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Abstract

:

Plant-based butters from nuts and seeds have steadily increased in consumer popularity due to their unique flavors and healthy nutritional properties. Oil content is a critical parameter to measure the proper consistency and stability of plant butter and spread products. Previous work has shown that glandless cottonseed can be used to formulate cottonseed butter products to increase the values of cottonseed. As part of the efforts made in the valorization of cottonseed, this work evaluated the effects of oil content on the microstructural and textural properties of cottonseed butter/spread products. While the oil content in the raw cottonseed kernels was 35% of the kernel biomass, additional cottonseed oil was added to make cottonseed butter products with six oil content levels (i.e., 36, 43, 47, 50, 53, and 57%). The values of three textural parameters, firmness, spreadability, and adhesiveness, decreased rapidly in an exponential mode with the increasing oil content. The particle size population in these butter samples was characterized by similar trimodal distribution, with the majority in the middle mode region with particle sizes around 4.5–10 μm. Higher oil content decreased the butter particle size slightly but increased oil separation during storage. The oxidation stability with a rapid oxygen measurement was gradually reduced from 250 min with 36% oil to 65 min with 57% oil. The results of this work provide information for the further optimization of formulation parameters of cottonseed butter products.
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1. Introduction


Like other plant seeds and tree nuts, cottonseed is rich in human nutrients [1,2,3]. While a whole cottonseed contains about 27% hulls, 8% linters, 4% waste, 45% meals, and 16% crude oil, its dehulled meat (i.e., kernel) contains about 37% crude oil, 41% protein, 10% acid detergent fiber, as well as other carbohydrate and mineral nutrients [4]. In addition, bioactive compounds and peptides with some health benefits have also been found in cottonseed [5,6,7,8,9,10]. On the other hand, the allergic degrees of cottonseed proteins are lower than peanut and tree nuts [11,12,13]. However, traditional cottonseed and its meal products are not suitable for human consumption due to the presence of a toxic polyphenolic chemical (gossypol) in its pigment glands, meaning that this type of cottonseed is also named glanded cottonseed [3,14], unless the gossypol content is lowered [15].



To promote the application of cottonseed products in the food industry, complicated processes are required to lower the gossypol content of the glanded (Gd) cottonseed products below 450 ppm as required by the US Food and Drug Administration’s food standard, or 600 ppm of the allowable limit as per the United Nations Food and Agriculture Organization and the World Health Organization [16,17,18]. Alternatively, efforts have been made toward developing glandless (Gl) cotton varieties with a very low gossypol content [19,20,21]. With such low gossypol contents, the application of cottonseed products in the food industry is very promising. For example, soaked cottonseed kernels have been used to make the traditional Indian drink, “Paruthi Paal”, and novel “cottonseed milk” [22,23]. Recently, response surface methodology has been applied to optimize the extraction conditions for obtaining a high cottonseed milk yield [24]. Cottonseed meal has been co-extruded with corn flour to make nutritional snacks [25,26]. In our research efforts, we have evaluated the impact of the roasting temperature (from 110 to 150 °C) on the chemical profiles of extractable components of cottonseed kernels [27]. Based on the results, we have completed the initial formulation of peanut butter-like products from Gl cottonseed kernels and evaluated their oxidative stability under accelerated storage conditions [28,29].



Indeed, nut and seed butters/spreads have steadily increased in consumer popularity for incorporation into healthy diets and lifestyles in the last few decades. This is because these plant-based butter/spread products are very good sources of protein, fiber, essential fatty acids, and other nutrients with no cholesterol as dairy butter products do [30]. These plant-based butters or spreads are typically made by roasting the nut/seed kernels and then grinding (homogenizing) them with selected additives (e.g., sugar, salt, flavors, and/or emulsifiers). These plant-based butter/spread products have been reported from at least 14 plant sources (i.e., almond, canarium, cashew, cottonseed, flaxseed, hazelnut, macadamia, melon seed, peanut, pistachio, pumpkin seed, sesame, soybean, and sunflower seed) [28,30,31,32,33,34,35]. Recently, olive residue from the typical olive oil extraction process has been tested as a new olive-based spread product enriched with proteins, antioxidant compounds, and functional properties [36]. With strict definitions, the terms “butter” and “spread” have slightly different meanings in terms of the percentage of the main ingredients. The United States Department of Agriculture (USDA) has specified that nut butter comprises at least 90% nuts, while nut spread includes a minimum of 40% nuts dispersed in the continuous oil phase of nut oil [37]. The USDA mandate could also be extended to cover similar plant-seed-based products. That is, plant-based (including both nut/seed) butter refers to a product that contains at least 90% nut/seed ingredients, whereas spread refers to a spreadable product having at least 40% nut ingredients which can be added in various forms, e.g., as nuts, as a paste, and/or as a slurry [30]. For some convenience, a loosely defined alternative term, butter-like spreads, has also been adapted to cover these plant-based butter/spread products without distinction [38]. Hereafter in this work, we will use the general term “cottonseed butter(s)” to refer the peanut butter/spread-like product(s) we made, unless, in some circumstances, the distinct terms of butter and spread are needed for more meaningful analysis and discussion.



