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developed method has been successfu
carbamates, HPLC-DAD-MS SPE, Brassicaceae

rmination that involves derivatization with N-acetyl-L-cysteine (NAC) and separation by HPLC was developed. 
and purified using solid-phase extraction (SPE). The optimum conditions of derivatiza-tion are: 500 lL of 
 with 500 lL of derivatizing reagent (0.2 M NAC and 0.2 M NaHCO3 in water) and reaction time of 1 h 
irectly analyzed by HPLC coupled with diode array detector and mass spectrometer if required. The 
tural ITCs. Calibration curves were linear (R2 P 0.991) within a wide range of concentrations and 
The recoveries were in the range of 83.3–103.7%, with relative standard deviations <5.4%. The 

lied to determine ITCs in broccoli, white cabbage, garden cress, radish, horseradish and papaya.
1. Introduction

Isothiocyanates (ITCs) are regarded as the most biologically
active breakdown products of glucosinolates – secondary metabo-
lites of plants, mainly from Brassicaceae family. Upon plant tissue
damage induced by pest attack or other disruption events, e.g. cut-
ting or chewing, glucosinolates (GLs) undergo hydrolysis catalyzed
by the enzyme myrosinase (b-thioglucoside glucohydrolase, EC
3.2.3.1) to the unstable intermediate which rearranges further to
ITCs and related products, such as nitriles, epithionitriles, indoles,
thiocyanates or oxazolidine-2-thiones (Mithen, Armah, & Traka,
2011). The formation of specific products depends on the variety
of factors, including metal ions, pH, protein cofactors and side
chain structure (Wittstock & Burow, 2007). Among GL hydrolysis
products, ITCs ensure the most effective barrier against plant
pathogenic microorganisms (Aires et al., 2009). This group of com-
pounds triggers also several biological activities that discourage
herbivore attacks and thus represents environment friendly
biopesticides that can be used in biofumigation process
(Kusznierewicz et al., 2012; Pilipczuk, Piekarska, Kusznierewicz,
Bartoszek, & Namieśnik, 2013). However, the feature of ITCs that
warranted them the position of the most investigated phytochem-
ical family is their ability to reduce the incidence and progression
of human cancers and to prevent inflammation (Mithen et al.,
2011). The chemopreventive effect of ITCs involves multiple mech-
anisms that include inhibition of phase I cytochrome P450
enzymes, stimulation of phase II detoxification enzymes, ceasing
inflammatory reactions, inhibition of angiogenesis, induction of
cell cycle arrest and apoptosis of tumor cells (Navarro, Li, &
Lampe, 2011). Importantly, numerous epidemiological studies
have demonstrated the high potency of ITCs in prevention of lung,
prostate, breast, bladder, colorectal, pancreatic and other less fre-
quent human cancers (Higdon, Delage, Williams, & Dashwood,
2009).

Equally important are synthetic ITCs, which are widely applied
as valuable starting materials for a wide range of chemical reac-
tions. For instance, they are used for synthesis of glycolipids with
thiourea- or urea-linkers (Mathiselvam, Loganathan, & Varghese,
2013), 1,3,5-triazine derivatives needed in organic chemistry and
medicinal research (Li, Tu, Jiang, Wang, & Tu, 2013) or other com-
pounds with important functional groups such as thiosemicar-
bazides (Pandurangan, Kitchen, McCabe, & Gunnlaugsson, 2013),
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isocyanides (Bhat, Allan, & Rawal, 2011), and guanidines (Smith
et al., 2007).

Despite the fact, that ITCs are broadly employed compounds
due to their promising chemopreventive properties, application
in chemical industry or agriculture, e.g. in crop protection, there
is still an open problem of fast and reliable methods for qualitative
determination of the content of this class of compounds in samples
of various origin. Volatility of ITCs suggests that gas chromatogra-
phy (GC) should be the most appropriate technique for their anal-
ysis. Accordingly, there have been proposed methods utilizing the
gas chromatograph coupled with termoionic-specific detector
(TSD) (Trott, Lepage, & Hebert, 2012), flame ionization detector
(FID) (Hanschen et al., 2012) or mass spectrometer (MS) (Aissani
et al., 2013; Matich et al., 2012). Unfortunately, GC has in this case
one unavoidable disadvantage, i.e. requirement of high tempera-
ture to volatilize analytes. ITCs are not stable at very high temper-
atures and during GC analysis up to 80% of these compounds may
be degraded or transformed into new ITCs, while passing through
the GC column (Chen & Ho, 1998; Chiang, Pusateri, & Leitz,
1998). Therefore, results obtained by such methods depend on
the composition of ITCs in the samples and the content of certain
components may be frequently either over- or underestimated.
Liquid chromatography could have solved this problem, because
separation of the analytes does not require high temperatures of
the column, so several attempts to establish HPLC method of ITCs
determination have been undertaken. The most common HPLC-
UV–vis method enabling quantification of the total content of ITCs
utilizes the reaction of cyclocondensation with 1,2-benzenedithiol
to coloured derivative (Zhang, Wade, Prestera, & Talalay, 1996).
Unfortunately, this method leads to a single derivatization product,
thus provides only information about ITC content, but not their
composition in a sample analyzed. Moreover, contaminants such
as dithiocarbamates, carbon disulphide and related thiocarbonyl
compounds also undergo cyclocondensation reaction with 1,2-
benzenedithiol (Zhang et al., 1996) and may lead to overestimation
of ITC concentration. As dithiocarbamates are worldwidely applied
bacteriocides or fungicides (Wesseling, McConnell, Partanen, &
Hogstedt, 1997), this method should not be used when ITC content
in plants originated from protected fields are to be analyzed. Car-
bon disulphide is a common reactant in the synthesis of ITCs
(Psurski et al., 2012), so yet another potential application of this
method, namely monitoring of reactants during organic synthesis,
is excluded. Other approaches involving liquid chromatography
and precolumn derivatization that enable determination of indi-
vidual ITCs in different matrix include the use of: ammonia
(Agerbirk, De Nicola, Olsen, Müller, & Iori, 2015), mercaptoethanol
(Wilson et al., 2011) and N-(tert-butoxycarbonyl)-L-cysteine
methyl ester (Budnowski et al., 2013) as derivatization reagents.
However, the proposed methods have been applied to certain types
of sample matrix and focused on the determination of only few
selected ITCs. Additionally, these analytical procedures have not
been optimized as regards sample preparation step for purification,
concentration and efficient isolation of target ITCs, which results in
rather low sensitivity of these methods.

