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ARTICLE INFO ABSTRACT

Keywords: In this investigation, the combinations of exogenous pretreatment (melatonin or vitamin C) and contact
Ultrasm.md drying ultrasound-assisted air drying were utilized to dry broccoli florets. To understand the influences of the studied
Broccoli dehydration methods on the conversion of glucoraphanin to bioactive sulforaphane in broccoli, various com-
Glucoraphanin . . . . . .

Sulforaphane ponents (like glucoraphanin, sulforaphane, myrosinase, etc.) and factors (temperature and moisture) involved in
Melatonin the metabolism pathway were analyzed. The results showed that compared with direct air drying, the sequential
Pretreatment exogenous pretreatment and contact ultrasound drying shortened the drying time by 19.0-22.7%. Meanwhile,

contact sonication could promote the degradation of glucoraphanin. Both melatonin pretreatment and vitamin C
pretreatment showed protective effects on the sulforaphane content and myrosinase activity during the subse-
quent drying process. At the end of drying, the sulforaphane content in samples dehydrated by the sequential
melatonin (or vitamin C) pretreatment and ultrasound-intensified drying was 14.4% (or 26.5%) higher than only
air-dried samples. The correlation analysis revealed that the exogenous pretreatment or ultrasound could affect
the enzymatic degradation of glucoraphanin and the generation of sulforaphane through weakening the con-
nections of sulforaphane-myrosinase, sulforaphane-VC, and VC-myrosinase. Overall, the reported results can
enrich the biochemistry knowledge about the transformation of glucoraphanin to sulforaphane in cruciferous
vegetables during drying, and the combined VC/melatonin pretreatment and ultrasound drying is conducive to
protect bioactive sulforaphane in dehydrated broccoli.

1. Introduction health-beneficial properties of broccoli [7], On the other hand, the high

water content in fresh broccoli affects its quality, stability, and shelf life.

As an important cruciferous vegetable, broccoli (Brassica oleracea L.
var. italica) is rich in nutrients and bioactive compounds, like vitamins,
dietary fibers, phenolics, glucosinolates, and others [1,2]. Epidemio-
logical studies have exhibited that long-term consumption of broccoli
can provide a protective effect on liver steatosis and cardiovascular
disease and help reduce the risk of various cancers [3]. Many in-
vestigations confirm that the anti-cancer effect of broccoli is mainly
attributed to products derived from the enzymatic hydrolysis of gluco-
sinolates [4,5]. Glucoraphanin is a major glucosinolate in broccoli,
making up around 50% of glucosinolates [6]. Also, sulforaphane, a
breakdown product of glucoraphanin, is the most closely linked with the

* Corresponding authors.

Drying is beneficial to prolong the shelf life and is also an important
intermediate method to manufacture vegetable powders. However, an
important challenge for the drying of broccoli is to alleviate the loss of
nutrients and bioactive substances and prevent deterioration of its
quality.

Many studies manifest that ultrasound is an emerging technique to
accelerate the convective drying rate of various fruits and vegetables
and enhance the quality of dehydrated products [8-12]. Also, the
metabolism of glucosinolates in broccoli during preservation and some
thermal treatments have also been previously explored [13-15]. But
only a limited studies focused on the metabolism of glucoraphanin and
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related metabolites under the simultaneous heating and water remove-
ing treatments, liking drying [16,17]. In one of our previous studies, the
airborne-ultrasound assisted air drying of broccoli florets was studied
and the quality of dehydrated products was evaluated [17]. It was found
that although ultrasound treatment shortened the drying time and
lowered the energy consumption, no significant difference in the
retention of glucoraphanin and sulforaphane for the air-dried samples in
the presence and absence of ultrasound were observed. To produce dried
broccoli products with high nutritional value, more efforts are essential
to improve the performance of the ultrasound-assisted drying technique
to provide a better preservative effect on the broccoli bioactives. Be-
sides, the scientific information about the effect of exogenous pretreat-
ment before ultrasound drying on the accumulation of bioactive
compounds in broccoli is scarce.

Melatonin is occasionally used in the preservation of different fruits
and vegetables, including pear [18], tomato [19], Chinese flowering
cabbage [20] and broccoli [1,4,21]. In the postharvest period, melatonin
treatment can protect the cell structure, prevent DNA damage, and
reduce peroxide levels by removing free radicals, thus enhancing the
antioxidant capacity and inhibiting the lipid peroxidation of plant cells
[22-24] Wei et al. [21] observed that broccoli florets treated with
melatonin exhibited higher contents of glucoraphanin and sulforaphane
during the preservation period at 4 °C, owing to the up-regulated
expression of genes synthesising glucoraphanin and myrosinase. Miao
et al. [1] also reported that broccoli florets treated by melatonin sus-
tained higher vitamin C (VC), phenolics, and glucosinolates than broc-
coli without melatonin treatment. On the other hand, VC is widely
utilised in the postharvest of fruits and vegetables, preventing the
oxidation of plant materials [25]. Thus, it is interesting to combine the
appropriate pretreatments (such as melatonin, VC, etc.) with the
ultrasound-assisted drying treatment to alleviate the loss of broccoli’s
bioactives during drying potentially.

To better control the metabolism of glucosinolates and retain
bioactive isothiocyanates, it is necessary to investigate the fates of glu-
cosinolates, isothiocyanates and other influencing components in the
metabolic pathway of glucosinolates. Based on the detailed literature
review, the summarised metabolic pathway of glucosinolates under
drying in several aspects is illustrated in Fig. 1, which includes the
related factors. Specifically, glucosinolate can be hydrolysed by myr-
osinase if the cell structure is damaged [5]. Then, glucosinolate is broken
down into p-D-glucose and the unstable thiohydroximate-O-sulfonate
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[15]. Thiohydroximate-O-sulfonate could decompose to nitriles through
its interactions with the epithiospecifier protein (ESP), the nitrile-
specifier proteins (NSP), or the thiocyanate-forming protein (TFP) at
pH 4.0 [26]. Thiohydroximate-O-sulfonate can also be transformed to
isothiocyanates, including sulforaphane by the epithiospecifier modifier
protein (ESM) at pH 7.0 [27].

