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Abstract

While methods for the identification and quantification of total plant glucosinolate content typically utilize desulfation of
glucosinolates followed by reversed-phase chromatography, the analysis of intact glucosinolates has been problematic.
Hydrophilic interaction chromatography offers a novel method for analyzing intact glucosinolates and when performed along
with ion-pair reversed-phase chromatography offers a powerful and complementary method for glucosinolate analysis.
 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction estimated at about 16 mg/day in Canada [2], 30
mg/day in the UK [3] and 112 mg/day in Japan [4],

Glucosinolates are plant secondary products (b- with US consumption estimated to be at the low end
thioglucoside N-hydroxysulfates) that are found in of this range (J.W. Fahey, unpublished data). There
over 500 different species, in 16 families of di- are efforts underway to develop vegetables with
cotyledonous (Magnoliophyta) higher plants [1]. higher levels of certain of these chemoprotective
They are most prominently represented in the family glucosinolates [5–10]. Since both beneficial and
Cruciferae (Brassicaceae) which is one of the 10 toxic effects have been attributed to glucosinolates
most economically important plant families in the and their breakdown products, knowledge of both the
world and includes such vegetables as broccoli, types of glucosinolates and the quantities ingested by
Brussels sprouts, cabbage, cauliflower, bok choy, both humans and livestock is of considerable impor-
kale, radish, rutabaga and turnip. Glucosinolates may tance [11–16].
contain at least 120 different aglycones that can be This paper describes an efficient, novel method for
grouped into at least 10 structural classes [1]. the chromatographic separation of intact glucosino-
Average per person glucosinolate intake has been lates. It is a powerful complement to ion-pair re-

versed-phase chromatographic techniques in that the
hydrophobic interaction liquid chromatography*Corresponding author. Tel.: 11-410-614-2607; fax: 11-410-
(HILIC) system described herein, readily separates614-3248.

E-mail address: jfahey@jhmi.edu (J.W. Fahey). the most polar glucosinolates – those that are not
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well resolved in ion-pair systems without the use of effective separation of all of the important glucosino-
multiple chromatographies, different ion pairs and lates in cruciferous vegetables (e.g., glucoraphanin,
mobile phases. High-performance liquid chromatog- GR, and glucoiberin, GI) in a single chromato-
raphy (HPLC) separation of sulfohydrolase desulfa- graphic step ([22]; K. Stephenson, unpublished data).
tion products is now the most widely used method The chromatographic procedure reported herein com-
for glucosinolate analysis, but it suffers from inher- plements the IPC method for the comparison of polar
ent difficulties in interpretation as a result of pH, and non-polar glucosinolates in that it: (a) does not
time and enzyme activity effects on the desulfation require desulfation for separation, (b) is rapid and
products [17–19]. Furthermore, the resultant desul- inexpensive, (c) provides excellent separation of the
foglucosinolates cannot be enzymatically hydrolyzed glucosinolates most poorly resolved by IPC, and (d)
with myrosinase in order to yield their cognate it is a robust method that can also be used with
isothiocyanates which could subsequently be assayed larger, preparative columns.
chemically or for biological activity – key tools in
the study of the pharmacokinetics, pharmacodynam-
ics and bioactivity of these compounds. A reversed- 2. Experimental
phase C ion-pair chromatography (IPC) technique18

was recently developed for the separation of 2.1. Glucosinolate standards
glucosinolates [20–22]. The ion pairing agents neu-
tralize the high charge conferred by the sulfate 1-Methoxyindol-3-ylmethyl-GS (neoglucobras-
groups (which are ionized in the physiological pH sicin), 4-hydroxyindol-3-ylmethyl-GS (4-hydroxy-
range), while allowing for subtle differences in the glucobrassicin), 4-methylthiobutyl-GS (glucoerucin),
non-polar side chains (R) to have a predominant 3-methylsulfonylpropyl-GS (glucocheirolin) and 3-
effect on separation. This technique, while being methylsulfinylpropyl-GS (glucoiberin) (see structures
effective and quantitative, does not, however, permit in Fig. 1) were gifts from Robert K. Heaney (Insti-