The purpose of our study was to develop and validate analytical
approach that involves purification of the analytes with SPE tech-
nique, derivatization of ITCs in the reaction with N-acetyl-L-
cysteine (NAC) and subsequent HPLC-DAD-MS quantitation and
identification of dithiocarbamates formed. The concept of this
method has been based on human metabolism of ITCs occurring
via mercapturic acid pathway, where initially formed glutathione
conjugates are subsequently transformed into dithiocarbamates
called also ITC-NAC conjugates (Shapiro, Fahey, Wade,
Stephenson, & Talalay, 2001; Zhang, Kolm, Mannervik, & Talalay,
1995), which are the final detoxification products released from
the organism. In this study, the applicability of the proposed
NAC-derivatization approach was tested with an array of commer-
cially available ITCs: sulforaphane, methyl, ethyl, allyl, phenyl,
phenylethyl, benzyl and 4-(methylthio)butyl isothiocyanate – rep-
resentative compounds of substantial importance in industry, agri-
culture and medicine, as well as with real brassica plant samples.
We demonstrate that the proposed method enables efficient simul-
taneous qualitative and quantitative determination of ITCs in com-
plex samples.
2. Materials and methods

2.1. Materials and reagents

Methyl isothiocyanate (MITC), allyl isothiocyanate (AITC), phe-
nyl isothiocyanate (PITC), benzyl isothiocyanate (BITC), pheny-
lethyl isothiocyanate (PEITC), 3-(methylthio)propyl
isothiocyanate (3-MTPITC), D,L-sulforaphane (SFN), N-acetyl-L-
cysteine (NAC), 1,2-benzenedithiol (BDT), sodium bicarbonate,
HPLC grade methanol and isopropanol were purchased from
Sigma-Aldrich (Germany), ethanol and formic acid from Merck
(Germany). LC–MS grade acetonitrile was obtained from VWR
(USA). High purity water was produced in-house using a Milli-Q
System (18.2 MO/cm). All other reagents were of analytical grade.
Bakerbond SPE Octadecyl C18 (500 mg, 3 mL) cartridges were
obtained from J.T. Baker (Greisheim, Germany). 4-(Methylthio)
butyl isothiocyanate (4-MTBITC), and the conjugates of NAC with
ITCs: AITC-NAC, PITC-NAC, BITC-NAC and PEITC-NAC were synthe-
sized at the Department of Organic Chemistry, Gdańsk University
of Technology. Their structures were characterized by chemical
and spectroscopic methods (UV, NMR, MS). As judged by HPLC-
DAD (k = 254 nm), purities of AITC-NAC, PITC-NAC, BITC-NAC and
PEITC-NAC stored at -20 �C for at least 6 months were 99.21,
94.36, 99.39, 99.38%, respectively.
2.2. Chemical synthesis and characterization of standards

The details of chemical synthesis, structural data and chromato-
graphic characterization of standard dithiocarbamates are pre-
sented in the Supplementary Material section accompanying this
paper. The following synthetic conjugates of NAC with ITCs were
used throughout the study as standards for selection of optimal
HPLC conditions: AITC-NAC, BITC-NAC, PEITC-NAC and PITC-NAC.
2.3. Plant material

Horseradish (Armoracia rusticana, syn. Cochlearia armoracia),
white cabbage (Brassica oleracea var. capitata f. alba), garden cress
(Lepidium sativum), radish (Raphanus sativus) and papaya fruit (Car-
ica papaya L.) were obtained from a local store and Beneforte broc-
coli florets (Brassica oleracea L. var. italica) were obtained from
Tesco supermarket (Ireland). Vegetables were freeze-dried, ground
and stored at �20 �C until investigation.
2.4. Extraction of ITCs by SPE

An aliquot (10 mL) of a water solution of ITC (0.1 mM) or plant
water extracts were added to the Bakerbond C18 column precondi-
tioned with 3 mL of MeOH and 3 mL of water. After sample loading,
the stationary phase was dried under the stream of air (5 min).
Then, the analytes were eluted with 1.0 mL of isopropanol. Among
three tested solvents (methanol, ethanol, isopropanol), the iso-
propanol was chosen as the most efficient for the washout of
retained ITCs.
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2.5. Determination of the total content of isothiocyanates

The total content of ITCs was determined by the method
described previously by Zhang et al. (1996) and utilizing the reac-
tion of 1,2-benzenedithiol (BDT) with ITCs. The sample containing
ITCs (standard solutions or plant extracts) (0.1 mL) was added to
the reaction mixture consisting of 0.1 M potassium phosphate buf-
fer pH 8.5 (0.5 mL), isopropanol (0.5 mL) and 60 mM 1,2-
benzenedithiol in 2-propanol (0.1 mL). The mixture was incubated
for 60 min at 65 �C to accomplish the cyclocondensation reaction.
The content of 1,3-benzenedithiole-2-thione (BDTT) was deter-
mined by Agilent 1200 system (Agilent Technologies, USA) coupled
with diode-array detector (DAD). The reaction mixture (30 lL) was
injected onto Kinetex PFP 100A column (150 mm � 4.6 mm, 5 lm)
(Phenomenex, USA). The mobile phase contained 0.1% (v/v) formic
acid in water (solvent A) and 0.1% (v/v) formic acid in acetonitrile
(solvent B); the flow rate was set at 1 mL/min. The gradient pro-
gram for elution of BDTT was as follows: initial increase from
60% to 100% B within 12 min and then column equilibration for
5 min at 60% B. Chromatograms were recorded at 365 nm. The cal-
ibration curves used for quantification of total ITC in plant samples
were generated by the integration of the area of absorption peak of
BDTT determined during analyses of serial dilutions of PEITC stan-
dard (0.1–1 lmol/mL) mixed and incubated with BDT.

