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Abstract

:

Glucosinolates and their enzyme-degraded metabolites, such as isothiocyanates, have shown great potential to prevent and treat chronic-degenerative diseases. Broccoli sprouts (Brassica oleracea L., var. italica) are an excellent source of glucosinolates. The objective of this study was to evaluate different process conditions (temperature, solvent concentration, and sample:solvent ratio) for the extraction of glucosinolates present in broccoli sprouts. The study evaluated different combinations of temperature (15–64 °C), ethanol concentration (0–100%), and sample:solvent ratio (1:15–1:35 w/v). The treatment with 40 °C, 50% ethanol/water (v/v), 1:35 (w/v) generated the highest extraction of total glucosinolates (100,094 ± 9016 mg/kg DW). The ethanol percentage was the factor that exerted the greatest impact on glucosinolate extraction (p < 0.05). In addition, the amount of glucoraphanin in the extract was determined, obtaining a final concentration of 14,986 ± 1862 mg/kg DW of sprouts processed under the optimal extraction conditions studied. The data presented herein demonstrate the relevance of the ethanol concentration during the extraction and the importance of applying high temperature in solid-liquid phase extraction. Under optimal conditions, it was possible to obtain extracts rich in glucosinolates to prepare food supplements, nutraceuticals, and even pharmaceuticals with application in the prevention and treatment of chronic-degenerative diseases.
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1. Introduction


Broccoli (Brassica oleracea var. italica) is a plant of the Brassicaceae family (formerly Cruciferae), along with cauliflower, cabbage, kale, mustard, turnip, and brussels sprouts [1]. Different studies suggest that ingesting vegetables from this family and its derivatives diminishes the risk of several diseases, including various types of cancer (i.e., colon, breast, and prostate), cardiovascular diseases, and obesity [2,3,4,5,6,7].



The health benefits of broccoli are attributed to its secondary metabolites, mainly glucosinolates (GSL), which are molecules derived from amino acids. These sulfur-rich compounds are hydrolyzed by the endogenous enzyme myrosinase (β-thioglucosidase glucohydrolase), which yields several degradation products, including isothiocyanates, nitriles, thiocyanates, epithionitriles, and oxazolidines [8]. GSL and their breakdown metabolites play an important role in plant defense as biocidal against different pathogens. Most biological and nutraceutical activities of GSL have been mainly attributed to their hydrolysis products, specifically isothiocyanates. The former compounds are a class of molecules in which R is an alkyl or aryl group [9,10].



It has been demonstrated that GSL have multiple positive effects on several common diseases. Reports have shown neuroprotective, antioxidant, anti-inflammatory, and anticancer effects [11,12,13]. Other studies have shown the pleiotropic role of this natural compound, thanks to its ability to address different targets and modulate different pathways in neuronal/glial cells [13,14,15].



Glucosinolates and their enzymatic degradation products (isothiocyanates) occur in all tissues in broccoli plants. Due to the wide application of these compounds, the extraction and quantification of the metabolites from different physiological stages of the plant have been tested, such as seeds, sprouts, and even the fresh plant parts such as leaves, stems, and florets [16,17]. Moreover, it has been found that the physiological process of germination of broccoli seeds to produce young seedlings or sprouts increases their nutritive and phytochemical values [18]. Reports have shown that edible broccoli sprouts constitute a rich source of GSL and other phytochemicals as phenolic compounds [19,20].



Organic solvents with different polarities, such as hexane, acetonitrile, acetone, methanol, and ethanol, have been widely used to extract phytochemicals in several plant models [21,22,23]. These organic solvents are used in different ratios in combination with water and temperature to yield extracted compounds with the potential to be used for supplements or food ingredients. The extraction method and solvent must be carefully selected, as some are highly toxic and dangerous for humans. Thus, to obtain extracts that can be used in industrial markets, ethanol represents one of the best options due to its comparatively lower side effects and toxicity. This safer solvent extraction can be used in industries such as the cosmeceutical and nutraceutical industries [24].



