (Figure 2), an excessively crispy texture (Figure 5), and a dark brown color, all of which are signs of over-roasting and may lead to the development of unsavory compounds such as 5-hydroxymethylfurfural, which is linked to off-flavors or a bitter taste [18,71].






4. Conclusions


According to the results of the current study, although ‘A4′ and ‘Beaumont’ kernels roasted at low temperatures (50, 75, and 100 °C) had slightly elevated levels of flavonoids, phenols, and antioxidants, they also had higher moisture levels and FA composition, which promoted the development of rancidity, as indicated by higher levels of PV and poor kernel texture, color, and taste, as noted by trained panelists. The chemical and sensory qualities of macadamia nuts were greatly impacted by increasing roasting temperatures. ‘A4′ and ‘Beaumont’ kernels roasted at 125 °C had lower levels of rancidity (PV), high levels of oxidation-resistant FA compositions such as oleic acid, which delayed the rancidification process, and low levels of FA compositions, such as linoleic acid, which accelerated the oxidation process. Flavonoids, phenols, and antioxidants were significantly concentrated in the roasted kernels at 125 °C as well. Additionally, the judges said that roasted kernels at 125 °C had a perfectly crisp texture, a brown color, and were very nutty. However, a significant amount of rancidity; decreased content of flavonoids, phenols, and antioxidants; and an excessively crispy texture, a dark brown color, and a bitter flavor were present in kernels that were roasted at 150 °C. The results of this study, therefore, recommend roasting ‘A4′ and ‘Beaumont’ kernels at 125 °C to prevent rancidity and quality loss due to over-roasting. Additionally, because macadamia kernels quickly acquire rancidity, it is not advised to keep them fresh.







Author Contributions


Conceptualization, S.Z.T., L.S.M. and N.M.D.B.; Methodology, S.Z.T., L.S.M. and N.M.D.B.; Formal Analysis, N.M.D.B. Investigation, S.Z.T., L.S.M. and N.M.D.B.; Resources, S.Z.T. and L.S.M.; Writing—Original Draft Preparation, N.M.D.B.; Writing—Review and Editing, S.Z.T., L.S.M. and N.N.A.; Visualization, N.M.D.B. and N.N.A.; Supervision, S.Z.T., L.S.M. and A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Research Foundation (NRF), South Africa, Grant number: 142060.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Data is contained within the article.




Acknowledgments


The authors thank the National Research Foundation of South Africa for the financial support for this research project.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Eagappan, K.; Sasikumar, S. Research Article Therapeutic effects of nuts in various diseases. Int. J. Recent Sci. Res. 2014, 5, 191–192. [Google Scholar]

	



Navarro, S.L.B.; Rodrigues, C.E.C. Macadamia oil extraction methods and uses for the defatted meal byproduct. Trends Food Sci. Technol. 2016, 54, 148–154. [Google Scholar] [CrossRef]

	



Jiang, R.; Jacobs, D.R., Jr.; Mayer-Davis, E.; Szklo, M.; Herrington, D.; Jenny, N.S.; Kronmal, R.; Barr, R.G. Nut and seed consumption and inflammatory markers in the multi-ethnic study of atherosclerosis. Am. J. Epidemiol. 2005, 163, 222–231. [Google Scholar] [CrossRef] [PubMed]

	



Lovejoy, J.C. The impact of nuts on diabetes and diabetes risk. Curr. Diab. Rep. 2005, 5, 379–384. [Google Scholar] [CrossRef]

	



Rengel, A.; Pérez, E.; Piombo, G.; Ricci, J.; Servent, A.; Tapia, M.S.; Gibert, O.; Montet, D. Lipid profile and antioxidant activity of macadamia nuts (Macadamia integrifolia) cultivated in Venezuela. Nat. Sci. 2015, 7, 535–547. [Google Scholar]

	



Kaijser, A.; Dutta, P.; Savage, G. Oxidative stability and lipid composition of macadamia nuts grown in New Zealand. Food Chem. 2000, 71, 67–70. [Google Scholar] [CrossRef]

	



Moreno-Pérez, A.J.; Sánchez-García, A.; Salas, J.J.; Garcés, R.; Martínez-Force, E. Acyl-ACP thioesterases from macadamia (Macadamia tetraphylla) nuts: Cloning, characterization and their impact on oil composition. Plant Physiol. Biochem. 2011, 49, 82–87. [Google Scholar] [CrossRef]

	



Sinanoglou, V.J.; Kokkotou, K.; Fotakis, C.; Strati, I.; Proestos, C.; Zoumpoulakis, P. Monitoring the quality of γ-irradiated macadamia nuts based on lipid profile analysis and Chemometrics. Traceability models of irradiated samples. Food Res. Int. 2014, 60, 38–47. [Google Scholar] [CrossRef]

