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ABSTRACT 

This work describes approaches to the development of an analytical method for the 

determination of glucosinolates - important plant metabolites that affect the commercial value of both 

vegetable and oilseed crops. 

One approach was to modify an established myrosinase/glucose oxidase bi-enzyme biosenscr so as 

reduce the previously reported by-product interference of the sensor signal. Covalent immobilisation 

of glucose oxidase on nylon nets replaced direct immobilisation on the electrode surface, and oxygen 

consumption replaced hydrogen peroxide formation as the measurand. Myrosinase was dissolved in 

the background solution. The sensor responded rapidly (< 10 min) to the presence of isolated 

glucosinolates in solution although the magnitude of response varied between classes of 

glucosinolates. By-product interference was greatly reduced even following continuous exposure .. 

However, there was insufficient time to explore the full potential of this biosensor approach to the 

rapid determination of glucosinolates. 

Another approach exploited the general observation that under certain conditions glucosinolates can 

reduce ferricyanide. Whilst no reaction was observed between glucosinolates and ferricyanide 

neutral pH, the incubation with glucosinolates in alkaline solutions resulted in reduction of 

ferricyanide to ferrocyanide. Both electrochemical and spectrophotometric techniques could be used 

to monitor the reaction progress. The reaction mechanism of the process was elucidated and l

thioglucose, an alkaline degradation product of glucosinolates, identified as the species that reacted 

with ferricyanide. A method was further developed so as to enable the analysis of glucosinolates in 

rapeseed extracts. Given sample pre-treatment to reduce interference from phenolics, the 

spectrophotometric technique was shown to allow determinations of total glucosinolates in rape seeds 

that were in close agreement with independent analyses using official ISO methods. The procedure 

recommended in this work could be further improved by developing more effective methods of 

eliminating interference from residual phenolics. Nevertheless, the procedure already has some 

advantages both over ISO methods and over other existing methods for total glucosinolate 

determination. Furthermore, given recent advances in thick-film fabrication of miniature fluidic 

devices, it could be possible to adapt the procedure so that it could be carried out using a simple 

convenient single-use sensor format. 
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1 LITERATURE BACKGROUND 

1.1 Aim of the project 

Glucosinolates are important plant metabolites that affect the commercial value of both vegetable and 

oilseed crops. This study recognises the importance of rapid methods for total glucosinola.te 

determination, especially in oilseeds. A number of methods are currently available for total 

glucosinolate measurement, varying in their practicability, accuracy and cost. The objective of this 

project was to investigate new approaches to the rapid determination of total glucosinolates, with the 

ultimate aim to design an analytical method for the determination of total glucosinolate content in 

oilseed and vegetable samples that fulfils the following criteria: 

• The method must be rapid, simple and inexpensive, and preferably capable of deployment 

for in-field use. 

• The method must have a clearly defined protocol. 

• The method must have the potential to be developed into a simple user-friendly sensor 

device. 

1.2 Glucosinolates - importance and properties 

1.2.1 Introduction 

Glucosinolates are a class of secondary metabolites found in at least 12 plant families. Most of the 

agriculturally important plants that contain glucosinolates belong to the Cruciferae family and in 

particular to the Brassica genus (Fenwick et al., 1983). Some of these plants are consumed by humans 

as vegetables using their leaves (e.g. Brussels sprouts, cabbage), flower buds (e.g. broccoli, 

cauliflower), or root ( e.g. radish, horseradish, turnip). Other glucosinolates-containing plants 

(rapeseed, mustard seed) produce seeds from which edible oils are extracted. The meal remaining 

after oil extraction from oilseeds can be used as animal feed. 

Over one hundred different glucosinolates have been identified so far (Stoewsand, 1995). 

Glucosinolates are naturally occurring ~-D-thioglucosides possessing a common skeleton (Fig. 1.1) 

and differ only in the nature of the side chain (R). The R group can be aliphatic (e.g. alkyl, alkenyl, 

hydroxyalkenyl), aromatic (e.g. benzyl, substituted benzyl) or heterocyclic (e.g. indolyl). The sulphate 

group imparts strongly acidic properties and thus the glucosinolates occur in nature as anions 

counterbalanced by a cation. The cation is usually potassium, being one of the most abundant cations 

in plant tissues. The sulphate group and the sugar moiety impart non-volatile and hydrophilic 

properties to all glucosinolates, whilst the R group can vary from lipophilic (benzyl) to markedly 

hydrophilic (hydroxyalkenyl). The sugar moiety, with a single exception, has been found to be 

glucose. This exception, reported in radish seed, contains a 6-sinapolythioglucose moiety (McGregor 

https://glucosinola.te


et al., 1983). Most plant species contain only a few different glucosinolate types (McGregor et al., 

1983). 

OH 

Fig. 1.1. The common skeletal structure of glucosinolate molecules. 