This work aimed to evaluate the process conditions (temperature, solvent concentration, and weight-volume ratio) for extracting GSL from broccoli sprouts. To achieve this goal, the effects of the extraction conditions were optimized using a central composite design (CCD) combined with response surface methodology (RSM).




2. Materials and Methods


2.1. Chemicals and Plant Material


Sinigrin hydrate, sodium acetate, sulfatase (from Helix pomatia), diethylaminoethyl (DEAE)-sephadex A-25, acetonitrile (HPLC grade), and methanol (HPLC grade) were obtained from Sigma-Aldrich Co. (St. Louis, MO, USA). On the other hand, the HPLC-grade ethanol was procured from Desarrollo de Especialidades Químicas, S.A. de C.V (Monterrey, NL, México), whereas the desulfoglucoraphanin was acquired from Santa Cruz Biotechnology (Dallas, TX, USA). Deionized water (18.2 MΩ·cm resistance) used in all protocols was obtained from a Milli-Q Element water purification system (Millipore, Bedford, MA, USA). Broccoli sprouts (Brassica oleracea L., var. italica) were obtained from a local producer located in Zacatecas, Mexico. Samples were kept in plastic freezer bags and stored at −20 °C until extracting the compounds.




2.2. Experimental Design


The extraction was performed using an orthogonal CCD to determine the optimal extraction yield conditions. The experiment included the factors temperature, sample:solvent ratio (w/v), and ethanol percentage to estimate the simultaneous effect of these process variables on GSL extraction yield in a quadratic function. The design generated 20 experiments, distributed as follows: 6 replications of the center points, 8 axial points which are identical to the center point except for one factor, and 6 alpha points that are the distance of each individual axial point from the center in the center composite design. A RSM was used to analyze the effect of each process variable on GSL extraction yield. The design matrix is presented in Table 1, whereas Table 2 exhibits the fully coded CCD.



The CCD is a fractional factorial design used in the response surface methodology to reduce the number of experiments compared to a full factorial design. In the CCD, the center points are used to determine the prediction error as identical for all the points located at the same distance from the center of the domain. Therefore, experimental runs are identical to the center points except for one factor, and the inclusion of axial points allows the estimation of curvature, and second-order terms can be estimated. In this study, there are 6 axial points that go beyond the distance from the center of the design space to form this curvature (alpha points), namely runs 5 and 10 related to temperature; runs 11 and 12 related to sample:solvent ratio; and runs 13 and 14 related to ethanol percentage.




2.3. Extraction and Desulfation of Glucosinolates (GSL)


A single procedure was performed to extract GSL from the freeze-dried broccoli sprouts. A central composite design was elaborated to evaluate the effects of temperature, solvent concentration, and weight/volume ratio in the extraction yield of GSL. Therefore, four ethanolic extracts (one per replicate) were prepared for each treatment and the control sample.



The extraction of phytochemicals and further desulfation of GSL were performed as previously described [25]. Briefly, broccoli sprouts samples were weighed (1 g) and mixed into different volumes (15, 20, 25, 30, and 35 mL) of ethanol (100, 75, 50, 25, 0%) previously heated for 10 min in an incubator followed by the addition of 50 μL of a 3 mM solution of sinigrin as internal standard (I.S). Samples were incubated for 1 h at 250 rpm in a shaking incubator (VWR, Radnor, PA, USA) at the temperatures stated by the experimental design (15, 25, 40, 55, 65 °C). The extracts were removed from the incubator, left to cool at room temperature, and then centrifuged (SL16R Thermo Scientific, Bremen, Germany) at 18,000× g for 10 min and at 4 °C to sediment wasted solids. The clarified extract (supernatant) was recovered and stored at −80 °C for further glucosinolate analysis.



