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Abstract

:

Capsinoids are very similar antioxidant compounds to capsaicinoids, but less irritating, non-pungent and more palatable, and can thus be used in greater concentrations for food applications. To date, three capsinoids (capsiate, dihydrocapsiate, and nordihydrocapsiate) have been isolated from the pepper fruits. Due to its substantial commercial importance, it would be convenient to determine which pepper varieties have a richer content. Ultrasound- (UAE) and microwave- (MAE) assisted extraction have been implemented and analyzed using multivariate statistical methods. Firstly, different solvents were tested individually. The three best solvents were used in a set mixture design, where 42% methanol and 58% ethyl acetate were determined as the optimum combination for UAE, and 100% methanol for MAE. Subsequently, a Box–Behnken experimental design with four variables for both UAE and MAE (time, temperature, pH and sample mass:solvent volume “ratio”) was performed. The sample mass:solvent volume was the most influential variable in UAE; while for MAE no variable was any more influential than the others. Finally, both optimized extraction methods were successfully applied to different varieties of peppers. Besides, to demonstrate the efficiency of both extraction methods, a recovery study was performed. The results prove the potential of both techniques as highly adequate methods for the extraction of capsinoids from peppers.
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1. Introduction


Peppers (Capsicum spp.) are plants from the Solanaceae family, originating in Central and South American tropical and rainy areas [1]. Nowadays, the pepper is a well-known fruit due to its high content in bioactive compounds and its strong antioxidant capacity. It is among the most popular fresh vegetables worldwide due to its combination of aroma, color, flavor, and nutritional value [2]. Peppers are not only valued for their sensory attributes, but also have a significant role in medical and pharmaceutical applications [3]. This fruit is a great source of nutraceutical compounds such as capsaicinoids and capsinoids, bioactive components that support a healthy diet [4].



One of the main features of red peppers is their pungency, which is caused by a specific type of chemical compounds known as capsaicinoids [5]. They have three clearly differentiated sections, the vanillyl group, the carboxamide group and the aliphatic chain [6]. These compounds have exhibited a large number of biological properties of pharmacological relevance such as antioxidant, anti-inflammatory, analgesic, antimicrobial and anticarcinogenic [7,8]. Furthermore, they are related to an increase in the energy of the body and decrease in both body fat and cholesterol, which leads to a reduction in cardiovascular diseases, diabetes or cerebrovascular accidents [9]. One of its negative aspects is that long term or high dose exposures have a detrimental effect on the users’ gastric mucosa and ultimately on the health [10]. On the contrary, capsinoids, although very similar to capsaicinoids, are less irritating, non-pungent and more palatable, so a larger amount of them can be consumed on a daily basis without any negative consequences. In addition, they have the same above-mentioned beneficial properties as capsaicinoids on human health; particularly their antioxidant properties, but without any burning feeling or negative effects on consumers’ organisms [11,12,13]. They have a very similar chemical structure except for their central bond, which is an ester group instead of an amide group. This structural difference could be responsible for the lower stability of capsinoids [14]. The difference in pungency is associated to vanilloid type-1 receptor (TRPV1), which is the component responsible for the burning sensation. Capsaicinoids activate TRPV1 on the tongue, while capsinoids have the ability to activate it after it has reached the intestine, which results in the absence of burning sensations, although with similar effect [15]. The chemical structures are shown in Figure 1.



Extraction is a very important step for the isolation and separation of the compounds of interest from the solid matrix and there is no single and standard extraction method. The extraction process depends on the conditions to which the sample is treated. Capsinoids extraction is of great importance due to their excellent beneficial properties for health, their high antioxidant capacity, and their great commercial importance agri-food applicability thanks to the lower pungency compared to that of capsaicinoids. There has been a recent growing demand for extraction techniques that shorten extraction times, and reduce the consumption of organic solvents [16]. Among other extraction methods, ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE) are considered excellent green alternatives that have been widely used for the extraction of bioactive compounds. When compared to conventional methods they present some advantages such as their simplicity, greater efficiency and performance. They are also more environmentally friendly, faster, and reduce solvent and energy consumption with an improved control of temperature [17].



UAE is based on the use of energy derived from ultrasounds (sound waves with frequencies higher than 20 kHz) to facilitate the extraction of compounds from the sample matrix by an organic solvent according to the nature of the solutes to be extracted [18]. The improvement in biological compounds extraction efficiency achieved by means of ultrasounds is attributed to the cavitation that occurs within the solvent. When ultrasounds are applied, cavitation bubbles are produced and compressed. The increase in the pressure and temperature leads to the collapse of the bubble, which results in a ’shock wave’ that breaks the solid matrix’s cell walls, which, in turn, favors the penetration of the solvent, the mass transfer and the release of the analytes, thus increasing the extraction performance [19,20]. It is a widely employed technique, recently used to extract different varieties of compounds of biological interest from potatoes [21], grapes [22] and blueberries [23].