In the genus Brassica, and other genera, considerable differences in the abundance of individual 

glucosinolates can be readily detected between species, individual plants within a species, and 

between individual parts of the same plant. Variation in plant glucosinolate content can be attributed 

to genetic, environmental and husbandry factors (Fenwick et al., 1983; Rosa et al., 1996). The 

glucosinolate content of Brassica species may be affected by cultivation techniques, higher levels of 

glucosinolates being obtained with increasing application of sulphate, whereas increased nitrate 

supply leads to a reduction of these compounds. The composition of the soil also exerts a profound 

effect, with lower glucosinolate levels being found in Brassica species grown on sandy, light land as 

compared to those from heavy, clay soil. However, the cultivation techniques were not found to affect 

considerably the proportional representation of the individual glucosinolates in the plants (Heaney and 

Fenwick, 1980a). Despite the large number of glucosinolates identified so far throughout the plant 

kingdom there are only about 20 distinct glucosinolates found in Brassica. Side chains and trivial 

names of these glucosinolates are given in Table 1.1. The best-studied and the most readily 

commercially available glucosinolates are sinigrin (allylglucosinolate, Fig. 1.2, I) and glucotropaeolin 

(benzylglucosinolate, Fig. l.2, II). 

-0 (II)R= - CH 2 

R= (I) 

Fig. 1.2. Side chains of the commercinlly most available glucosinolatcs: sinigrin (I) and glucotropacolin (II). 
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Side chain Glucosinolate trivial name 
Methyl Glucocapparin 
Ethyl Glucolepidiin 
2-Methylbutyl Glucocochlearin 
2-Propenyl Sinigrin 
But-3-enyl Gluconapin 
Pent-4-enyl Glucobrassicanapin 
Benzyl Glucotropaeo !in 
2-Phenylethyl Gluconasturtiin 
2-H ydroxybut-3-eny I Progoitrin 
2-Hydroxy-3-pent-4-enyl Gluconapoleiferin 
3-Hydroxybenzyl Glucosinalbin 
3-Methylsulphinylpropyl Glucoiberin 
3-Methylsulphonylpropyl G lucocheirolin 
4-Methylsulphinylbutyl Glucoraphanin 
4-Methylsulphonylbutyl Glucoerysolin 
4-Methylsulphinylbut-3-enyl G lucoraphenin 
3-Methylthiopropyl Glucoibervirin 
4-Methylthiobutyl Glucoerucin 
4-Methylthiobut-3-enyl Glucoraphasatin 
3-Indolylmethyl Glucobrassicin 
4-Hydroxy-3-indolylmethyl 4-Hydroxyglucobrassicin 
4-Methoxy-3-indolylrnethyl 4-Methoxyglucobrassicin 
l-Methoxy-3-indolylmethyl Neoglucobrassicin 

Table 1.1. Side chains and trivial names of glucosinolates occurring in Brassica plants. 

1.2.2 Hydrolysis of glucosinolates by myrosinase 

1.2.2.1 Myrosinase reaction 

Glucosinolates are characterised by the fact that they co-exist, but are not in contact with, an enzyme 

myrosinase (thioglucose glucohydrolase, EC 3.2.3.1). Myrosinases are a group ofisoenzymes present 

in all glucosinolate-containing plants localised in the vacuoles of specialised cells, called myrosin 

cells. The two components of the glucosinolate-myrosinase system are thus separated until autolysis 

or tissue damage brings them into contact. 

\Vhen the structure of the plant material in which glucosinolates reside breaks down, or is broken 

down in the presence of moisture, glucosinolates are hydrolysed by myrosinase to produce D-glucose, 

sulphate, and a series of isothiocyanates, thiocyanates and nitriles depending on both the substrate and 

the reaction conditions (Fig. 1.3). The first reaction step consists of cleavage of glucose giving rise to 

an unstable aglucone that undergoes a non-enzymic Lossen-type rearrangement (McGregor et al., 

1983) to release other products. The main products at neutral pH are stable isothiocyanates. However, 

glucosinolates which possess a beta-hydroxyl group in their side chain, such as progoitrin, give rise to 

an isothiocyanate that spontaneously cyclizes to form an oxazolidine-2-thione. An example of this 

reaction is the fonnation of goitrin (5-vinyloxazo!idine-2-thione) from the glucosinolate progoitrin 
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(Fig. 1.4). Some aromatic and heteroaromatic glucosinolates, notably glucosinalbin, and the indole 

glucosinolates (glucobrassicin, neoglucobrassicin) produce isothiocyanates which are unstable at 

neutral or alkaline pH and break down to release inorganic thiocyanate ions along with other products 

including indole-3-carbinol (Fig. 1.4; McGregor et al., 1983; Stoewsand, 1995). Weakly acidic 

conditions together with the presence of ferrous ion lead to formation ofnitriles and elemental sulphur 

instead of isothiocyanates: at pH between 4.5 and 5.5 formation of isothiocyanate was reported to be 

strongly inhibited by ferrous ion in favour of nitrile, while such an effect of ferrous ion was notably 

depressed at pH 6.5 and disappeared at pH 7.5 (Uda et al., 1986). Organic cyanides can be formed 

(Fig. 1.3), rather than isothiocyanates on myrosinase hydrolysis of glucosinolates in some plants 

(Fenwick et al., 1983). However, this phenomenon has not been fully elucidated. 