Meanwhile, Fe?* can exert some adverse influence on the conversion
of glucosinolate to sulforaphane. On the one hand, Fe?* can combine
with glucosinolate to form the Fe>*-glucosinolate complex [28]. Also,
FeZ" can affect the activities of ESP and NSP and induce forming nitriles
by themselves [15]. Moreover, as a cofactor of myrosinase, VC at proper
concentrations can promote the enzymatic degradation of glucosinolates
by controlling the release of glucose molecules from the active sites of
myrosinase [29]. The redox effects of VC and polyphenols can reduce
Fe3* to Fe*, indirectly inhibiting the enzymatic degradation of gluco-
sinolates to isothiocyanates [30]. Besides, the environmental factors,
including temperature and water contents, can affect the mobility and
chemical stability of molecules and the reaction rate stated above, thus
exerting a certain influence on the metabolic pathways of glucosino-
lates. To study the metabolism of broccoli glucosinolates under drying,
the components mentioned above and factors should be analysed.

This investigation aims to explore the metabolic pathway of glu-
coraphanin under the sequential melatonin or VC pretreatment and
contact ultrasound-assisted air drying process. The fates of glucor-
aphanin, sulforaphane, VC, Fe?*, phenolics and myrosinase activity in
broccoli florets throughout drying were analysed by chemical methods.
Moreover, the correlations among the components and factors involved
in the metabolic pathway of glucoraphanin were explored statistically.
The obtained results can help to develop novel dehydration methods to
produce quality and sulforaphane rich broccoli products, and provide
some insights into glucoraphanin-related chemistry in the drying of
Cruciferae vegetables.

2. Materials and methods
2.1. Plant materials

Fresh broccoli samples (Brassica oleracea L. var italica), cultivar “You
Xiu” were purchased from Suguo Supermarket (Nanjing, China) and the

origin was Nanjing Runhong Vegetable Co., Ltd. (Nanjing, China). All
the broccoli samples were stored at 4 °C for maximally 24 h before

HO OH
HO/\H)Z:L
o7 S0
OH

cofactor

Fe2*
Osg~ -
Mo
.., _oH .
i Glucosinolate

(Glucoraphanin)

Fe?*-glucosinolate complex

S-D-glucose

Fe3*

Polyphenols

e

Nitriles

(Sulforaphane)

Fig. 1. The summarised metabolic pathway of glucosinolates.
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experiments. Small broccoli florets weighing approximately 3.0 g per
floret were prepared and immediately sent to the subsequent drying
pretreatments. The initial moisture content of the broccoli florets was
measured by the AOAC method [31], which was 9.44 kg/kg dry weight
(DW).

2.2. Immersion pretreatments

Broccoli florets were immersed in 100 pmol/L each melatonin and
VC solutions at a solid-liquid ratio of 1:20 (g:mL), separately. These
immersion pretreatments were performed at room temperature
(approximately 25 °C) in darkness. Following the literature [32-34], the
immersion pretreatment in the melatonin solution lasted for 30 min.
Meanwhile, some broccoli florets were kept in the VC solution for 60
min, based on our preliminary study. After these pretreatments, exces-
sive liquid on broccoli florets was carefully removed using tissue papers.
The samples immersed in distilled water for 60 min were taken as a
control.

2.3. Contact ultrasound-assisted air drying

The broccoli florets, as prepared in Section 2.2, were dried in a self-
assembly hot air dryer; into which an ultrasonic vibrating plate of 20
kHz with a diameter of 25 cm (Shangjia Biotechnology Co., Ltd., Wuxi,
Jiangsu, China) was installed. The design of this system is different from
the ultrasound dryer presented in our previous study [17], and this
equipment was located in our laboratory in our university campus. The
actual ultrasound power distributed on the surface of the vibrating plate
was measured using the calorimetric method [35]. Exactly, distilled
water of an already known weight was introduced onto the plate and
then the plate was covered with plastic wrap to insulate the water from
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the environment. The temperature change was monitored by a K-type
thermocouple connected with a data logger (RDXL 12SD, Omega, USA).
The ultrasound intensity on the plate surface was determined to be 12.6
W/dm?. Broccoli samples weighing approximately 3.0 g per floret were
spread directly onto the ultrasonic vibration plate during drying, and the
sample weight was analysed periodically. Hot air at 65 °C and 4.5 m/s
entered the dryer from the inlet and left the dryer from the outlet. Ul-
trasound was introduced in a pulse mode (5 s on and 5 s off). The image
of the developed contact ultrasound-assisted dryer is shown in Fig. 2.
The drying time is defined as the time needed to decrease the moisture
content to 0.25 kg/kg DW, which was the equilibrium moisture content
at the studied drying conditions. Air drying alone was performed as a
control group. The applied drying treatments are summarised in Table 1.
The process of the whole methodology is illustrated in Supplementary
Fig. 1.

Table 1

The utilised dehydration methods in this study.
No. Dehydration treatment Abbreviation
1 Hot-air drying without pretreatment HD
2 Sequential melatonin pretreatment and hot-air drying MT & HD
3 Sequential vitamin C pretreatment and hot-air drying VC & HD
4 Contact ultrasound-assisted hot-air drying without CUD

pretreatment
5 Sequential melatonin pretreatment and contact ultrasound- MT & CUD
assisted hot-air drying

6 Sequential vitamin C pretreatment and contact ultrasound- VC & CUD

assisted hot-air drying

Fig. 2. Schematic diagram of the contact ultrasound-assisted air dryer (a: the exterior of the dryer; b: the interior of the dryer; c: ultrasonic part). 1: air inlet, 2:
electric fans to recycle hot air (not used in this investigation), 3: thermocouple, 4: vibrating plate driven by ultrasound transducers, 5: air outlet, 6: ultrasound
generator; 7: electric fan to remove the heat generated by the ultrasound device, 8: control panel.
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2.4. Physical and chemical analysis

2.4.1. Glucoraphanin content

Glucoraphanin in broccoli florets was extracted according to the
method of Baenas et al. [36] with minor modifications. Broccoli samples
(0.4 g for fresh samples and samples dried for 0.5 h, 0.3 g for samples
dried for 2 h, and 0.1 g for samples at the end of drying) were mixed with
3 mL methanol (70% v/v) at 70 °C for 20 min to inactivate myrosinase.
Then, the samples were fully milled for cell disruption and incubated in
a shaker (DSHZ-300A, Qiangle, Taicang, China) at 70 °C under agitation
at 100 rpm for another 20 min to extract glucoraphanin. The samples
were centrifuged at 5000 rpm for 15 min, and the supernatant was
collected. Glucoraphanin in the residual was then extracted for a second
time using the same procedure. The two extracts were mixed and
vacuum-concentrated in a rotary evaporater (RE-2000A, Xiande,
Shanghai, China) at 45 °C till reaching a constant weight. The obtained
samples were dissolved in 2 mL deionised water containing trifluoro-
acetic acid (0.05% v/v) and filtered through a 0.45 pm membrane filter.