	



Oboh, G. Effect of blanching on the antioxidant properties of some tropical green leafy vegetables. LWT-Food Sci. Technol. 2005, 38, 513–517. [Google Scholar] [CrossRef]

	



Ros, E. Health benefits of nut consumption. Nutrients 2010, 2, 652–682. [Google Scholar] [CrossRef]

	



Borompichaichartkul, C.; Luengsode, K.; Chinprahast, N.; Devahastin, S. Improving quality of macadamia nut (Macadamia integrifolia) through the use of hybrid drying process. J. Food Eng. 2009, 93, 348–353. [Google Scholar] [CrossRef]

	



Phatanayindee, S.; Borompichaichartkul, C.; Srzednicki, G.; Craske, J.; Wootton, M. Changes of chemical and physical quality attributes of macadamia nuts during hybrid drying and processing. Dry. Technol. 2012, 30, 1870–1880. [Google Scholar] [CrossRef]

	



Nikzadeh, V.; Sedaghat, N. Physical and sensory changes in pistachio nuts as affected by roasting temperature and storage. Am.-Eur. J. Agric. Environ. Sci. 2008, 4, 478–483. [Google Scholar]

	



Shakerardekani, A.; Karim, R.; Ghazali, H.M.; Chin, N.L. Effect of roasting conditions on hardness, moisture content and colour of pistachio kernels. Int. Food Res. 2011, 18, 723–729. [Google Scholar] [CrossRef]

	



Saklar, S.; Katnas, S.; Ungan, S. Determination of optimum hazelnut roasting conditions. Int. J. Food Sci. Technol. 2001, 36, 271–281. [Google Scholar] [CrossRef]

	



McDaniel, K.A.; White, B.L.; Dean, L.L.; Sanders, T.H.; Davis, J.P. Compositional and mechanical properties of peanuts roasted to equivalent colors using different time/temperature combinations. J. Food Sci. 2012, 77, 1292–1298. [Google Scholar] [CrossRef]

	



Schlörmann, W.; Birringer, M.; Böhm, V.; Löber, K.; Jahreis, G.; Lorkowski, S.; Müller, A.K.; Schöne, F.; Glei, M. Influence of roasting conditions on health-related compounds in different nuts. Food Chem. 2015, 180, 77–85. [Google Scholar] [CrossRef]

	



Taş, N.G.; Gökmen, V. Maillard reaction and caramelization during hazelnut roasting: A multiresponse kinetic study. Food Chem. 2017, 221, 1911–1922. [Google Scholar]

	



Srichamnong, W.; Srzednicki, G. Internal discoloration of various varieties of Macadamia nuts as influenced by enzymatic browning and Maillard reaction. Sci. Hortic. 2015, 192, 180–186. [Google Scholar] [CrossRef]

	



Vázquez-Araújo, L.; Verdu, A.; Navarro, P.; Martínez-Sánchez, F.; Carbonell-Barrachina, Á.A. Changes in volatile compounds and sensory quality during toasting of Spanish almonds. Int. J. Food Sci. Technol. 2009, 4, 2225–2233. [Google Scholar] [CrossRef]

	



Vázquez-Araújo, L.; Enguix, L.; Verdú, A.; García-García, E.; Carbonell-Barrachina, A.A. Investigation of aromatic compounds in toasted almonds used for the manufacture of turrón. Eur. Food Res. Technol. 2008, 227, 243–254. [Google Scholar] [CrossRef]

	



Belviso, S.; Dal Bello, B.; Giacosa, S.; Bertolino, M.; Ghirardello, D.; Giordano, M.; Rolle, L.; Gerbi, V.; Zeppa, G. Chemical, mechanical and sensory monitoring of hot air-and infrared-roasted hazelnuts (Corylus avellana L.) during nine months of storage. Food Chem. 2017, 217, 398–408. [Google Scholar] [CrossRef] [PubMed]

	



Tonfack, D.F.; Selle, E.; Morfor, A.T.; Tiencheu, B.; Hako Touko, B.A.; Teboukeu Boungo, G.; Ndomou Houketchang, S.; Karuna, M.S.L.; Linder, M.; Ngoufack, F.Z. Effect of boiling and roasting on lipid quality, proximate composition, and mineral content of walnut seeds (Tetracarpidium conophorum) produced and commercialized in Kumba, South-West Region Cameroon. Food Sci. Nutr. 2018, 6, 417–423. [Google Scholar] [CrossRef] [PubMed]

	



Borompichaichartkul, C.; Chinprahast, N.; Devahastin, S.; Wiset, L.; Poomsa-Ad, N.; Ratchapo, T. Multistage heat pump drying of macadamia nut under modified atmosphere. Int. Food Res. J. 2013, 20, 2199–2203. [Google Scholar]