2.6. Chromatographic analysis of ITC-NAC conjugates

All analyses were performed with an Agilent 1200 HPLC, using a
150 mm � 4.6 mm id., 5 lm, Kinetex PFP 100A (Phenomenex, USA)
column protected by a guard cartridge of the same material, con-
nected to Agilent 1200 diode array detector (DAD) and to 6130
quadrupole mass spectrometer (Agilent Technologies, USA) with
electrospray ionization in positive ion mode. The solvents were:
0.1% (v/v) formic acid in water (solvent A) and 0.1% (v/v) formic
acid in acetonitrile (solvent B), with a flow rate of 1 mL/min. The
linear gradient for solvent B was as follows: 0 min, 5%; 15 min,
40%; 20 min, 65%; 25 min 100%; followed by 4 min of column equi-
libration with 5% B. An injection volume of 10 lL was used. The
analytes were traced at 272 nm. After the DAD detector, the eluent
flow was guided to 6130 quadrupole mass spectrometer (Agilent
Technologies, USA) with electrospray ionization ion source (ESI).
Ionization in the ESI mode was performed, using a drying gas tem-
perature of 350 �C, a drying gas flow of 12 L/min, a nebulizer pres-
sure of 50 psi and a capillary voltage of 3000 V. Identification of
dithiocarbamates was performed in positive ionization modes by
identifying the parent ion [M + H]+.

2.7. Derivatization of ITCs with NAC

The derivatization solution was prepared by dissolving of NAC
and NaHCO3 in water to obtain final concentration 0.2 M of each.
Then, 500 lL of derivatization solution was combined with
500 lL of either isopropanolic solution of ITC standards or SPE
plant extracts. The reaction mixtures were incubated for 1 h at
50 �C to accomplish the derivatization. After incubation, the sam-
ples were chilled and injected into HPLC system.

2.8. Analyses of plant samples

To prepare water extracts, 400 mg of lyophilized plant material
was mixed with 10 mL of water and incubated for 3 h at 37 �C to
enable myrosinase catalyzed conversion of GLs into ITCs to com-
plete. Then, the samples were centrifuged (5000 rpm, 15 min,
4 �C; Eppendorf, Microcentrifuge 5415 R, Germany). Collected
supernatants were subjected to SPE procedure described in details
in Section 2.6. The ITCs in obtained eluates were derivatized in
parallel with NAC or BDT according to the procedures described
in Sections 2.7 and 2.5, respectively. The derivatization products,
that is NAC-ITCs or BDTT, were determined with the use of HPLC
under conditions described in Sections 2.6 and 2.5, respectively.

The peaks of NAC-ITC were identified by comparison of reten-
tion times and UV and mass spectra with those of authentic refer-
ence substances (when available), while for the rest tentative
identification was performed on the basis of UV and MS spectra
and literature data documenting the presence of specific parent
GLs in plant tissue studied. The quantification of the analytes for
which standards were available was performed with external cali-
bration curves, whereas for other identified analytes, the measured
chromatographic area was substitute into the calibration equation
of the reference standards with similar structure.

3. Results and discussion

3.1. ITC purification from complex matrix

There are two major challenges that may prevent reliable deter-
mination of ITCs by chromatographic techniques: low concentra-
tion of these phytochemicals in complex plant or another matrix,
as well as high content of other compounds that may interfere dur-
ing analysis. In our earlier study on indolic components, which
similarly to ITCs can be formed as a result of glucosinolate (GL)
degradation, we have successfully overcome such problems by
applying solid-phase extraction (SPE) for purification and concen-
tration of required analytes prior to HPLC determination
(Pilipczuk, Dawidowska, Kusznierewicz, Namieśnik, & Bartoszek,
2015). In the case of GL derivatives, the plant extracts for determi-
nation of indoles and ITCs are prepared in the same way. This
strengthened the hypothesis of SPE technique suitability for ITC
purification. To verify our presumptions, 10 mL of water solution
containing one of ITC standards at a concentration of 0.1 lmol/
mL (MITC, SFN, EITC, AITC, 3-MTPITC, PITC, 4-MTBITC, BITC or
PEITC) was loaded onto the Bakerbond C18 column preconditioned
according to manufacturer’s recommendations with 3 mL of
methanol and then 3 mL of water. Each standard analyte was
eluted with 1.0 mL of one of tested solvents, which included com-
monly used methanol, ethanol or isopropanol. The concentration of
ITC moieties in the eluates was determined by Zhang’s method as
described in Section 2.5 of Materials and Methods. Isopropanol
used as the eluting medium ensured the most efficient extraction
of ITCs from the sorbent with recoveries of analytes falling in the
range of 86–106%, while ethanol in the range 76–97%. Methanol
gave less satisfactory results; the recoveries were in the range of
62–81%. For the purpose of further experiments, isopropanol was
selected as an eluting medium also for another reason described
in the next section, i.e. high yield of ITC derivatization achieved
in its presence.