MAE consists of an electric and magnetic field that oscillate perpendicularly (high frequency non-ionizing electromagnetic waves between 0.3–300 GHz) [24]. The molecules in the sample try to align themselves in phase with the electromagnetic field of the appropriate frequency, but due to the intermolecular forces, they suffer inertia and are unable to align with the waves. This leads to a random movement of them, which generates heat. This selective form of heating is much more efficient and homogeneous and the energy consumption is much lower. In addition, the migration of dissolved ions increases the penetration of the solvent into the matrix and favors the release of analytes [25,26]. Microwaves have also been used to extract antioxidant substances from a large number of matrices, such as tomato [27], oil [28] or blackberries [29].



There is no standard protocol for UAE and MAE, and several parameters, such as the solvent concentration, ratio, extraction time and temperature, may significantly affect the extraction efficiency. Therefore, the determination and the optimization of key parameters are important for maximizing the yield [30].



Although a large number of studies have been carried out on the extraction of capsaicinoids [31,32,33], using a considerable variety of solvents, scarce studies on the extraction of capsinoids have been reported in literature. Moreover, most of them analyze the implementation of an extraction method specifically developed for capsaicinoids, to the extraction of capsinoids. However, capsinoids have a lower polarity, and it is, therefore, necessary to develop new and specific extraction methods for them [34].



Multivariate statistical techniques have been previously used to optimize different processes such as extraction and chromatographic separation of antioxidant compounds. The main benefit obtained from the optimization of these processes is the shortening of time and the reduction in the number of experiments required with the subsequent economic and energy consumption savings [35]. In this work, the optimization process includes a mixture design—a special class of response surface experiments where the investigated factor (in this case the extraction solvent) is made up of several components. The solvent components interact with each other and these solvent–solvent interactions are taken into account to determine the optimal mixture by improving several responses at the same time [36]. Subsequently, a Box–Behnken experimental design (BBD) was used; a response surface factorial design that avoids performing experiments under extreme conditions. Moreover, BBD allows for the development of mathematical models that facilitate the assessment of the statistical significance of each factor analyzed, as well as their interactions. When interaction effects are detected, the optimal conditions between univariate and multivariate optimization will be different [37,38].



Capsinoids are compounds with superior health benefits, as well as major antioxidant properties, but they degrade easily and in a short time [39]. For this reason, it is necessary to develop extraction and analysis techniques that indicate those pepper varieties that are rich in the compounds of interest to obtain higher quality extracts. Since an exhaustive analytical method for the extraction of capsinoids has not yet been developed, the aim of the work described here is to apply multivariate statistical techniques to optimize the extraction of capsinoids from peppers by both UAE and MAE methods.




2. Materials and Methods


2.1. Reagents


Methanol, ethanol, acetone, ethyl acetate and acetronitrile were obtained from Panreac Química (S.A.U., Castellar del Vallés, Barcelona, Spain), hexane from Carlo Erba Reagents (Dasit Group, Sabadell, Barcelona, Spain), and acetic acid from Merck (Darmstadt, Germany), all of these substances were of HPLC grade. Milli-Q water was obtained by means of a Millipore water purification system (Bedford, MA, USA). Solutions of hydrochloric acid and sodium hydroxide (Panreac Química, S.A.U, Castellar del Vallés, Barcelona, Spain) were used to adjust the pH values with a Crison GLP 21 pH-meter (Crison, Barcelona, Spain). Capsiate (4-hydroxy-3-methoxybenzyl (E)-8-methyl-6-nonenoate) and dihydrocapsiate (4-hydroxy-3-methoxybenzyl-8-methylnonanoate) standards were synthesized following the method described by Barbero et al. [40].




2.2. Pepper Sample


Biquinho (Capsicum chinense) was the pepper variety employed to study the extraction process. The samples were supplied by Germplasm Bank of Zaragoza from the Agrifood Research and Technology Center (CITA) in Aragón (Zaragoza, Spain). The Biquinho variety was chosen because a high content in capsiate had been detected in the preliminary tests. The sample was lyophilized by means of a laboratory freezer dryer LYOALFA manufactured by Azbil Telstar Technologies (Terrasa, Barcelona, Spain); it was then ground in a conventional electric mill to increase the contact surface between the solvent and the fruit, and stored at −20 °C prior to analysis.