	



Süvari, M.; Sivri, G.T.; Öksüz, Ö. Effect of different roasting temperatures on acrylamide formation of some different nuts. J. Environ. Sci. Toxicol. Food Technol. 2017, 4, 38–43. [Google Scholar] [CrossRef]

	



Kita, A.; Figiel, A. Effect of roasting on properties of walnuts. Pol. J. Food Nutr. Sci. 2007, 57, 89–94. [Google Scholar]

	



Marzocchi, S.; Pasini, F.; Verardo, V.; Ciemniewska-Żytkiewicz, H.; Caboni, M.F.; Romani, S. Effects of different roasting conditions on physical-chemical properties of Polish hazelnuts (Corylus avellana L. var. Kataloński). LWT-Food Sci. Technol. 2017, 77, 440–448. [Google Scholar] [CrossRef]

	



Walton, D.A.; Randall, B.W.; Le Lagadec, M.D.; Wallace, H.M. Maintaining high moisture content of macadamia nuts-in-shell during storage induces brown centres in raw kernels. J. Sci. Food Agric. 2013, 93, 2953–2958. [Google Scholar] [CrossRef]

	



Walton, D.A.; Randall, B.W.; Poienou, M.; Nevenimo, T.; Moxon, J.; Wallace, H.M. Shelf life of tropical Canarium nut stored under ambient conditions. Horticulturae 2017, 3, 24. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhang, L.; Johnson, J.; Gao, M.; Tang, J.; Powers, J.R.; Wang, S. Developing hot air-assisted radio frequency drying for in-shell macadamia nuts. Food Bioprocess Technol. 2014, 7, 278–288. [Google Scholar] [CrossRef]

	



Khir, R.; Pan, Z.; Salim, A.; Hartsough, B.R.; Mohamed, S. Moisture diffusivity of rough rice under infrared radiation drying. LWT-Food Sci. Technol. 2011, 44, 1126–1132. [Google Scholar] [CrossRef]

	



Du Preez, A.B. Studies on Macadamia Nut Quality. Master’s Thesis, University of Stellenbosch, Cape Town, South Africa, 2015. [Google Scholar]

	



Meyer, M.D.; Terry, L.A. Development of a rapid method for the sequential extraction and subsequent quantification of fatty acids and sugars from avocado mesocarp tissue. J. Agric. Food Chem. 2008, 56, 7439–7445. [Google Scholar] [CrossRef]

	



Ling, B.; Hou, L.; Li, R.; Wang, S. Thermal treatment and storage condition effects on walnut paste quality associated with enzyme inactivation. LWT-Food Sci. Technol. 2014, 59, 786–793. [Google Scholar] [CrossRef]

	



Hertog, M.G.L.; Hollman, P.C.H.; Katan, M.B. Content of potentially anticarcinogenic flavonoids of 28 vegetables and 9 fruits commonly consumed in the Netherlands. J. Agric. Food Chem. 1992, 40, 2379–2383. [Google Scholar] [CrossRef]

	



Eghdami, A.; Sadeghi, F. Determination of total phenolic and flavonoids contents in methanolic and aqueous extract of Achillea millefolium. Org. Chem. J. 2010, 2, 81–84. [Google Scholar]

	



Ahmed, D.; Khan, M.M.; Saeed, R. Comparative analysis of phenolics, flavonoids, and antioxidant and antibacterial potential of methanolic, hexanic and aqueous extracts from Adiantum caudatum leaves. Antioxidants 2015, 4, 394–409. [Google Scholar] [CrossRef]

	



Tesfay, S.Z.; Bertling, I.; Bower, J.P. Effects of postharvest potassium silicate application on phenolics and other anti-oxidant systems aligned to avocado fruit quality. Postharvest Biol. Technol. 2011, 60, 92–99. [Google Scholar] [CrossRef]

	



Sanful, R.E. Production and sensory evaluation of tigernut beverages. Pak. J. Nutr. 2009, 8, 688–690. [Google Scholar] [CrossRef]

	



Srisawas, W.; Jindal, V.K. Sensory evaluation of cooked rice in relation to water-to-rice ratio and physicochemical properties. J. Texture Stud. 2007, 38, 21–41. [Google Scholar] [CrossRef]

	



De Angelis, D.; Kaleda, A.; Pasqualone, A.; Vaikma, H.; Tamm, M.; Tammik, M.L.; Summo, C. Physicochemical and sensorial evaluation of meat analogues produced from dry-fractionated pea and oat proteins. Foods 2020, 9, 1754. [Google Scholar] [CrossRef]

	