˚Fig. 1. HILIC (polyhydroxyethyl aspartamide column, 10034.6 mm, 3 mm, 100 A column; 2 ml /min isocratic run, 85% acetonitrile in
water with 30 mM ammonium formate overall, pH 5.4) of glucosinolate standards showing the separation of a mixture of glucoerucin (A) &
neoglucobrassicin (B); 4-hydroxyglucobrassicin (C); sinigrin (D); glucocheirolin (E); progoitrin (F); glucoraphanin (G), and glucoiberin
(H). Note that more polar glucosinolates are easily separated while non-polar glucosinolates are not.
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tute of Food Research, Norwich, UK). 4-Methyl- Waters Millennium software. The isocratic mobile
sulfinylbutyl-GS (glucoraphanin) was purified in our phases used for HILIC ranged from 82.5 to 87%
laboratory from broccoli seeds. Allyl glucosinolate (v /v) acetonitrile in water with 30 mM ammonium
(sinigrin) was obtained from Aldrich (Milwaukee, formate, apparent pH 5.4–8.0 (measured in final
WI, USA). The identity and purity of all standards solvent) at flow-rates of 2 ml /min (analytical) and
used were verified by electrospray mass spec- 20 ml /min (preparative). All solvents were filtered
trometry. All other chemicals and solvents were and degassed prior to use.
obtained from Sigma (St. Louis, MO, USA), Aldrich
or J.T. Baker (Phillipsburg, NJ, USA).

3. Results and discussion

2.2. Preparation of standards and plant samples
Excellent separation of a mixture of glucosinolate

standards, possessing a wide range of side chain
The purified, crystalline glucosinolate standards

moieties was achieved using a mobile phase consist-
were resuspended in water, then diluted with acetoni-

ing of 85% acetonitrile (aqueous) with 30 mM
trile in order to bring the sample organic concen-

ammonium formate, pH 5.4 (Fig. 1). The more polar
tration to within 3% of that of the mobile phase, then

glucosinolates such as glucoiberin and glucoraphanin
centrifuged prior to chromatography.

were well retained by the column while hydrophobic
Broccoli seeds were homogenized with a Brink-

glucosinolates, such as neoglucobrassicin and
mann Polytron Homogenizer (Kenimatica, Luzer,

glucoerucin were weakly retained and only partially
Switzerland) with 10 volumes of triple solvent (equal

resolved. The identity of all standards was confirmed
volumes of dimethylsulfoxide, dimethylformamide

by electrospray mass spectroscopy (data not shown).
and acetonitrile) maintained at about 2508C in a

In order to successfully separate the wide spectrum
dry-ice–ethanol bath [23]. The homogenates were

of side chain moieties that are present in glucosino-
centrifuged prior to chromatography, the organic

lates of natural origin (reviewed by Fahey et al. [1]),
solvent was removed by evaporation and the pellets

the mobile phase can be modified in two different
were resuspended in the HPLC mobile phase buffer.

ways. First, the organic concentration can be ad-
justed to change the partition coefficient and, second,

2.3. HPLC apparatus and columns the pH can be adjusted to alter selectivity [24]. For
example, at pH,3.5 and pH.8.0 there is no sepa-

HPLC of both plant extracts and purified ration or selectivity of glucosinolates by this station-
glucosinolates was performed: (a) by ion-pair chro- ary phase (data not shown), presumably because the
matography as previously described [22], with a N-hydroxysulfate group of the glucosinolates is fully
Genesis C column (5034.6 mm, 3 mm particle protonated at low pH, and fully ionized at the higher18

diameter), Jones Chromatography, Lakewood, CO, pH. At pH¯5.4 this moiety is expected to be
USA and (b) by HILIC on both analytical polyhy- partially protonated and therefore contributes to
droxyethyl aspartamide columns (20034.6 mm, 100 separation based upon hydrophilic interactions. The
Å pore diameter, 5 mm particle diameter and 1003 polarity of the side chain thus also influences sepa-

˚4.6 mm, 100 A pore diameter, 3 mm particle ration in this pH range.
diameter), and a preparative column (250321 mm, We have previously demonstrated the separation

˚100 A pore diameter, 12 mm particle diameter), of intact glucosinolates using ion-pair chromatog-
PolyLC, Columbia, MD, USA. Columns were exten- raphy on a non-polar stationary phase (C reversed-18

sively equilibrated with a minimum of 60 column phase chromatography) [22]. The result of a typical
void volumes of solvents and conditioned as per separation of a broccoli seed extract using this
manufacturer’s instructions. Two identical Waters method is shown in Fig. 2. In contrast, Fig. 3 shows
HPLC systems were used, each equipped with a a HILIC chromatogram from extracts of broccoli
Model 996 photodiode array detector and a 717 seeds (Fig. 3a) 4-day-old sprouts (Fig. 3b) and florets
WISP automated injector. Data were processed with from a market stage head (Fig. 3c), all from the most
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Fig. 2. IPC of a broccoli seed extract showing good separation of
the relatively non-polar indole glucosinolates 4-hydroxyglucobras-
sicin (C), and glucoerucin (A), and no separation of the more
polar glucosinolates glucoiberin (H), and glucoraphanin (G).
[Genesis C column (5034.6 mm, 3 mm); 2 ml /min isocratic run18

