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ABSTRACT: Broccoli is found to be a good source of glucosinolates, which can be hydrolyzed by endogenous myrosinase to
obtain chemopreventive isothiocyanates (ITCs); among them, sulforaphane (SF) is the most important agent. Studies have
shown that cooking greatly affects the levels of SF and total ITCs in broccoli. However, the stability of these compounds during
cooking has been infrequently examined. In this study, we proved that the half-lives of SF and total ITCs during stir-frying were
7.7 and 5.9 min, respectively, while the myrosinase activity decreased by 80% after stir-frying for 3 min; SF and total ITCs were
more stable than myrosinase. Thus, the contents of SF and total ITCs decreased during stir-frying largely because myrosinase was
destroyed. Subsequently, it was confirmed that compared to direct stir-frying, hydrolysis of glucosinolates in broccoli for 90 min
followed by stir-frying increased the SF and total ITC concentration by 2.8 and 2.6 times, respectively. This method provides
large quantities of beneficial ITCs even after cooking.
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■ INTRODUCTION

Broccoli has been widely approved for its beneficial effects on
human health because it contains high concentrations of
vitamins, minerals, polyphenols, and in particular a group of
phytochemicals named glucosinolates.1 Epidemiological studies
have shown that broccoli has potential beneficial effects,
including the prevention or reversal of cancer,2 hepatic
steatosis,3 and cardiovascular disease.4 The health effects of
broccoli are related to its high content of glucosinolates.5 When
fresh broccoli florets or broccoli sprouts are crushed, chopped
or chewed, glucosinolates are hydrolyzed to equimolar amounts
of glucose and unstable thiono compounds. The latter are
spontaneously converted into bioactive isothiocyanates (ITCs)
by the action of an endogenous enzyme called myrosinase, or
non-bioactive nitriles by the action of epithiospecifier protein
(ESP).5,6 The most abundant glucosinolate found in broccoli is
glucoraphanin, followed by glucobrassicin, which are hydro-
lyzed to sulforaphane (SF) and indole-3-carbinol by the action
of myrosinase.7

Before being consumed, broccoli is commonly cooked.
Cooking methods such as steaming and microwaving are
common in Western society, whereas stir-frying is the most
popular method in China.8 SF has many bioactivities, and
methods for retaining or improving its content in cooked
broccoli are vital. Some studies have shown that cooking
methods greatly alter the content of total glucosinolates and
their hydrolysates, as well as the myrosinase activity in brassica
vegetables.9 For example, steaming broccoli for 2 min has a
significant inhibitory effect on SF production.10 A study by
Rungapamestry et al.11 showed that hydrolysis of glucoraphanin
to SF and absorption of SF in humans after consumption of

lightly cooked broccoli (microwaved for 2 min) were ∼3 times
those after consumption of fully cooked broccoli (microwaved
for 5.5 min), indicating that a longer cooking time inhibits SF
production. Jones et al.9 reported that the rate of SF production
decreased from 51.9 to <1.1 mg/kg of dry weight (DW) after
microwaving or boiling for 2−5 min, and steaming for 2 min
resulted in an ∼50% SF yield loss. Therefore, the authors
suggested that for optimum SF intake, broccoli should be eaten
raw or lightly steamed. Vermeulen et al.12 found that, compared
with that of microwaved broccoli, consumption of raw broccoli
led to much higher SF levels in urine and blood. SF was not
detectable in broccoli florets after boiling for 15 min or
steaming for 23 min, whereas pressure/microwave cooking for
2 min caused an only 17% loss of SF.13 Generally, compared
with the consumption of raw broccoli hydrolyzed by
endogenous myrosinase during digestion, the intake of cooked
broccoli usually provides approximately one-tenth of the
amount of SF.14−16 These results show that only raw or lightly
processed broccoli provides high levels of beneficial SF.
The stability of SF under different conditions and in different

systems has been reported in a number of studies.17,18 As an
inherently reactive small molecule, SF is reported to be
thermally sensitive and readily degradable.17,18 Surprisingly, few
methods have reported the SF concentrations in stir-fried
broccoli, and to the best of our knowledge, no report has
focused on SF stability during the stir-frying process. In a
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previous study, we showed that the half-life (t1/2) of SF at 90
°C and pH 6.0 was 1.5 h.19 Considering that the stir-frying time
is usually 4 min, SF and total ITCs may not be as labile as we
thought. Nevertheless, myrosinase is very labile, which in
broccoli tissue and juice was stable up to 45 and 40 °C,
respectively.20,21 Consequently, we expect that because
myrosinase is much more labile than ITCs, myrosinase will
be destroyed during cooking, and the levels of formation of SF
and total ITCs will greatly decrease. Thus, allowing for
hydrolysis before stir-frying should increase the SF and total
ITC contents of broccoli.
In this study, we evaluated the stabilities of SF, total ITCs,

and myrosinase during the stir-frying process. A method for
modifying the broccoli stir-frying process to increase the level
of SF and total ITC formation is proposed.