Chen, Y.; Fu, Y.; Li, P.; Xi, H.; Zhao, W.; Wang, D.; Xie, J. Characterization of Traditional Chinese Sesame Oil by Using Headspace Solid-Phase Microextraction/Gas Chromatography–Mass Spectrometry, Electronic Nose, Sensory Evaluation, and RapidOxy. Foods 2020, 11, 3555. [Google Scholar] [CrossRef] [PubMed]

	



Hojjati, M.; Lipan, L.; Carbonell-Barrachina, A. Effect of roasting on physicochemical properties of wild Almonds (Amygdalusscoparia). J. Am. Oil Chem. Soc. 2016, 93, 1211–1220. [Google Scholar] [CrossRef]

	



Tenyang, N.; Ponka, R.; Tiencheu, B.; Djikeng, F.T.; Azmeera, T.; Karuna, M.S.L.; Prasad, R.B.N.; Womeni, H.M. Effects of boiling and roasting on proximate composition, lipid oxidation, fatty acid profile and mineral content of two sesame varieties commercialized and consumed in Far-North Region of Cameroon. Food Chem. 2017, 221, 1308–1316. [Google Scholar] [CrossRef]

	



Bai, S.H.; Darby, I.; Nevenimo, T.; Hannet, G.; Hannet, D.; Poienou, M.; Grant, E.; Brooks, P.; Walton, D.; Randall, B. Effects of roasting on kernel peroxide value, free fatty acid, fatty acid composition and crude protein content. PLoS ONE 2017, 12, e0184279. [Google Scholar]

	



Walton, D. Anatomy and Handling: Implications for Macadamia Nut Quality. Ph.D. Thesis, University of the Sunshine Coast, Sunshine Coast, Australia, 2005. [Google Scholar]

	



Makeri, M.U.; Bala, S.M.; Kassum, A.S. The effects of roasting temperatures on the rate of extraction and quality of locally-processed oil from two Nigerian peanut (Arachis hypogea L.) cultivars. Afr. J. Food Sci. 2011, 5, 194–199. [Google Scholar]

	



Canneddu, G.; Júnior, L.C.C.; Teixeira, G.H. Quality evaluation of shelled and unshelled macadamia nuts by means of near-infrared spectroscopy (NIR). J. Food Sci. 2016, 81, 1613–1621. [Google Scholar] [CrossRef]

	



Pannico, A.; Schouten, R.E.; Basile, B.; Romano, R.; Woltering, E.J.; Cirillo, C. Non-destructive detection of flawed hazelnut kernels and lipid oxidation assessment using NIR spectroscopy. J. Food Eng. 2015, 160, 42–48. [Google Scholar] [CrossRef]

	



Ghirardello, D.; Contessa, C.; Valentini, N.; Zeppa, G.; Rolle, L.; Gerbi, V.; Botta, R. Effect of storage conditions on chemical and physical characteristics of hazelnut (Corylus avellana L.). Postharvest Biol. Technol. 2013, 81, 37–43. [Google Scholar] [CrossRef]

	



Redondo-Cuevas, L.; Castellano, G.; Torrens, F.; Raikos, V. Revealing the relationship between vegetable oil composition and oxidative stability: A multifactorial approach. J. Food Compos. Anal. 2018, 66, 221–229. [Google Scholar] [CrossRef]

	



Cai, L.; Cao, A.; Aisikaer, G.; Ying, T. Influence of kernel roasting on bioactive components and oxidative stability of pine nut oil. Eur. J. Lipid Sci. Technol. 2013, 115, 556–563. [Google Scholar] [CrossRef]

	



Asibuo, J.Y.; Akromah, R.; Adu-Dapaah, H.K.; Safo-Kantanka, O. Evaluation of nutritional quality of groundnut (Arachis hypogaea L.) from ghana. Afr. J. Food Agric. Nutr. Dev. 2008, 2, 133–150. [Google Scholar] [CrossRef]

	



Cherif, A.; Slama, A. Stability and Change in Fatty Acids Composition of Soybean, Corn, and Sunflower Oils during the Heating Process. J. Food Qual. 2022, 2022, 6761029. [Google Scholar] [CrossRef]

	



Suri, K.; Singh, B.; Kaur, A.; Singh, N. Impact of roasting and extraction methods on chemical properties, oxidative stability and Maillard reaction products of peanut oils. J. Food Sci. Technol. 2019, 56, 2436–2445. [Google Scholar] [CrossRef]

	



Jinap, S.; Jamilah, B.; Nazamid, S. Sensory properties of cocoa liquor as affected by polyphenol concentration and duration of roasting. Food Qual. Prefer. 2004, 15, 403–409. [Google Scholar]

	



Kotsiou, K.; Tasioula-Margari, M. Monitoring the phenolic compounds of Greek extra-virgin olive oils during storage. Food Chem. 2016, 200, 255–262. [Google Scholar] [CrossRef]

	