After the solvent extraction of phytochemicals, GSL were desulphated and purified for analytical essays using disposable polypropylene columns (Thermo Fisher Scientific, Waltham, MA, USA). Polypropylene columns were prepared by adding 0.5 mL of water, followed by 0.5 mL of previously prepared resin Sephadex A-25 and an additional 0.5 mL of HPLC water. Then, 3 mL of clarified broccoli extract supernatant was added to the prepared column and allowed to elute slowly. After removing excess supernatant, columns were washed with 2 × 0.5 mL of HPLC water followed by 2 × 0.5 mL of sodium acetate (0.02 M). Purified sulfatase (75 μL) previously prepared was added to each sample and left at room temperature overnight (12 h). Desulfoglucosinolates were eluted in vials with a total of 1.25 mL of water (2 × 0.5 mL + 0.25 mL).




2.4. Identification and Quantification of Desulfoglucosinolates


Glucosinolates were assayed using high-performance liquid chromatography coupled with a photodiode array detector (HPLC-DAD). Individual GSL were prepared using a standard curve of desulfoglucoraphanin ranging from 0 to 1250 ppm. The concentrations of total and individual GSL were expressed as mg of desulfoglucoraphanin equivalents per g of broccoli sprouts dry weight (DW), while individual GSL were identified based on retention time as compared with authentic standards and previous reports [22,25,26,27].



Chromatographic separations were performed on an HPLC system composed of a quaternary pump, an autosampler, and a photodiode array detector (DAD) (1260 Infinity, Agilent Technologies, Santa Clara, CA, USA). Desulfoglucosinolates were separated on a 4.6 mm × 250 mm, 5 μm, C18 reverse phase column (Luna, Phenomenex, Torrace, CA, USA). Separation of desulfoglucosinolates in the HPLC-DAD system was achieved using water (phase A) and acetonitrile (phase B) as mobile phases with a flow rate of 1.5 mL/min and a sequential gradient of 0/100, 28/80 and 35/100 (min/% phase A). The injection volume was 20 μL and compounds were detected at 227 nm. Chromatographic data were processed with OpenLAB CDS ChemStation software (Agilent Technologies, Santa Clara, CA, USA).




2.5. Statistical Analysis


Statistical analyses of chemical analyses were performed using three treatment repetitions. Data represent the mean values of samples and their standard errors. Analysis of variance (ANOVA) and RSM were conducted using JMP software version 16.0 (SAS Institute Inc., Cary, NC, USA). The level of significance of all statistical tests was stated at 95%. Results were subjected to a mean comparison analysis employing Tukey’s Honestly-significant-difference (HSD).





3. Results


A three-factor CCD was performed using the GSL concentration as a response using HPLC to obtain the optimum conditions for GSL extraction. The experiments were carried out following the run order shown in Table 2. Ten major GSL were quantified in the extracts as follows: glucoiberin (1); progoitrin (2); glucoraphanin (3); 1-hydroxy-3-indoylmethyl (4); 4-hydroxy-glucobrassicin (5); glucobrassicanapin (6); glucoeurocin (7); gluconasturtiin (8); 4-methoxy-glucobrassicin (9); neoglucobrassicin (10) (Supplementary Figure S1). For most treatments, progoitrin (peak 2) and 4-hydroxy-glucobrassicin (peak 5) were the glucosinolates found in higher proportion in broccoli sprouts, followed by glucoraphanin (peaks 3), neoglucobrassicin (peak 8), and gluconasturtiin (peak 10).



Individual and total concentrations of glucosinolates were quantified in the extract obtained with the extraction conditions under evaluation (15–65 °C, 0–100% ethanol, and 1:15–1:35 sample/solvent) (Table 3). In general, the extraction parameters using 40 °C, 50% ethanol/water (v/v), 1:35 (w/v), or 65 °C, 50% ethanol/water (v/v), 1:25 (w/v) and 40 °C, 50% ethanol/water (v/v), 1:15 (w/v) induced the maximum extraction of total glucosinolates from broccoli sprouts. Interestingly, the extraction using 40 °C, 0% ethanol/water (v/v), and 1:25 sample:solvent (w/v) was the one that induced the minimum total concentration (Table 3). The total glucosinolate concentrations ranged from 2131 mg/kg to 100,094 mg/kg DW. The three main glucosinolates detected using the extraction conditions were progoitrin, 4-hydroxy-glucobrassicin, and glucoraphanin, while the two with lower concentrations were neoglucobrassicin and gluconasturtiin.