– mobile phase 5 mM tetradecylammonium bromide in 53%
acetonitrile].

widely grown broccoli cultivar used in frozen and
fresh broccoli production for United States markets
(Brassica oleracea var. italica cv. Marathon). The
elution pattern for HILIC is essentially the converse

Fig. 3. HILIC of broccoli (Brassica oleracea var. italica) cultivarof that from reversed-phase IPC, and glucoraphanin
Marathon, which is the most widely grown commercial cultivar in

and glucoiberin were resolved using HILIC whereas the US. Major glucosinolate peaks are identified with letters.
they co-elute using the IPC method of Prestera et al. Peaks without letters are not glucosinolates based upon their
[22]. failure to disappear after myrosinase digestion and re-chromatog-

raphy of the hydrolysate. A broccoli seed extract (a), demonstratesThe l 5224 nm for the N-hydroxysulfate moie-max
good separation of the polar glucosinolates glucoraphanin (G),ty of glucosinolates, with a molar extinction coeffi-
and glucoiberin (H). Further developmental stages of the same21 21cient of ca. 7000 M cm . Indole, aryl and alkenyl cultivar – 4-day-old sprouts (b), and florets from market stage

side chains contribute absorbance at l 5250–280 broccoli heads (c), have progressively less glucoiberin (H), andmax

nm with a lower molar extinction coefficient. The more 4-hydroxyglucobrassicin (C). As a metric for comparison
between (a), (b) and (c), the total glucoraphanin (G) content oflimit of quantitation of sinigrin at 228.5 nm (its
each, was 36, 6.8 and 0.88 mmol /g fresh mass for seeds, sproutsl ) based on a minimum reproducible peak area ofmax and florets, respectively. [polyhydroxyethyl aspartamide column

10 000 mV s is approximately 58 pmol / injection. The ˚(10034.6 mm, 3 mm, 100 A); 2 ml /min isocratic run – mobile
l for a number of other glucosinolates is 224 nm, phase 85% acetonitrile in water with 30 mM ammonium formatemax

but at this wavelength, there is significant absorb- overall, pH 5.4].

ancy of the formate ion. There is thus an elevated
baseline even with relatively clean samples, and this
wavelength is not suitable for mixed natural samples wavelength adopted by many others for the spectro-
(e.g., plant extracts). We therefore routinely monitor photometric detection of glucosinolates. Ultimate
absorbance at three wavelengths (224, 235 and 280 confirmation of glucosinolate identity from crude
nm) using a photodiode array detector. All quantita- natural samples can then be easily performed by
tion was based upon peak area at 235 nm in order to repeat injection of a companion sample that has been
balance the interference caused by other UV absorb- treated by myrosinase and by mass spectroscopy,
ing substances in crude plant extracts with the l which can be performed directly upon the collectedmax

of the compounds being analyzed – a compromise peak [1,22]. The linear range of the peak area
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calibration curve of sinigrin using a 20034.6 mm dominantly through hydrophilic interactions when
polyhydroxyethyl aspartamide column (2 ml /min using mobile phase organic concentrations in the
82.5% acetonitrile in water, 30 mM ammonium range of 60–95% acetonitrile [24]. Some mixed-
formate, pH 5.4), was between 58 pmol / injection mode interactions are possible below 70% acetoni-
and 580 nmol / injection. The regression line has an trile. Highly charged molecules, such as kanamycin

2r correlation coefficient of 0.994. Individual or ATP, require salt (e.g., 10 mM) for ion suppres-
glucosinolates in edible plants (e.g., vegetables) sion and a gradient of perchlorate, acetate or chloride
typically range from ca. 0.01 to 10 mM (nmol /g in a high organic solvent concentration to effect
fresh mass) [1,10,25–27], and can therefore be desorption [24].
detected in plant extracts, either directly, or after The most widely used technique for the analysis of
concentration. Repeated injections (n510) of 20 plant glucosinolates relies upon hydrolytic removal
mmol of a sinigrin standard resulted in standard of the sulfate group of intact glucosinolates followed
deviations of only 1.03 and 3.04% for the retention by reversed-phase chromatography. Intact glucosino-
time and integrated peak area, respectively, and are lates can be analyzed using both a reversed-phase
thus highly reproducible. ion-pair method and a complementary, normal-phase

