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Abstract
Sulforaphane (SFN) is an isothiocyanate and the product of the hydrolysis of glucoraphanin (GRA) by myrosinase. Broccoli 
is one of the rich sources of GRA and thus SFN. SFN possess a wide range of bioactivities and is considered an anti-cancer 
phytochemical. Most of the current common methods used to quantify SFN are based on high-pressure liquid chromatography 
(HPLC) with diode array detection (DAD) — also known as HPLC-DAD. Although this technique has shown encouraging 
results, the detection of SFN by DAD is relatively weak and affected by high interference of sample matrices. Therefore, the 
aim of this study was to develop a liquid chromatography-mass spectrometry (LC-MS) method in which SFN is identified 
by molecular mass to give more accurate results. The developed method demonstrated a highly reproducible retention time 
(7.204 ± 0.008 min), producing a sharp, symmetrical and well-defined sulforaphane peak in standard and test samples. The 
most dominant ion of sulforaphane in the pure and test samples was 178 m/z ([M +  H]+). In terms of linearity, the calibration 
curve had a coefficient of determination (R2) of 0.9963. The limit of detection of this method is 1.3 ng/mL, and the limit of 
quantification is 3.9 ng/mL, indicating high sensitivity. The uniformity of peak shape and retention time in both pure and 
test samples were the same suggesting excellent selectivity. Overall, the developed method showed promising results in 
identifying and quantifying broccoli SFN.
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Introduction

Sulforaphane (SFN) is a natural isothiocyanate with 
nutraceutical properties (Bahoosh et al. 2022). SFN is 
the product of the enzymatic hydrolysis of a glucosinolate 
called glucoraphanin (GRA). GRA is the most dominant 

glucosinolate in broccoli (Ali Ali Redha et al. 2023a, 
2023b). Evidence from in vitro and in vivo studies has 
shown promising anti-cancer effects of SFN in cell and 
animal models (Gasmi et al. 2023). This has led to an 
increase in the number of clinical studies evaluating the 
anti-cancer potential of SFN in the past years (Gasmi 
et al. 2023). With the rise in the evidence about the bio-
active potential of SFN, it is expected that nutraceutical 
companies would explore producing new products rich 
in SFN or GRA. Nutraceutical companies may consider 
cruciferous vegetables as a good source of GRA and SFN. 
Among these vegetables, broccoli (Brassica oleracea var. 
italica) is one of the rich sources of GRA (the precursor 
of SFN) (Li et al. 2022). The concentration of GRA in 
common broccoli can range between 30 and 850 mg/100 
g DW (Langston et al. 2023). GRA becomes converted 
into SFN upon the breakdown of tissues and release of the 
enzyme myrosinase when broccoli is processed, which is 
responsible for the conversion reaction (Ali Redha et al. 
2023a, 2023b).
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The amount of GRA and thus SFN could vary in differ-
ent broccoli samples and products due to environmental, 
agricultural and industrial factors. Most of the analytical 
methods used to determine broccoli SFN are chromato-
graphic and include gas chromatography (Chiang et al. 
1998) and liquid chromatography (Ares et al. 2013; Cam-
pas-Baypoli et al. 2010; Celik et al. 2014). It has been 
reported that SFN undergoes thermal degradation in the 
injection ports of gas chromatography equipment, mak-
ing this technique unfavourable and not robust for SFN 
quantification (Campas-Baypoli et al. 2010). Liquid chro-
matographic methods such as high-pressure liquid chroma-
tography (HPLC) with diode array detection (DAD), also 
known as HPLC-DAD, seem to be the most commonly 
used techniques for SFN quantification (Campas-Baypoli 
et al. 2010; Celik et al. 2014). Although HPLC-DAD is 
generally considered a robust technique, it is associated 
with limited sensitivity and is not capable of providing 
information about the molecular mass of the analysed 
compounds which is important for accurately identifying 
the compound of interest. On the other hand, chromato-
graphic techniques hyphenated with mass spectrometry, 
such as liquid chromatography-mass spectrometry (LC-
MS), can accurately identify compounds based on their 
molecular mass. This can become very important when 
dealing with plant extracts and plant-based products since 
they contain a wide range of compounds. Overall, tech-
niques such as LC-MS have high sensitivity, selectivity 
and accuracy in comparison to HPLC-DAD and can pro-
vide a comprehensive analysis of the product of interest 
(De Girolamo et al. 2022; Pitt 2009).