Glucoraphanin is the glucosinolate with the most substantial scientific evidence for preventing and treating different chronic and degenerative diseases. The concentration of this glucosinolate ranged from 57 mg/kg to 24,688 mg/kg DW, depending on the extraction conditions. The extraction conditions that maximize the concentration of glucoraphanin in the extract match those that maximize the total GLS concentration, except for the treatment using 65 °C, 50% ethanol/water (v/v), and 1:25 (w/v).



Additionally, response surface plots were generated to evaluate the effects of studied factors and their interactions in the response variables. The RSM plots were generated in the function of temperature (15–65 °C), sample:solvent (1:15–1:35), and ethanol (0–100%). The RSM plots are depicted in Figure 1. The p-value was used to corroborate each coefficient’s significance. As observed, the extraction of glucosinolates is maximized using temperatures in the medium level (not the minimum or maximum ones) (Figure 1A,B). Likewise, ethanol concentration in the medium range maximized glucosinolate extraction, while at minimum or maximum, ethanol concentrations highly reduced the glucosinolate concentration. Otherwise, the higher sample:solvent ratio maximized the total glucosinolate concentration.



To confirm the RSM analysis, ANOVA analysis was employed to corroborate the significance of the factors used on the obtained extraction concentrations. A mathematical model was developed, obtaining the following quadratic equation with a correlation coefficient R2 of 0.94 and a lack of fit with a p-value < 0.1.



Quadratic equation:


GLS concentration = 53,588 + 39.7 × Temperature + 310.18 × Sample:Solvent + 11,462.45 × %Ethanol + 30.38 × Temperature2 + 256.68 × Sample:Solvent2 − 273,672.2 × %Ethanol2 + 15.61 × Temperature × Sample:Solvent + 743.26 × Temperature × %Ethanol − 695.57 × Sample:Solvent × %Ethanol + 94.25 × Temperature × Sample:Solvent × %Ethanol



(1)







ANOVA results indicate a strong significance (p < 0.05) or difference in extraction rates in relationship with the ethanol concentration on the linear model. Additionally, the parameters that showed significance in the ANOVA tests were the quadratic effects of temperature, sample:solvent and % ethanol. Moreover, their interactions did not show significance (p < 0.05). Furthermore, a noticeable trend can be observed in the increase in total glucosinolate concentration when 50% ethanol, 40 °C, and 1:35 (w/v) sample:solvent ratio was used. Furthermore, a desirability test was performed for factors in the total glucosinolate concentrations, which showed that the predicted optimal conditions for maximizing the total glucosinolate concentration were: 1:35 sample:solvent, 55% ethanol, and 65 °C.



Using the selected combinations, serial extractions were carried out to quantify the total yield of extraction. Results indicate that the combination of 50% EtOH, 40 °C, 1:35 (w/v) yielded around 85% of total glucosinolates and 83% of glucoraphanin in the matrix after the first extraction step and 8% and 10% more total glucosinolates and glucoraphanin after a second extraction of reused sprouts (Table 4).




4. Discussion


The glucosinolate profile reported herein matches previous reports. However, the proportion of glucosinolates varies depending on the genotype, sprouting time, and other genetic variations [8,28,29,30].



The most critical factor affecting glucosinolate extraction was the ethanol percentage, which maximized the glucosinolate concentration when using the medium range concentration of 50%. This result could be related to the similar polarity of both hydroalcoholic solvents and the phytochemicals of interest [31]. Normally, methanol is the solvent used for glucosinolate extraction from broccoli sprouts [22,32,33]. Nevertheless, ethanol could be an attractive option as an extraction solvent for several markets, such as the cosmeceutical and nutraceutical markets. Botanical hydroalcoholic extracts used as active ingredients are typically ethanol-based to avoid possible toxicological reactions related to the usage of methanol.