The methods developed were applied to other ten varieties of peppers to determine the amount of capsiate (care was taken to select the fruit of the same generation and with similar size). All of them were sown and harvested at the Agronomic Institute of Campinas (IAC) (Campinas, SP-Brazil), and stored at −20 °C.




2.3. Extraction Equipment and Procedure


2.3.1. Ultrasound-Assisted Extraction (UAE)


The extraction was performed using a UP200S ultrasonic system (Hielscher Ultrasonics, Teltow, Germany) which allows the control and modification of both the amplitude and the cycle. The sample was immersed in a thermostatic bath coupled to a temperature controller (7 Liter Refrigerated Circulator, PolyScience, Illinois, United States) to maintain the desired extraction temperature. Lyophilized sample (approximately 0.2 g) was weighed in a 50 mL “Falcon” and the necessary volume of the appropriate solvent was added based on the experimental design. Then, it was introduced into the double-walled vessel to control the temperature and the ultrasonic probe was also inserted while avoiding any contact with the vessel’s walls and bottom. The extraction was started under controlled UAE conditions. After the extraction, the sample was allowed to cool down at room temperature. The extract was centrifuged twice for 5 min at 7500 rpm (orbital radius 9.5 cm), transferring the supernatant after each centrifugation cycle to a 25 mL volumetric flask and making up to the mark with the appropriate solvent. Finally, the extract was transferred to a vial and stored in a freezer at –20 °C prior to analysis.




2.3.2. Microwave-Assisted Extraction (MAE)


A MARS 6 240/50 (One Touch Technology, CEM Corporation, Matthews, NC, USA) was used for MAE. Similarly to the UAE described above, the necessary amount of sample (0.2 g) was weighed and put into an extraction chamber (high pressure Teflon containers). Then, the corresponding amount of the optimized solvent was added, it was closed by means of a Teflon cap to prevent gas leaks that may be generated because of the high temperatures and it was then placed in the rotary carousel. Once all the cameras had been prepared, the carousel was placed into the extraction equipment and closed to start the corresponding extraction program as configured. The rest of the procedures after the extraction were the same as for the previously explained UAE.





2.4. UHPLC Analysis


An UHPLC Acquity Ultra Performance LC Class (Waters Corporation, Milford, MA, USA) system was used for the separation and quantification of capsinoids. It was equipped with an ACQUITY UPLC® H-Class autosampler set at 15 °C, an ACQUITY UPLC quaternary solvent manager, an ACQUITY UPLC Photodiode Array Detector set at 280 nm, and an ACQUITY UPLC BEH C-18 reverse phase column (100 mm × 2.1 mm; 1.7 μm particle size) set at 50 °C. The mobile phase consisted of Milli-Q water as solvent A and acetonitrile as solvent B, both acidified by adding 0.1% acetic acid. Theses solvents were filtered through a 0.22 μm nylon filter (Nylon Membrane Filter, FILTERLAB, Barcelona, Spain) and degassed using an ultrasonic bath (Elma S300 Elmasonic, Singen, Germany). The gradient employed was as follows: 0 min, 0% B; 0.50 min, 45% B; 1.60 min, 45% B; 1.95 min, 50% B; 2.45 min, 55% B; 2.80 min, 63% B; 3.00 min, 63% B; 4.00 min, 100% B; 6.00 min, 100% B. An injection volume of 3 μL and a flow of 0.8 mL min−1 were applied. The UHPLC chromatogram is shown in Figure S1.



A calibration curve was used to quantify the compounds of interest. Capsiate and dihidrocapsiate at known concentrations between 0.01 and 200 mg L−1 were used as reference patterns. The calibration curves and the limits of detection and quantification were as follows: y = 2715.2076x–526.9713, LOD = 0.079 mg L−1, LOQ = 0.265 mg L−1/y = 2498.4568x–382.2437, LOD = 0.096 mg L−1, LOQ = 0.320 mg L−1, for capsiate and dihidrocapsiate respectively, both with a linear regression coefficient (R2) of 0.9997. The results were expressed as micrograms of capsinoids per gram of dry pepper.




2.5. Experimental Design and Data Treatment


Two statistical designs were proposed for the optimization of the capsinoid extraction methods from peppers. The first method consists of selecting the best extraction solvent based on a combination of water, acetonitrile, methanol, ethanol, acetone, hexane or ethyl acetate. Then, a statistical mixture design with three components (the three best solvents for each method) was used to determine the optimal mixture of the solvents.