■ MATERIALS AND METHODS
Materials. Broccoli seeds, namely LS-1, were preserved at Zhejiang

Provincial Key Lab for Chem & Bio Processing Technology of Farm
Products. Broccoli and carrots were purchased from a local market.
One single cultivar of broccoli purchased at one time was used to
study myrosinase activity, and another single cultivar of broccoli
purchased at another time was used to study ITC contents before and
after stir-frying.
Sulforaphane (98%) and sinigrin hydrate (99%) were purchased

from Sigma Chemical Co. (St. Louis, MO). 1,2-Benzenedithiol was
purchased from TCI Co. (Tokyo, Japan). The glucose GOD/PAP kit
was purchased from Nanjing Jiancheng Biotech Inc. (Jiangsu, China).
The protein quantitation kit was purchased from Sangon Biotech
(Shanghai, China). Methanol (Merck) was HPLC grade, and all other
chemicals used were of analytical grade and purchased from either
Aladdin (Shanghai, China) or Sangon Biotech.
Total ITC Extraction Methods. Total ITCs were extracted by the

method previously reported.19 Briefly, 50 g of broccoli seed meal was
ground using a Chinese herbal medicine grinder for 15 s; 400 mL of
hexane was added to the seed meal and the mixture stirred for 3 h. The
seed meal was then transferred and dried in a fume hood overnight to
obtain defatted seed meal. In the hydrolysis and extraction step, 200
mL of ethyl acetate and 100 mL of potassium phosphate buffer (0.05
M, pH 5.8) were added simultaneously to the seed meal and agitated
for 4 h, and then 20 g of sodium chloride and 10 g of anhydrous
sodium sulfate were added to the solution and agitated. The ethyl
acetate layer was transferred, and the residual seed meal was extracted
twice with an equal volume of ethyl acetate; the resulting extracts were
combined and dried in a rotary evaporator (Yarong Instrument,
Shanghai, China). The residue was diluted with water and stored in a
refrigerator at −20 °C.
Stability of SF and Total ITCs during Stir-Frying. Carrots (100

g) were cut into a 0.3 cm dice, and 10 mL of broccoli extracts with a
SF concentration of 4.17 mg/mL was added and mixed. An
electromagnetic oven with an output power of 1200 W was preheated
for 1 min, and then the carrot/broccoli extract mixture was stir-fried in
a wok; at 0, 1, 2, 3, 4, 6, 8, and 10 min, a 5 g sample was taken and
rapidly cooled by being placed in an ice/water bath. Each sample was
extracted three times with 15 mL of ethyl acetate, and the resulting
ethyl acetate layers were combined and evaporated at 30 °C. The
residue was dissolved with methanol and constant-volumed to 10 mL.
The SF and total ITC concentrations of each sample were measured
by HPLC, as described below. Three independent replicates were
performed for each experiment.
Determination of Myrosinase Activity during Stir-Frying.

Myrosinase activity was measured by the method of Guo et al.22 with
some modifications. Briefly, an electromagnetic oven with an output
power of 1200 W was preheated for 1 min, and then a total of 100 g of
broccoli was stir-fried in a wok, as described above. At 0, 1, 2, 3, 4, 6,
and 8 min, a 5 g sample was taken and was cooled by being placed in
an ice/water bath. Each sample was divided into two equal parts; one
part was heated at 80 °C overnight to obtain the dry weight. Another

part was homogenized with 15 mL of 0.1 M phosphate buffer (pH 6.5)
in an ice bath for 3 min. The homogenate was centrifuged at 10000g
and 4 °C for 15 min; 500 μL of the supernatant was mixed with 500
μL of distilled water and boiled for 5 min, and then the amount of
glucose in the mixture (A1) was quantified using the glucose GOD/
PAP kit (Nanjing Jiancheng Biotech Inc.). An additional 500 μL of
supernatant was mixed with 500 μL of a 0.25 mM sinigrin solution and
incubated at 37 °C for 15 min. The reaction was stopped by boiling
the mixture for 5 min. The amount of glucose in the mixture (A2) was
analyzed using the glucose GOD/PAP kit. The amount of glucose
formed in the enzymatic hydrolysis was calculated by subtracting A1
from A2. One myrosinase unit was expressed as 1 nmol of glucose
formed/min. The specific activity was defined as units per gram of
broccoli (dry weight). Three independent replicates were performed
for each experiment.