Glucoraphanin in the broccoli extract was first identified using the
ultrahigh performance liquid chromatography (Nexera X2, Shimadzu,
Japan) equipped with a Triple-TOF-MS system (TripleTOF 4600, AB
SCIEX, USA) with the DuoSpray™ ionisation source. The DuoSpray ™
has an atmospheric pressure chemical ionisation inlet and an electro-
spray. The chromatographic separation was implemented through an
Ultimate XB-C;g column (100 x 2.1 mm, 3 pm particle size). The mobile
phases consisted of 0.1% formic acid (A) and acetonitrile (B). The
employed chromatographic conditions were 0-2 min, 5% B; 2-19 min,
5-70% B; 19-21 min, 70-90% B; 21-25 min, 90-90% B; 25.1 min, 5% B;
25.1-30 min, 5% B. The other parameters followed were from our
previous study [37].

After identification, glucoraphanin content was then measured in a
Shimadzu HPLC system (LC-2010A, Shimadzu Corporation, Japan)
equipped with an Eclipse XDB-C;g column (4.6 x 150 mm, 5 pm particle
size; Agilent Technologies Co. Ltd) at 227 nm [17]. The injection volume
was 20 pL, and the detection temperature was 30 °C. The mobile phases
consisted of (A) deionised water containing trifluoroacetic acid (0.05%
v/v) and (B) acetonitrile. The flow rate of the mobile phase was 1.0 mL/
min. The gradient elution program was as follows: 0-15 min, 0-0% B;
15-25 min, 0-5% B; 25-40 min, 5-20% B; 40-50 min, 20-35% B; 50-55
min, 35-99% B; 55-60 min, 99-0% B. The glucoraphanin standard was
used to build the calibration curve, and the glucoraphanin content is
expressed as mg/g DW.

2.4.2. Sulforaphane content

Sulforaphane in broccoli florets was extracted according to the
method described by Guo et al. [38] with slight modifications. Broccoli
samples (0.4 g for fresh samples and samples dried for 0.5 h, 0.3 g for
samples dried for 2 h, and 0.1 g for samples at the end of drying) were
homogenised using 4 mL distilled water. The extraction was then per-
formed in the same shaker under agitation at 37 °C and 100 rpm for 3 h.
Sulforaphane in the mixture was then extracted using 10 mL ethyl ac-
etate in triplicate at room temperature. The organic phase from each
extraction was combined, and 1 g anhydrous sodium sulfate was then
added for additional dehydration. The ethyl acetate fraction was dried at
35 °C in a rotary evaporator (RE-2000A, Xiande, China). Finally, the
residue was dissolved in 2 mL acetonitrile and filtered through a 0.45 pm
membrane filter. The identification of sulforaphane was performed
following the same conditions as that for glucoraphanin.

The sulforaphane content in the extract was quantified using an
Agilent 1200 HPLC system (Agilent Technologies Co. Ltd.) with an
Eclipse XDB-Cjg column (4.6 x 150 mm, 5 pm particle size; Agilent
Technologies Co. Ltd) at 254 nm. The flow rate was 1.0 mL/min and the
elution program was chosen as: 0-15 min, 20-60% B; 15-20 min,
60-100% B [17]. Sulforaphane was quantified through external cali-
bration, and the results are expressed as mg/g DW.
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2.4.3. Myrosinase activity

Myrosinase activity in broccoli florets was analysed according to the
method described by Guo et al. [38] with slight modifications. First,
broccoli samples (0.4 g for fresh samples and samples dried for 0.5 h, 0.3
g for samples dried for 2 h, and 0.1 g for samples at the end of drying)
were mixed with 3 mL 0.1 mol/L sodium phosphate buffer and ground
manually in an ice bath. The supernatant containing enzyme extract was
collected after centrifugation at 5000 rpm and 4 °C for 15 min. The
residual was mixed with another 3 mL fresh sodium phosphate buffer,
and the extraction was repeated. The two supernatants were combined.
Then, 500 pL each of crude enzyme extract and sinigrin (0.25 mmol/L)
was mixed and incubated at 37 °C for 15 min, and the reaction was
stopped by boiling for 5 min. D-Fructose/D-Glucose assay kit (Mega-
zyme, Bray, Ireland) was then utilised to measure the amount of glucose
formed by the reaction between myrosinase and the substrate. One
myrosinase unit is defined as 1 pmol/L glucose released from sinigrin/
min at 37 °C. Myrosinase activity is expressed as U/g DW.

2.4.4. VC content

VC content in broccoli florets was determined according to the
method described by Cao et al. [17] with minor modifications. Broccoli
samples (0.4 g for fresh samples and samples dried for 0.5 h, 0.3 g for
samples dried for 2 h, and 0.1 g for samples at the end of drying) were
homogenised with 4 mL distilled water containing oxalic acid (2.0% w/
v), vortexed for 1 min and centrifuged at 5000 rpm for 15 min. The
supernatant was collected, and the residue was mixed again with the
fresh oxalic acid solution. The extraction procedures were repeated to
extract the residual VC. The two supernatants were mixed and filtered
through a 0.45 pm membrane filter. The VC content in the extract was
quantified using a Shimadzu HPLC system (LC-2010A, Shimadzu Cor-
poration, Japan) equipped with an Agilent ZOBAX-C;g column (4.6 x
250 mm, 5 pm particle size; Agilent Technologies Co. Ltd). Samples were
eluted using the solvent containing 0.1% aqueous oxalic acid-methanol
(95:5, v:v) at a flow rate of 0.8 mL/min. The detection wavelength was
254 nm, and the injection volume was 20 pL. The standard VC was used
to make the calibration curve, and the result is expressed as mg/g DW.