After the optimal extraction solvent was selected, a Box–Behnken experimental design was carried out to determine the best equipment conditions in relation to time, temperature, pH, and ratio. During the optimization procedures, two types of variables were considered: the responses or dependent variables, and the factors or independent variables. The latter could take three possible values, which were coded as −1, 0, and 1 representing their minimum, medium, or maximum value, respectively. An experimental design matrix with 27 trials was performed in duplicate with six repetitions of the center point. Both responses obtained from the different extractions were entered into a second-order polynomial equation to correlate them with the independent variables including the linear, quadratic and interactive components [41,42]:
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where y is the response, β0, βi, βii and βij are the regression coefficients for the terms of intersection, linear, quadratic and interaction, respectively; and i and j are the independent coded variables that affect the response.



These coefficients as well as the statistical significance of the model were determined by the analysis of variance (ANOVA). For the experimental design, data analysis and model building, the Statgraphic Centurion Version XVII (The Plains, Fauquier, Virginia, United States) was employed.





3. Results and Discussion


3.1. Selecting the Extraction Solvent


3.1.1. Solvent Selection Procedure for UAE


A mixture design was performed in order to determine the optimal extraction solvent. The rest of the variables were set as follows: 10 min extraction time, 40 °C temperature, 80% of the total power (200 W) and 10 mL volume. These initial conditions had been previously analyzed to verify that they were valid and that the extraction of capsinoids was feasible. These results are shown in Figure S2. After setting up these conditions, the extraction efficiency of different single component solvents was tested (Milli-Q water, acetonitrile, methanol, ethanol, acetone, hexane, and ethyl acetate). All the extractions were carried out in duplicate and the results are represented in Figure 2.



It can be seen that no capsiate was extracted when water was used as the only solvent. Due to its high polarity, it is not a good solvent for the extraction of this type of compounds, which have an aromatic ring and a hydrocarbon chain in their structure. Hexane is a very volatile solvent, so a large amount of it was lost by evaporation during the extraction procedure, which resulted as detrimental for its extraction efficiency. Furthermore, it has a lower polarity than capsiate, which makes extraction difficult. For these two reasons, i.e., polarity and affinity, acetone, ethyl acetate and methanol proved to be the most suitable solvents to extract capsiate by producing the highest extraction yields.



These three solvents were, therefore, selected for the mixture design (Table S1). Statgraphic Centurion was the statistical program used and Simplex Centroid Extended model with 10 experiments was employed. Linear, quadratic and cubic mathematical models were tested to explain the results. Each mathematical model was validated by means of an analysis of variance (ANOVA), as shown in Table 1. In turn, the optimal mixture of solvents was observed in the region that can be seen in Figure 3.



As far as UAE is concerned, both the quadratic and the cubic models were significant, since they showed a p-value less than 0.05 as well as high F and R2 values. The same optimum mixture of solvents was obtained for both models: 42% methanol + 58% ethyl acetate.



Similar studies for the extraction of capsaicinoids, where different solvents (methanol, ethanol, acetonitrile, acetone, ethyl acetate and water) had been tested, have been found in literature. A 100% methanol was determined as the optimal extraction solvent [33,43]. Due to the lower polarity of capsinoids in comparison with capsaicinoids [44], it was to be expected that the optimum solvent or solvent mixtures should have a lower polarity than that of methanol to facilitate the extraction process. In this sense, Lang Y. et al. used 100% ethyl acetate for the extraction of capsinoids from peppers [45], but, unfortunately, they did not fully develop the method. After all the tests were completed, the optimal solvent for the UAE method was found to be a combination of methanol and ethyl acetate.




3.1.2. Solvent Selection Procedure for MAE


MAE was tested with the same individual solvents used for UAE. In this case, the rest of the variables were adjusted as follows: 5 min extraction time, 800 W power, 10 mL volume and 50 °C temperature—which was the minimum temperature allowed by the equipment. All the extractions were carried out in duplicate and the results are represented in Figure 4.



As expected, when water was used as the only solvent the amount of compounds extracted was practically negligible due to its high polarity in comparison with that of capsiate. The solvents that obtained the best extraction yields with MAE were methanol and ethanol, followed by acetone. A slightly different result was obtained compared to UAE, since both extraction methods have different properties, conditions and operation procedures. In the UAE method, sound waves travel through the material and cause the cavitation phenomena that heat the entire sample evenly over the extraction process [18]. On the contrary, in the MAE method, the heat is generated by the interaction between the radiation and the molecules, as the molecules try to align with the waves of the electromagnetic field. The radiation excites mainly the OH bond in methanol and ethanol. By absorbing energy, it quickly passes from the ground state to an excited one, which raises the energy of the molecules and their temperature, what in turn enables the extraction of the compounds of interest from the plant matrix [25]. Methanol, ethanol and acetone have exhibited the most appropriate characteristics in terms of polarity and affinity for the extraction of capsinoids from peppers by MAE.