Oil is an essential component of butter/spread products, as it is not only a nutrient ingredient but also impacts the texture and spreadability of these products. However, overhigh oil content could result in a product that is more runny than spreadable, with a tendency for oil to separate. For example, an effort has been made to reduce the oil content in pecans from the inherent level of about 70% to 55–60% to make a pecan butter product with proper consistency and stability [39]. On the other hand, external oil is needed for those raw materials with less indigenous oil content. For example, pumpkin seed-based products are made from hull-less pumpkin seed press-cakes or flour which are the by-products of the pumpkin seed oil process [40,41]. In this case, hemp oil in the range of 20–40% was added to produce desirable pumpkin seed-based spreads [40]. Similarly, 16.8% of external cottonseed oil was included in the initial formulation of cottonseed butter-like products due to the low indigenous oil content in Gl cottonseed kernels [28]. However, the influence of the amount of oil added on the product morphology and spreadability has not been fully evaluated yet. Thus, in this work, cottonseed butter/spread products were formulated with six levels of total oil content between 36% and 57%. The specific objectives of this work were (1) to investigate the effect of external cottonseed oil on the microstructure and appearance of the novel cottonseed food products; (2) to compare the shelf stability of these products regarding both rancidity and oil separation, and (3) to determine optimum formulations with respect of the oil content for the manufacture of such spreads.




2. Materials and Methods


2.1. Materials


Gl cottonseed of NuMex series was provided by Cotton, Inc. (Cary, NC, USA). The kernel products were prepared by mechanical de-hulling and clean-up through a laboratory aspirator in-house [1]. Cottonseed oil (Gefen; Kenover Marketing Corp., Bayonne, NJ, USA), table salt (NaCl; Fisher Scientific, Hampton, NH, USA), and cane sugar (Sucrose; RPI, Mt. Prospect, IL, USA) were acquired from local stores or online.




2.2. Cottonseed Butter Preparation


The preparation procedure was modified as per previous reports [28,29]. The butter products were formulated with four ingredients, that is, roasted Gl cottonseed kernels (oil consent 35.0%), external cottonseed oil, table salt and cane sugar. Table 1 lists the specific information of the six butter formulations with the total oil content from 36% to 57%.



To prepare the butter samples, the Gl cottonseed kernels in a metal tray were first roasted in a convection oven (Thermo Scientific Precision Compact Ovens, Waltham, MA, USA) at 140 °C for 30 min. After being cooled down, the roasted kernels were ground with a Waring Commercial Blender (Model WF2211214; Torrington, CT, USA) at a high speed for 3 min, then mixed thoroughly with the required amount of additional cottonseed oil, and fixed amounts of other two ingredients by a spatula. The mixture was blended again with the blender for another 3 min at the high speed, and then transferred to the container of a 200 watts Multi Hand Blender (Braun, Kronberg im Taunus, Germany) for homogenization for 3 min. Those samples were sealed in plastic tubes and kept at 4 °C until analysis.




2.3. Color Measurements


The coloric profiles of the six butter products were analyzed with a Spectro2guide spectrophotometer with a built-in calibration standard in the docking station (BYK-Gardner, Columbia, MD, USA) following the same procedure reported before [28]. Parameters determined were the L* value (lightness/darkness), a* value (greenness/redness), and b* value (blueness/yellowness) [32]. The analysis was replicated 3 times.