Hydrolysis Rate of Myrosinase. Two and one-half grams of
broccoli was homogenized with 15 mL of 0.1 M phosphate buffer (pH
6.5) in an ice bath for 3 min. The homogenate was centrifuged at
10000g and 4 °C for 15 min to obtain the supernatant; 0.25 mL of 2.5
mM sinigrin was mixed with 0.25 mL of supernatant, well capped, and
incubated at 37 °C. At 0, 10, 15, 30, 45, 60, 90, 120, 150, and 210 min,
one tube was randomly taken from the water bath, and its contents
were boiled for 5 min to quench the reaction. The amount of glucose
was measured using the glucose GOD/PAP kit. Three independent
replicates were performed for each experiment.

Effect of Hydrolysis on ITC Content after Stir-Frying. Fresh
broccoli florets were cut into small pieces (size of approximately 0.2
cm × 0.2 cm × 0.2 cm) and divided into three groups, namely, the
hydrolyzed and stir-fried (HS) group, the directly stir-fried (DS)
group, and the raw broccoli (RB) group. For the HS group, 100 g of
chopped fresh broccoli was mixed with 3 mL of water and incubated in
a 37 °C water bath for 90 min. An electromagnetic oven with an
output power of 1200 W was preheated for 1 min, and the broccoli
was stir-fried in a wok for 4 min. Then, the broccoli meal was mixed
with 200 mL of ethyl acetate and 100 mL of 0.05 M potassium
phosphate buffer (pH 7.0) and agitated for 30 min; 25 g of NaCl were
then added, and the mixture was shaken and filtered with filter paper.
The ethyl acetate layer was transferred, and the water layer was
extracted with 200 mL of ethyl acetate two additional times. The ethyl
acetate layers were combined and evaporated. The residue was
dissolved using 25 mL of methanol. For the DS group, the
electromagnetic oven with an output power of 1200 W was preheated
for 1 min, and 100 g of chopped broccoli florets was stir-fried for 4
min; then the broccoli florets were rapidly cooled by being placed in
an ice/water bath. The florets were mixed with 200 mL of ethyl acetate
and 100 mL of potassium phosphate buffer, and the following steps
were the same as those for the HS group. For the RB group, 100 g of
chopped fresh broccoli was mixed with 200 mL of ethyl acetate and
100 mL of 0.05 M potassium phosphate buffer (pH 7.0), and the
following extraction steps were the same as those for the HS group.
Three independent replicates were performed for each condition. The
total ITC concentration in the methanol solution was measured by
HPLC, and concentrations of individual ITCs, nitriles, and
degradation products were determined by GC-MS, as described below.

Quantification of Total ITCs. Quantification of total ITCs was
performed using the cyclocondensation method.23 Briefly, the ITC
sample was mixed with 10 mM 1,2-benzenedithiol and 25 mM
potassium phosphate buffer. After being incubated for 2 h at 65 °C, the
mixture was cooled to room temperature and then centrifuged at
16000g for 10 min. The supernatant was collected and analyzed using
a Waters (Milford, MA) e2695 HPLC system equipped with a 4.6 mm
× 250 mm inside diameter, 5 μm WondaCract ODS-2 column
(Shimadzu). The mobile phase consisted of 80% methanol and 20%
water at a flow rate of 1.0 mL/min, and a 10 μL sample was injected
onto the column. The cyclocondensation product, 1,3-benzodithiole-
2-thione, was detected by absorption at a wavelength of 365 nm using
a Waters 2489 detector. The standard curve was prepared using
varying amounts of pure SF to estimate the ITC concentration in each
sample.
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SF Quantification. SF was quantified using a Waters e2695 HPLC
system using the method previously reported.19 Ten microliters of
sample was injected onto a 4.6 mm × 250 mm inside diameter, 5 μm
WondaCract ODS-2 column (Shimadzu). The mobile phase consisted
of methanol and water; the flow rate was 1 mL/min, and the column
oven temperature was 25 °C. The gradient conditions were as follows.
The level of methanol was increased from 20% in water to 60% over
10 min, then increased to 100% over 2 min, and maintained for an
additional 2 min. SF was detected by the absorbance at 241 nm using a
Waters 2489 detector.
GC-MS Analysis. Glucosinolate hydrolysis products were assessed