Kunyanga, C.N.; Imungi, J.K.; Okoth, M.W.; Biesalski, H.K.; Vadivel, V. Flavonoid content in ethanolic extracts of selected raw and traditionally processed indigenous foods consumed by vulnerable groups of Kenya: Antioxidant and type II diabetes-related functional properties. Int. J. Food Sci. Nutr. 2011, 62, 465–473. [Google Scholar] [CrossRef]

	



Randhir, R.; Kwon, Y.I.; Shetty, K. Effect of thermal processing on phenolics, antioxidant activity and health-relevant functionality of select grain sprouts and seedlings. Innov. Food Sci. Emerg. Technol. 2008, 9, 355–364. [Google Scholar] [CrossRef]

	



Juhaimi, F.A.; Özcan, M.M.; Ghafoor, K.; Babiker, E.E. The effect of microwave roasting on bioactive compounds, antioxidant activity and fatty acid composition of apricot kernel and oils. Food Chem. 2018, 243, 414–419. [Google Scholar] [CrossRef]

	



Chutichudet, B.; Chutichudet, P. Shading application on controlling the activity of polyphenol 6 oxidase and leaf browning of grand rapids’ lettuce. Int. J. Agric. Res. 2011, 6, 400–409. [Google Scholar] [CrossRef]

	



Duarte, S.M.d.S.; Abreu, C.M.P.d.; Menezes, H.C.d.; Santos, M.H.d.; Gouvêa, C.M.C.P. Effect of processing and roasting on the antioxidant activity of coffee brews. Food Sci. Technol. 2005, 25, 387–393. [Google Scholar] [CrossRef]

	



Açar, Ö.Ç.; Gökmen, V.; Pellegrini, N.; Fogliano, V. Direct evaluation of the total antioxidant capacity of raw and roasted pulses, nuts and seeds. Eur. Food Res. Technol. 2009, 229, 961–969. [Google Scholar] [CrossRef]

	



Ali, A.; Chong, C.H.; Mah, S.H.; Abdullah, L.C.; Choong, T.S.Y.; Chua, B.L. Impact of storage conditions on the stability of predominant phenolic constituents and antioxidant activity of dried Piper betle extracts. Molecules 2018, 23, 484. [Google Scholar] [CrossRef] [PubMed]

	



Votavová, L.; Voldrich, M.; Sevcik, R.; Cizkova, H.; Mlejnecka, J.; Stolar, M.; Fleisman, T. Changes of antioxidant capacity of robusta coffee during roasting. Czech J. Food Sci. 2009, 27, 49–52. [Google Scholar] [CrossRef]

	



Dybkowska, E.; Sadowska, A.; Rakowska, R.; Debowska, M.; Swiderski, F.; Swiader, K. Assessing polyphenols content and antioxidant activity in coffee beans according to origin and the degree of roasting. Rocz. Państ. Zakł. Hig. 2017, 68, 347–353. [Google Scholar]

	



Soleimanieh, S.M.; Eshaghi, M.; Vanak, Z.P. The effect of roasting method and conditions on physic chemicals and sensory properties of sunflower seed kernels. Int. J. Biosci. 2015, 6, 7–17. [Google Scholar]

	



Shi, X. Effects of Different Roasting Conditions on Peanut Quality. Ph.D. Thesis, North Carolina State University, Raleigh, NC, USA, 2015. [Google Scholar]

	



Lee, C.M.; Resurreccion, A.V.A. Predicting sensory attribute intensities and consumer acceptance of stored roasted peanuts using instrumental measurements. J. Food Qual. 2006, 29, 319–338. [Google Scholar] [CrossRef]

	



Boge, E.L.; Boylston, T.D.; Wilson, L.A. Effect of cultivar and roasting method on composition of roasted soybeans. J. Sci. Food Agric. 2009, 89, 821–826. [Google Scholar] [CrossRef]

	



Moghaddam, T.M.; Razavi, S.M.A.; Taghizadeh, M.; Sazgarnia, A. Sensory and instrumental texture assessment of roasted pistachio nut/kernel by partial least square (PLS) regression analysis: Effect of roasting conditions. J. Food Sci. Technol. 2016, 53, 370–380. [Google Scholar] [CrossRef]

	



Mridula, D.; Goyal, R.K.; Bhargav, V.K.; Manikantan, M.R. Effect of roasting on texture, colour and acceptability of soybean for making sattu. Am. J. Food Technol. 2007, 2, 265–272. [Google Scholar]

	



Jokanović, M.R.; Džinić, N.R.; Cvetković, B.R.; Grujić, S.; Odžaković, B. Changes of physical properties of coffee beans during roasting. Acta Period. Technol. 2012, 43, 21–31. [Google Scholar] [CrossRef]

	