N- + D-glucose 
myrosinase

glucos inolate R-C
// 

H2o 
+ sulphate"" s· 

I 
R-N==c-s R-C=N + s R-S-C N 

isothiocyanate nitrite thiocyanate 

(pH 7) (pH 3-6; Fe2+) (unidentified factor) 

Fig. 1.3. Main products of myrosinase hydrolysis under various conditions. 

(I) (II) 

N 
H 

Fig. 1.4. Second,1ry products of myrosinase reaction of indole glucosinolates and glucosinolates with ~
hydroxyl side chains: Indole-3-carbinol (l) formed from indole glucosinolates and 5-vinyl 
oxazolidinc-2-thione (II) formed from progoitrin. 
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1.2.2.2 Myrosinase from rapeseed and mustard seeds 

Of all the Brassica plants, rapeseed and mustard seeds are most abundant in myrosinase and are 

therefore the main source of myrosinase for pure enzyme preparations. The physicochemical data are 

similar for myrosinases of both species (Lonnerdal and Janson, 1973). Preparations of a specific 

activity up to 75 Umg· 1 were prepared using a high yielding procedure for the purification of 

myrosinase from white mustard (Pessina et al., 1990). Four isoenzymes were isolated from rapeseed 

(Brassica napus) and three from white mustard (Sinapis alba). The differences between the 

isoenzymes are in pH optima, isoelectric points and carbohydrate content. Nevertheless, myrosinase 

can be characterised as a glycopeptide with about 20 % carbohydrates, two subunits with molar 

weights of 71.7 kg mot·1, temperature optimum 35 °C and a p/ varying from 4.8 to 5.1. The total 

amount ofmyrosinase in rapeseed is only about one fifteenth of that in white mustard (Lonnerdal and 

Janson, 1973). L-ascorbic acid activates plant myrosinase whereas ascorbic acid analogues do not. 

The activation was observed at concentrations of ascorbic acid 5 x I o-s M and higher (Tsuruo and Hata, 

1967). Both the KM value and the limit velocity increas.ed with the activation by ascorbic acid, and 

ascorbic acid was found not to undergo oxidation when activating myrosinase. 

1.2.2.3 Hydrolysis of individual glucosinolates by myrosinase 

Bjorkman and Lonnerdal (1973) observed different rates of myrosinase hydrolysis of different 

glucosinolates. Of six glucosinolates tested, the highest rate (glucotropaeolin) was about four times 

higher than the lowest one (glucocapparin). There was no apparent correlation between the rate of the 

hydrolysis and the hydrophobicity of the side chains of glucosinolates and their degradation products. 

However, Hochkoeppler and Palmieri (1992) reported a markedly higher rate of myrosinase 

hydrolysis of hydrophobic glucosinolates, namely glucotropaeolin, when performed in aqueous 

solutions containing hydrophobic micelles than when performed in distilled water. Hydrophilic 

sinigrin did not show a similar phenomenon and the observation was explained by acceleration of the 

removal of the products of glucotropaeolin degradation from the water pool to the organic solvent due 

to its higher hydrophobicity. 

1.2.3 Biosynthesis and biological function of glucosinolates 

The details of the biosynthesis of glucosinolates have not been completely elucidated. However, a 

general biosynthetic pathway was suggested (Underhill and Wetter, 1973; Goodwin and Mercer, 

1990) starting from amino acids. Aliphatic, indole and aromatic side chains are derived from 

methionine, tryptophan and phenylalanine respectively. The initial steps in the formation of most 

glucosinolates are N-hydroxylation of amino acids in the presence of oxygen followed by oxidative 

decarboxylation to yield an aldoxime. Aldoximes are reduced to nitro compounds from which 

/ 
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thiohydroximate is formed by the introduction of sulphur; feeding experiments have shown that 

cysteine is involved as the sulphur donor. The thiohydroximate is transglycosylated to the 

desulphoglucosinolate under catalysis by UDPglucose:thiohydroximate glucosyltransferase. 

Desulphoglucosinolate is then converted to glucosinolate by PAPS:desulphoglucosinolate 

sulphotransferase (Fig. 1.5). Despite great differences that occur in the types and amounts of 

glucosinolates produced in brassicas no significant differences were found regarding activities of the 

glucosyltransferase and sulphotransferase amongst various Brassica species. The enzymes were also 

found to be nonspecific for the side chains, so it appears that glucosinolate biosynthesis is regulated 

by earlier enzymes of the pathway (Jain et al., 1989). 

R- CH-COOH R-CH-COOH R-CH R-CH
I I II II+NH2 NHOH NOH --- N 

·/ "-oH 
amino acid N-hydroxy- aldoxime 

amino acid 

R-C-S-Glu sulphotransferase R-C-S-Giu glucosyltransferase R-c-s·
II II II
NO-S03 NOH NOH 

glucosinoiate desulpho thiohydroximate 
glucosinolate 

Fig. 1.5. Biosynthesis pathway of glucosinolates in Brassica plants. 