by a model 7890A GC system (Agilent Technologies Inc., Palo Alto,
CA) by the method previously reported.24 Mass spectra were recorded
with a model 5975C inert XL/CI MSD with a triple-axis detector
enabling recording of ions from m/z 35 to 500. The capillary column
contained HP-5MS UI capillaries (0.25 μm film thickness, 30 m × 0.25
mm inside diameter). The injection volume was 1.0 μL. The injector
and detector temperatures were set to 270 and 280 °C, respectively.
The column oven temperature started at 50 °C for 2 min, increased at
a rate of 10 °C/min to 190 °C, then increased at a rate of 20 °C/min
to 300 °C, and was maintained for 5 min. The carrier gas was ultra-
high-purity helium at a flow rate of 1 mL/min, and the split ratio was
10:1. Cyclohexanone was used as the internal standard.
Statistical Analysis. All experiments were performed in triplicate.

Treatment effects were determined by analysis of variance (one-way
ANOVA) using SPSS version 22.0 (IBM Corp.). Differences were
considered significant at p values of <0.05.

■ RESULTS AND DISCUSSION

Degradation of SF and Total ITCs during Stir-Frying.
Studying the fate of bioactive compounds during cooking is
important for optimizing the processing conditions for
maintaining or even improving the health benefits of these
compounds. In this study, the degradation of SF and total ITCs
during stir-frying was investigated. Broccoli contains glucor-
aphanin, which can undergo hydrolysis by endogenous
myrosinase to produce SF and other ITCs. A study of the
stability of SF during stir-frying showed that SF degradation
and formation occurred simultaneously in broccoli florets.25

Consequently, broccoli seed extract, which has a high content
of SF and total ITCs, was mixed with diced carrot, which does
not contain any ITCs. There has been no report of the effects
of components in carrots on ITC stability, and in this study, we
mixed broccoli seed extracts with only carrots and immediately
stir-fried them. Therefore, the effect the carrots might have on
ITC stability could be ignored. After the samples had been stir-
fried for 10 min, the concentrations of SF and total ITCs were
determined (Figure 1). The results showed that SF and total
ITCs were more stable than we expected. After the samples had
been stir-fried for 2 min, only 15% of the total ITCs were
degraded, but almost no obvious SF degradation was observed.
During a 4 min stir-fry, ITCs degraded faster than SF, but after
4 min, the degradation rates of SF and total ITCs were almost
the same. This could be attributed to the hydrolysis products of
the indolyl glucosinolates, such as indole-3-carbinol, being
more heat labile than SF.26 The predominant glucosinolate in
broccoli is glucoraphanin, regularly contributing >50% of the
total glucosinolates, with the other 50% being aliphatic and
indolyl glucosinolates.27 After the samples had been stir-fried
for 10 min, even though some carrots were charred, >40% of
SF and total ITCs remained. This is interesting because many
studies have reported that the ITC contents decrease
significantly after cooking,9−11 which does not agree with our
results.

The rates of degradation of SF and total ITCs during heat
processing can be modeled by the following equations:28

= = −r C C ktln ln( / )t 0 (1)

= −t kln(0.5)1/2
1

(2)

where r is the retention value at time t, C0 is the initial SF or
total ITC concentration (milligrams per gram of DW), Ct is the
SF or total ITC concentration (milligrams per gram of DW)
after stir-frying for time t, t is the stir-frying time (minutes), k is
the constant of the degradation rate (inverse hours), and t1/2 is
the half-life (minutes), which is the time required for 50%
degradation of SF or total ITCs. Ln(−Ct/C0) was plotted
versus t for the degradation of SF and total ITCs during stir-
frying (Figure 2). The correlation coefficient was >0.9, showing

that the degradation of SF and total ITCs during stir-frying
followed first-order reaction kinetics. The t1/2 values of SF and
total ITCs were calculated by linear regression of the observed
data in Figure 2 and were 7.7 and 5.9 min, respectively. In our
previous study, the t1/2 of SF in a pH 6.0 solution at 90 °C was
1.5 h,19 much longer than that observed in this study. This is
reasonable because SF was not in solution in this study and the
temperature was >90 °C. Considering that the stir-frying time

Figure 1. Degradation of SF (○) and total ITCs (■) during the stir-
frying process. The errors in experimental data from the mean values
are expressed as the standard deviation (SD) and illustrated as error
bars (n = 3).