2.4.5. Fe** content

FeZ* content in broccoli florets was measured following the method
of Bellostas et al. [28] with slight modifications. Broccoli samples (0.4 g
for fresh samples and samples dried for 0.5 h, 0.3 g for samples dried for
2 h, and 0.1 g for samples at the end of drying) were ground manually
with 3 mL distilled water, vortexed for 1 min and centrifuged at 5000
rpm for 15 min. The supernatant was collected, and the residue was
extracted again using another 3 mL distilled water. The two superna-
tants were then mixed. 3 mL non-reducing protein precipitate solution
(10 g trichloroacetic acid and 10 mL 37% HCI added to 100 mL distilled
water) was then added to the obtained extract. The mixture containing
non-reducing protein precipitate was left overnight at room tempera-
ture. The sample was then centrifuged at 5000 rpm for 15 min. Then,
100 uL supernatant was mixed with 200 uL. HEPES (N-2-(hydroxyethyl)
piperazine-N'-(2-ethanesulfonic acid)) buffer (0.3 mol/L, pH 9.9) and
25 pL ferrozine chromogen solution (5 mg/mL in distilled water). The
mixture was immediately moved to a 96-well plate and analysed in a
microplate reader (Bio-Tek Instruments) at 570 nm. Fe?t was quantified
from a calibration curve using ferrous sulfate as a standard. The result is
expressed as mg/100 g DW.

2.4.6. Total phenolic content

Phenolics in broccoli florets were extracted based on the method of
Thomas et al. [2] with some modifications. Broccoli samples (0.4 g for
fresh samples and samples dried for 0.5 h, 0.3 g for samples dried for 2 h,
and 0.1 g for samples at the end of drying) were homogenised using 4 mL
methanol (80% v/v). Phenolics in the mixture were then extracted under
agitation at 37 °C and 100 rpm for 1 h. After centrifugation at 5000 rpm
for 15 min, the supernatant was collected, and phenolics in the residuals
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were extracted again using fresh methanol (80% v/v). The two super-
natants were then mixed, and the Folin-Ciocalteu method was employed
to analyse the total phenolic content. The detailed procedure for the
Folin-Ciocalteu method can be found in our previous work [39]. To be
extract, 0.6 mL of the extract was mixed with 4.5 mL 10-fold-diluted
Folin-Ciocalteu reagent and 4.5 mL of 7.5% (w/v) sodium carbonate.
After standing at 25 °C in darkness for 2 h, the absorbance was read at
765 nm. The calibration curve was made using gallic acid as a standard.
The result is expressed as mg gallic acid equivalents per gram of dry
weight (mg GAE/g DW).

2.4.7. Low-field NMR analysis

Water status was analysed using the method of Xu et al. [40], with
some modifications. The broccoli sample was placed in a ®15 mm cy-
lindrical glass tube. The relaxation time measurements were performed
in an NMI20-analyst low-field (LF) NMR analyser (Niumag Co., Ltd,
Suzhou, Jiangsu, China) with a magnetic field strength of 0.5 T at 21
MHz. The temperature of the LF-NMR instrument was maintained at
32 °C. A total of 10,000 echoes were acquired for analysis. T2 distribu-
tions were obtained using the Multi Exp Inv Analysis software (Niumag
Co., Ltd., Suzhou, China).

2.5. Statistical analysis

The evolutions of the myrosinase activity and contents of Fe?* and
VC in broccoli florets during the drying process were modeled using the
following Weibull model equation [41]:

C,=axe® @

where C; is the value of each parameter (U/g DW for myrosinase, mg/g
DW for VC and mg/100 g DW for Fe?t) at time t (h), a is the initial value
of each parameter (U/g DW for myrosinase, mg/g DW for VC and mg/
100 g DW for Fe?"), b is the descent rate constant during drying, and ¢
(dimensionless) is the shape constant for Weibull model. Modelling was
performed in Matlab, R2009a (The MathWorks, Inc., USA).

All the experiments and analyses were conducted in triplicate, and
the data were expressed as the mean + standard deviation. The data
were evaluated by ANOVA and the Duncan’ s multiple-range test using
SPSS 25 (SPSS Inc., Chicago, USA). Differences at p < 0.05 were
considered significant. The Pearson correlation coefficient was also
calculated using SPSS 25.

3. Results and discussion
3.1. Drying characteristics

The experimental drying kinetic curves of broccoli florets by
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different dehydration methods are exhibited in Fig. 3A. As can be seen,
the drying times required to achieve the moisture content of 0.25 kg/kg
DW for HD, MT & HD and VC & HD are approximately 345, 330 and 315
min, respectively. Meanwhile, the drying times for CUD, MT & CUD and
VC & CUD decrease to 270, 255 and 255 min, respectively. The me-
chanical, cavitation or even thermal effects of ultrasound can reduce
drying time [42]. Tao et al. [11] reported a higher reduction of drying
time in the case of contact ultrasound-assisted air drying of garlic slices.
Apart from the applied air conditions, the properties of food matrices
themselves can affect the drying efficiency under ultrasound treatment.
Broccoli florets have an umbrella-like geometry with many air gaps,
attenuating the ultrasound energy. Also, the exogenous pretreatments
could benefit the drying process slightly. Both melatonin and VC pre-
treatments shortened the drying time by 4.3-8.7% compared with the
drying treatment without pretreatments. It is speculated that the applied
exogenous pretreatments could exert osmotic pressure and modify the
cell structure, thus promoting the subsequent drying process. Moreover,
based on Fig. 3B, the drying rate for all the samples decline with water
content, implying that the falling rate period dominates throughout the
air drying processes. Similar results were reported by Liu et al. [43], who
found that the proper high-humidity hot air impingement blanching
treatment can also enhance the drying rate of broccoli florets and the
entire drying process occurred in the falling period. At the same water
level, the drying rates for ultrasound-treated samples are higher than
only air-dried samples, consistent with the drying kinetic results
mentioned above.