2.4. Textural Parameter Measurement


The butter products were evaluated at 22 °C for firmness, spreadability, and adhesiveness with an EZ-SX texture analyzer (Shimadzu Scientific Instruments, Columbia, MD, USA) [28,39]. A cone-shaped spreading jig set was used to measure the test force required to spread a butter sample between the upper and lower jigs. Test parameters were set as 2 mm s−1 for penetration depth of 6 mm and raising speed at 4 mm s−1. The test was performed in triplicates.




2.5. Particle Size Distribution Measurement


The particle diameter and size distribution of the butter products were evaluated by Partica LA950 laser scattering particle size distribution analyzer (Horiba Scientific, Irvine, CA, USA) [42,43]. A butter sample (0.1 g) was placed into a plastic tube with 5 mL of deionized water, and vortexed for 1 min. A transfer pipette was then used to add the diluted solution dropwise to the distilled water-filled cell of the analyzer. The sample was added until the obscuration was between 0.1 and 0.2. The obscuration referred to the amount of light which was obscured by the sample because of diffraction and absorption. The scattering pattern of the particles was analyzed according to the Mie model, and set refractive indexes for the sample as 1.450 and for water as 1.333 [44,45]. Results are provided as histograms of sizes and cumulative volume percentages.




2.6. Scanning Electron Microscopy (SEM)


For the purpose of SEM analysis, the butter products were de-oiled first using hexane extraction and then with overnight drying [28,46]. This process was needed to reduce its possible interference and damage to the microscopy. For SEM analysis, a thin layer of the de-oiled butter particles was gently attached to an 8 mm × 12 mm double-sided sticky carbon tape on an aluminum stud, and a gold coating with a thickness of 5 nm was sputtered onto the sample. The butter sample was then coated with 5 nm thickness of gold. The samples were observed and imaged with a Phenom G6 ProX SEM (Nanoscience Instruments, Phoenix, AZ, USA) at an accelerating voltage of 10 kV.




2.7. Butter Storage Stability


The butter storage stability was determined by the oil separation rates over a 60-day storage time [28,47]. These butter samples (5.000 g each) was placed in sealed tubes and kept at room temperature (22 °C). After storage for a given time (i.e., 10, 24, 40 and 60 days), the triplicate tubes of each sample were centrifuged at 1258× g for 10 min at 22 °C. The oil component separated by the centrifugation was decanted, and the remaining sold weight was measured and the percentage of oil separation was calculated by the relative change in the sample weight due to the oil decanted.




2.8. Oxidation Stability (Rancidity)


The butter samples were analyzed for oxidation stability using RapidOxy 100 m (Anton Paar, Blankenfelde-Mahlow, Germany). A butter sample (1.0 g) was placed in a sample holder and placed in the sealed instrument chamber. The sample was tested with a user-defined program with a start temperature at 25 °C, filling pressure at 700.0 kPa, and target temperature at 120.0 °C (alternatively at 100.0 or 140 °C), and stop criteria at a 10% pressure drop from max pressure at a test temperature of 120 °C and 700 kPa filling pressure until a pressure drop of 10% below maximum pressure was detected. The induction period represented the time in minutes elapsed between the start of the test when oxygen pressure was stabilized at 700 kPa to the pressure drop of 10% from the recorded maximum pressure at the setting temperature per the manufacturer’s operation manual.




2.9. Statistical Analysis


All data are presented as mean values of three measurements. Statistical analysis was carried out using Data Analysis Tools embedded in Excel software (version 2310) of Microsoft 365.





3. Results and Discussion


3.1. Coloic Profile of Cottonseed Butter Products


Table 2 lists the quantitative colorimetric profile of the six butter samples. Data of the a* and b* parameter show the balance between red (positive values) and green (negative values), and yellowness, respectively. The L* value is a parameter to show the comprehensive lightness of a tested sample. In the six samples, the values of a* varied from 4.53 to 6.76. The b* values varied from 24.86 to 30.50, which were much greater than those positive but small a* values. In other words, those butter samples possessed a basic yellow and reddish color tone. The L* values of the six butter products were between 50.87 and 57.27, implicating a moderate brightness of these samples. Oil content seemed to impact the color profile of the six samples. However, no consistent impact patterns were observed between the coloric parameters and the oil content, and the basic yellow hue (b* > a*) did not change in these samples. While color is a visual property of food for consumer preference and purchase decisions, the coloric profiles of the six samples were comparable to those of peanut butter and pumpkin seed spread [28,39,41,48], but the L* values were lower than the value (about 32) of walnut butter in the literature [47].