Figure 2. Plots of −ln(Ct/C0) of SF (○) and total ITCs (■) vs stir-
frying time.
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is always much shorter than 10 min, our results indicate that SF
and total ITCs are somewhat stable during stir-frying.
Myrosinase Stability and Activity during Stir-Frying.

The stability of myrosinase during stir-frying was studied. Fresh
broccoli was chopped and stir-fried for 8 min, and the
myrosinase activity was measured at 0, 1, 2, 4, 6, and 8 min
(Figure 3). On the basis of sinigrin hydrolysis measured with a

glucose assay kit, the myrosinase activity of raw broccoli was
128 units/g of DW of broccoli. Guo et al.22 reported a
myrosinase activity of 75.2 units/mg of protein. Okunade et
al.29 reported that the myrosinase activity of brown mustard
was the highest (2.04 units/mg) while that of yellow mustard
was the lowest (0.48 unit/mg). The variations in myrosinase
activity within and between brassica species have been
attributed to genetic and/or environmental factors (agronomic
and climatic conditions)30 as well as different enzyme activity
definitions.
Myrosinase activity decreased by 80% after samples had been

stir-fried for 3 min (Figure 3). This result is not unexpected
because myrosinase has been reported to be easily inactivated at
normal cooking temperatures, regardless of the cooking
method used.31 Myrosinase in Brassicaceae lost approximately
90% of its activity after samples had been heated at 60 °C for
only 3 min.32 Microwave cooking of red cabbage for 4.8 min at
900 W caused almost complete loss of myrosinase activity.33

Gliszczyn ́ska-Sẃigło et al.34 reported that the black mustard
enzyme activity in cabbage was lost after microwave cooking for
2 min or steaming for 7 min. Compared to other myrosinase
sources, broccoli myrosinase has a low thermal stability,35 and
heating broccoli florets to ≥70 °C for 5 min inactivates the
myrosinase.36 Generally, myrosinase is sensitive to temperature,
and cooking methods such as steaming or microwaving are
known to decrease or completely eliminate the hydrolytic
activity.
Furthermore, the enzyme hydrolysis rate of glucosinolates

was studied. The result showed that the hydrolysis rate was very
slow. In the first 60 min, the glucose content increased very
slowly. After 90 min, the glucose content increased to a certain
extent (0.34 μM) and then leveled off with further increases
(Figure 4). This result was in line with earlier studies. Tian et
al.37 studied the effect of the hydrolysis time on the production

of SF from broccoli sprouts and found that the best hydrolysis
time for SF production was 1.5 h. Vastenhout et al.38 evaluated
the kinetics of glucosinolate hydrolysis by Sinapis alba
myrosinase and found that production of ITCs increased
gradually over 80 min. Similar results were reported by
Klingaman et al.39 using another glucosinolate. The results
for these reports were different, because the hydrolysis rate is
dependent on the structure of the ITC.25 However, from these
results, we could infer that the hydrolysis rate is very slow.
In summary, the enzymatic activity study showed that

myrosinase was labile and that the cooking procedure
inactivated myrosinase. The hydrolysis rate is very slow;
therefore, during the cutting or mincing of broccoli, only a
small quantity of the glucosinolates is hydrolyzed to ITCs.

Effect of Hydrolysis on ITC Content after Stir-Frying.
On the basis of the results mentioned above, we hypothesized
that after hydrolysis of glucosinolates in broccoli by
endogenous myrosinase for a certain length of time (e.g., 90
min) before stir-frying, the nutritional value would then
increase because ITCs are more stable than myrosinase. To
verify this, the total and individual ITC contents in the HS
group, the DS group, and the RB group were analyzed. The
total ITC concentration in broccoli was quantified by the
cyclocondensation method, which is both accurate and rapid,23

and individual levels of ITCs and nitriles were determined by
GC-MS. The cutting style greatly affected the ITC content of
broccoli, and the total ITC concentration increased by 133% in
florets processed into chops compared to other cutting styles.40

Thus, we processed broccoli florets into chops and waited for
90 min before stir-frying to allow for production of maximum
possible ITCs. During stir-frying, broccoli is usually cooked for
∼4 min; therefore, stir-frying for 4 min was used in this study.
The results verified our hypothesis; the amounts of ITCs
formed in the RB, HS, and DS groups were 37.92 ± 13.35,
30.90 ± 10.88, and 11.89 ± 2.52 mg/100 g of DW of broccoli,
respectively (Figure 5). The amounts of ITCs produced in RB
and HS groups were larger than in the DS group; compared to
that of the DS group, the ITC content of the HS group
increased by 2.6-fold, while there was no significant difference
between the RB and HS groups.