The internal temperature curves of broccoli florets under drying are
plotted in Supplementary Fig. 2. The temperature in all the samples did
not exceed the air temperature, demonstrating the absence of over-
heating problems. The transverse relaxation time curves (T2) under
drying obtained from low-field NMR are plotted in Supplementary
Fig. 3. The largest peak (T3) refers to the water with higher mobility
existing in cell xylem and vacuole, and the other peaks denote the less
mobile water and bound water [40]. Contact sonication made a more
apparent reduction of the peak amplitude of Tgs. It further confirms that
contact sonication could promote the removal of free water and speed up
the drying process.

3.2. Effect of sequential exogenous pretreatments and contact ultrasound-
assisted air drying on glucoraphanin content

Glucoraphanin is the major glucosinolate in broccoli and is also the
precursor of sulforaphane [6]. The MS information about the identified
glucoraphanin in the studied broccoli cultivar is listed in Supplementary
Table 1. The variations of glucoraphanin content in broccoli florets
throughout drying are illustrated in Fig. 4A and B. The amount of glu-
coraphanin in the fresh broccoli florets is 22.23 + 1.01 mg/g DW.
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Fig. 4. Variations of glucoraphanin content (A and B), sulforaphane content (C and D) and myrosinase activity (E and F) in broccoli florets during drying.

Similarly, the glucoraphanin content in the fresh broccoli (Brassica
oleracea L. var. italica) reported by Wei et al. [21] was about 15.57 mg/g
DW. Melatonin pretreatment led to a slight but significant (p < 0.05)
increase of glucoraphanin content in fresh broccoli, whereas VC pre-
treatment had no significant effect on glucoraphanin in broccoli. Glu-
coraphanin content in broccoli immersed in 100 pmol/L melatonin
solution was enhanced by 10.9%. Similar results were also found in the
studies of Wei et al. [21] and Miao et al. [1], who found that melatonin
spraying enriched glucoraphanin in broccoli. Wei et al. [21] reported
that melatonin could induce the expression of biosynthetic genes
(BoCYP79F1, BoCYP79B2) and the major transcription factors
(BoMYB28, BoMYB34) that regulate glucosinolates synthesis in vivo.
Melatonin could also reduce the expression level of AOP2 that converts
glucoraphanin to alkenyl glucosinolates.

Under air drying both in the presence and absence of ultrasound, the
glucoraphanin content exhibited a decreasing trend, denoting the
degradation of glucoraphanin. Meanwhile, the glucoraphanin content in
broccoli florets pretreated with exogenous melatonin is always higher
than in the counterpart without any pretreatments throughout drying.
For example, the glucoraphanin amount in samples dried by MT & CUD
was 13.74 £ 0.73 mg/g DW at the end of drying and is 6.8% higher
compared to samples dried by CUD. Theoretically, the presence of
melatonin could inhibit the activity of cell wall degrading enzyme [44]
and the contact between myrosinase and glucoraphanin, thus alleviating
the hydrolysis of glucoraphanin. Besides, VC pretreatment did not affect
the glucoraphanin content in the subsequent drying process.

The reduction of exposure time to hot air owing to contact ultra-
sound did not lead to the accumulation of glucoraphanin. Instead, the
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decomposition of glucoraphanin was intensified by contact ultrasound.
After drying, the contents of glucoraphanin in samples dried by HD, MT
& HD and VC & HD were 15.87 + 0.75, 18.60 + 0.13 and 14.62 + 1.77
mg/g DW, respectively, which are 23.4%, 35.4% and 14.2% higher than
the counterparts in the sonicated samples. It could be speculated that the
sponge and cavitation effects of ultrasound might promote the breaking
of covalent bonds between glucoraphanin and other organic substances
in cells [45], thus facilitating the subsequent enzymatic and non-
enzymatic degradation of glucoraphanin. Furthermore, sonication may
disrupt the chemical bonds of glucoraphanin itself, like glycosidic bond
[46], leading to the loss of glucoraphanin.

3.3. Effect of sequential exogenous pretreatments and contact ultrasound-
assisted air drying on sulforaphane content

Sulforaphane is an important bioactive component in broccoli,
which is responsible for the anti-cancer activity and can also affect the
bitter taste [4]. The MS information about sulforaphane in the studied
broccoli cultivar is listed in Supplementary Table 1. Based on Fig. 4C and
D, the sulforaphane content in fresh broccoli florets is 3.62 + 0.46 mg/g
DW. After both melatonin and VC pretreatments, the sulforaphane
contents increased to 3.77 + 0.20 and 4.32 + 0.25 mg/g DW, respec-
tively. Throughout air drying in the presence and absence of ultrasound
treatment, the content of sulforaphane in all the samples shows a pattern
of similar change on the whole. Thus, the sulforaphane content de-
creases fast in the first 1 h of drying and then changes slowly with either
a slow decline or a slight increase. Mahn et al. [47] also reported that the
sulforaphane content in broccoli diminished at the first 15 min of tray
drying at 60 °C and then increased until 1 h of drying. It is further
deduced that the thermal treatment may result in a better inactivation of
ESP than myrosinase, thus reducing the formation of sulforaphane
nitrile and enhancing the sulforaphane production [48].

On the one hand, sulforaphane can be generated from the degrada-
tion of glucoraphanin under the catalytic action of myrosinase once the
cell structure collapses [49]. On the other hand, sulforaphane itself is
liable to degrade, especially when the temperature exceeds 40 °C [47]. A
dozen factors affect the formation and degradation of sulforaphane,
including water content, temperature, activities of myrosinase and ESP,
contents of VC, Fe2* and phenolics, and others [15], making the pattern
of sulforaphane variation in broccoli under drying complicated.