Several ethanol concentrations have been reported to extract glucosinolates from different sources [34,35,36,37,38,39]. In those reports, the authors mention the importance of applying high temperatures in solid-liquid phase extraction [31]. Campos et al., [38] used RSM to optimize the extraction efficiency for glucosinolates and polyphenols in maca (Lepidium meyenii). These authors indicated that the optimal conditions were 70 °C, 1 g: 10 mL sample–solvent ratio, 90 min extraction time and 58% ethanol solution. Under these conditions, they obtained 79% of the total GLS. Furthermore, Moreira-Rodríguez et al., [22] proved the differences between methanol and ethanol (70:30 v/v) and concluded that ethanol extracts showed higher levels of specific glucosinolates (33.33 ± 0.84 mmol/kg), such as glucoraphanin, whereas methanol extracted slightly higher levels of phenolics. These results proved the synergy between temperature and ethanol concentration to increase the concentrations of individual and total glucosinolates.



In general, when developing conventional extractions, high temperatures facilitate the release of phytochemicals by improving the convection currents and the diffusion rate. At high temperatures, a vibration of the molecules and an increase in the solubility occurs, causing a cell wall breakdown which liberates the internal compounds [40,41]. However, a high rise in temperature can degrade some thermostable compounds.



Extractions must balance the sample and solvent ratio to increase concentration yields [40,42,43]. The sample-to-solvent ratio did not significantly differ between the tested values on the response variables. However, a relevant trend was noticed when the sample-to-solvent increased, where a high GLS concentration rate was observed. In turn, increasing the solvent volume led to a reduction in GSL extraction. This might be explained because of the saturation of the solvent and the limitation of the dissolution of the compounds into the solvent [40,44]. These results prove the importance of finding a balance between the sample and the solvent to reduce the saturation and thus maximize extraction yields.



Finally, the target glucosinolate to obtain a high concentration in the extract was glucoraphanin, considered the most relevant aliphatic glucosinolate as it is the sulforaphane precursor of a highly antioxidant isothiocyanate [27]. The selected treatments for scalability tests were the treatments that showed the highest concentrations of glucoraphanin: 50% etOH, 65 °C, 1:25 (w/v) or 50% etOH, 40 °C, 1:35 (w/v). The extraction using lower temperatures could be easily scalable and bring the first approach to a laboratory pilot scale level. Considering this, the combination recommended for future studies is the use of 50% etOH, 40 °C, and a 1:35 (w/v) ratio. Both treatments led to the accumulation of aliphatic glucosinolates such as glucoraphanin and progoitrin, followed by 4-hydroxy-glucobrassicin, an indole glucosinolate highly present in the extract.




5. Conclusions


The data presented herein demonstrate the relevance of the ethanol concentration during the extraction of glucosinolates and the importance of applying high temperature in solid-liquid phase extraction. Under optimal conditions, it was possible to obtain extracts rich in glucosinolates to prepare food supplements, nutraceuticals, and even pharmaceuticals with applications in the prevention and treatment of chronic-degenerative diseases. Further studies should be focused on evaluating the residual ethanol in the extracts obtained to ensure the safety of the final product where the bioactive compounds will be incorporated.
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Figure 1. Response Surface graphical analysis for (A) Temperature-Sample: Solvent; (B) Temperature-%Ethanol; and (C) Sample: Solvent-%Ethanol against the Total Concentration of GLS (mg/kg DW) response variable. Significance is established at p < 0.05. 
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Table 1. Factors and levels used for central composite design analysis for glucosinolate extraction.
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Independent Variables

	
Coded Levels




	
−α

	
−1

	
0

	
1

	
α






	
x1 Temperature (°C)

	
15

	
25

	
40

	
55

	
65




	
x2 Sample:Solvent

	
1:15

	
1:20

	
1:25

	
1:30

	
1:35




	
x3 Ethanol (%)

	
0

	
25

	
50

	
75

	
100
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Table 2. Fully coded three-variable central composite design matrix.
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	Treatment
	Temperature (°C)
	Sample: Solvent
	Ethanol (%)