We have also used a preparative HILIC column hydrophilic interaction (HILIC) method which allow
for the rapid clean-up of large quantities of partially for the separation of both polar and non-polar
purified glucosinolates. Using an identical running glucosinolates. Combined, these two methods are a
buffer (30 mM ammonium formate in 85% acetoni- powerful tool for the evaluation of total plant
trile, pH 5.4), we have been able to obtain 100 mg at glucosinolates. The HILIC method permits further
a time of highly purified glucosinolates from a plant direct use of the eluted compounds (e.g., in a
extract that had been partially purified by ion-ex- bioassay as described by Prochaska et al. [36] as
change chromatography. modified by Fahey et al. [23]) and their enzymatic

conversion to isothiocyanates prior to such assay or
to use in a cyclocondensation assay for the rapid

4. Conclusion quantitation of isothiocyanates [37,38]. Since am-
monium formate is easily volatilized, peaks can be

Whereas reversed-phase liquid chromatography on directly introduced into mass spectrometers and
octadecyl silane (C ) supports has become an nuclear magnetic resonance (NMR) spectrometers18

indispensable method for separating and purifying for confirmation of molecular mass and structure.
many classes of compounds from complex mixtures The ability to resolve recalcitrant, structurally similar
such as plant extracts, fermentation broth, serum, glucosinolates like glucoraphanin and glucoiberin
plasma and urine, certain polar compounds cannot be represents a significant achievement in separation
separated effectively on such matrices. These polar methodology which should also be of value to those
compounds either do not associate with the station- studying the medicinal and dietary applications of
ary phase or are only weakly retained. HILIC utilizes plant glucosinolates.
a polar stationary phase and a mobile phase suffi-
ciently organic to lead to partitioning between the
mobile phase and the aqueous layer. It has previous- Acknowledgements
ly been used for the separation of peptides, nucleic
acids, phosphorylated peptides, and other polar com- We would like to acknowledge the enthusiastic
pounds [24,28–35]. Compounds elute in order of encouragement in the execution of these studies and
increasing hydrophilicity with decreasing organic the helpful critical suggestions of Paul Talalay
gradients. This results in an elution pattern that is (Johns Hopkins University) and the generous provi-
typically in the opposite order compared to that from sion of evaluation columns and advice and helpful
traditional non-polar stationary phases such as octa- critical suggestions on this manuscript of Andrew
decyl silane (C ). A stationary phase coated with Alpert (PolyLC Inc. & Johns Hopkins University).18

polyhydroxyethyl aspartamide retains solutes pre- Thanks are also due to Mark Farnham (US Depart-



919 (2001) 299–304304 J.K. Troyer et al. / J. Chromatogr. A

[17] I. Minchinton, J. Sang, D. Burke, R.J.W. Truscott, J. Chroma-ment of Agriculture) for providing florets of broccoli
togr. 247 (1982) 141.cultivar Marathon. Johns Hopkins University and

[18] J.P. Sang, R.J.W. Truscott, J. Assoc. Offic. Anal. Chem. 67
one of us (J.W.F.) own stock in Brassica Protection (1984) 829.
Products, which is subject to certain restrictions [19] E.A. Spinks, G.R. Fenwick, W.T.E. Edwards, Fet. Seif.
under University policy. As well, J.W.F. serves on Anstrichmet. 86 (1984) 228.

[20] J.M. Betz, W.D. Fox, in: M.-T. Huang, T. Osawa, C.-T. Ho,Brassica’s Board of Directors and is a scientific
R.T. Rosen (Eds.), Food Phytochemicals for Cancer Preven-advisor to the company. The terms of this arrange-
tion. I. Fruits and Vegetables, American Chemical Society,

ment are being managed by the University in accord- Washington, DC, 1994.
ance with its conflict of interest policies. This work [21] P. Helboe, O. Olsen, H. Sørensen, J. Chromatogr. 197 (1980)
was supported in part by Grant P01 CA 44530 from 199.

[22] T. Prestera, J.W. Fahey, W.D. Holtzclaw, C. Abeygunawar-the National Cancer Institute, Department of Health
dana, J.L. Kachinski, P. Talalay, Anal. Biochem. 239 (1996)and Human Services.
168.

[23] J.W. Fahey, Y. Zhang, P. Talalay, Proc. Natl. Acad. Sci. USA
94 (1997) 10367.