During both air drying with and without ultrasound, broccoli sam-
ples with exogenous pretreatments exhibit higher sulforaphane than
samples without pretreatments. For example, the sulforaphane content
in the samples treated by VC & HD is 12.8% higher than in the HD-
treated samples at the end of drying. Meanwhile, at the end of contact
ultrasound-assisted air drying, the sulforaphane content in broccoli
samples treated by VC & CUD is the highest (3.25 + 0.12 mg/g DW),
followed by samples dried by MT & CUD (2.94 + 0.01 mg/g DW) and
CUD (2.59 + 0.11 mg/g DW). Moreover, in the study of Wei et al. [21],
sulforaphane content in melatonin treated broccoli was also increased
by about 50% after 25-day storage at 4 °C. However, the reason behind
this phenomenon still needs to be clarified. Theoretically, VC can serve
as a cofactor to activate myrosinase, resulting in the glucosinolate hy-
drolysis and accumulation of sulforaphane [50].

The above results also reveal that ultrasound-treated samples possess
higher sulforaphane than non-sonicated samples at the end of drying.
However, the differences are insignificant (p < 0.05). According to the
study of Tian et al. [51], the electrophilic carbon atom of -N = C = S
bond in sulforaphane can react with the hydroxyl group of water to form
R-NH,, and the sulforaphane degradation rate increased with water
content. It is believed that contact sonication could accelerate water
loss, thus alleviating the sulforaphane degradation reaction in broccoli.
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3.4. Effect of sequential exogenous pretreatments and contact ultrasound-
assisted air drying on myrosinase activity

The changes of myrosinase activity in broccoli with different pre-
treatments under air drying are shown in Fig. 4E and F. First, the myr-
osinase activities in the fresh broccoli florets without pretreatments,
melatonin-pretreated, and VC-pretreated samples are 10.91 + 0.56,
12.91 + 1.42 and 11.73 + 0.35 U/g DW, respectively. Melatonin pre-
treatment seems to have a promotive but insignificant influence on
broccoli myrosinase. Wei et al. [21] also found that the myrosinase ac-
tivity of fresh-cut broccoli pretreated with 100 pmol/L melatonin was
always higher than the control group during the 25-day storage. In the
study of Miao et al. [1], the transcription level of BoTGG1, an important
gene encoding myrosinase, was significantly up-regulated in broccoli
samples pretreated with melatonin resulting in the intensification of
myrosinase activity. Furthermore, VC immersion did not influence the
myrosinase activity of broccoli.

Fig. 4E and F also reveal that dehydration weakens the myrosinase
activity. In the groups of air drying alone, the myrosinase activity in
broccoli declines by 41.1-47.9% at the end of drying compared to
samples before drying. For the groups of contact ultrasound-intensified
drying, the myrosinase activity decreases by 19.6-43.4% after drying.
On the one hand, as the drying progresses, water removal diminishes the
volume for myrosinase stretching, inhibiting the myrosinase activity
[52]. The loss of water could also enhance the cell membrane perme-
ability and make contact between myrosinase and proteases easier,
indirectly weakening its ability to degrade glucosinolates [53]. On the
other hand, myrosinase is highly susceptible to thermal processing [52].

Throughout the air-drying process, the myrosinase activities in
broccoli samples pretreated with melatonin are always higher than VC-
pretreated and control samples, demonstrating its ability to preserve
myrosinase under exposure to hot air. Meanwhile, contact ultrasound
also shows a protective effect on myrosinase in the melatonin-pretreated
groups. For the drying of melatonin-pretreated broccoli, the myrosinase
activities in ultrasound-treated samples are higher compared to samples
without ultrasound, except for the samples dried for 2 h. At the end of
drying under ultrasound, the myrosinase activities for samples dried by
CUD, VC & CUD, and MT & CUD are 6.17 + 0.58,7.98 + 0.79 and 10.38
+ 2.03 U/g DW, respectively.

3.5. Effect of sequential exogenous pretreatments and contact ultrasound-
assisted air drying on VC content

Based on Fig. 5A and B, the VC content in fresh broccoli samples
without pretreatment is 3.92 + 0.16 mg/g DW, which is close to the VC
content (57.35-131.35 mg/100 g FW) in the commercial broccoli
samples from grocery stores in the United States [54]. After melatonin
and VC pretreatments, the VC contents slightly increased to 4.47 + 0.52
mg/g DW and 4.32 £ 0.04 mg/g DW, respectively. However, these in-
crements in VC content are insignificant.

As expected, the VC content declined gradually with drying. The VC
content in the presence of contact ultrasound decreased faster than in
the absence of ultrasound. At the end of drying without any pre-
treatments, the VC content in the CUD-dried samples (1.35 + 0.26 mg/g
DW) is 42.8% lower than the HD-dried samples (2.36 + 0.20 mg/g DW).
The ultrasonic treatment can generate microagitation, microscopic
channels, and cavitation [55]. As a result, VC is more likely to contact
oxygen and oxidase, leading to the oxidation of VC to 2-furonic acid, 3-
hydroxy-2-pyranone, etc. [56]. Gamboa-Santos et al. [57] also showed
that VC retention in strawberries under ultrasound-assisted convective
drying was significantly lower than convection drying without
ultrasound.

At the end of ultrasound-assisted drying, the VC content in the
samples dried by MT & CUD (2.31 + 0.28 mg/g DW) is 71.1% higher
than in the CUD-dried samples. Similarly, the samples dried by MT & HD
contained a higher VC of 14.0% than those dried by HD at the end of air
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Fig. 5. Variations in the contents of VC (A and B), Fe?' (C and D) and total phenolic (E and F) in broccoli florets during drying.

drying alone. Moreover, under both air drying with and without ultra-
sound, the VC contents in the dehydrated samples pretreated by mela-
tonin were higher than in the dried samples without pretreatments.
Melatonin can effectively remove excess reactive-oxygen species and
improve the redox state of cells, protecting VC against oxidation [58].
During the storage of broccoli at 20 °C, the melatonin treatment also
alleviated the degradation of VC [1].