	1
	25
	1:20
	25



	2
	25
	1:30
	25



	3
	25
	1:20
	75



	4
	25
	1:30
	75



	5
	15
	1:25
	50



	6
	55
	1:20
	50



	7
	55
	1:30
	25



	8
	55
	1:20
	75



	9
	55
	1:30
	75



	10
	65
	1:25
	50



	11
	40
	1:15
	50



	12
	40
	1:35
	50



	13
	40
	1:25
	0



	14
	40
	1:25
	100



	Central Points
	40
	1:25
	50
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Table 3. Concentration of total and individual glucosinolates in broccoli sprouts.
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Treatment

	
Glucosinolate Concentration (mg/Kg DW)




	
Glucoiberin

	
Progoitrin

	
Glucoraphanin

	
1-Hydroxy-3-indoylmethyl

	
4-Hydroxy-glucobrassicin

	
Glucobrassicanapin

	
Glucoeurocin

	
Gluconasturtiin

	
4-Methoxy-glucobrassicin

	
Neoglucobrassicin

	
Total






	
1

	
3113 ± 43 d,e

	
18,366 ± 450 b,c,d

	
7015 ± 86 e

	
8489 ± 528 b,c

	
16,024 ± 760 c,d

	
1117 ± 75 e,f

	
4141 ± 232 f

	
n.d.

	
429 ± 63 c,d,e

	
19 ± 14 e

	
58,696 ± 1833 d,e




	
2

	
3746 ± 134 b,c,d,e

	
21,482 ± 1264 a,b

	
7434 ± 322 d,e

	
8475 ± 535 b,c

	
17,004 ± 1098 c,d

	
1280 ± 150 e

	
4443 ± 305 e,f

	
n.d.

	
346 ± 42 d,e,f

	
n.d.

	
64,009 ± 3873 d,e




	
3

	
4040 ± 253 b,c,d

	
16,834 ± 783 b,c,d

	
11,350 ± 884 b,c

	
8970 ± 495 b,c

	
20,028 ± 1190 b,c

	
1658 ± 98 e

	
6088 ± 362 c,d,e,f

	
325 ± 27 c,d

	
257 ± 8 e,f,g

	
222 ± 31 b,c

	
69,773 ± 4024 c,d,e




	
4

	
3955 ± 359 b,c,d

	
16,274 ± 1714 c,d

	
10,285 ± 1123 b,c,d

	
8339 ± 926 c

	
18,561 ± 1982 c,d

	
1406 ± 129 e

	
5365 ± 556 c,d,e,f

	
201 ± 52 d,e

	
113 ± 33 g,h

	
57 ± 34 e

	
64,555 ± 6789 c,d,e




	
5

	
4361 ± 171 a,b,c

	
21,363 ± 184 a,b,c

	
11,421 ± 701 b,c

	
11480 ± 175 a,b

	
24,573 ± 293 a,b

	
3061 ± 217 c

	
7261 ± 115 a,b,c

	
467 ± 25 b,c

	
434 ± 17 c,d,e

	
262 ± 14 a,b

	
84,682 ± 260 a,b,c




	
6

	
2973 ± 288 de

	
15,048 ± 618 d

	
7040 ± 637 e

	
6643 ± 462 c

	
13,319 ± 910 d

	
1023 ± 29 e,f

	
4632 ± 309 d,e,f

	
87 ± 19 e,f

	
639 ± 14 b,c

	
94 ± 15 d,e

	
51,498 ± 2990 e




	
7

	
3748 ± 317 b,c,d,e

	
15,885 ± 1182 d

	
7521 ± 1024 d,e

	
6879 ± 461c

	
14,661 ± 1028 c,d

	
891 ± 98 e,f

	
4271 ± 310 e,f

	
n.d.

	
620 ± 44 b,c

	
n.d.

