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Abstract Sulforaphane is a significant chemopreventive

compound which is the predominant glucosinolate in

broccoli sprouts. However, the existence of the

epithiospecifier protein could direct the hydrolysis of glu-

cosinolates toward sulforaphane nitrile formation instead

of sulforaphane. Therefore, the study aimed on improving

the yielding of sulforaphane in broccoli sprouts with a new

method of the united hydrolysis of cruciferous sprouts.

According to the results, the addition of radish, rocket and

rape sprouts to broccoli sprouts could promote the

hydrolysis of the glucoraphanin to anticancer effective

sulforaphane to 2.03, 2.32 and 1.95-fold, respectively,

compared to single broccoli sprouts. Meanwhile, the for-

mation of non-bioactive sulforaphane nitrile in these three

groups decreased greatly. However, the addition of mustard

sprouts had no positive effect. These observations could

make a contribution to the potential chemoprotective

effects of broccoli sprouts.
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Introduction

Epidemiological studies have showed that cruciferous

vegetables intake was associated with lowering the risk of

developing cancer [1]. And several studies revealed that

these preventive effects appeared to be related to the

unique contents of amounts of glucosinolates and myrosi-

nase [2–4]. When plant tissue is mechanically ground or

chopped, glucosinolates and myrosinase are brought into

contact, and the b-thioglucoside bond of glucosinolates is

hydrolyzed by myrosinase to produce glucose, sulfate and

an unstable aglucon intermediate. Then the aglucon inter-

mediate breaks down to form isothiocyanates, thio-

cyanates, nitriles, epithionitriles and oxazolidine-thiones

[5].

Glucoraphanin (4-methylsulfinylbutenyl glucosinolate),

the predominant glucosinolate in broccoli, yields sul-

foraphane (4-methylsulfinylbutyl isothiocyanate) and sul-

foraphane nitrile (5-methylsulfinylpentane nitrile) as main

hydrolysis products [6]. Sulforaphane was strongly asso-

ciated with anticancer effects and it was initially identified

as the inducer of phase II enzymes. Studies revealed that

sulforaphane has direct proliferation effect on cancer cells
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[7–9]. Besides, sulforaphane also shows a number of bio-

logical activities such as antihypertensive [10], cardiopro-

tective [11] and supplementary treatment in type 2 diabetes

[12]. Nitrile, on the other hand, has no significant cancer

prevention activity [13]. However, sulforaphane yield from

glucoraphanin is low, and the nitrile production is superior

to sulforaphane when broccoli is crushed. Importantly, the

existence of the epithiospecifier protein (ESP) could affect

the ratio of sulforaphane to nitrile by directing the degra-

dation of the aglucon intermediate to nitrile formation, at

the expense of sulforaphane [14]. Therefore, it is necessary

to find methods to preferentially direct the hydrolysis of

glucoraphanin toward sulforaphane formation.

Wang et al. [15] found that when broccoli was treated

with brief heating, it was effective to provide less nitrile

and more sulforaphane. Since ESP was more heat sensitive

than myrosinase, thus making ESP inactivate firstly.

However, myrosinase activity could be partly or totally

denatured thus significantly decreasing sulforaphane for-

mation during high temperature heating process. Others

reported the addition of exogenous source of myrosinase

such as broccoli root, mustard seeds to the processed

broccoli could increase the formation of sulforaphane [16].

Cruciferous sprouts gained people’s attention due to

their higher abundance in bioactive compounds and per-

ceived health benefits. In the present study, the addition of

other appropriate cruciferous sprouts including radish,

rocket, rape and mustard to broccoli were investigated,

with the aim of improving sulforaphane formation, thus

providing an optimum yield of health-promoting com-

pounds for human consumption.

Materials and methods

Plant materials and chemicals

Broccoli seeds (Brassica oleracea L.), radish seeds

(Raphanus sativus L. Mantanghong), rocket seeds (Eruca

sativa Mill.), rape seeds (Brassica campestris L. Shang-

haiqing) and mustard seeds (Brassica juncea L.) were

kindly provided by Vegetables and Flowers Institute, China

Academy of Agriculture Science. Acetonitrile and trifluo-

roacetic acid (TFA) were of HPLC grade and purchased

from Fisher Scientific Co., LTD (Tustin, CA). Ultra-pure

water was obtained by Q Millipore System (Millipore,

USA). Sodium hypochlorite solution, dichloromethane

were analytical grade and purchased from Beijing Chemi-

cal Works (Beijing, China), applied without further

purification.

Seeds germination and sprouts cultivation

One hundred grams of broccoli (radish, rocket, rape or

mustard) seeds were cleaned with deionized water and

subsequently they were immersed in a 0.7% sodium

hypochlorite solution for 30 min. Then those seeds were

drained and washed with deionized water until the solution

reached a neutral pH. Afterwards, they were soaked in

500 ml deionized water overnight. The imbibed seeds

germinated on four layers of moist sterile gauzes in culture

trays which were placed in 25 �C incubators, watered every

8 h to maintain a constant water content. During first

2 days, all seeds germinated in darkness conditions, after

that they were cultivated under photoperiod conditions

(16 h light and 8 h darkness). Sprouts were harvested daily

during germination for up to 7 days. One half of the har-

vested sprouts were stored at - 20 �C refrigerator and the

others were freeze-dried with lyophilizer.