These three solvents were, therefore, selected for the mixture design (Table S2). An identical statistical treatment as the used for UAE was applied to MAE, i.e., Simplex Centroid Extended model with 10 experiments. Then, each mathematical model was validated by an analysis of variance (ANOVA), as shown in Table 2. Figure 5 shows the optimal mixture of solvents.



None of the models tested with MAE was particularly relevant, since none of them had a p-value lower than 0.05. Therefore, 100% methanol was used as the optimal solvent, since it was the optimum result of the model with the highest R2 coefficient value. In addition, this solvent is the easiest one to use as it is compatible with the rp-C18 HPLC column and neither evaporation of the solvent from the extract nor redissolution of the compounds of interest are required.





3.2. Determining Optimal Ultrasound Conditions


After the optimal solvent mixture had been determined, a Box–Behnken design with four independent variables (time: 5, 10, 15 min, temperature: 5, 30, 55 °C, pH: 2, 5, 8, and relation sample mass:solvent volume ratio: 0.2:5, 0.2:10, 0.2:15 g:mL) and concentration of capsiate (μg g−1) as the response was employed. For the optimization of such experimental variables, 27 experiments had to be completed, the results of which are shown in Table S3.



The analysis of variance in Table 3 generated some mathematical models that intended to evaluate the individual effect of each variable, as well as any possible interactions between them. Those variables or interactions that had a p-value lower than 0.05 were considered to have a statistically relevant influence on the response at 95% confidence level. Ratio was the only variable that had an influence on the amount of capsiate extracted.



These results were graphically represented by a Pareto chart (Figure 6) for a better understanding.



The significance of each variable and their interactions are easily observed in decreasing order. In turn, positive and negative signs refer to a direct or inverse relationship, between the effect and the response. Again, ratio was the only variable with a significant influence. In addition, the greater the amount of solvent, the greater the amount of capsiate that would be extracted. This is concordant with mass transfer principles, since a higher ratio implies higher concentration gradient between the solid and the bulk of the liquid, resulting in a greater driving force for diffusion of compounds to the solvent [46], but up to a certain amount of solvent, where the extract would be exceedingly diluted for any quantification [47]. The effect of temperature was rather similar to that of ratio, although inversely; i.e., the lower the temperature, the greater the amount of capsiate that would be extracted.



This is due to the easier degradation of this compound at moderately high temperatures [48]. It can be said that a quite robust method has been validated, and the optimized solvent mixture, using this extraction technique, allows for extracting practically the total amount of capsiate present in the pepper samples by means of UAE. The variations in the other factors had hardly any influence on the extraction yields.



After the statistical treatment of the data, the following optimal conditions were determined: 5 min extraction time, 5.5 °C temperature, pH 8 and 14.5 mL volume by weight.



Although the extraction time was not a significant variable with regard to its influence on the response, the shortest time was selected as the optimal one. For this reason, a univariate study of the extraction kinetics was carried out to find out if the same or an even greater amount of capsiate could be extracted in a shorter time. The extractions were carried out in triplicate for 1, 2, 5 and 10 min under the optimal previous conditions. The results are shown in Figure 7.



It was observed that there were no significant differences between 1 and 2 min, although a greater amount of capsiate extracted at 2 min was visually noticeable. Therefore, it is a fairly rapid method related to the degradability of capsiate.



Finally, intermediate precision and repeatability tests were carried out under the previously determined optimal conditions. For repeatability, 10 extractions were performed on the same day and for intermediate precision, 10 extractions per day were carried out during three consecutive days. The coefficients of variation obtained, 1.60% and 2.08%, respectively supported the precision of this extraction method (Table S4). Both coefficients were below 5%, which is usually considered as the limit to affirm that a method is accurate in this type of studies.




3.3. Determining Optimal Microwave Conditions


A similar statistical treatment as for UAE was applied to determine the optimal conditions for MAE. In this case, the ranges used for each independent variable were as follows: 5, 10, 15 min, 50, 75, 100 °C temperature, 2, 5, 8 pH, and 0.2:5, 0.2:10, 0.2:15 g:mL sample mass:volume of solvent; i.e., ratio. The extracted capsiate (μg g−1) was quantified as the response. The results are shown in Table S3.



The analysis of the variance (ANOVA) in Table 4 shows that no variable or interaction between them had a p-value lower than 0.05, so they did not have a statistically significant influence on the response, at 95% confidence level. In view of these results, they were analyzed with a confidence level of 98%, but again no variables were found to be significant.



The Pareto chart in Figure 8 confirmed that no variable or interaction exceeds the value of 2.17 and, therefore, their influence on the response was not significant. Several authors did not obtain large significance values for the variables analyzed with other similar matrices [49,50].