3.2. Development of HPLC-DAD-MS conditions

Zhang et al. (1996) proposed mentioned earlier derivatization of
ITCs to stable 1,3-benzenedithiole-2-thione (BDTT), which displays
high absorption at 365 nm ensuring sensitive quantitative spec-
trophotometric detection. Unfortunately, their method gives only
quantitative information about the total content of ITCs in the sam-
ples. In many cases, such information is sufficient, but taking into
account diversified biological activity of ITCs, including those pre-
sent in food, the qualitative composition seems at least equally
important. Therefore, the attempts have been repeatedly under-
taken to develop HPLC method enabling both qualitative and quan-
titative determination of these compounds. We decided to convert
ITCs into the chemical form retaining structure of the ITC side
chain and known to be more suitable for HPLC analysis than parent
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compounds. The proposed way of derivatization follows the natu-
ral route via which these compounds are metabolized to be
released from the organism (Janobi et al., 2006). This metabolic
process is initiated by ITC reaction with cysteine built into GSH.
The initial conjugate is then transformed into ITC-NAC dithiocarba-
mate on the mercapturic acid pathway constituting the final stage
of phase II detoxification. It can be presumed that naturally occur-
ring ITC detoxification pathway should rely on the efficient and rel-
atively rapid chemical process. Dithiocarbamates derived from
common plant ITCs proved very stable, did not degrade when
heated nor when exposed to extreme pH (data not shown). More-
over, the reaction of PITC with amino acids has been long known to
proceed with good yield, in e.g. protein sequencing by Edman’s
degradation, even though in the latter case, it involves binding
with amino group which is less nucleophilic than –SH group.

However, before exploiting derivatization to dithiocarbamates
as a part of analytical protocol of ITC determination, it was neces-
sary to examine the efficiency of chromatographic separation of
ITC-NACs containing different side chains. This part of the study
was carried out with the aid of synthetic ITC-NAC conjugates:
AITC-NAC, PITC-NAC, BITC-NAC and PEITC-NAC. The conditions of
synthesis of ITC-NAC conjugates, their MS and NMR spectra are
given in Supplementary Material. These data confirmed both the
high purity of synthesized dithiocarbamates, as well as their chem-
ical structures. The methodology of chromatographic separation of
dithiocarbamates was initially inspired by reports concerning
PEITC-NAC determinations in human urine published by
Vermeulen, Zwanenburg, Chittenden, and Verhagen (2003), but
the final conditions were substantially modified. The four synthetic
ITC derivatives were separated using a Kinetex PFP 100A column
and water/acetonitrile gradient elution. The addition of formic acid
to mobile phase turned out to improve greatly chromatographic
separation providing sharper peak shapes and better peak symme-
try for all ITC-NAC conjugates tested. The optimized parameters of
gradient elution (given in Section 2.6 of Materials and Methods)
ensured proper separation of the analytes with divergent chemical
structures. The UV spectra were collected in the range of 220–
400 nm (Fig. S-12; Supplementary Material). Since all tested com-
pounds showed high response at 272 nm, this wavelength was
finally selected for their monitoring during HPLC analysis. Addi-
tionally, the identity of peaks was confirmed by mass spectrometry
(Fig. S-12; Supplementary Material).

3.3. ITC derivatization to ITC-NAC dithiocarbamates

The initial stage of derivatization method development
embraced testing of the impact of reaction conditions on the yield
of binding of purified ITCs to NAC. In order to shift the reaction
equilibrium towards the formation of ITC-NAC conjugates, we
decided to apply the large excess of NAC (0.2 M) in relation to
the typical content of ITCs (0.02 mM) that can be expected in water
extracts obtained from Brassicaceae plants (Piekarska et al., 2014).
In addition, we included sodium bicarbonate (0.2 M) into the reac-
tion mixture, so as NAC occurs in the form of sodium salt, which is
easily soluble in water. Such an approach was previously reported
to increase the rate of dithiocarbamate formation (Vermeulen
et al., 2003).

This step of the method development focused also on the eval-
uation of the impact of the type of organic solvent present in the
reaction mixture on the derivatization reaction kinetics and effi-
ciency. In the Fig. 1A–C, the progress of the derivatization of nine
ITCs to NAC-ITC in reaction mixture containing different solvents
monitored at ambient temperature with 30 min intervals is pre-
sented. After reaction, the ITC-NAC conjugates were analyzed using
HPLC-DAD technique (see Section 2.6). The obtained results indi-
cate that target products are formed faster in reaction mixture con-
taining ethanol than methanol (Fig. 1A and B). However, the
highest concentrations of NAC-ITCs were observed in the presence
of isopropanol (Fig. 1C). Therefore, isopropanol was selected as the
most suitable component of the reaction mixture. This finding indi-
cates that isopropanolic extracts obtained during described earlier
SPE procedure can be directly used for the derivatization process.

In the case of isopropanol, the decrease in ITC concentration
during derivatization could be described by a pseudo-first order
reaction (Eqs. (1) and (2)). Since NAC was added in great excess
(200 fold), its concentration was assumed to remain constant
throughout the reaction course.

d½ITC�t=dt ¼ �k� ½ITC�t ð1Þ

½ITC�t ¼ ½ITC�0 � expð�k� tÞ ð2Þ
where k is the pseudo-first order constant (min�1), while [ITC]t and
[ITC]0 are the concentrations of ITC at time t and 0, respectively. The
values of k for all ITCs tested were determined from Eq. (2) by plot-
ting ln[ITC]t as a function of reaction time t (Fig. S-11, Supplemen-
tary Material). The calculated k values equaled to 1.84 � 10�2 min�1

for MITC, and 1.59 � 10�2 min�1 for SFN, 1.72 � 10�2 min�1 for
EITC, 3.83 � 10�2 min�1 for AITC, 1.80 � 10�2 min�1 for 3-MTPITC,
3.17 � 10�2 min�1 for PITC, 1.59 � 10�2 min�1 for 4-MTBITC,
4.27 � 10�2 min�1 for BITC and 1.42 � 10�2 min�1 for PEITC. Under
the conditions applied (i.e., excess of NAC, ambient temperature),
the minimum time needed for derivatization of all analytes to reach
the steady state was 500 min (Fig. 1C). There were no significant
variations in the peak area noted for ITC-NAC conjugates after this
time.