3.2. Textural Characteristics


The firmness (peak compression force), spreadability (positive compression work), and adhesiveness (negative work to pull the matching probes apart) of the butter samples were calculated from the force–deformation curve of the texture analysis [28]. The measured values of textural parameters are shown in Table 3. The values of all three parameters dramatically decreased with the increased oil content. As a matter of fact, their changes were so great that the values of the six samples ranged from one or two digits to one or two decimals. In other words, the variances in these data are neither equal, nor normally distributed so that it is impossible to run meaningful statistical significance analysis between these samples without assuming their variances to be the same. Xie et al. [49] observed the fluidity of walnut butter was increased with adding an amount of functional lipids. Their rheology analysis showed that the walnut butter was a non-Newtonian pseudoplastic fluid. Furthermore, Wagener and Kerr [39] reported the exponential decreases in the three parameters with the increased oil content of a pecan butter. Thus, similar exponential modelling was run (Figure 1). The R2 values of the exponential decrease in the firmness and spreadability parameters with increased oil contents were quite high (0.9979 and 0.9972, respectively, at significance levels ≤ 0.001). The exponential decrease should be attributed to the fluidity characteristic of the oil component in the butter products. However, the R2 value of the exponential plot of the adhesiveness–oil content plot was low (0.4703) which is not statistically significant (a > 0.05). This was apparently due to the abnormal value of B36. If this datapoint of B35 was not included, the R2 value would have been 0.9720 which was statistically significance at a < 0.01. This observation implied that the physicochemical properties involved in the adhesiveness of B36 were not exactly same with other butter samples with higher oil contents. We assumed that while the oil component in high-oil butters (B43 to B57) dominantly contributed the adhesiveness properties, other butter components (e.g., carbohydrate and protein) might have also played certain roles in the adhesiveness with the lower oil content product of B36. Previously, Wagener and Kerr [39] reported that the oil content tested in the range from 50% to 70% decreased values of all the three textural parameters of the pecan butter products with the exponential modes with high R2 values (0.927 to 0.988). Therefore, the adhesiveness behavior of our cottonseed butter products seemed to be impacted by oil content not as consistently as that of pecan butter. In contrast, Ahmed and Ali [50] observed that peanut butters with 50% oil content had significantly (p ≤ 0.05) lower firmness but higher work of adhesion and stretch (adhesiveness) than peanut butters with 40% oil content The opposite observations in the adhesiveness trends implied both cottonseed and pecan butter products were stiffer and less sticky than the peanut butter and other plant butter products [47,51]. For practical application, B36 and B43 seemed too hard as butter products. The values of B47 fitted for firm butter products. B50 and B53 were good for smooth (creamy) butters. B57 may serve as a more spreadable product.




3.3. SEM Analysis of Butter Particle Morphology


After being de-oiled, the images of the butter particle samples were checked by SEM (Figure 2). Generally, most particles in these butter samples are spherical shapes with either smooth or rougher surfaces. Some particles were in the forms of flat and curving sheets, implying their constituents might be non-protein materials of the cottonseed. These observations were similar to the morphology of the particles in cottonseed butter and other cottonseed products in the literature [28,52,53]. On the other hand, the impact of the oil content on the cottonseed butter particles were also observed. Compared to B36, B43 and B47, particles of B50 appeared smoother and smaller, indicating a high degree of homogenization. Those de-oiled particles in B53 and B57 showed the void (pit)-rich spherical surfaces with more coalescent sheets, which may be formed during the de-oil processing with the high oil content in the two butter samples. The difference observations in the surface smoothness of the six de-oiled samples demonstrated the oil component playing a critical role in smoothing and stabilizing of oil seed products [1,51,54].