The biological role of glucosinolates and their degradation products is not completely understood. 

However, recent studies showed that glucosinolates and the hydrolysis products are beneficial for the 

growth of the Brassica plants as they belong to the group ofnatural insecticides and fungicides (Ames 

et al., I 990; Stoewsand, 1995; Mithen et al., 1987). The isothiocyanates were found (Jing and 

Halbrendt, 1994) to be the most toxic of the glucosinolate degradation products, having general 

biocidal properties as a result of interaction with proteins (Kawakishi and Kaneko, 1987). 

Indole-3-carbinol and indole-3-acetic acid derived from indole glucosinolates were shown to possess 

a growth factor hormonal activity of the heteroauxin type, which is necessary in early stages of cell 

growth (McDanell and McLean 1988, Jongen, 1996). Within individual Brassica plants, indole 

glucosinolates are found in increasing amounts in young shoots and growing leaves and they are 
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present in relatively small amounts in senescing tissue and in etiolated plants which supports the view 

that these compounds have some role to play in growth regulation. 

1.2.4 Nutritional and physiological effects of glucosinolates 

1.2.4.1 Nutritional effects 

The volatile compounds (isothiocyanates and nitriles) released from myrosinase degradation of 

glucosinolates are responsible for the biting taste and pungent odour of important condiments (e.g. 

mustard, horseradish) and contribute largely to the desirable sensory properties and characteristic 

flavours of many vegetables, e.g. cabbage, Brussels sprouts, broccoli (Fenwick et al., 1983; Lewis 

and Fenwick, 1987). However, high levels of the hydrolysis products may produce an unpleasant 

bitter taste (e.g. in Brussels sprouts varieties or in rapeseed meal). 

1.2.4.2 Adverse physiological properties 

High consumption of two groups of the glucosinolate hydrolysis products, thiocyanates and 

oxazolidine-2-thiones, may increase the risk of thyroid gland damage (Stoewsand, 1995; Jongen, 

1996). The mechanisms involved appear to be different: thiocyanate ions act as iodine competitors 

and therefore can cause goitrogenicity only in cases of iodine deficiency, while oxazolidine-2-thiones 

interfere with thyroxine synthesis and are goitrogenic when consumed in high quantities irrespective 

of the iodine status. Most of the animal studies showed goitrogenicity induced by feeding large 

amounts ofbrassicas only in situations of iodine deficiency (Jongen, 1996). 

In addition to the goitrogenic activities, other negative physiological effects of the hydrolysis products 

have been observed. Hydroxynitriles and glucosinolates themselves were suggested to be responsible 

for enlargement of adrenal glands, liver, kidneys and spleen in cattle after long-term feeding of 

rapeseed (Jongen, 1996). Several isothiocyanates have been shown to be embryotoxic in rats, while in 

in vitro studies a number of them appeared to be cytotoxic and mutagenic (Jongen, 1996). Growth 

retardation has been observed in most animals when their diet contained approximately 2-5 mg 

glucosinolates /g diet (Stoewsand, 1995). 

1.2.4.3 Anticarcinogenic properties 

Brief introduction: mechanisms of carcinogenesis and metabolism of carcinogens 

Tumour cells are characterised by a loss of responsiveness to some or all the factors regulating cell 

growth, differentiation and programmed death (apoptosis) in the tissue from which they have arisen. 

The initiating event in carcinogenesis is DNA damage often resulting from DNA-adduct formation 
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with a genotoxic chemical (carcinogen). Potential carcinogens, as well as other xenobiotics, undergo a 

two-phase transformation process, which facilitates their excretion when administered to human or 

animal bodies. Phase 1 of the metabolic transfonnation consists of hydroxylation by microsomal 

mono-oxygenases making xenobiotics more hydrophilic and more susceptible to detoxification. 

However, the Phase 1 products can be very active molecules capable of causing DNA damage. 

Conjugation reactions, catalysed by Phase 2 enzymes convert Phase 1 activated metabolites into 

harmless and readily excretable conjugates. Consequently, the ability of carcinogens to exert their 

DNA damage effects depends largely on the balance between enzymes catalysing Phase 1 and Phase 2 

of their metabolic transformations (Johnson et al., 1994). 

Anticarcinogenic effects of glucosinolate related compounds 

In contrast to the negative physiological effects, a variety of glucosinolate breakdown products 

showed significant anticarcinogenic effects, which were observed both in vitro and in vivo. 

Epidemiological data indicate that consumption of cruciferous vegetables is associated with a 

decreased risk of cancer in human populations resulting from decreased rate of oxidative damage to 

DNA (Jongen, 1996; Verhagen et al., 1995). Cabbage powder was shown to have a blocking effect 

against mammary carcinogenesis in rats (Stoewsand, 1995). 