	
54,441 ± 4320 d,e




	
8

	
3529 ± 673 bcde

	
15,650 ± 3670 d

	
9648 ± 1945 c,d,e

	
8428 ± 2106c

	
18,814 ± 4615 c,d

	
3109 ± 414 c

	
6193 ± 1574 c,d,e

	
553 ± 157 b

	
518 ± 144 b,c,d

	
229 ± 114 b,c

	
66,670 ± 15221 c,d,e




	
9

	
4343 ± 231 a,b,c

	
17,853 ± 515 b,c,d

	
11,734 ± 777 b,c

	
9162 ± 296 b,c

	
19,632 ± 650 b,c

	
2980 ± 130 c,d

	
6466 ± 197 b,c,d

	
454 ± 24 b,c

	
468 ± 14 b,c,d,e

	
113 ± 30 c,d,e

	
73,204 ± 2821 b,c,d




	
10

	
4711 ± 566 a,b

	
24,688 ± 2580 a

	
13,352 ± 1566 a,b

	
13615 ± 2028 a

	
26,975 ± 3839 a

	
1831 ± 330 d,e

	
8813 ± 1353 a

	
943 ± 125 a

	
962 ± 124 a

	
360 ± 86 a

	
96,249 ± 12,550 a




	
11

	
2635 ± 284 e

	
23,692 ± 3443 a

	
7114 ± 927 e

	
12,537 ± 1902 a

	
28,481 ± 2023 a

	
7611 ± 930 a

	
8902 ± 902 a

	
622 ± 166 b

	
677 ± 163 b

	
208 ± 36 b,c,d

	
92,480 ± 10271 a,b




	
12

	
5505 ± 952 a

	
24,320 ± 1815 a

	
14,986 ± 1862 a

	
12287 ± 935 a

	
27,888 ± 1953 a

	
7069 ± 804 a,b

	
8229 ± 609 a,b

	
n.d.

	
147 ± 94 f,g

	
n.d.

	
100,094 ± 9016 a




	
13

	
1374 ± 198 f

	
329 ± 84 e

	
74 ± 40 f

	
442 ± 62 d

	
317 ± 40 e

	
n.d.

	
n.d.

	
n.d.

	
58 ± 20 g,h

	
n.d.

	
2131 ± 430 f




	
14

	
264 ± 46 f

	
57 ± 19 e

	
788 ± 134 f

	
431 ± 79 d

	
936 ± 92 e

	
n.d.

	
173 ± 43 g

	
n.d.

	
n.d.

	
n.d.

	
2269 ± 307 f




	
Central Points

	
3201 ± 200 c,d,e

	
16,232 ± 499 d

	
10,056 ± 599 c,d,e

	
9070 ± 86 b,c

	
18,328 ± 701 c,d

	
6392 ± 701 b

	
6190 ± 164 c,d,e

	
519 ± 45 b,c

	
625 ± 35 b,c

	
242 ± 18 a,b

	
70,853 ± 1738 c,d,e








Values represent the means of 3 replicates ± standard error. Values with different superscript letters in the same column indicate a statistical difference between the mean concentration of the bioactive compound in the morphotypes evaluated using the LSD test (p < 0.05). 
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Table 4. Extraction yield of total glucosinolates and glucoraphanin from broccoli sprouts.
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Total GLS Yield

	
Glucoraphanin Yield






	
Extraction 1

	
116,687 ± 5594 a

	
85.20%

	
29,724 ± 993 a

	
83.90%




	
Extraction 2

	
14,228 ± 626 b

	
8.10%

	
2840 ± 201 b

	
10.20%




	
Extraction 3

	
3926 ± 268 c

	
2.70%

	
956 ± 129 c

	
2.80%




	
Extraction 4

	
2216 ± 145 c

	
2.30%

	
822 ± 35 c

	
1.60%




	
Extraction 5

	
1959 ± 28 c

	
1.50%

	
532 ± 51 c

	
1.40%








Concentrations are reported as desulfoglucoraphanin equivalents. Values represent the mean of three replicates ± standard error of the mean. Different superscript letters (a–c) in the same column indicate statistical differences by the Tukey test (p < 0.05). DW: Dry weight. GLS: Glucosinolates.
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