Wang, S. Sensory and GC Profiles of Roasted Peanuts: Their Relationships to Consumer Acceptability and Changes during Short Storage. Ph.D. Thesis, University of Georgia, Athens, GA, USA, 2015. [Google Scholar]

	



Corzo-Martınez, M.; Corzo, N.; Villamiel, M.; Del Castillo, M.D. Browning reactions. Food Biochem. Food Process. 2012, 4, 56–83. [Google Scholar]

	



Le Lagadec, M.D. Kernel brown centres in macadamia: A review. Crop Pasture Sci. 2009, 60, 1117–1123. [Google Scholar] [CrossRef]

	



Borjian, B.M.; Goli, A.; Gharachourloo, M. Effect of roasted sesame oil on qualitative properties of frying oil during deep-fat frying. J. Agric. Sci. Technol. 2016, 18, 1531–1542. [Google Scholar]

	



Ng, S.; Lasekan, O.; Muhammad, K.; Sulaiman, R.; Hussain, N. Effect of roasting conditions on color development and Fourier transform infrared spectroscopy (FTIR-ATR) analysis of Malaysian-grown tropical almond nuts (Terminalia catappa L.). Chem. Centr. J. 2014, 8, 55. [Google Scholar] [CrossRef]

	



Kahyaoglu, T.; Kaya, S. Modeling of moisture, color and texture changes in sesame seeds during the conventional roasting. J. Food Eng. 2006, 75, 167–177. [Google Scholar] [CrossRef]

	



Xiao, L.; Lee, J.; Zhang, G.; Ebeler, S.E.; Wickramasinghe, N.; Seiber, J.; Mitchell, A.E. HS-SPME GC/MS characterization of volatiles in raw and dry-roasted almonds (Prunus dulcis). Food Chem. 2014, 151, 31–39. [Google Scholar] [CrossRef]

	



Özdemir, M. Mathematical Analysis of Color Changes and Chemical Parameters of Roasted Hazelnuts. Ph.D. Thesis, Istanbul Technical University, Institute of Science and Technology, Department of Food Engineering, Istanbul, Turkey, 2001. [Google Scholar]








[image: Foods 12 02116 g001 550] 





Figure 1. Moisture content of ‘A4′ and ‘Beaumont’ at different roasting temperatures. Different lowercase letters (a–f) indicate significant differences (p < 0.01) between the different roasting temperatures. 
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Figure 2. Peroxide value of ‘A4′ and ‘Beaumont’ at different roasting temperatures. Different lowercase letters (a–e) indicate significant differences (p < 0.01) between the different roasting temperatures. 
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Figure 3. Flavonoid (A) and phenolic (B) concentrations of ‘A4′ and ‘Beaumont’ kernels at different roasting temperatures. Different lowercase letters (a–g) indicate significant differences (p < 0.01) between the different roasting temperatures. 
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Figure 4. Antioxidant activity of ‘A4′ and ‘Beaumont’ at different roasting temperatures. Different lowercase letters (a–l) indicate significant differences (p < 0.01) between the different roasting temperatures. 
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Figure 5. Kernel texture (A), color (B), and taste (C) of ‘A4′ and ‘Beaumont’ at different roasting temperatures. Different lowercase letters (a–g) indicate significant differences (p < 0.01) between the different roasting temperatures. 
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Table 1. Fatty acid compositions (µg/g) of ‘A4′ macadamia kernels with different roasting temperature treatments.
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	RT
	Lauric Acid

(C12:0)
	Miristic Acid (C14:0)
	Palmitic Acid (C16:0)
	Stearic Acid (C18:0)
	Arachidic Acid (C20:0)
	Palmitoleic Acid (C16:1)
	Oleic Acid (C18:1n9c)





	Control
	1.99 ± 0.03 a
	8.43 ± 0.58 c
	83.31 ± 44.22 b
	42.67 ± 5.92 b
	27.25 ± 4.08 c
	469.71 ± 26.86 c
	709.66 ± 56.78 c



	50 °C
	1.91 ± 0.67 a
	7.06 ± 0.71 bc
	93.01 ± 28.95 b
	33.75 ± 2.97 ab
	20.98 ± 0.40 bc
	384.59 ± 24.75 b
	571.27 ± 28.00 b



	75 °C
	1.89 ± 0.09 a
	7.03 ± 0.85 bc
	94.29 ± 8.58 b
	33.77 ± 818 ab
	16.48 ± 3.07 ab
	286.80 ± 33.47 a
	496.32 ± 25.79 b



	100 °C
	2.69 ± 1.08 ab
	6.40 ± 0.57 ab
	94.10 ± 2.74 b
	22.03 ± 2.89 a
	16.74 ± 1.07 ab
	248.90 ± 33.61 a
	395.45 ± 28.17 a