The reaction carried out at ambient temperature for over 8 h
seemed rather too long a period for a routine analytical protocol,
so we investigated the possibility of reduction of the time needed
for ITC derivatization by elevating the temperature of reaction
mixture to 40 �C, 50 �C or 60 �C. In the Fig. 1D–F, the influence of
different reaction temperatures on the yield of reaction of EITC,
4-MTBITC and BITC carried out in a mixture containing isopropanol
is presented. The increase of temperature significantly shortened
the time needed to reach the steady state of ITC-NAC conjugate for-
mation. At 40 �C, the minimum time needed to react ITCs with NAC
was about 50 min, while at 50 �C, it dropped to about 30 min. The
increase of the temperature to 60 �C did not result in higher rate of
reaction, but to make matters worse, reduced the yield of some
ITC-NACs. In the light of these results, we propose the optimal
derivatization temperature to be 50 �C and reaction time 60 min.
The extension of minimal reaction time needed for ITC derivatiza-
tion under selected temperature was indicated to ensure conver-
sion of all ITCs present in plant extract to dithiocarbamates.
Summarizing, the 50% isopropanol was chosen as the best medium
for the derivatization of ITCs with NAC. This finding indicates that
isopropanolic extract obtained from SPE step can be directly used
for derivatization procedure and should be mixed with derivatiza-
tion mixture in ratio 1:1 (v/v).

3.4. Validation of analytical procedure for determination of NAC-ITC

3.4.1. Linearity range and calibration curves
Calibration data were determined for all the analytes under

investigation, using the chromatographic and derivatization condi-
tions described in Section 2.6 and 2.7. The calibration curves were
generated by carrying out a series of separations of standard mix-
tures containing the ITCs within the ranges of 0.005–0.1 lmol/mL
and 0.1–1.0 lmol/mL after pre-column derivatization. Three inde-
pendent measurements were carried out for each calibration point.
Calibration lines based on six calibration points were prepared by
plotting concentration versus chromatographic peak area of the
analyte and applying the least squares method. The results of
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Fig. 1. Kinetics of derivatization of ITCs to ITC-NAC conjugates in reaction mixture containing 0.1 M NAC, 0.1 M NaHCO3 and 0.5 mM ITC in water: alcohol = 1:1. Panels A, B, C
– reaction carried out at ambient temperature in different solvents as indicated. Panels D, E, F – reaction carried out in isopropanol at indicated temperatures for three ITCs,
whose rates of conversion to ITC-NAC conjugates at ambient temperature differed substantially. Points are results of single determination.

Table 1
Calibration data for the determination of isothiocyanates (ITCs) analyzed by the developed HPLC-DAD method.

Analyte Concentration range
[lmol/mL]

Calibration curvea R2 LOD
[nmol/mL]

LOQ
(nmol/mL]

Repeatability
(n = 3)b

RSD [%]

Intra-day precision
(n = 6)

Inter-day precision
(n = 9)

MITC 0.005–0.1 y = 1364x + 8.04 0.9965 4.93 14.79 3.49 2.33c–4.10d 1.76c–3.64d

0.1–1.0 y = 1411x + 4.76 0.9990
SFN 0.005–0.1 y = 4032x + 5.45 0.9996 1.72 5.16 1.77 1.90c–3.79d 2.71c–4.05d

0.1–1.0 y = 3392x � 7.52 0.9995
EITC 0.005–0.1 y = 2581x � 0.36 0.9975 4.12 12.35 3.09 2.94c–3.87d 2.07c–3.36d

0.1–1.0 y = 1968x + 15.64 0.9968
AITC 0.005–0.1 y = 2091x � 1.13 0.9917 4.17 12.50 4.76 3.43c–5.18d 4.14d–4.82c

0.1–1.0 y = 2255x + 2.27 0.9914
3-MTPITC 0.005–0.1 y = 4475x + 1.15 0.9993 2.13 6.39 2.35 1.65c–1.84d 0.62d–1.19c

0.1–1.0 y = 3025x � 12.37 0.9991
PITC 0.005–0.1 y = 3214x + 0.20 0.9965 4.89 14.67 3.52 3.12c–4.03d 3.70d–5.84c

0.1–1.0 y = 3179x + 59.38 0.9936
4-MTBITC 0.005–0.1 y = 2092x + 0.28 0.9986 3.14 9.41 2.83 2.40c–3.88d 3.34c–3.95d

0.1–1.0 y = 1825x � 0.77 0.9990
BITC 0.005–0.1 y = 2348x + 2.43 0.9970 4.50 13.51 4.21 3.73d–4.36c 2.61d–3.59c

0.1–1.0 y = 2485x + 14.92 0.9955
PEITC 0.005–0.1 y = 2345x + 4.15 0.9921 3.63 10.89 4.96 3.25d–5.27c 4.83d–5.10c

0.1–1.0 y = 2467x + 23.42 0.9946

MITC – methyl isothiocyanate, SFN – sulforaphane, EITC – ethyl isothiocyanate, AITC – allyl isothiocyanate, 3-MTPITC – 3-methyl-thiopropyl isothiocyanate, PITC – phenyl
isothiocyanate, 4-MTBITC – 4-methylthiobutyl isothiocyanate, BITC – benzyl isothiocyanate, PEITC – phenethyl isothiocyanate.
c,d Precision determined for two different sample matrices of papaya and white cabbage, respectively, spiked with ITC standards.

a y: peak area of ITC standard; x: concentration [lmol/mL].
b Repeatability of the method determined based on the analysis of calibration solutions containing the mixture of ITC standards.
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regression analysis are listed in Table 1. The linearities of the cali-
bration curves are reflected by the coefficient of determination
(R2). Statistical evaluation of the calibration data confirmed a high
linearity expressed by values of determination coefficient ranging
from 0.9914 for AITC to 0.9996 for SFN.