3.6. Effect of sequential exogenous pretreatments and contact ultrasound-
assisted air drying on Fe?* content

Fe?" can bind to glucosinolates, causing the non-enzymatic degra-
dation of glucosinolates [28]. Consequently, the formation of iso-
thiocyanates is inhibited. Fig. 5C and D show that the contents of Fe?* in

fresh broccoli samples pretreated with melatonin (15.90 + 1.08 mg/
100 g DW) and VC (17.36 + 1.77 mg/100 g DW) are slightly and
insignificantly (p > 0.05) higher compared to the control group (15.17
+ 1.19 mg/100 g DW). This is because melatonin possesses the antiox-
idant capacity, reducing Fe®" in broccoli samples to Fe?* [59]. Also, as
an antioxidant, VC can reduce Fe>* to FeZ*, It should also be pointed out
that the stimulative effects of exogenous melatonin and VC pre-
treatments on Fe>" reduction may affect the conversion of glucor-
aphanin to sulforaphane adversely. It is noted from Fig. 5C and D that
the Fe?* contents in all the samples decrease with air drying, and the
declining rate of Fe?* content is higher in the early stage of drying. At
the end of air drying alone, Fe?* contents in the HD-dried samples, MT &
HD dried samples and VC & HD dried samples are 8.75 + 1.37, 11.64 +
0.76 and 10.18 + 0.71 mg/100 g DW, respectively. Meanwhile,
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sonicated broccoli samples possess less Fe2* at the end of drying than the
non-sonicated samples. Fe" contents in broccoli dried by CUD, MT &
CUD, and VC & CUD are 7.84 + 1.06, 8.55 + 0.13 and 9.07 + 0.33 mg/
100 g DW, respectively. On the one hand, the above-mentioned lower
retention of VC in ultrasound-treated broccoli samples may contribute to
the lower Fe?" contents in these samples. On the other hand, ultrasound
can damage the plant tissue structure [60], facilitating the contact be-
tween oxygen and Fe> and promoting the oxidation of Fe?* to Fe3™,

3.7. Effect of sequential exogenous pretreatments and contact ultrasound-
assisted air drying on total phenolic content

Phenolic compounds are not only another important group of
bioactive substances in broccoli; their Fe-reducing power may influence
the degradation rate of glucosinolates [30]. As shown in Fig. 5E and F,
total phenolic contents in fresh broccoli samples without pretreatments,
pretreated by melatonin, and pretreated by VC are 19.62 + 0.39, 22.09
+ 1.94 and 21.43 + 1.15 mg GAE/g DW, respectively. Similar to the
changes of glucoraphanin, sulforaphane, and other chemical indices
measured in this investigation, the phenolic content in broccoli also
enhanced slightly after exogenous melatonin and VC pretreatments.
About the postharvest handling of tomatoes, Sun et al. [61] found that
50 pmol melatonin treatment up-regulated the expression of genes
coding chorismate mutase 2 in the phenylpropanoid pathway, contrib-
uting to the accumulation of phenolics. Also, VC might enhance the
antioxidant network against active oxygen species in plant tissues [62],
thereby increasing the total phenolic content.

Under air drying, total phenolic content in all the broccoli samples
decreased fast in the early drying period. At the beginning of drying, the
heating of the broccoli sample can promote the enzymatic oxidation and
decomposition of polyphenols, resulting in the destruction of phenolic
structure and the decrease of their content [63]. The loss of total
phenolic content decreased with the continuous decline of water con-
tent. The total phenolic content even enhanced slightly in the latter
drying stage of VC-pretreated samples. These phenomena may be
because, with the increase of sample temperature during drying, poly-
phenol oxidase activity gradually decreases and even gets deactivated,
thereby preventing further polyphenols oxidation [64]. Furthermore,
the loss of water and long-term heating may weaken the binding be-
tween phenolics and proteins/saccharides in the cell wall, making some
phenolics released from the cell wall [65,66]. Que et al. [67] speculated
that new phenolic substances might be generated during the heating
process due to the non-enzymatic transformation of their precursors.

At the end of air drying only, total phenolic contents in the samples
dried by HD, MT & HD, and VC & HD are 13.98 + 0.09, 16.53 + 1.59
and 16.41 £+ 1.68 mg GAE/g DW, respectively. Also, after drying,
samples processed by CUD, MT & CUD and VC & CUD possess total
phenolic amounts of 17.19 £ 1.26, 16.16 + 0.71 and 17.54 + 1.80 mg
GAE/g DW, respectively. Generally, contact ultrasound enhanced the
retention of phenolics in the dried samples without any pretreatments.
In contrast, no protective effect of ultrasound on phenolics could be
observed in the samples pretreated by melatonin and VC. Tao et al. [10],
Mello et al. [68] and Nascimento et al. [69] reported that simultaneous
sonication with air drying could alleviate the loss of phenolics in
blackberry, orange peel and passion fruit peel.

3.8. Kinetic modeling of the decline of myrosinase activity, VC and Fe?*
contents in broccoli

Since the myrosinase activity and Fe2* and VC contents in the most
studied drying treatments changed regularly, the obtained data well fit
to the Weibull model. According to Table 2, the fitting qualities are
acceptable except for the evolutions of myrosinase activity in melatonin-
pretreated broccoli during ultrasound drying and Fe?" content in
melatonin-pretreated broccoli during air drying alone. The parameter b
in the Weibull model reflects the rate constant for each attribute under
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Table 2
Kinetic parameters of the Weibull model for the selected attributes under
different dehydration treatments.

Attribute Treatment Regression R? RMSE* Fitting
coefficient quality
Myrosinase HD a=10.91b = 1.000 0.056 Good
0.6275¢ = 0.0265
MT + HD a=1291b= 0.964 0.562 Good
0.3095¢ = 2.118 x
10
VC + HD a=11.73b = 0.966 0.648 Good
0.6426¢ = 3.099 x
107
CUD a=10.91b = 0.956 0.624 Good
0.5399¢ = 0.0348
MT + CUD a=13.21b = 0.463 2.295 Poor
0.1769¢ = 0.5086
VC + CUD a=11.74b = 0.850 1.277 Good
0.5717¢ = 3.099 x
107
vC HD a=3.925b = 0.937 0.235 Good
0.3875c = 0.1953
MT + HD a=4.473b = 0.960 0.189 Good
0.2739¢ = 0.3566
VC + HD a=4.326b = 0.962 0.236 Good
0.4036¢ = 0.3634
CUD a=3.919 = 1.000 0.024 Good
0.5228¢c = 0.4722
MT + CUD a=4.471b = 0.995 0.080 Good
0.3670c = 0.4012
VC + CUD a=4.316b = 0.963 0.262 Good
0.3484c = 0.6299
Fe* HD a=15.16b = 0.900  1.086 Good
0.3108¢ = 0.2976
MT + HD a=16.05b = 0.761 1.493 Poor
0.1934¢ = 0.4044
VC + HD a=17.36b = 0.975 0.629 Good
0.3894c = 0.1721
CUD a=15.17b = 1.000 0.083 Good
0.4695¢ = 0.2212
MT + CUD a=15.90b = 0.996 0.283 Good
0.5002¢ = 0.1749
VC + CUD a=17.42b = 0.961 0.937 Good