Extraction of glucosinolates

The extraction of glucosinolates in each cruciferous sprout

including broccoli, radish, rocket, rape and mustard sprouts

were conducted according to previously published method

withminormodifications [17]. Firstly, 10 mg of each freeze-

dried sprouts were ground into powder with an analytical

grinder and then 3 ml boiling water was added. The mixture

was heated in a water bath set at 100 �C for 15 min before

being centrifuged at 12,000 rpm for 5 min. Subsequently,

the supernatant was decanted and the residue was extracted

twice with 3 ml boiling water. Finally, the combined

supernatants were concentrated to 3 ml using rotary evapo-

rator and filtered with 0.22 lm nylon membrane.

Glucosinolates analysis by HPLC/Q-TOF/MS

The content of glucosinolate in each cruciferous sprouts

extraction filtrate was analyzed by an Agilent 1290 HPLC

(Agilent Technologies, Germany), coupled to an Agilent

6540 quadrupole-time of flight mass spectrometer (Agilent

Technologies, Germany). The separation was carried out

on a reversed phase C18 column (2.1 9 150 mm, 3.5 lm;

Agilent Technologies, Germany) set at a flow rate of

0.3 ml/min, eluting with a gradient elution of acetonitrile

(mobile phase A) and 0.02% (v/v) TFA aqueous solution

(mobile phase B) as follows: linear gradient from 1% A to

15% A for 10 min, 100% A kept for 2 min, then 1% A kept

for 8 min. The injection volume was 10 ll and the detec-

tion wavelength was set at 235 nm. MS spectrometry data

were acquired in the negative ionization mode for glu-

cosinolates, and the separate glucosinolates were identified

from the extracted samples according to their [M–H]-

fragmentations.
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Extraction of formed sulforaphane

Two grams of broccoli sprouts combined with 2 g of radish

(rocket, rape or mustard) sprouts were juiced together with

20 ml deionized water for 3 min, using a juice centrifuge

(Joyoung model JYL-C18D, China). Two grams of single

broccoli sprouts acted as control. The obtained slurry was

allowed to hydrolyze at room temperature for 1 h to

facilitate product formation. Then the slurry was cen-

trifuged at 12,000 rpm for 5 min and supernatant was

extracted twice with 20 ml dichloromethane. Then the

combined dichloromethane fraction was dried using rotary

evaporator and the residue was dissolved in 20 ml water.

Finally, the sample was filtered with 0.22 lm nylon

membrane.

Sulforaphane formation analysis by HPLC/Q-TOF/

MS

The sulforaphane formation in each combined cruciferous

sprouts extraction filtrate was analyzed on an Agilent 1290

HPLC (Agilent Technologies, Germany), coupled to an

Agilent 6540 quadrupole-time of flight mass spectrometer

(Agilent Technologies, Germany). The separation was

carried out on a reversed phase C18 column

(2.1 9 150 mm, 3.5 lm; Agilent Technologies, Germany)

set at a flow rate of 0.3 ml/min, eluting with a gradient

elution of acetonitrile (mobile phase A) and 0.02% (v/v)

TFA aqueous solution (mobile phase B) as follows: linear

gradient from 20% A to 80% A for 10 min, 100% A kept

for 2 min, then 20% A kept for 8 min. The injection vol-

ume was 10 lL and the detection wavelength was set at

254 nm [18]. MS spectrometry data were acquired in the

positive ionization mode for sulforaphane, and the sul-

foraphane was identified from the extracted samples

according to its [M ? H]- fragmentations.

Sulforaphane nitrile formation analysis by GC–MS

The extraction of sample was the same as that of sul-

foraphane analysis. Then the combined dichloromethane

fraction was concentrated to 20 ml under vacuum. After

that the dichloromethane concentrate was filtered with

0.22 lm nylon membrane and sulforaphane nitrile in it was

analyzed on an Agilent 7890B GC system (Agilent Tech-

nologies, Germany), equipped with an Agilent 5977A mass

spectrometer (Agilent Technologies, Germany). The sepa-

ration was carried out on an Agilent HP-5 ms (5% phenyl

methyl siloxane) column (30 m 9 0.25 mm, 0.1 lm film

thickness; Agilent Technologies, Germany). The tempera-

ture of injector and detector were set at 210 and 280 �C,
respectively. Column oven temperature began at 40 �C for

2 min, then gradient (10 �C/min) increased to and kept at

260 �C for 10 min. Helium was used as carrier gas and the

flow rate was 25 psi. Ion source temperature was 230 �C,
and electron energy was 70 eV [19].

Statistical analysis

All analytical experiments were carried out in three repli-

cates and the results were presented as a mean ± standard

deviation (SD). One way analysis of variance (ANOVA)

was employed to identify significant differences (p\ 0.05)

between data sets using software Origin 8.5.