Figure 3. Myrosinase activities in broccoli after stir-frying for a few
minutes. The errors in experimental data from the mean values are
expressed as the standard deviation (SD) and illustrated as error bars
(n = 3).

Figure 4. Glucose production after hydrolysis for 210 min. The
concentration of glucose produced was calculated by subtracting the
original glucose concentration from the formed glucose concentration.
The errors in experimental data from the mean values are expressed as
the standard deviation (SD) and illustrated as error bars (n = 3).
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Volatile compounds from the methylene chloride extracts of
the RB, HS, and DS groups, such as ITCs, nitriles, and their
degradation products, were identified and quantified by GC-MS
(Table 1). SF was the most abundant ITC, followed by 1-
butene 4-isothiocyanate and erucin; only trace amounts of
PEITC were detected in the RB group. After stir-frying, there
were no significant differences in SF and erucin content
between the RB and HS groups, while in the DS group, the SF
content decreased significantly and only trace amounts of
erucin were found.
Some degradation products of SF were also found. Among

them, dimethyl sulfone, S-methyl methylthiosulfinate, and S-
methyl methylthiosulfonate have been reported as thermal
degradation products of SF, and the mechanisms for the
formation of these compounds from SF have been proposed by
Jin et al.18 The concentration of these degradation products was
higher in the RB group but much lower in the HS and DS
groups. We supposed that these compounds are volatile and
volatilized in the stir-frying procedure.
Sulforaphane nitrile and 3-methyl-2-butenenitrile, produced

in the action of epithiospecifier proteins (ESP), were also
found. ESP is the cofactor of myrosinase, which can direct the
hydrolysis reaction toward nitriles in the presence of Fe2+

ions.36 Unlike those of ITCs, levels of nitriles are much lower in

the DS and HS groups. For example, 3-methyl-2-butenenitrile
was not present in the DS and HS groups, but in the RB group,
its concentration was 5.43 ± 1.59 mg/100 g of DW of broccoli.
There were no significant differences between the concen-
trations of sulforaphane nitrile in the HS and DS groups, but in
the RB group, the concentration was higher. Nitriles are much
more stable than ITCs are, which can present even during heat
treatments above 100 °C and hardly degrade any further.26

Therefore, their losses during stir-frying predominantly because
of their volatility.
A significant increase (p < 0.05) in the level of indole-3-

acetonitrile (I3ACN) in the HS and DS groups was recorded
compared to that of the RB group. Sosin ́ska and Obiedzin ́ski41
also found that the I3ACN concentration increases along with
cooking time. The authors suggested that while the myrosinase
and ESP in vegetables were denatured during boiling, the
I3ACN could have been formed through nonenzymatic
decomposition of glucobrassicin, a precursor of indole-3-
carbinol.
In this study, after stir-frying, a hydrolysis step was added for

the DS and HS groups, as described in Materials and Methods,
but the results obtained without this hydrolysis step were not
very different from those obtained after hydrolysis (data not
shown). We speculated that this was because the myrosinase
was destroyed during cooking; thus, no further ITCs were
produced even after the hydrolysis step.
Because cooking reduces the level of formation of

isothiocyanates and allows for consumption of glucosinolates
in unchanged form,42 some methods for increasing the level of
production of ITCs by adding an exogenous source of
myrosinase to processed broccoli have been reported.
According to Cramer et al.,43 SF production was enhanced
by adding a powder rich in glucoraphanin but lacking
myrosinase to air-dried broccoli sprout powder. In another
paper, they reported that upon co-consumption of glucor-
aphanin-rich powder with fresh broccoli sprouts, the level of SF
formation increased,44 because both air-dried broccoli sprout
powder and fresh broccoli sprouts contain myrosinase, which
can hydrolyze glucoraphanin to SF. Adding mustard seed
powder to heat-treated broccoli also greatly increased the level
of SF formation.45 Another way to overcome the loss of
hydrolyzing activity is addition of radish root.46 However,
addition of mustard seeds or radish root powder may affect the
taste and flavor of broccoli.