The current study aimed to develop a fast and robust 
LC-MS method to quantify the broccoli SFN and apply the 
method for quantifying SFN content of several broccoli-
based supplements from our labs.

Materials and Methods

Materials

A total of 11 different food-grade broccoli-based supple-
ments (labelled A-K), in form of dried powder, obtained 
from different experiments in our labs, were used as test 
samples in this study. Extraction materials included phos-
phate-buffered saline (PBS) prepared from tablets purchased 
from Thermo Fisher Scientific (Waltham, USA) and dichlo-
romethane which was purchased from Merck (Darmstadt, 
Germany). Pure sulforaphane (25 mg/mL) was purchased 
from Sapphire Bioscience Pty Ltd (Redfern, Australia), and 
acetonitrile (HPLC grade) was purchased from Merck (War-
saw, Poland).

Extraction of Sulforaphane

An amount of 0.5 g of samples A-K was mixed with 3.0 
mL of PBS (10×, pH = 7.4). The samples were sonicated 
for 90 min at 37 °C with 100-W power in an ultrasonic 
bath (500 TD, SONICLEAN™, Australia). Then, sul-
foraphane was extracted with 10-mL dichloromethane. 
The samples were vortexed and shaken for 10 min at 250 
strokes/min using a reciprocating shaker (SSL2, Stuart, 
UK). Then, the samples were centrifuged for 10 min at 
3500 rpm and 15 °C (Centrifuge 5810 R, Eppendorf, Ger-
many). The water was discarded and then the extract was 
collected. The extraction was repeated in triplicate for 
each sample. A volume of 1 mL of the combined extract 
was evaporated under reduced pressure at 35 °C using a 
vacuum concentrator (SpeedVac SPD140DDA, Thermo 
Fisher Scientific, USA). The resulting extract was then 
dissolved in 0.5 mL of pure HPLC grade acetonitrile and 
filtered through a 0.22-μm syringe filter.

Instrumentation and Operating Conditions

SNF was identified and quantified using a certified Shi-
madzu LC-MS-2020 system (Shimadzu, Kyoto, Japan). The 
Nexera X2 UHPLC system consisted of a system control-
ler (CBM-20A), two pumps (LC-30AD), an autosampler 
(SIL-30AC), a valve unit (FCV-20AH2), a column heater 
(CTO-20AC) and a degasser (DGU-20A5R). The Nexera 
X2 UHPLC system was coupled to an MS-2020 quadru-
pole mass spectrometer (Shimadzu, Kyoto, Japan), and the 
DUIS source was operated with a nebulizer gas flow of 1.5 
L/min, drying gas flow of 17 L/min, desolvation line (DL) 
temperature of 300 °C, interface temperature of 350 °C and 
heat block temperature of 500 °C. Selective ion monitoring 
(SIM) in the positive ion mode of the ion m/z 178 was used 
to identify and quantify sulforaphane. Labsolutions LCMS 
software Ver.5.96 (Shimadzu, Kyoto, Japan) was used for 
instrument control and data processing.

Separation Conditions

Chromatographic separation was carried out on a reverse-
phase Acquity UPLC BEH C18 column (100 × 2.1 mm i.d., 
1.7 particle size; Waters, Dublin, Ireland) at a flowrate of 0.2 
mL/min and a column oven temperature of 30 °C. The 11.5-
min gradient elution started isocratic at 0% mobile phase B 
(acetonitrile, 0.1% formic acid) and 100% mobile phase A 
(MQ-Water, 0.1% formic acid) for 2 min, increasing to 70% 
B in 8 min before increasing sharply to 100% in 0.5 min, 
then holding for 1.5 min, conditioning for 0.2 min and finally 
re-equilibrating for 1.3 min. Sulforaphane concentrations 
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were determined using external calibration curves within a 
working range of 0.5–50 μg/mL

Preparation of Standard Solutions

Standard solutions were prepared from the pure SNF stock 
solution (25 mg/mL) in ethanol. The dilutions were made 
with ethanol to final concentrations of 0.5, 1.0, 1.5, 2.0, 2.5 
and 5.0 μg/mL.