References [24] A.J. Alpert, J. Chromatogr. 499 (1990) 177.
[25] E.A.S. Rosa, R.K. Heaney, G.R. Fenwick, C.A.M. Portas,

Hort. Rev. 19 (1997) 99.[1] J.W. Fahey, A.T. Zalcmann, P. Talalay, Phytochemistry 56
[26] T.A. Shapiro, J.W. Fahey, K.L. Wade, K.K. Stephenson, P.(2001) 5.

Talalay, Cancer Epidemiol. Biomark. Prevent. 7 (1998)[2] G.F.J. Milford, E.J. Evans, Outlook Agric. 20 (1991) 31.
1091.[3] W.J. Mullin, M.R. Sahasrabudhe, Nutr. Rep. Int. 18 (1978)

[27] B. Slominski, L.D. Campbell, J. Agric. Food Chem. 37273.
(1989) 1297.[4] L.W. Wattenberg, A.B. Hanley, G. Barany, V.L. Sparnins,

[28] A.J. Alpert, M. Shukla, A.K. Shukla, L.R. Zieske, S.W. Yuen,L.K.T. Lam, G.R. Fenwick, in: Y. Hayashi et al. (Ed.), Diet,
M.A.J. Ferguson, A. Mehlert, M. Pauly, R. Orlando, J.Nutrition and Cancer, Japan Sci. Soc. Press, Tokyo, 1986.
Chromatogr. A 676 (1994) 191.[5] J.W. Fahey, K.K. Stephenson, HortScience 34 (1999) 1159.

[29] J.A. Boutin, A.P. Ernould, G. Ferry, A. Genton, A.J. Alpert,[6] M.W. Farnham, K.K. Stephenson, J.W. Fahey, J. Am. Soc.
J. Chromatogr. 583 (1992) 137.Hort. Sci. 125 (2000) 482.

[30] J.A. Boutin, F. Meunier, P.H. Lambert, P. Hennig, D. Bertin,[7] M.W. Farnham, P.W. Simon, J.R. Stommel, Nutr. Rev. 57
B. Serkiz, J.P. Volland, Drug Metab. Dispos. 21 (1993) 1157.(1999) S19.

[31] D.S. Risley, M.A. Strege, Anal. Chem. 72 (2000) 1736.[8] K. Faulkner, R. Mithen, G. Williamson, Carcinogenesis 19
[32] S. Soltysik, D.A. Bedore, C.R. Kensil, Ann. N.Y. Acad. Sci.(1998) 605.

690 (1993) 392.[9] H.B. Gross, T. Dalebout, C.D. Grubb, S. Abel, Plant Sci. 159
[33] M.A. Strege, S. Stevenson, S.M. Lawrence, Anal. Chem. 72(2000) 265.

(2000) 4923.[10] M.M. Kushad, A.F. Brown, A.C. Kurlich, J.A. Juvik, B.P.
¨[34] P. Jeno, P.E. Scherer, U. Manning-Krieg, M. Horst, Anal.Klein, M.A. Wallig, E.H. Jeffery, J. Agric. Food Chem. 47

Biochem. 215 (1993) 292.(1999) 1571.
[35] M.J. Schmerr, A.J. Alpert, US Pat. 6 150 172 (2000).[11] R.E. McDanell, A.E.M. McLean, A.B. Hanley, R.K. Heaney,
[36] H.J. Prochaska, A.B. Santamaria, P. Talalay, Proc. Natl.G.R. Fenwick, Food Chem. Toxicol. 26 (1988) 59.

Acad. Sci. USA 89 (1992) 2394.[12] P. Talalay, Y. Zhang, Biochem. Soc. Trans. 24 (1996) 806.
[37] J.H. Fowke, J.W. Fahey, K.K. Stephenson, J.R. Hebert, Pub.[13] Y. Zhang, P. Talalay, Cancer Res. 54 (1994) 1976s.

Health Nutr. (2001), in press.[14] Y. Zhang, P. Talalay, Cancer Res. 58 (1998) 4632.
[38] Y. Zhang, K.L. Wade, T. Prestera, P. Talalay, Anal. Biochem.[15] P. Talalay, Proc. Am. Phil. Soc. 143 (1999) 52.

239 (1996) 160.[16] L. Gamet-Payrastre, P. Li, S. Lumeau, G. Cassar, M.-A.
Dupont, S. Chevolleau, N. Gasc, J. Tulliez, F. Terce, Cancer
Res. 60 (2000) 1426.