Some of the glucosinolate breakdown products appear to inhibit carcinogenesis by effecting enzymes 

involved in either Phase l or Phase 2 of the toxin disposal metabolic process. Two different 

mechanisms have been observed. Firstly, they can inhibit several cytochrome P-450-dependent 

monooxygenases (Phase I enzymes). Secondly, they can cause stimulation of cytosolic glutathione-S

transferases (Phase 2 enzymes) leading to a more effective disposal of the activated carcinogens 

(Zhang and Talalay, 1994). 

Indoles released from glucoraphanin, gluconasturtin and glucobrassicin, and many isothiocyanates 

have been shown to block toxic and neoplastic effects of a wide variety of chemical carcinogens 

(Zhang and Talalay, 1994). Indole-3-carbinol and indole-3-acetic acid (derived from indole-3-

carbinol) act on both Phase 1 and Phase 2 enzymes favouring the conjugation reactions (Phase 2) 

resulting in a decrease in the biological activity of the carcinogen. Isothiocyanates are inducers of 

Phase 2 enzymes (Zhang and Talalay, 1994). Single doses of phenyl-, phenethyl- and benzyl

isothiocyanates administered prior to the single dose of carcinogen (9,10-dimethyl-l,2-

benzanthracene) markedly reduced the incidence and multiplicity of mammary, forestomach and lung 

tumors in rats (Zhang and Talalay, 1994). Administration of large doses of glucosinolates 

(glucobrassicin and glucotropaeolin) have also substantially reduced both the incidence and the 

multiplicity of mammary tumours in rats, but interpretation of these experiments is complicated since 

it is not known to what extent glucosinolates are degraded in the rodent bodies and therefore to what 

8 



extent the glucosinolates or their degradation products are responsible for the tumour-blocking 

effects. 

Although most of the studies showed anticarcinogenic activities of the glucosinolate derived products 

the effect is largely dependent on the choice of the model carcinogen used for the studies. In rare 

cases enhancement of tumour formation was described after administration of indoles or 

isothiocyanates. Indole-3-carbinol was described to enhance formation of dimethylhydrazine-induced 

tumour. Similarly, allylisothiocyanate was described to induce some tumours in rats (Jongen 1996). 

1.2.5 Glucosinolates in vegetables 

1.2.5. l Quantities and importance of glucosinolates in vegetables 

The glucosinolate-containing plants of the Brassica genus cultivated as vegetables for human 

consumption include broccoli, Brussels sprouts, all kinds of cabbage, cauliflower, swede, rutabaga 

and turnip derived from B. oleracea, B. campestris and B. napus species, and radish and horseradish 

of Raphanus sativus species. Kales of the B. oleracea species are used for forage, pasture and silage 

(McGregor et al., 1983). The typical flavour of brassicas is largely due to glucosinolate-derived 

volatiles (Jongen, 1996). 

The individual parts of Brassica vegetables usually contain only a few different glucosinolate types, 

one or two of which are typically principal. Thus, for example, the major glucosinolates in cabbage 

(variety Savoy King) leaves are progoitrin and sinigrin whereas the seeds contain mainly 

glucobrassicin and progoitrin (Sang et al., 1984). Generally, levels of glucosinolates in seeds are high 

(up to ten per cent of the dry weight), whereas the levels in leaves, stems and roots are approximately 

ten times lower. Concentrations differ according to tissue type, physiological age, plant health and 

nutrition. Concentrations of total glucosinolates in edible parts of Brassica vegetables vary between 2 

and 50 µmol g·1 of dry weight, the range beginning with cauliflower ( ~2 µmol g· 1) and increasing with 

radish (~ 5-10 µmol g· 1), swede (~10 µmol g·1), horseradish (---10-15 µmol g·1), cabbages(~ 5-30 

µrnol g·1), broccoli ( ~15-25 µmol g·1), to Brussels sprouts (up to 50 µmol g·1) (Jongen, 1996; Heaney 

and Fenwick, 1980a; Sones et al., 1984). 

Degradation of glucosinolates in the vegetables by myrosinase produces flavour and aroma 

constituents of nutritional and commercial importance (McGregor et al., 1983; Lewis and Fenwick, 

1987). Glucosinolate-containing vegetables are desirable in human diet because of the proven 

anticarcinogenic properties of some of the myrosinase degradation products. Normal consumption of 

glucosinolate containing vegetables should avoid health hazards associated with thyroid gland 

damage and liver damage caused by other of the degradation products. These risks are of more 

concern when large amounts of the vegetables ( e.g. kale) are fed to animals (Jongen, 1996). 
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1.2.5.2 Variations in glucosinolates concentrations throughout growing seasons 

Levels of glucosinolates can vary with development of the plants, and are usually highest during the 

period of most active growth (Fenwick et al., 1983). Ontogenetic variation of glucosinolates levels 

has been reported in Brassica napus (McGregor 1988; Clossais-Besnard and Larher, 1991; Rosa et al. 

1996) and B. oleracea (Rosa et al. 1996). Cole (1980) observed a substantial decline in levels of 

aliphatic glucosinolates over the first few days of development in seedlings of turnips, Chinese 

cabbage, fodder rape, cauliflower and radish. 