Method Validation

The linearity of an analytical method refers to its capac-
ity, within a specified range, to produce test outcomes that 
exhibit a consistent proportional relationship with the con-
centration or quantity of the substance being analysed in 
the sample.

The sensitivity of the developed method was determined 
by calculating the limit of detection (LOD) and limit of 
quantification (LOQ). The LOD is the lowest concentration 
of the analyte that can be detected with signal-to-noise ratio 
of at least 3:1, while the LOQ is determined as the lowest 
concentration level at which the peak height maintains a sig-
nal-to-noise ratio exceeding 10. Additionally, the achieved 
precision (measured as relative standard deviation (RSD%)) 
and accuracy (measured as percentage bias) were assessed 
within a range of ± 10%.

The specificity of an analytical technique can be 
described as its capacity to accurately identify the analyte, 
even in the presence of impurities, degradation products, and 
matrix components, is present. This attribute was assessed 
by contrasting the chromatograms obtained from standard 
solutions and sample solutions.

The precision and accuracy of the method were evalu-
ated by assessing the repeatability of one tested sample over 
seven repetitions. This was done by calculating the degrees 
of freedom, which measures the random variability in the 
results. A lower degree of freedom indicates better precision 
and accuracy of the method. It also means that the results 
are more consistent and less affected by random fluctuations.

Results and Discussion

Extraction of Sulforaphane

The SNF extraction method proposed by Liang et al. (2006) 
has been widely used and reproduced (Liang et al. 2006). 
The current study has modified this method by controlling 
the pH to further enhance the hydrolysis of GRA into SFN 
and the extraction process. The enzymatic conversion of 
GRA into SFN is pH dependent. GRA is hydrolysed into 
SFN in the pH range of 5 to 8, while at lower pH levels 

(2–5), GRA is hydrolysed into sulforaphane nitrile, and at 
higher pH levels (> 8), it is hydrolysed into sulforaphane 
thiocyanate. Sulforaphane nitrile and sulforaphane thiocy-
anate are considered unfavourable products due to lack of 
bioactivity. The current method has replaced water in the 
hydrolysis step with PBS. PBS is a water-based salt buffer 
with a pH of 7.4 which is considered a favourable pH for the 
conversion of GRA into SFN. In fact, PBS is isotonic (has 
the same osmolarity and ion concentration) with most living 
cells. The solubility of SFN in PBS is approximately 10 mg/
mL (Cayman Chemical 2023). The hydrolysis process was 
allowed to take place in a 37 °C ultrasonic bath for 90 min. 
Ultrasonic waves are capable of breaking down the plant 
cell wall (Babaei-Ghaghelestany et al. 2020), and thus assist 
in releasing GRA and enhancing the conversion rate. After 
hydrolysis, the samples were extracted with dichloromethane 
in which SFN has a solubility of 25 mg/L (González et al. 
2021).

Quantification of Sulforaphane

The quantified amount of SFN in the formulations ranged 
between 8 and 22 mg/kg (Table 1). The average retention 
time of SFN was 7.204 ± 0.008 min (average of 63 runs) in 
this method. This is a relatively short time in comparison to 
one of the common HPLC-DAD methods that have reported 
an average retention time of 14.18 ± 0.08 min (Campas-
Baypoli et al. 2010). The retention time was similar to that 
obtained with another less commonly used method that 
reported 7.20 min ± 0.03% (Celik et al. 2014). The sul-
foraphane peak, in standards and test samples, was sym-
metrical, sharp and well-resolved (Figs. 1a and 2a). The 
most dominant ion was 178 m/z ([M +  H]+) in both the 
pure SFN and test samples (Figs. 1b and 2b); this was also 

Table 1  Sulforaphane content (mg/kg) of broccoli-based supplements 
with varying formulations determined by the developed LC-MS 
method

SD standard deviation, RSD% relative standard deviation

Sample Sulforaphane content 
(mg/kg)