Figure 5. Total ITC content in the directly stir-fried (DS) group, the
hydrolyzed and stir-fried (HS) group, and the raw broccoli (RB)
group. Different letters indicate significant differences in the ITC
concentration among the three groups (p < 0.05). The errors in
experimental data from the mean values are expressed as the standard
deviation (SD) and illustrated as error bars (n = 3).

Table 1. ITCs, Nitriles, and Their Degradation Product Contents in the Raw Broccoli (RB) Group, the Hydrolyzed and Stir-
Fried (HS) Group, and the Directly Stir-Fried (DS) Group

content* (mg/100 g of dry weight broccoli)

category compound RB HS DS

ITCs sulforaphane 15.20 ± 5.05 a 12.73 ± 4.16 a 4.50 ± 0.90 b
erucin 0.61 ± 0.01 a 0.74 ± 0.19 a trace
1-butene 4-isothiocyanate 9.33 ± 3.25 a 6.67 ± 1.90 a 2.58 ± 0.45 b
PEITC 0.58 ± 0.00 ND** ND**

nitriles sulforaphane nitrile 18.90 ± 5.90 a 6.60 ± 2.29 b 6.16 ± 1.55 b
3-methyl-2-butenenitrile 5.43 ± 1.59 ND** ND**

1H-indole-3-acetonitrile 20.05 ± 3.74 c 62.75 ± 5.26 a 38.32 ± 9.86 b
degradation products dimethyl sulfone 1.36 ± 0.44 a 0.70 ± 0.14 ab 0.46 ± 0.15 b

S-methyl methanethiosulfinate 1.88 ± 0.15 trace ND**

S-methyl methanethiosulfonate 13.67 ± 0.39 a 0.77 ± 0.05 b trace

*Different letters indicate significant differences in the concentration of ITCs among the three groups (p < 0.05). **Not detected.
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Our results suggest that after broccoli florets are cut into
small pieces, they should be left for ∼90 min before being
cooked. Although we did not conduct experiments to
investigate a shorter hydrolysis time, we believe that hydrolysis
for 30 min would also be helpful. This procedure is simple and
feasible and will significantly increase the total ITC content (p
< 0.05) and, thus, increases the nutritional value of broccoli.
However, to achieve thorough hydrolysis, we had to chop the
broccoli florets into 2 mm pieces, which is a drawback of this
method. Therefore, our future work will investigate how to
achieve complete hydrolysis without cutting the broccoli into
chops.
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(12) Vermeulen, M.; Klöpping-Ketelaars, I. W.; van den Berg, R.;
Vaes, W. H. Bioavailability and kinetics of sulforaphane in humans
after consumption of cooked versus raw broccoli. J. Agric. Food Chem.
2008, 56, 10505−10509.
(13) Galgano, F.; Favati, F.; Caruso, M.; Pietrafesa, A.; Natella, S.
The influence of processing and preservation on the retention of
health-promoting compounds in broccoli. J. Food Sci. 2007, 72, S130−
S135.
(14) Conaway, C. C.; Getahun, S. M.; Liebes, L. L.; Pusateri, D. J.;
Topham, D. K.; Botero-Omary, M.; Chung, F. L. Disposition of
glucosinolates and sulforaphane in humans after ingestion of steamed
and fresh broccoli. Nutr. Cancer 2000, 38, 168−178.
(15) Oliviero, T.; Verkerk, R.; Vermeulen, M.; Dekker, M. In vivo
formation and bioavailability of isothiocyanates from glucosinolates in
broccoli as affected by processing conditions. Mol. Nutr. Food Res.
2014, 58, 1447−1456.
(16) Fahey, J. W.; Holtzclaw, W. D.; Wehage, S. L.; Wade, K. L.;
Stephenson, K. K.; Talalay, P. Sulforaphane bioavailability from
glucoraphanin-rich broccoli: control by active endogenous myrosinase.
PLoS One 2015, 10, e0140963.
(17) Franklin, S. J.; Dickinson, S. E.; Karlage, K. L.; Bowden, G. T.;
Myrdal, P. B. Stability of sulforaphane for topical formulation. Drug
Dev. Ind. Pharm. 2014, 40, 494−502.
(18) Jin, Y.; Wang, M.; Rosen, R. T.; Ho, C. T. Thermal degradation
of sulforaphane in aqueous solution. J. Agric. Food Chem. 1999, 47,
3121−3123.
(19) Wu, Y.; Mao, J.; You, Y.; Liu, S. Study on degradation kinetics of
sulforaphane in broccoli extract. Food Chem. 2014, 155, 235−239.
(20) Van Eylen, D.; Oey, I.; Hendrickx, M.; Van Loey, A. Kinetics of
the stability of broccoli (Brassica oleracea cv. italica) myrosinase and
isothiocyanates in broccoli juice during pressure/temperature treat-
ments. J. Agric. Food Chem. 2007, 55, 2163−2170.
(21) Van Eylen, D.; Oey, I.; Hendrickx, M.; Van Loey, A. Effects of
pressure/temperature treatments on stability and activity of
endogenous broccoli (Brassica oleracea L. cv. italica) myrosinase and
on cell permeability. J. Food Eng. 2008, 89, 178−186.
(22) Guo, L.; Yang, R.; Wang, Z.; Guo, Q.; Gu, Z. Glucoraphanin,
sulforaphane and myrosinase activity in germinating broccoli sprouts
as affected by growth temperature and plant organs. J. Funct. Foods
2014, 9, 70−77.
(23) Liu, X.; Wang, Y.; Hoeflinger, J. L.; Neme, B. P.; Jeffery, E. H.;
Miller, M. J. Dietary broccoli alters rat cecal microbiota to improve
glucoraphanin hydrolysis to bioactive isothiocyanates. Nutrients 2017,
9, 262.
(24) You, Y.; Wu, Y.; Mao, J.; Zou, L.; Liu, S. Screening of Chinese
brassica species for anti-cancer sulforaphane and erucin. Afr. J.
Biotechnol. 2008, 7, 147−152.
(25) Mahn, A.; Martin, C.; Reyes, A.; Saavedra, A. Evolution of
sulforaphane content in sulforaphane-enriched broccoli during tray
drying. J. Food Eng. 2016, 186, 27−33.
(26) Kapusta-Duch, J.; Kusznierewicz, B.; Leszczyn ́ska, T.; Borczak,
B. Effect of cooking on the contents of glucosinolates and their
degradation products in selected Brassica vegetables. J. Funct. Foods
2016, 23, 412−422.
(27) Kushad, M. M.; Brown, A. F.; Kurilich, A. C.; Juvik, J. A.; Klein,
B. P.; Wallig, M. A.; Jeffery, E. H. Variation of glucosinolates in
vegetable crops of Brassica o Leracea. J. Agric. Food Chem. 1999, 47,
1541−1548.