The ontogenetic changes in glucosinolate levels were mostly found to be quantitative, not 

significantly affecting the relative representation of the glucosinolate. However, a recent study by 

Rosa et al. (1996) showed that both individual and total glucosinolates in the leaves and heads of five 

types of Portuguese cabbage (derived from Brassica o/eracea and Brassica napus) showed relatively 

rapid and complex changes throughout the growing seasons, the profile of which differed markedly 

between varieties. In the leaves of Brassica oleracea varieties, the highest concentration of total 

glucosinolates and of most of the individual glucosinolates was observed 14 days after sowing and 

these levels were found to decrease in the leaves as senescence progressed. In the heads the highest 

levels were noted at the start of the head formation. Contrastingly, in the Brassica napus varieties, the 

highest total and individual glucosinolate concentration was generally observed at the end of the 

growing season (Rosa et al., 1996). 

1.2.5.3 Glucosinolate strategy for plant breeders 

Both beneficial and adverse nutritional and physiological effects ofglucosinolates dictate the breeding 

strategies to develop new varieties of vegetables. Plant breeders aim to optimise three factors - health, 

flavour and resistance to pests. Using modem plant breeding techniques, new varieties of Brussels 

sprouts and broccoli are envisaged in the near future with guaranteed high levels of anticancer 

compounds and with optimal taste. The levels of the proved anticarcinogenic glucosinolates are being 

increased but nutritional effects dictate the upper limit - vegetables (e.g. Brussels sprouts) containing 

very high levels of glucosinolates may become too bitter to be consumed by humans. 

1.2.6 Glucosinolates in oilseeds 

1.2.6.1 Quantities of glucosinolates in oilseeds 

Glucosinolate-containing plants of the Brassica genus cultivated for production of vegetable oils 

include rapeseed derived from B. campestris and B. napus species, and white (Sinapis alba), yellow 

(Brassicajuncea) and black (Brassica nigra) mustard seeds. Both rapeseed and mustard seeds are rich 
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in oil but it is mainly rapeseed that is used for oil production. Mustard seed is presently used primarily 

as a spice or condiment (Shahidi and Gabon, 1990). 

Marked differences can be detected between the glucosinolate profile in the seed meal, leaf and root 

of rapeseed with progoitrin and 4-hydroxyglucobrassicin prevailing in the seeds, glucobrassicin and 

neoglucobrassicin in the leaves and gluconasturtiin and glucoerucin in the root. The principal 

glucosinolates of yellow mustard seed, the most common of the mustard plants, are exclusively 

alkenyl. The commercially valuable yellow seeded varieties grown for a limited production of oil 

contain only sinigrin (Sang et al., 1984). 

1.2.6.2 Composition of rapeseed meal - nutritional and antinutritional factors 

Most commercial rape seeds contain about 40 % oil (McGregor et al., 1983) and 3-10 % moisture. 

Rape seeds are delivered to a seed crusher for the extraction of the oil. After crushing, the remaining 

part of the seed is in the fonn of meal which, because of its high protein content (Table 1.2), can be 

used in feeds for animals. Sucrose is the main carbohydrate in the rapeseed meal (Table 1.2). 

When the rapeseed meal is consumed in large amounts by animals as part of their feed, the products 

of glucosinolate hydrolysis by myrosinase reduce palatability and are toxic. Liver, kidney and spleen 

damage, growth retardation and lower fertility were observed in animals fed diets with high rapeseed 

meal inclusion (Mawson et al., 1995). Glucosinolates, and chiefly their breakdown products, are thus 

the most significant factors impairing the nutritional quality of rapeseeds and post-extraction meal 

restricting its use as high quality protein animal feed (Mawson et al., 1995). 

Component Percent of dry matter 
Proteins 40 - 50 
Sucrose 6-9 

Oligosaccharides 1.5 - 3 
Dietary fibre 21 - 35 

Non-starch polysaccharides 15 - 20 
Protein 2-4 
Ash 0.6 - 5 
Lignin with associated polyphenols 4-8 

Ash 6-7 
Phytate 3-6 
Soluble tannins 1.5 - 3 
Sinapine 0.6 - 1.8 
Glucosinolates 0.5 - 0.7 
Free glucose and fructose, free phenolic acids and Remaining dry matter 
other minor components 

Table 1.2. Composition of post-extraction meal of commercial rapeseed varieties (Simbaya et al., 1995). 
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Apart from glucosinolates, three other types of compounds may reduce the nutritional value of 

rapeseed meal: 

• sinapine 

• tannins 

• phytic acid. 

Sinapine is the choline ester of sinapic acid (Fig. 1.6) - the principal phenolic acid of rapeseed. 

Together with glucosinolates, sinapine is considered to be the main cause of the bitter taste of 

rapeseed meal (Kozlowska et al., 1983). Even more important is the effect of sinapine on the 

production of off-flavour of eggs by susceptible hens which lack the liver enzyme trimethylamine 

oxidase and cannot therefore effectively handle the high yield of choline following hydrolysis of 

sinapine (Bell, 1993; Fenwick et al., 1979). 