3.4. Particle Size Distribution


The particle size distribution patterns of the six samples were similar so that a representative distribution histogram of B50 is shown in Figure 3. The histogram reveals that the cottonseed butter particles possess a trimodal distribution pattern with a breadth extent from 0.1 to 350 μm. The three size groups are centered at 0.39 (Peak 1), 4.47 (Peak 2) and 88.58 (Peak 3) μm with relative volumes of 5.92, 63.76, and 30.32% of total particles, respectively. It is typical that plant butter spreads and paste contain the particles of the uneven sizes, and have continuous particle size distributions [45]. The trimodal size distribution patterns are frequently observed in butter and paste products [43,45,46,55]. Tetramodal particle size distributions are also observed in some products with lower grinding times [43,46]. While the relative volumes of the medium particles (Peak 2) were dominant (61–66%) in all samples, those data showed that bigger particles were in low and high oil content samples (Table 4). In other words, change in the oil content seemed not to alter the distribution patterns of the cottonseed butter products, but to change the particle size range and relative volume.




3.5. Butter Shelf Stability (Oil Separation during Storage)


The shelf stability of the cottonseed butter products was evaluated by oil separation during the storage of the butter products at room temperature over 60 days (Figure 4). The rate of oil separation increased with the increasing oil content. Oil separation also increased with storage time, especially for the high oil content products, B53 and B57. For B36, B43, and B47, the oil that separated from the butter bodies was not more than 2% of the butter weight at any time in the 60-day storage period. The highest oil separation of B50, B53, and B57 during the storage period was 3.2, 5.0, and 8.7% of butter weight, respectively, doubled from their initial oil separation rate without storage. The oil separation rate was comparable to that (2–8%) of sesame pastes reported by Hou et al. [45], but less than that of walnut butter (15–30%) [47], 11–13% separation in peanut butter by Tanti et al. [51], and 11% in sesame paste by Saatchi et al. [56].




3.6. Oxidation Stability (Rancidity)


The oxidation stability was measured by an Anton Paar RapidOxy 100 m. The meter accelerates the oxidation process by using increased temperature and oxygen pressure [57,58]. The induction period, which is the total time between the heating of the test chamber until the 10% pressure drop, can be used as a measure of the oxidative stability of the sample (Figure 5). In the six cottonseed butter products, the oxidation stability steadily was gradually reduced from 250 min with 36% oil to 65 min with 57% oil, indicating the oil ingredient was the key component of rancidity of these butter products. Using the same type of measurements, Jovanović et al. [58] reported oxidation stability of white chocolate products with an oxidation induction time as long as 680 min due to increasing polyphenol contents. To calculate the shelf life per the oxidation stability, we further measured the oxidation induction time of B50 at 100, 120, and 140 °C. A linear equation ln(t[min]) = 8400.00 K/T-17.00 was drawn per the produced data. The oxidation stability of B50 at common temperature (shelf life) was then calculated from the linear equation as 9 days at 40 °C, 34 days and 14 h at 25 °C, and about 56 days at 20 °C. The 34.5-day shelf life of B50 at 25 °C also corresponded to the highest oil separation rate around the 40-day storage time (Figure 4). If needed, synthetic food-grade polymers or natural antioxidant extracts could be applied to increase the oil stabilization and shelf life of the cottonseed butter products, as are used for peanut butter and soybean oil [51,57]. Another option is the replacement of the external cottonseed oil addition by a more stable food oil product [59], such as palm oil [54,60], or mango kernel oil [61].





4. Conclusions


Glandless cottonseed kernels with additional cottonseed oil could be used to make plant-butter-like food spread products. As an essential ingredient in the cottonseed butter products, the oil component not only provided nutrients and energy of the products, but also played important roles in the textural properties and butter stability. While oil content did not alter much the appearance (color) of the butter products, high oil content generally improved the textural properties, but lowered the butter stability. On testing the total oil content from 36 to 57%, our data suggested the butter products with 47–50% oil content showed characteristics of firm and smooth butter products with reasonable storage stability. Those products with oil contents ranging between 53 and 57% might serve as creamy spread products with shorter shelf-life times.
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Figure 1. Exponential modelling plots of the three textural parameters of cottonseed butter samples with their total oil contents. 
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Figure 2. SEM images of the six de-oiled cottonseed butters (15,000× magnification). 
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Figure 3. Particle size histogram of B50 with trimodal (three peak) features. 
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Figure 4. Oil separation rates of six cottonseed butter samples during storage at room temperature (25 °C). Data are presented as averages with standard deviation bars (n = 3). 
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Figure 5. Oxidation stability (oxidation induction time at 120 °C) impacted by the total oil content in the six cottonseed butter products. Data are presented as averages with standard deviation bars (n = 3). Different letters above the data points indicate these values are significantly different statistically (p ≤ 0.05). 
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Table 1. Cottonseed butter formulation.