Even though no variable was actually significant, the most influential one was the extraction time, with an inverse relation, that is, the shorter the time the greater the amount of capsiate that would be extracted; followed by the ratio, which on the contrary, had a direct influence, i.e., the greater the amount of solvent, the greater the amount of the compound of interest that can be extracted. Finally, the other two variables analyzed, temperature and pH, had almost no influence on the response. These results indicate that MAE is a dependable method for the extraction of this type of compounds of interest present in peppers, since it allows for extracting the highest possible amount of capsiate from the samples regardless of any variations of the factors that have been analyzed.



After the statistical treatment of the data, the following optimal conditions were established: 5 min extraction time, 60 °C temperature, pH 8 and 0.2:15 g:mL ratio. It can be seen that, for some of the variables extreme values within their intervals were found to be their optimal value. In relation to ratio, a limit value was considered above which the compound of interest would be exceedingly diluted for an accurate quantification. In relation to pH, it had almost no influence on the response. The extraction time, even though it did not reach the minimum level to be considered as significant, was the variable that had the greatest influence on the response. In a similar way as for UAE, a univariate study of the extraction kinetics was carried out (Figure 9).



In this case, the time interval was extended in order to register the trend at higher values. Although no significant differences between 5, 10 and 15 min were registered, 5 min was established as the optimal extraction time for saving reasons.



Finally, a repeatability and intermediate precision study was carried out under the previously selected optimal extraction conditions and in the same way as explained above for UAE. Very accurate results were obtained, since the coefficient of variation were 2.48% for repeatability and 3.96% for intermediate precision (Table S4).




3.4. Real Samples Analysis


Once the optimal conditions for the extraction of capsinoids from peppers had been proposed, the developed method was tested on different pepper samples to verify the presence of these compounds and to quantify them. Lyophilized peppers were extracted in triplicate, then they were analyzed by UHPLC-DAD and the results can be seen in Figure 10.



The extraction method proved to be efficient for the extraction of capsinoids from different varieties of pepper. In addition, it was observed that the compounds of interest were present in both sweet (Biquinho), and spicy (Naga Jolokia or Malagueta) peppers varieties. Capsiate was found in most of the varieties studied, except for Bahiana, which was subjected to both extraction methods (UAE and MAE) without any success; i.e., no dihydrocapsiate was found by either method. Naga Jolokia was the variety of pepper with the greatest capsiate content, with extraction yields of 318.90 μg g−1 and 306.60 μg g−1 by MAE and UAE, respectively. Finally, it can be said that there were no significant differences between the capsiate extraction yields obtained by either extraction methods. However, visually it can be seen that a slightly larger amount of the compound of interest was extracted by the MAE method with respect to that of UAE.




3.5. Comparison between the Two Extraction Methods


Once all the experiments had been completed and their results collected, a comparison of both methods was performed (Table 5).



In relation to the optimum solvent, it should be mentioned that for the UAE method, although the extraction time was lower, the already centrifuged extract had to be submitted to a process of solvent evaporation and to the subsequent redissolution of the compound of interest, since ethyl acetate cannot be introduced into the chromatographic equipment used. On the contrary, the MAE method did not require this additional procedure, which meant a considerable reduction in the overall time. However, in this technique, not only the extraction time must be taken into account, but also the time necessary to reach the desired temperature and cooling to room temperature. Nevertheless, it should be noted that a number from 8 to 40 samples can be introduced in the carousel and all of them can be extracted simultaneously, while in UAE, they have to be extracted individually.



None of the variables had a significant influence on the response in either method. Nevertheless, similar trends to extreme values were registered on determining their optimal values for both methods; i.e., minimum temperature and time, and maximum solvent volume and pH.



Finally, it was observed that, on average, a greater amount of capsiate was extracted by means of the MAE method, specifically 5.72% more, although its error margin and variability was also greater. On the other hand, the UAE method is easier to implement, requires a smaller initial investment on facilities and equipment and is more commonly available in most laboratories [51].



In conclusion, two effective methods for the extraction of capsinoids in peppers have been developed, since there were no specific methods for the study and extraction of this type of compounds. However, the extraction of other antioxidant compounds presents in peppers, such as capsaicinoids, phenolic compounds or carotenoids by both extraction techniques have been recently carried out [52,53,54].



A comparative study of capsinoids extraction between the methods reported in the literature and the proposed one has also been carried out (Table 6).



It can be observed that the values obtained by the proposed methods are in the same range as the ones found in literature. It is noteworthy to highlight that in this work a variety of peppers with a high content of capsiate has been used, as it can be seen in the results obtained (in the upper limit of the intervals).