Tannins are characterized as phenolic compounds that precipitate proteins from aqueous solutions 

(Carmona et al., 1991). Gallic acid is usually present in polymerized forms as soluble tannins. 

(Goodwin and Mercer, 1990). They are known to interfere with digestive enzymes, especially those 

affecting protein hydrolysis (Bell, 1993). Tannins are slightly water-soluble but their extraction to 

methanol is commonly used showing almost a double recovery of tannins compared with extraction to 

water. 

Phytic acid (Fig. 1.6) occurs in commercial rapeseed in high quantities (Table 1.2) and along with 

fibre reduces mineral absorption in animals. Phytate - the anionic form of phytic acid - is the main 

storage pool of phosphorus in the seed and can bind cations such as Mg2+, Ca2+, Zn2+ and Cu2+ (Bell, 

1993). 

~H 

Fig. 1.6. Two non-glucosinolate antinutritional factors in rapeseed meal: (left) sinapic acid - the precursor of 
sinapine; (right) phytic acid, 
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1.2.6.3 Glucosinolate strategy for plant breeders 

The negative nutritional and physiological properties of glucosinolates and their breakdown products 

dominate in the breeding strategies aimed at development of new varieties of rapeseed. The type of 

oilseed rape sown today differs from that grown 50 years ago as plant breeders have much improved 

the crop. Apart from higher disease resistance, stiffer stems and higher oil yields and quality, the 

decreased levels of total glucosinolates make today's rapeseed crops more reliable and commercially 

valuable. Glucosinolates in rapeseed have been reduced by continuous effort of plant breeders to less 

than one fifth of their levels 20 years ago. Currently, the European Community (EC) requires the 

cultivation of rapeseed with a glucosinolate content below 18 µmol of total glucosinolates per gram of 

seeds. The seeds grown in the EC countries can only be marketed after being officially examined and 

certified as meeting specified glucosinolates standards to ensure that farmers and growers receive seed 

of a recognised quality that meets the limits of the EC. 

1.3 Analytical methodologies for glucosinolates 

1.3.1 Extraction and purification of glucosinolates from vegetable and seed materials 

Glucosinolates are soluble in water and other hydrophilic solvents (McGregor et al., 1983). Various 

methanolic (e.g. Hanley et al., 1983) or aqueous solvents may be used to extract glucosinolates from 

plant materials. The aqueous solvents reported for the extraction of glucosinolates for specific 

purposes comprise distilled water (e.g. Leoni et al., 1991; DeClercq and Daun, 1989) or buffers, such 

as imidazole-formate, pH 4.15 (Visentin et al., 1992), citrate buffer, pH 6 (Iori et al., 1983) or 50 mM 

glycine-NaOH buffer, pH 9 (Tholen et al., 1993). Methanol allows better permeabilisation of cellular 

structures but glucosinolates are more soluble in water. 

The co-existence of myrosinase in glucosinolate-containing plants necessitates deactivation of the 

enzyme before or during the process of extraction if glucosinolates are to be extracted intact, or if 

enzymatic hydrolysis is to be carried out under controlled conditions. Heat treatment is frequently 

used to inactivate myrosinase. Temperatures of 70 to 110 °C are usually high enough to inactivate 

myrosinase but low enough to prevent thermal decomposition of glucosinolates (McGregor et al., 

1983). Inactivation of myrosinase in vegetable materials is usually facilitated by using boiling water, 

methanol or water-methanol mixtures, while simultaneously extracting the glucosinolates (McGregor 

et al., 1983). Low moisture content in mature rape seeds allows the seeds to be ground prior to 

extraction without the risk of loosing glucosinolates via the myrosinase hydrolysis (Kershaw and 

Johnstone, 1990). 
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Most of the analytical methods described for glucosinolates require isolation of glucosinolates from 

the crude extract prior to analysis. Ion-exchange chromatography can be used to isolate intact 

glucosinolates using Sephadex A-25 columns with potassium sulphate as the eluent (Moller et al., 

1985) 

1.3.2 Determination of individual glucosinolates 

A large number of methods has been developed for determining individual glucosinolates in 

agricultural crops (McGregor et al., I 983). Although many indirect methods have been described 

based on measurement of the products released on myrosinase hydrolysis (McGregor et al., 1983), 

only methods based on gas liquid chromatographic (GLC) or high performance liquid 

chromatographic (HPLC) separation of intact glucosinolates extracted from plant materials and their 

subsequent detection have found application in the analysis of individual glucosinolates content in 

agricultural crops. 