3.4.2. Limits of detection and quantification
The calibration curves obtained for standard solutions within

the lower concentration range (0.005–0.1 lmol/mL) were used to
evaluate the limits of detection (LODs) of developed SPE/HPLC-
DAD-MS method for determination of ITCs. The LOD values were
calculated based on the residual standard deviation of the calibra-
tion curve (sx,y) and standard deviation of the intercept (sa). LODx,y

and LODa values were determined as LOD = 3.3s/b, where s is the
standard deviation and b is the slope, and then averaged to obtain
a final LOD. The calculated LODs were checked using the following
requirements: (i) 10LOD > Cmin, (ii) LOD < Cmin. The limits of quan-
tification (LOQs) were calculated as tripled LOD value. The values
of detection and quantification limits for analyzed ITCs were sum-
marized in Table 1. All calculated LOD values fulfilled the above
requirements. The LODs of elaborated analytical procedure ranged
from 1.72 nmol/mL for SFN to 4.93 nmol/mL for MITC, while the
LOQ values were within the range of 5.16–14.79 nmol/mL. These
data suggest that low quantities of all studied ITC compounds
can be determined by the developed analytical procedure with
NAC derivatization. The former chromatographic methodology
incorporating derivatization with mercaptoethanol for simultane-
ous determination of ITCs was characterized by a high sensitivity
comparable with our results (Wilson et al., 2011). A slight
exception was observed only for PEITC and BITC, for which our
procedure gave 2-fold higher and 4-fold lower LOD value (6.7
and 5.9 ng), respectively. Moreover, the method developed by
Wilson et al. (2011) showed the lowest LOD for BITC (1.5 ng);
Table 2
Composition and content [lmol/g d.w.] of isothiocyanates in plant samples compiled wi
HPLC-DAD-MS analyses.

Peak
no

Rt
[min]

MS
(+)

Isothiocyanates Content [l

Chemical name Mw Parent GLS Broccoli BF

1a 6.3 327 3-(Methylsulfinyl)
propyl

163 Glucoiberin nd

2a 6.4 293 2(R/S)-2-Hydroxy-3-
butenyl

129 Epi/progoitrin 0.652 ± 0.0

3 6.5 237 Methyl 73 Glucocapparin nd
4a 7.2 341 4-(Methylsulfinyl)

butyl
177 Glucoraphanin 4.078 ± 0.2

5a 7.4 339 4-(Methylsulfinyl)-
3-butenyl

175 Glucoraphenin nd

6 8.2 251 Ethyl 87 Glucolepidiin nd
7b 9.4 263 2-Propenyl 99 Sinigrin nd
8a 11.1 383 6-(Methylsulfinyl)

hexyl
219 Glucohesperin nd

9c 11.7 311 3-(Methylthio)
propyl

147 Glucoiberverin nd

10d 12.0 279 1-Methylpropyl 115 Glucocochlearin nd
11 12.6 299 Phenyl 135 – nd
12e 13.2 325 4-(Methylthio)butyl 161 Glucoerucin nd
13e 13.9 323 4-(Methylthio)

butenyl
159 Glucoraphasatin nd

14f 14.1 313 Benzyl 149 Glucotropaeolin nd

15g 15.4 327 2-Phenylethyl 163 Gluconasturtiin nd

The concentration of ITC was calculated with the use of calibration curves of available s
a SFN.
b AITC.
c 3-MTPITC.
d EITC.
e 4-MTBITC.
f BITC.
g PEITC, nd – not detected.
which slightly increased for AITC, MITC, SFN, PITC and PEITC to
reach 2.1, 2.8, 2.9, 7.8 and 14.2 ng, respectively. The analytical
procedure proposed by German researchers for HPLC determina-
tion of selected ITCs as stable N-(tert-butoxycarbonyl)-L-cysteine
methyl ester derivatives in biological samples was more sensitive
for SFN and 4-MTBITC (LOD; 0.5 and 1.0 nmol/mL) (Budnowski
et al., 2013).

3.4.3. Repeatability of the method
The repeatability of the developed analytical procedure was

determined based on the data obtained for the calibration solu-
tions. This validation parameter was expressed as the relative stan-
dard deviation (RSD) of the chromatographic peak areas. Three
replications were averaged for each regression point and the
results were used to calculate the total RSD using the following
equation:

RSD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n
�
Xn

i¼1

RSD2
i

vuut ð3Þ

where RSDi is the coefficient of variation for the i-th calibration
solution, and n is the number of calibration points. The repeatability
of the results obtained by the developed analytical procedure are
listed in Table 1. This method ensured the highest repeatability
for SFN (RSD = 1.77%) and the lowest for PEITC (RSD = 4.96%). In
general, the obtained RSD values less than 5% indicated a very good
repeatability of the results.