	125 °C
	1.49 ± 0.06 a
	5.33 ± 0.44 ab
	96.28 ± 13.37 bc
	21.22 ± 3.09 a
	13.81 ± 1.77 ab
	472.96 ± 13.79 c
	800.97 ± 13.64 d



	150 °C
	1.45 ± 0.08 a
	4.67 ± 0.400 a
	63.71 ± 9.67 a
	20.54 ± 2.27 a
	12.22 ± 2.65 a
	214.16 ± 17.37 a
	357.42 ± 17.37 a



	RT
	Cis-11-Eicosenoic

acid (C20:1)
	Linoleic acid (C18:2n6c)
	Dihomo-γlinolenic acid (C20:3n6)
	Eicosatrienoic acid (C20:3n3)
	Omega-6 (n-6)
	Omega -3 (n-3)
	(∑ n-6)/(∑ n-3)



	Control
	43.48 ± 5.92 c
	64.34 ± 5.54 c
	5.26 ± 0.96 c
	2.14 ± 0.89 b
	69.61 ± 6.45 d
	2.14 ± 0.89 b
	97.82 ± 46.57 c



	50 °C
	32.91 ± 1.72 bc
	53.54 ± 6.52 bc
	2.58 ± 0.40 b
	1.05 ± 0.34 a
	56.12 ± 6.21 cd
	1.05 ± 0.34 ab
	86.34 ± 34.47 c



	75 °C
	27.22 ± 1.87 ab
	42.59 ± 1.21 ab
	2.02 ± 0.57 b
	0.83 ± 0.31 a
	44.62 ± 1.04 bc
	0.83 ± 0.31 ab
	94.63 ± 39.57 c



	100 °C
	ND
	34.67 ± 1.81 a
	1.30 ± 0.13 ab
	ND
	34.25 ± 0.86 a
	ND
	ND



	125 °C
	22.68 ± 1.43 a
	32.74 ± 1.89 a
	1.38 ± 0.54 ab
	1.55 ± 0.08 b
	34.80 ± 1.88 ab
	0.88 ± 0.08 ab
	23.31 ± 1.14 a



	150 °C
	22.51 ± 1.17 a
	33.83 ± 3.05 a
	0.01 ± 0.60 a
	1.56 ± 0.27 b
	35.74 ± 3.08 ab
	0.91 ± 0.27 ab
	44.58 ± 12.77 b



	RT
	∑ PUFA:∑ SFA
	∑ SFA
	∑ MUFA
	∑ PUFA
	∑ TFA
	
	



	Control
	0.65 ± 0.17 ab
	136.40 ± 39.87 c
	1250.10 ± 50.67 d
	71.75 ± 7.21 c
	1458.25 ± 37.18 e
	
	



	50 °C
	0.48 ± 0.11 a
	135.69 ± 27.83 c
	1009.74 ± 28.97 c
	57.17 ± 6.20 b
	1202.61 ± 15.31 d
	
	



	75 °C
	0.36 ± 0.03 a
	127.74 ± 18.06 c
	813.21 ± 25.38 b
	45.45 ± 1.25 ab
	986.40 ± 16.01 c
	
	



	100 °C
	0.39 ± 0.02 a
	92.72 ± 3.56 b
	650.84 ± 16.37 a
	35.64 ± 1.56 a
	779.20 ± 17.30 b
	
	



	125 °C
	0.55 ± 0.07 a
	73.04 ± 11.84 a
	651.27 ± 6.62 a
	34.75 ± 1.93 a
	631.51 ± 10.81 a
	
	



	150 °C
	0.43 ± 0.08 a
	90.41 ± 9.10 b
	700.68 ± 19.24 ab
	36.42 ± 3.28 ab
	727.52 ± 14.62 b
	
	







RT (roasting temperature), ∑ (sum), SFA (saturated fatty acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated fatty acids), PUFA:SFA (ratio of polyunsaturated fatty acids to saturated fatty acids), TFA (total fatty acids), ND (not detected). Values are the mean ± SE. Means within a column of the same parameter with different letters are significantly different (p < 0.001).
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Table 2. Fatty acid compositions (µg/g) of ‘Beaumont’ macadamia kernels with different roasting temperature treatments.
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	RT
	Lauric Acid (C12:0)
	Miristic Acid (C14:0)
	Palmitic Acid (C16:0)
	Stearic Acid (C18:0)
	Arachidic Acid (C20:0)
	Palmitoleic Acid (C16:1)
	Oleic Acid (C18:1n9c)





	Control
	1.88 ± 0.16 a
	7.61 ± 1.56 bc
	94.27 ± 19.48 b
	33.72 ± 4.76 bc
	13.90 ± 2.75 b
	336.75 ± 27.80 d
	602.10 ± 45.62 de