SD RSD%

A 20.11 1.58 7.86
B 22.46 1.79 7.96
C 17.13 0.65 3.77
D 8.35 1.56 18.64
E 14.22 3.44 24.22
F 19.70 5.30 26.89
G 18.63 2.85 15.27
H 16.71 3.37 20.14
I 15.17 0.44 2.90
J 17.07 1.98 11.61
K 11.26 0.99 8.79
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Fig. 1  Chromatograph (a) and 
mass spectrum (b) of pure 
sulforaphane
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Fig. 2  Chromatograph (a) 
and mass spectrum (b) of a 
broccoli-based supplement 
formulation
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reported by a previous study analysing the MS spectrum of 
SFN (Ares et al. 2013).

A C18 column was selected for this method for several 
reasons. SFN contains polar functional groups includ-
ing a sulfinyl group (–SO–) and an isothiocyanate group 
(–N=C=S), which make it polar due to the electronegativity 
differences between the sulphur and nitrogen atoms. These 
polar functional groups contribute to an uneven distribution 
of electron density within the molecule, resulting in a net 
dipole moment. Considering this property of SFN, it can be 
difficult to retain on some columns. However, C18 columns 
have a high hydrophobicity and provide strong retention for 
polar analytes. C18 columns possess their unique bonded 
phases that provide excellent selectivity for isothiocy-
anate compounds and allow for a high degree of separation 
between isothiocyanate compounds and other polar or non-
polar compounds in broccoli sample matrix. C18 columns 
can operate over a wide pH range from 1 to 12, which makes 
them suitable for analysing isothiocyanate compounds in a 
variety of complex sample matrices. Moreover, C18 columns 
are highly durable and stable, even under harsh conditions 
as high temperature, pH and high pressure (Teutenberg et al. 
2009). Lastly, C18 columns have superior separation power 
and longevity even when frequently used for analysing com-
plex and challenging samples (Harrieder et al. 2022).

The developed standard curve had a linear equation of y = 
858,251x + 226,811 for pure sulforaphane standards ranging 
between 0.25 and 5.00 μg/L. The curve had a coefficient of 
determination (R2) of 0.9963 suggesting a strong correlation 
between the area under the curve and the concentration of 
sulforaphane. This was close to HPLC-DAD methods which 
reported 0.99985 (Celik et al. 2014) and 1 (Campas-Baypoli 
et al. 2010). In terms of sensitivity, the method had an LOD 
of 1.3 ng/mL and an LOQ 3.9 ng/mL which are considered 
very low suggesting the high sensitivity of this method. The 
LOD and LOQ of this method are remarkably lower than 
those reported by previous studies using HPLC-DAD: LOD 
= 29.7 ng/mL, LOQ = 90 ng/mL (Celik et al. 2014); and 
LOD = 0.2 μg/mL, LOQ = 0.6 μg/mL (Ares et al. 2013). In 
terms of specificity, the chromatograms of the pure samples 
(e.g., Fig. 1a) and test samples (e.g., Fig. 2a) were identi-
cal in shape and had the same retention time. In fact, other 
compounds/peak were retained at that retention time.

The quality control analysis approach involved repeating 
the same standards at the beginning and end of the analysis 
batch, with at least one standard introduced after every ten 
samples. These standards were included to verify the accu-
racy and precision of the method and ensure the reliability 
of the results. The obtained data were evaluated using sta-
tistical tools such as relative standard deviation (RSD) and 
percentage difference. The acceptability of the results was 
determined based on the established precision. Any devia-
tions from the set benchmarks were probed and remedied 

where necessary. The use of quality control measures 
ensured that the analytical method produced trustworthy 
and precise results for the identification and quantification 
of the analyte in the sample.

Conclusions

The proposed LC-MS method was successful in accu-
rately identifying and quantifying SFN. Its efficiency can 
be attributed to the short retention time of the analyte. The 
standard curve demonstrated an excellent correlation with 
R2 > 0.99. The LOD and LOQ values were lower when 
compared to other liquid chromatography-based methods, 
further enhancing its effectiveness. In addition, the method 
exhibited a good selectivity. Quality control was thoroughly 
implemented throughout the process to ensure the validity 
and accuracy of results.
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