3.4.4. Intermediate precision
To check the invariability of the derivatization process and to

test the stability of chromatographic system, the intermediate pre-
cision was assessed by carrying out a series of runs for two differ-
ent sample matrices, white cabbage and papaya, spiked with all ITC
th chromatographic and spectrometric data of NAC-ITC conjugates registered during

mol/g d.w. ± SD (n = 3)]

White
cabbage

Radish Garden cress Horse- radish Papaya

3.803 ± 0.192 nd nd 1.161 ± 0.028 nd

13 nd nd nd nd nd

nd nd nd nd nd
10 1.255 ± 0.103 nd nd nd nd

0.856 ± 0.073 0.204 ± 0.017 nd nd nd

nd nd nd nd nd
2.860 ± 0.004 nd nd 14.888 ± 1.020 nd
nd nd nd 0.403 ± 0.023 nd

0.165 ± 0.001 nd nd nd nd

nd nd nd 0.213 ± 0.008 nd
nd nd nd nd nd
0.136 ± 0.022 nd nd nd nd
nd 0.268 ± 0.027 nd nd nd

nd nd 0.695 ± 0.025 nd 0.072 ±
0.007

nd nd nd 0.238 ± 0.012 nd

tandards:
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standards used at one concentration level of 82.1, 70.5, 87.7, 60.5,
75.1, 88.8, 79.1, 80.4 and 73.5 nmol/mL for MITC, SFN, EITC, AITC,
3-MTPITC, PITC, 4-MTBITC, BITC and PEITC, respectively. Before
HPLC analysis, the analytes were isolated using SPE technique
and derivatized with NAC under optimal conditions. This study
comprised six independent measurements of the same plant sam-
ple in a single day and nine analyses performed on three different
days over one month period (three independent runs during the
day) for the intra-day and inter-day assay, respectively. The results
of these determinations are summarized in Table 1. The intra-day
precision expressed as RSD of the content of single ITCs
corresponding to peak area varied between 1.84–5.18% and
1.65–5.27%, while the inter-day precision was in the range of
0.62–4.83% and 1.19–5.84% for spiked white cabbage and
papaya samples, respectively. The short-term and long-term
studies have shown that the developed method is characterized
Fig. 2. Sample HPLC-DAD chromatograms (k = 272 nm) of ITC-NAC conjugates formed a
extract (B), white cabbage extract (C) or horseradish extract (D). The conjugation react
NaHCO3 in water and 0.5 mL of 0.5 mM of each ITC standard or 0.5 mL of plant extract i
analytes listed in Table 2.
by the highest precision for 3-MTPITC and the lowest precision
for PEITC.

3.4.5. Recovery test
In order to verify the efficiency of the optimized SPE procedure

and stability of NAC derivatives, recovery tests were carried out.
Recoveries of ITCs were determined by spiking two different plant
samples (white cabbage or papaya) with known amounts of ITC
standards at two concentration levels as shown in Table S-1 (Sup-
plementary Material). After addition of authentic standards to
equal amounts of sample, the analytes generated by autolysis of
GLs were purified, concentrated and isolated using SPE under opti-
mal conditions and then derivatized with NAC. Every sample was
analyzed in triplicate. The results of recovery studies are presented
in Table S-1 (Supplementary Material). Satisfactory recoveries
(83.3–103.7%), with RSD values below 5.4%, were obtained for all
s a result of derivatization of ITCs present in mixture of ITC standards (A), broccoli
ion was carried out for 60 min at 50 �C for mixtures containing 0.1 M NAC, 0.1 M
n isopropanol. The numbers of peaks of detected ITC-NAC conjugates correspond to
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ITCs, regardless of the spiking level. These results fulfill currently
accepted requirements for the analytical procedures wherein the
recovery should range from 70% to 120% depending on matrix
complexity (Chmiel, Abogado, & Wardencki, 2014).

The analytical procedure applied by Wilson et al. (2011) for
determination of ITCs as mercaptoethanol derivatives in dichloro-
methane extracts of white cabbage was characterized by similar
recovery values ranging from 90 to 101% for all studied ITCs. In
addition, it is worth noting that the use of different sample matri-
ces simultaneously demonstrated the versatile applicability of the
proposed method for the determination of ITCs in samples of dif-
ferent origin.

3.5. Plant samples analysis

The optimized conditions of purification, derivatization and
chromatographic separation of ITCs were applied for the qualita-
tive and quantitative analysis of these components in broccoli BF,
white cabbage, radish, garden cress, horseradish and papaya. First
step of the evaluated procedure includes hydrolysis of GLs present
in plant material by the endogenous myrosinase. For this purpose,
lyophilized plant material was mixed with water and incubated for
3 h at 37 �C to enable myrosinase catalyzed conversion of GLs into
ITCs to complete. These parameters of incubation were set accord-
ing to earlier studies; the progress of enzymatic reaction was mon-
itored by measuring pH of the reaction mixture. GLs hydrolysis by
myrosinase releases H+ ions, so until the reaction progresses, pH of
a sample decreases. Therefore, when pH level remained stable for
at least 20 min, the hydrolysis of GLs was regarded as completed.
Our results indicate that for all plant material studied, 3 h of incu-
bation is enough to finish hydrolysis. Each plant sample was ana-
lyzed in triplicate and the results obtained are presented in
Table 2. The identification of separated NAC-ITC conjugates was
done on the basis of UV and MS spectra. The UV spectra of NAC-
ITCs in most cases displayed similar shape with three maxima of
absorption at about 220, 250 and 270 nm (Fig. S-12, Supplemen-
tary Material). The mass spectra of NAC-ITCs collected during anal-
ysis of plant extracts revealed fragmentation patterns
characterized by a major molecular ion peak [M+H]+. The other
most abundant fragment ions were sodium adducts [M+Na]+ and
N-acetyl-L-cysteine (fragment m/z 164) (Fig. S-12, Supplementary
Material). On the basis of chromatographic and spectrometric data
of available standards, 6 compounds were identified. Further 6
structures were deduced according to peaks’ UV and MS spectra
and literature data. Among these 12 compounds, there were 7
structures of ITCs, which in side chains contained sulfur atom in
Fig. 3. The total contents of ITCs (lmol/g d.w.) in plant samples determined either as ITC-
method (white bars). Two scales are applied in the graph depending on ITC content in sa
Materials and Methods. The values are means ± SD of 3–6 independent determinations.
two states of oxidation (4 as methylsulfinylalkyl- and 3 as
methylthioalkyl-), 3 aliphatic, one aliphatic with hydroxyl group,
and 2 aromatic (Table 2).