Table 1. Cottonseed butter formulation.





	Butter Name
	Cottonseed Kernel (%)
	External Cottonseed Oil (%)
	Table Salt (%)
	Cane Sugar (%)





	B36 1
	85.8
	6.0
	0.7
	7.5



	B43
	75.1
	16.7
	0.7
	7.5



	B47
	68.9
	22.9
	0.7
	7.5



	B50
	64.3
	27.5
	0.7
	7.5



	B53
	59.7
	32.1
	0.7
	7.5



	B57
	53.5
	38.3
	0.7
	7.5







1 The numbers in the sample names indicate the total oil content in the samples. The internal oil content in the cottonseed kernels was 35.0%.













 





Table 2. Colorimetric parameters (L*, a*, and b*) of cottonseed butter products.






Table 2. Colorimetric parameters (L*, a*, and b*) of cottonseed butter products.











	
	L*
	a*
	b*





	B36
	54.37 ± 0.02 d 1
	5.96 ± 0.01 c
	25.88 ± 0.01 e



	B43
	57.09 ± 0.01 b
	5.19 ± 0.00 e
	26.17 ± 0.00 d



	R47
	55.22 ± 0.11 c
	5.44 ± 0.01 d
	24.86 ± 0.12 f



	B50
	57.27 ± 0.01 a
	4.53 ± 0.00 f
	28.49 ± 0.02 c



	B54
	51.21 ± 0.00 e
	6.76 ± 0.01 a
	30.50 ± 0.01 a



	B57
	50.87 ± 0.01 f
	6.21 ± 0.01 b
	29.91 ± 0.02 b







1 Different letters in the same column indicate these values statistically significantly different (p ≤ 0.05) by Fisher’s LSD Test.













 





Table 3. Textural properties of six cottonseed butter products. Data are present in the format of average ± standard deviation (n = 3).
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	Firmness (N)
	Spreadability (mJ)
	Adhesiveness (mJ)





	B36
	67.33 ± 18.16
	80.32 ± 19.35
	1.59 ± 0.05



	B43
	1.62 ± 0.63
	2.58 ± 1.07
	1.68 ± 0.06



	B47
	0.20 ± 0.03
	0.34 ± 0.06
	0.38 ± 0.06



	B50
	0.08 ± 0.01
	0.13 ± 0.03
	0.16 ± 0.04



	B53
	0.05 ± 0.01
	0.09 ± 0.02
	0.06 ± 0.03



	B57
	0.03 ± 0.01
	0.07 ± 0.01
	0.04 ± 0.01










 





Table 4. Comparison of the particle size ranges and relative volumes of trimodal distribution peaks of the six cottonseed butter products.
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Peak 1

	
Peak 2

	
Peak 3




	

	
Range

(μm)

	
Peak

(μm)

	
Volume (%)

	
Range

(μm)

	
Peak

(μm)

	
Volume (%)

	
Range

(μm)

	
Peak

(μm)

	
Volume (%)






	
B36

	
<1.00

	
0.45

	
8.68 ab 1

	
1.0–44.9

	
8.82

	
63.70 b

	
>44.9

	
229.1

	
27.62 b




	
B43

	
<1.00

	
0.39

	
13.64 a

	
1.0–34.3

	
5.12

	
65.11 ab

	
>34.3

	
88.58

	
21.35 b




	
B47

	
<0.88

	
0.39

	
6.83 bc

	
0.88–26.1

	
4.47

	
65.92 ab

	
>26.1

	
88.58

	
27.25 b




	
B50

	
<0.88

	
0.39

	
5.92 bc

	
0.88–26.1

	
4.47

	
63.76 ab

	
>26.1

	
88.58

	
30.32 ab




	
B53

	
<0.88

	
0.39

	
3.84 bc

	
0.88–29.1

	
4.47

	
68.29 a

	
>26.1

	
101.5

	
27.87 ab




	
B57

	
<0.88

	
0.39

	
2.47 c

	
0.88–29.1

	
4.47

	
60.54 b

	
>26.1

	
101.5

	
36.99 a








1 Different letters in the same volume column indicate these values statistically significantly different (p ≤ 0.05) by Fisher’s LSD Test.
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