Journal of Agricultural and Food Chemistry Article

DOI: 10.1021/acs.jafc.7b05913
J. Agric. Food Chem. XXXX, XXX, XXX−XXX

F

mailto:wuyuanfeng@zju.edu.cn
http://orcid.org/0000-0002-0971-1023
http://dx.doi.org/10.1021/acs.jafc.7b05913


(28) Wu, Y.; Mao, J.; Mei, L.; Liu, S. Kinetic studies of the thermal
degradation of sulforaphane and its hydroxypropyl-β-cyclodextrin
inclusion complex. Food Res. Int. 2013, 53, 529−533.
(29) Okunade, O. A.; Ghawi, S. K.; Methven, L.; Niranjan, K.
Thermal and pressure stability of myrosinase enzymes from black
mustard (Brassica nigra LWDJ Koch. var. nigra), brown mustard
(Brassica juncea L. Czern. var. juncea) and yellow mustard (Sinapsis
alba L. subsp. maire) seeds. Food Chem. 2015, 187, 485−490.
(30) Pocock, K.; Heaney, R. K.; Wilkinson, A. P.; Beaumont, J. E.;
Vaughan, J. G.; Fenwick, G. R. Changes in myrosinase activity and
isoenzyme pattern, glucosinolate content and the cytology of myrosin
cells in the leaves of heads of three cultivars of English white cabbage.
J. Sci. Food Agric. 1987, 41, 245−257.
(31) Ludikhuyze, L.; Ooms, V.; Weemaes, C.; Hendrickx, M. Kinetic
study of the irreversible thermal and pressure inactivation of
myrosinase from broccoli (Brassica oleracea L. cv. Italica). J. Agric.
Food Chem. 1999, 47, 1794−1800.
(32) del Carmen Martinez-Ballesta, M.; Carvajal, M. Myrosinase in
Brassicaceae: the most important issue for glucosinolate turnover and
food quality. Phytochem. Rev. 2015, 14, 1045−1051.
(33) Verkerk, R.; Dekker, M. Glucosinolates and myrosinase activity
in red cabbage (Brassica oleracea L. var. Capitata f. rubra DC.) after
various microwave treatments. J. Agric. Food Chem. 2004, 52, 7318−
7323.
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