0.3166¢ = 0.5493

@ : RMSE refers to the root mean square error. RMSE units for myrosinase, VC
and Fe?" are U/g DW, mg/g DW and mg/100 g DW, respectively.

dehydration. It can be observed that the b values for the decrease in the
myrosinase activity under ultrasound-intensified drying are always
lower compared to air drying alone. Also, the b values for the decrease in
the myrosinase activity in melatonin-pretreated broccoli are lower than
broccoli without pretreatments. These results further demonstrate that
ultrasonication and melatonin immersion alleviate the loss of myr-
osinase activity during drying.

On the other hand, considering the decrease of VC amount under all
the air-drying treatments, excluding the VC pretreatments, the b values
under sonication are higher than in the absence of contact sonication.
Similarly, the b value for the decline of Fe?* content in the CUD-dried
broccolis (0.4695) is higher than HD-dried samples (0.3108). As indi-
cated earlier, ultrasound itself may destabilise the tissue structure of
broccoli, thus accelerating the decrease of VC and Fe?* contents [70].

3.9. Correlation analysis

The Pearson correlation analysis explored the relationship between
any two components (or factors) in glucoraphanin-related metabolic
pathways under various drying treatments. According to Fig. 6, in all the
drying treatments, temperature negatively influences the amounts of the
indicated components, signifying that the increasing temperature is
adverse to the preservation of glucoraphanin, sulforaphane, VC, Fe?*
and phenolics. In contrast, the correlation between any two components
among glucoraphanin, sulforaphane, VG, Fe?* and phenolics are always
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Fig. 6. Pearson correlation coefficients among different components and factors involved in the metabolic pathway of glucoraphanin. * refers to the statistical

significance at p < 0.05, and ** refers to the statistical significance at p < 0.01.

positive in all the treatments. However, these positive relationships
differ with the drying treatments.

Under hot-air drying without pretreatment, significant positive cor-
relations exist between sulforaphane-myrosinase (R = 0.90, p < 0.05),
sulforaphane-VC (R = 0.93, p < 0.05), and VC-myrosinase (R = 0.93, p
< 0.05). These data confirm that the enhancement of myrosinase ac-
tivity and VC content could facilitate the generation of sulforaphane
resulting from the enzymatic degradation of glucoraphanin, and the
existence of VC is beneficial to the myrosinase activity, which is in
agreement with the illustrated metabolic pathway of glucosinolates
shown in Fig. 1. Meanwhile, the pretreatments of VC immersion and
melatonin immersion, contact ultrasound during drying, and their
combinations weaken the connections of sulforaphane-myrosinase,
sulforaphane-VC, and VC-myrosinase. For example, the correlations of
sulforaphane-myrosinase and sulforaphane-VC for MT & HD treatment
are insignificant. In CUD treatment, these correlations are all insignifi-
cant. It can thus be concluded that the role of VC and myrosinase to
promote the formation of sulforaphane may be attenuated by the exer-
ted drying pretreatment and ultrasound treatment.

In all the drying treatments excluding MT & HD, Fe? is significantly
correlated with VC, owing to the ability of VC to reduce Fe>* to Fe?*, as
clarified in Fig. 1. However, none of the correlations about Fe?*-glu-
coraphanin and Fe?-sulforaphane is negative, speculating that the ex-
istence of Fe?! does not promote the formation of Fe?-glucosinolate
complex and nitriles. Besides, the correlation between Fe?" and total
phenolics is significantly positive in the treatments of CUD (R = 0.93, p
< 0.05) and MT & CUD (R = 0.92, p < 0.05). In contrast, this rela-
tionship in all the other drying treatments is insignificant, deducing that
contact sonication may intensify the redox effects of polyphenols to
generate Fe?' by reducing Fe3,

Through the statistical exploration of the relationship among the
metabolites and factors included in the metabolic pathway of glucosi-
nolates, it can be tentatively concluded that the implemented drying
pretreatments and contact ultrasound could affect the metabolism of
glucoraphanin, particularly the enzymatic degradation of glucoraphanin
and the generation of sulforaphane through weakening the connections
between sulforaphane-myrosinase, sulforaphane-VC, and VC-
myrosinase. However, there are still some deficiencies in this study.
For example, the activities of specific proteins (i.e. ESP, TFP, ESM and
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NSP) and the contents of nitriles were not detected. The potential gen-
eration of glucoraphanin and degradation of sulforaphane in broccoli
florets under drying were also not considered. To fully understand the
metabolic pathways of glucosinolates under novel drying treatments,
more chemical analysis is needed, which will be the focus of future
studies.

4. Conclusion

This study applied some exogenous pretreatments before contact
ultrasound-intensified air drying of broccoli florets. The results
demonstrate that combining the exogenous pretreatment (melatonin
immersion and VC immersion) and ultrasonication could complete the
broccoli drying process faster than air drying alone and preserve sulfo-
raphane and myrosinase in broccoli. Meanwhile, other components
involved in the metabolic pathways of glucoraphanin, including phe-
nolics, VC, and Fe®", are also affected by the applied exogenous pre-
treatments and contact ultrasound. From the calculation of correlation
coefficients among the metabolites in the metabolic pathways of glu-
coraphanin, it has been found that the correlations for sulforaphane-
myrosinase, sulforaphane-VC, and VC-myrosinase are weakened by
the VC and melatonin pretreatments and ultrasound, contributing to the
formation of sulforaphane. Overall, this investigation guides the regu-
lation of glucoraphanin metabolism and the preservation of bioactive
sulforaphane under novel dehydration of cruciferous vegetables.
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