3.6. Recovery Study


To demonstrate the efficiency of both extraction methods, a recovery study was performed. Firstly, extractions in the optimum conditions, both for UAE and MAE, were carried out in triplicate to obtain the capsiate and dihydrocapsiate concentration in the sample. Subsequently, after the addition of different amounts levels of both kind of compounds respectively (0.02–0.10 mg), new extractions were performed. Finally, the amount of the capsiate and dihydrocapsiate recovered in each of these additions was analyzed. The results obtained are shown in Figure 11.



It can be seen that there are no significant differences between ultrasound-assisted extraction and microwave-assisted extraction, being very close to 100%.





4. Conclusions


Based on the results obtained from the experiments that have been carried out, the mixture design of solvents and the surface response methodology have proven to be very important tools. It could be demonstrated that the two proposed extraction methods, UAE and MAE, are adequate, quick and effective for the extraction of capsinoids from peppers.



The optimal conditions for UAE were as follows: 5 min extraction time, 5.5 °C temperature, pH 8, and 0.2:14.5 g:mL of “ratio”, while in the case of MAE, the following best conditions were established: 5 min extraction time, 60 °C temperature, pH 8, and 0.2:15 g:mL “ratio”. Even though the studied variables (time, temperature, pH and ratio) do not have a statistically significant influence on the response, the same optimal conditions have been determined for both methods: minimum temperature and time, and maximum ratio and pH.



Both methods have exhibited a high precision level with coefficients of variation under 5%. Although no significant differences in the extraction yields of capsinoids from peppers were registered, slightly higher amount of the compounds of interest could be visually noticed when MAE was used. Finally, the developed methods were successfully applied to different varieties of peppers, both sweet and spicy, and a quantitative extraction of capsinoids was achieved.



Peppers are currently considered in the food processing industries due to their antimicrobial or antioxidant activities, contributed in part by capsinoids. In the future, these developed methods could be used to analyze which varieties of peppers have a greater amount of these chemical compounds and focus on their cultivation to achieve genetic improvements. In addition, these bioactive compounds come from natural ingredients which could enhance the health properties of the cosmetic and pharmaceutical products.
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Figure 1. Chemical structures of capsaicinoids (A) and capsinoids (B). 






Figure 1. Chemical structures of capsaicinoids (A) and capsinoids (B).



[image: Agronomy 09 00633 g001]







[image: Agronomy 09 00633 g002 550] 





Figure 2. Capsiate concentration (μg capsiate/g pepper) obtained with different individual solvents by ultrasound-assisted extraction (UAE). The use of different letters indicates that there is a significant difference according to Tukey’s test (p < 0.05). 
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Figure 3. Mixture design diagram obtained by ultrasound-assisted extraction. 
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Figure 4. Capsiate concentration (μg capsiate/g pepper) with different individual solvents by microwave-assisted extraction (MAE). The use of different letters indicates that there is a significant difference according to Tukey’s test (p < 0.05). 
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Figure 5. Mixture design diagram obtained by microwave-assisted extraction. 
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Figure 6. Pareto standardized diagram obtained by ultrasound-assisted extraction. 
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Figure 7. Capsiate concentration (μg capsiate/g peppers) in relation to the extraction time obtained by ultrasound-assisted extraction. The use of different letters indicates that there is a significant difference according to Tukey’s test (p < 0.05). 
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Figure 8. Pareto standardized diagram obtained by microwave-assisted extraction. 
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Figure 9. Capsiate concentration (μg capsiate/g peppers) in relation to the extraction time obtained by microwave-assisted extraction. The use of different letters indicates that there is a significant difference according to Tukey’s test (p < 0.05). 
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Figure 10. Capsiate extraction from real pepper samples (n = 3). The use of different letters indicates that there is a significant difference according to Tukey’s test (p < 0.05). 
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Figure 11. Recovery study for ultrasound-assisted extraction (UAE) and microwave-assisted extraction (MAE) (n = 3). (A) Capsiate extraction; (B) Dihydrocapsiate extraction. 
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Table 1. Analysis of variance (ANOVA) of the mathematical models of the statistical mixture design obtained by ultrasound-assisted extraction.
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Mathematical Model

	
p-Value

	
R2 Coefficient (%)

	
F-Value






	
UAE

	
Linear

	
0.7579

	
7.6159

	
0.29




	
Quadratic

	
0.0051

	
96.5392

	
22.32




	
Cubic

	
0.0250

	
96.7146

	
14.72
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Table 2. Analysis of variance (ANOVA) of the mathematical models of the statistical mixture design obtained by microwave-assisted extraction.
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Mathematical Model

	
p-Value

	
R2 Coefficient (%)