Results and discussions

Glucosinolate analysis in five cruciferous sprouts

According to HPLC/Q-TOF/MS, there was one predomi-

nate glucosinolate whose content was much higher than the

others in each cruciferous sprouts (Table 1). In broccoli

sprouts (Fig. A1), glucoraphanin, the parent compound of

Table 1 Analysis of the predominant glucosinolate in five crucifer-

ous sprouts

Cruciferous sprouts The predominant glucosinolate

Name Peak area

Broccoli Glucoraphanin 7,448,534

Radish Glucoraphenin 9,173,659

Rocket Glucoerucin 783,673

Rape Sinigrin 312,597

Mustard Sinigrin 596,372

Fig. 1 Effects of the addition of radish, rocket, rape, mustard sprouts

to broccoli sprouts on the sulforaphane formation. The experiment

was carried out in triplicate. The data were expressed as means ± s-

tandard deviations (SD)
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sulforaphane, was the most abundant glucosinolate. The

predominant glucosinolate in radish sprouts (Fig. A2) was

glucoraphenin. In addition, it was found that glucoerucin

content was much higher than other glucosinolates in

rocket sprouts (Fig. A3), and sinigrin was the predominant

glucosinolate in rape (Fig. A4) and mustard sprouts. From

the above results, it was noticed that there was no gluco-

raphanin to be found in the samples of radish, rocket, rape

and mustard sprouts, which could be due to there was no or

just little of glucoraphanin in these sprouts [20]. Hence, the

yielded sulforaphane after treating with addition of other

cruciferous was provided by glucoraphanin in broccoli.

Effects of addition of other cruciferous sprouts

to broccoli sprouts on sulforaphane formation

The HPLC/Q-TOF/MS spectrum of the hydrolyzate of

single broccoli sprouts was showed in Fig. A5. It was found

that the peak with a retention time of 4.88 min was sul-

foraphane. The same method was used to analysis the

sulforaphane content with other cruciferous sprouts addi-

tions. Figure 1 showed that the addition of exogenous

cruciferous sprouts to broccoli sprouts impacted the sul-

foraphane formation. The single broccoli acted as control.

The addition of radish sprouts significantly increased sul-

foraphane formation to 2.03-fold compared with single

broccoli sprouts (P\ 0.05). When adding rocket sprouts to

broccoli sprouts, sulforaphane had the highest content level

and it significantly increased to 2.32-fold (P\ 0.05).

Moreover, addition of rape sprouts to broccoli sprouts

improved sulforaphane content to 1.95-fold (P\ 0.05).

While a lower content of sulforaphane for the addition of

mustard sprouts was observed, decreasing by 22.5% com-

pared with control. However, it was reported that addition

of powdered mustard seeds to thermal processed broccoli

could increase sulforaphane formation by more than 5-fold

Fig. 2 The GC spectrum of the

hydrolyzate of single broccoli

sprouts

Scan

m/z

Scan

S
CH3

N

O

Fig. 3 The MS spectrum of the compound whose peak time is 11.158 min
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[21]. The decrease of sulforaphane content was caused by

the inactivation of myrosinase during the heating process

so that it could not catalyze glucoraphanin to generate

sulforaphane, whereas the addition of mustard seeds in

such condition provided exogenous myrosinase.

The results suggested that the addition of radish, rocket

and rape sprouts to broccoli sprouts could make around

one-fold increase in sulforaphane formation compared to

single broccoli sprouts, while mustard sprouts addition

could not improve sulforaphane level. Therefore, con-

suming broccoli sprouts together with some of radish,

rocket and rape sprouts could make broccoli sprouts pro-

vide more health-promoting compounds for us.

Effects of addition of other cruciferous sprouts

to broccoli sprouts on sulforaphane nitrile formation

It was clear that exogenous source of myrosinase including

broccoli root, radish root and mustard seed could hydrolyze

glucoraphanin to sulforaphane, but the formation of sul-

foraphane nitrile hadn’t been studied yet. In order to

explore the origin of the increased sulforaphane after

hydrolyzing with other cruciferous sprouts, the sul-

foraphane nitrile content was examined with GC–MS. The

GC spectrum of the hydrolyzate of broccoli sprouts was

showed in Fig. 2. The compound, appearing at 11.158 min,

was investigated to be sulforaphane nitrile according to its

MS analysis (Fig. 3). Then, the sulforaphane nitrile content

in other cruciferous sprouts additions were carried out with

the same method. As shown in Fig. 4, the addition of

radish, rocket and rape sprouts significantly (P\ 0.05)

decreased sulforaphane nitrile formation by 77.4, 60.3 and

51.5% respectively, compared with single broccoli sprouts.

It was might due to the lack of ESP and thus did not

generate nitriles. Besides, excess myrosinase would favor

sulforaphane formation over nitrile even when a little ESP

was present. And there was no significant (P[ 0.05) effect

on sulforaphane nitrile when the addition of mustard

sprouts was conducted. These results were in agreement

with the changes of sulforaphane level.
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