The exemplary chromatograms obtained for standards, broccoli,
cabbage and horseradish samples are shown in Fig. 2. Not surpris-
ingly, the highest content of SFN, one of the most studied ITCs that
exhibits anticarcinogenic and antiinflammatory properties, was
detected in broccoli BF (4.1 lmol/g d.w.). According to the
literature data, the content of SFN in this plant can vary from 0.1
to 6.8 lmol/g d.w. (Oliviero, Verkerk, Vermeulen, & Dekker,
2014), thus its concentration determined by HPLC-DAD method
following derivatization to ITC-NAC conjugates is within an
expected range. The SFN abundance depends on the broccoli
cultivar, but is also related to the activity of epithiospecifier
protein. The latter can negatively redirect myrosinase-catalyzed
hydrolysis of alkenyl glucosinolate glucoraphanin toward
epithionitrile (Jones, Frisina, Winkler, Imsic, & Tomkins, 2010;
Matusheski et al., 2006).

White cabbage and horseradish contain sinigrin whose content
ranges from 0.6 to 4.3 lmol/g d.w. (Kusznierewicz et al., 2008,
2012) and from 2 to 258 lmol/g d.w. (Xian & Kushad, 2004),
respectively. This glucosinolate may be converted to AITC, allyl
cyanide and, in the presence of an epithiospecifier protein, into
1-cyano-2,3-epithiopropane (Rungapamestry, Duncan, Fuller, &
Ratcliffe, 2006). Therefore, the concentration of AITC in brassica
plants producing sinigrin may be highly differentiated. Our analy-
sis indicated AITC level in cabbage samples to equal to about
3 lmol/g d.w. In the case of horseradish tested, the content of AITC
was five times higher (about 15 lmol/g d.w.). In cabbage samples,
besides AITC, the significant content of iberin (3.8 lmol/g d.w.),
sulforaphane (1.3 lmol/g d.w.) and sulforaphene (0.9 lmol/g d.
w.) was also detected. In the case of horseradish, the presence of
iberin (1.2 lmol/g d.w.), 1-methylpropyl ITC and PEITC in similar
concentration (about 0.2 lmol/g d.w.) were observed (Table 2,
Fig. 2). The PEITC is a product of hydrolysis of gluconastrutiin
and is known to prevent the initiation phase of carcinogenesis
and also to inhibit the progression of tumorigenesis. PEITC is
under clinical trials for leukemia and lung cancer and is
perceived as a future anti-cancer agent (Gupta, Wright, Kim, &
Srivastava, 2014).

In radish roots only two ITCs, i.e. sulforaphene (0.2 lmol/g d.w.)
and 4-methylthiobutenyl (0.3 lmol/g d.w.), were determined.
These are products of hydrolysis of respectively glucoraphenin
and glucoraphasatin, the GLs whose presence is typical for
Raphanus sativus (Barillari et al., 2007; Montaut, Barillari, Iori, &
Rollin, 2010).
NAC conjugates by the NAC derivatization method (grey bars) or as BDTT by Zhang’s
mples analyzed. The conditions of derivatization reactions were as described under
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Fig. 4. The correlation between total ITC contents determined as ITC-NAC conju-
gates and as BDTT for individual plant extracts. Pearson correlation coefficient is
r = 0.996.
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In garden cress and papaya fruit, as expected BITC, the product
of hydrolysis of glucotropaeolin, was detected and its content
determined by our method was 0.7 and 0.1 lmol/g d.w., respec-
tively. BITC similarly to PEITC has been found to exhibit anticar-
cinogenic activity in laboratory animals and might also be
chemoprotective in humans (Lai et al., 2010).

In Fig. 3, the sum of all ITCs present in plant samples studied
determined according the proposed procedure as NAC-ITC conju-
gates were assembled along with the total ITC content determined
as BDTT according Zhang method (Zhang et al., 1996). The results
obtained by both methods gave similar total contents of ITCs in
most of the samples. Only in the case of garden cress, the level of
total ITC content was about twice higher in Zhang method than
in the procedure developed. This could have been caused by some
contaminants reacting with 1,2-benzenedithiol. Nonetheless, the
results of two methods were highly correlated as shown by Pear-
son coefficient r = 0.996 (Fig. 4).

4. Conclusions

ITCs play an important role in plant self-defense against pests
and are also known to favorably influence functioning of the
human organism. Up to date, there is limited number of liquid
chromatographic methods for routine analysis of these compounds
despite their importance in food processing, supplement produc-
tion, as well as in chemical industry. The quantitative determina-
tion of total ITCs may be done by LC after their derivatization
with 1,2-benzenedithiol to stable 1,3-benzenedithiole-2-thione.
The method proposed in this paper enables not only quantitative,
but also qualitative determination of ITCs in the samples and
involves only three steps: (i) isolation and purification of com-
pounds of interest using SPE technique, (ii) derivatization of ana-
lytes to dithiocarbamates with readily accessible non-toxic NAC
and (iii) chromatographic separation coupled with UV (or/and)
MS detection of ITC-NAC conjugates. All steps are simple and not
labour- or time-consuming. Moreover, the extract used for the
determination of ITCs may be also suitable for the determination
of indoles, a group of phytohormones, as well as degradation prod-
ucts of indolic glucosinolates known for their anticarcinogenic
activity. Thus, the proposed approach allows obtaining a number
of outcomes from a small amount of plant material in a short time
needed for sample preparation. The method was validated for 8
commercially available, occurring in nature and structurally
different ITCs. The successful application of the method for
determination of ITCs in broccoli, white cabbage, horseradish,
radish, garden cress and papaya suggests that it may be of interest
not only to researchers, but also for pharma or food industry.
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