	
F-Value






	
MAE

	
Linear

	
0.3851

	
23.8650

	
1.10




	
Quadratic

	
0.2538

	
71.8957

	
2.05




	
Cubic

	
0.3299

	
78.6285

	
1.84
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Table 3. Analysis of variance (ANOVA) for the Box–Behnken experimental design (BBD) experiment design obtained by ultrasound-assisted extraction.
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	Source
	Degrees of Freedom
	Sum of Squares
	Mean Square
	F-Value
	p-Value
	Coefficient





	A: Time
	1
	9.90
	9.90
	0.02
	0.8777
	−0.9086



	B: Temperature
	1
	1689.52
	1689.52
	4.22
	0.0625
	−11.8656



	C: pH
	1
	87.99
	87.99
	0.22
	0.6478
	−2.7079



	D: Ratio
	1
	3059.83
	3059.83
	7.63
	0.0172
	15.9683



	AA
	1
	155.11
	155.11
	0.39
	0.5455
	5.3928



	AB
	1
	775.61
	775.61
	1.94
	0.1894
	13.9249



	AC
	1
	4.71
	4.71
	0.01
	0.9155
	−1.0849



	AD
	1
	380.88
	380.88
	0.95
	0.3489
	9.7581



	BB
	1
	922.46
	922.46
	2.30
	0.1551
	13.1515



	BC
	1
	1166.59
	1166.59
	2.91
	0.1137
	−17.0777



	BD
	1
	677.18
	677.18
	1.69
	0.2181
	−13.0114



	CC
	1
	142.12
	142.12
	0.35
	0.5626
	5.1621



	CD
	1
	207.96
	207.96
	0.52
	0.4851
	7.2104



	DD
	1
	341.03
	341.03
	0.85
	0.3745
	−7.9964



	Residual
	12
	4809.17
	400.76
	
	
	



	Total
	26
	14881.40
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Table 4. Analysis of variance (ANOVA) for the BBD experiment design obtained by microwave-assisted extraction.
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	Source
	Degrees of Freedom
	Sum of Squares
	Mean Square
	F-Value
	p-Value
	Coefficient





	A: Time
	1
	6647.48
	6647.48
	2.38
	0.1489
	−23.5363



	B: Temperature
	1
	74.42
	74.42
	0.03
	0.8731
	2.4904



	C: pH
	1
	5.66
	5.66
	0.00
	0.9648
	0.6871



	D: Ratio
	1
	1838.72
	1838.72
	0.66
	0.4330
	12.3785



	AA
	1
	308.46
	308.46
	0.11
	0.7454
	−7.6050



	AB
	1
	129.49
	129.49
	0.05
	0.8331
	5.6896



	AC
	1
	76.57
	76.57
	0.03
	0.8713
	−4.3752



	AD
	1
	38.29
	38.29
	0.01
	0.9087
	3.0938



	BB
	1
	1122.19
	1122.19
	0.40
	0.5381
	−14.5056



	BC
	1
	43.93
	43.93
	0.02
	0.9023
	−3.3138



	BD
	1
	454.39
	454.39
	0.16
	0.6938
	−10.6582



	CC
	1
	251.40
	251.40
	0.09
	0.7693
	6.8656



	CD
	1
	2621.09
	2621.09
	0.94
	0.3518
	25.5983



	DD
	1
	377.87
	377.87
	0.14
	0.7194
	−8.4173



	Residual
	12
	33,520.90
	2793.41
	
	
	



	Total
	26
	47,794.30
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Table 5. Comparison of optimal extraction conditions of both developed methods.
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	Optimal solvent
	Most Influential Factor
	Optimal Time
	Average Amount of Capsiate Extracted (n = 3)





	UAE
	42% methanol + 58% ethyl acetate
	Ratio
	2 min
	1323.68 ± 32.30 μg g−1



	MAE
	100% methanol
	-
	5 min
	1403.98 ± 39.94 μg g−1
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Table 6. Comparative summary between the methods reported in the literature and the proposed one.
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Extraction Method

	
Capsiate Concentration (μg/g)

	
Solvent Used

	
References






	
Maceration

	
11–369

	
Acetonitrile

	
[34]




	
Sonication

	
540–1310

	
Acetonitrile

	
[55]




	
Shaking

	
1.21–544.59

	
Ethyl acetate

	
[11]




	
UAE

	
150–250

	
Ethanol, acetone, hexane, methanol

	
[44]




	
UAE

	
1323.68

	
Methanol + ethyl acetate

	
This work




	
MAE

	
1403.98

	
Methanol
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