	50 °C
	1.94 ± 0.06 a
	8.92 ± 1.31 c
	115.89 ± 44.35 b
	35.97 ± 2.10 c
	19.99 ± 2.16 c
	271.77 ± 12.04 c
	543.08 ± 26.45 cd



	75 °C
	1.57 ± 0.07 a
	5.40 ± 0.51 ab
	139.94 ± 89.08 bc
	28.01 ± 2.66 b
	20.61 ± 1.86 c
	225.39 ± 24.22 bc
	416.35 ± 22.58 b



	100 °C
	1.63 ± 0.04 a
	4.65 ± 0.29 a
	49.75 ± 0.83 a
	16.53 ± 0.87 a
	3.96 ± 0.36 a
	200.94 ± 14.23 b
	501.29 ± 5.23 c



	125 °C
	2.44 ± 0.98 ab
	3.80 ± 0.26 a
	37.24 ± 2.22 a
	14.78 ± 0.69 a
	4.00 ± 0.16 a
	340.36 ± 4.55 de
	624.92 ± 3.54 e



	150 °C
	1.36 ± 0.02 a
	3.59 ± 0.13 a
	36.82 ± 19.48 a
	9.67 ± 1.71 a
	2.74 ± 1.38 a
	139.49 ± 10.59 a
	291.03 ± 22.27 a



	RT
	cis-11-Eicosenoic acid (C20:1)
	Linoleic acid (C18:2n6c)
	Dihomo-γ linolenic acid (C20:3n6)
	eicosatrienoic acid (C20:3n3)
	Omega -6 (n-6)
	Omega-3 (n-3)
	(∑n-6)/(∑ n-3)



	Control
	27.73 ± 1.78 ab
	52.70 ± 5.40 c
	15.22 ± 14.09 c
	0.62 ± 0.17 a
	67.92 ± 15.59 cd
	0.60 ± 0.18 a
	113.77 ± 53.10 b



	50 °C
	35.99 ± 2.38 bc
	52.46 ± 2.82 c
	3.17 ± 0.92 a
	1.81 ± 0.83 b
	55.63 ± 2.90 c
	1.81 ± 0.83 b
	64.55 ± 27.93 ab



	75 °C
	30.68 ± 1.45 bc
	43.06 ± 2.21 b
	5.42 ± 1.02 b
	3.63 ± 0.42 c
	48.48 ± 2.80 bc
	3.61 ± 0.42 c
	13.74 ± 1.36 a



	100 °C
	30.50 ± 1.40 bc
	30.41 ± 0.78 ab
	0.55 ± 0.09 a
	ND
	30.96 ± 0.82 ab
	ND
	ND



	125 °C
	37.19 ± 1.7 c
	22.02 ± 1.11 a
	0.76 ± 0.09 a
	ND
	22.56 ± 1.29 a
	ND
	ND



	150 °C
	17.97 ± 1.90 a
	29.63 ± 2.52 ab
	0.09 ± 0.52 a
	1.31 ± 0.45 ab
	32.72 ± 2.33 ab
	1.31 ± 0.45 ab
	59.95 ± 37.5 ab



	RT
	∑ PUFA:∑ SFA
	∑ SFA
	∑ MUFA
	∑ PUFA
	∑ TFA
	
	



	Control
	0.49 ± 0.04 ab
	137.48 ± 22.48 c
	959.68 ± 30.76 e
	68.39 ± 15.58 dc
	1165.55 ± 49.44 de
	
	



	50 °C
	0.42 ± 0.08 ab
	162.72 ± 47.72 d
	861.84 ± 31.01 d
	57.44 ± 3.16 c
	1082.00 ± 68.90 d
	
	



	75 °C
	0.49 ± 0.14 ab
	174.91 ± 91.31 e
	693.04 ± 8.73 c
	52.11 ± 2.93 bc
	920.06 ± 91.18 c
	
	



	100 °C
	0.43 ± 0.01 ab
	72.15 ± 1.16 b
	518.69 ± 9.63 a
	30.96 ± 0.82 a
	621.80 ± 8.62 b
	
	



	125 °C
	0.53 ± 0.03 b
	58.26 ± 4.01 a
	531.12 ± 6.06 ab
	22.60 ± 1.05 a
	419.06 ± 9.97 a
	
	



	150 °C
	0.38 ± 0.12 a
	82.89 ± 20.74 b
	460.56 ± 16.97 b
	34.03 ± 2.22 ab
	577.48 ± 34.83 b
	
	







RT (roasting temperature), ∑ (sum), SFA (saturated fatty acids), MUFA (monounsaturated fatty acids), PUFA (polyunsaturated fatty acids), PUFA:SFA (ratio of polyunsaturated fatty acids to saturated fatty acids), TFA (total fatty acids), ND (not detected). Values are the mean ± SE. Means within a column of the same parameter with different letters are significantly different (p < 0.001).
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