1.3.2.1 Gas liquid chromatography 

Due to their ionic nature, glucosinolates are not directly amenable to GLC and require pre-column 

derivatisation. Both glucosinolates and desulphoglucosinolates can be determined by GLC after 

trimethylsilylation. (Thies, 1976; Underhill and Kirkland, 1971; Heany and Fenwick, 1980b). The 

method had been widely applied both for determination of individual glucosinolate composition and 

for determination of total glucosinolate content before it was replaced by more accurate and reliable 

HPLC imd other methods. The GLC method allows separation and quantification of most of the 

glucosinolates found in Brassica species. One notable exception is glucoiberin, which forms multiple 

peaks when derivatised. The derivatisation using hexamethyldisilazane and trimethylchlorosilane is 

essential to volatilise glucosinolates and is the crucial step of the procedure, requiring specified 

temperature conditions, especially for the analysis of indole glucosinolates. At high temperatures 

(>140 °C), 4-methoxyglucobrassicin was found to be considerably degraded, while at lower 

temperatures (<100 °C), glucobrassicin was incompletely derivatised (McGregor et al., 1983). 

Derivatisation for 20 minutes at 120°C was found to be a reasonable compromise for analysis of these 

two glucosinolates. 

1.3.2.2 HPLC methods 

HPLC of intact glucosinolates 

Intact individual glucosinolates can be analysed spectrophotometrically following their separation on 

a reversed-phase HPLC column. Analysis of glucosinolates by reversed~phase ion-pair liquid 

chromatography requires four successive steps: extraction, purification of samples, chromatographic 
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separation and identification-quantification. Prior to the HPLC separation, the glucosinolate extract 

must be purified using an ion-exchange mini column (Moller et al., 1985) to avoid subsequent 

interferences. The anionic nature of glucosinolates requires use of a counter-ion in the solvent 

(Clossais-Besnard et al., 1990). Various tetraalkylammonium bromides (e.g. tetraheptyl-, tetraoctyl-) 

have been used as counter-ions to negatively charged glucosinolates (Helboe et al., 1980; Clossais

Besnard et al., 1990). The nature of the counter-ion and the pH greatly influence the separation of the 

glucosinolates from each other and from non-ionic impurities (Clossais-Besnard et al., 1990). 

Detection of separated glucosinolates can be achieved spectrophotometrically at 235 nm, a 

wavelength at which the contribution to the absorbance from the glucosinolates is almost at its 

maximum, whereas the contribution from interfering aromatic R groups will be of limited magnitude. 

Quantification can be completed with sinigrin as an internal standard using response factors 

determined for individual glucosinolates to express their different molar absorption. 

HPLC of desulphoglucosinolates 

Sulphatase enzyme (E.C. 3 .1.6.1) may be used on intact glucosinolates to produce 

desulphoglucosinolates, which can be determined using HPLC separation with UV detection. The 

separation of uncharged desulphoglucosinolates does not require the presence of counter-ion, and is 

thus easier to perform (Clossais-Besnard et al., 1990). However, the desulphation is a critical step, 

requiring an overnight incubation with sulphatase at room temperature (ISO, 1995). 

HPLC separation of intact desulphoglucosinolates with elution gradient and UV detection at 229 nm 

is an official ISO ( 1995) and EC (1990) method for analysis of individual glucosinolates. 

Glucosinolates are extracted into 70 % boiling methanol, the extract is applied onto DEAE sephadex 

A-25 columns and purified sulphatase is applied overnight. Eluted desulphoglucosinolates are 

separated using the HPLC column and detected at 229 nm. Since the molar absorbance varies 

considerably for different glucosinolates, response factors for the glucosinolates occurring in Brassica 

have been determined. Sinigrin is recommended as an internal standard for all samples except for 

rapeseed in which sinigrin is present naturally, in which case glucotropaeolin is used. 

1.3.3 Determination of total glucosinolates 

Determination of total glucosinolates is crucial for the development and monitoring of low 

glucosinolate varieties of seeds. It can be achieved by many methods with varying levels of 

practicability, accuracy and cost. Speed and low cost are two important criteria of such methods 

required by plant breeders. Breeding of new low glucosinolate Brassica varieties is facilitated by the 

development of rapid and accurate methods which permit large numbers of samples to be screened in 

a short time at a low cost (Velasco and Becker, 1998). 
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The methods used for individual glucosinolate determination (GLC, HPLC) can also be used for total 

glucosinolate estimation but they are time consuming, expensive, and require sophisticated 

equipment. Therefore, plant breeders continue to seek simpler procedures to screen large numbers of 

samples. The official analysis of total glucosinolates in rapeseed is currently regulated by ISO and the 

EC. Apart from the official methods, other methods exist based either on hydrolysis of extracted 

glucosinolates using the enzyme myrosinase followed by determination of the released compounds or 

on formation of coloured complexes between glucosinolates and other compounds. The repeatability 

and reproducibility of most of the currently used methods have been compared in several ring tests 

organised by ISO (Wathelet et al., 1995). 

With the simple techniques for determination of total glucosinolates the extraction of glucosinolates is 

often a necessary first step. Extraction and clean-up can be the rate limiting factors for total 

glucosinolate determination using 'wet' chemical procedures but wet methods are often markedly 

cheaper. 

1.3.3.1 Official ISO and EC methods 

Official ISO and EC methods for determination of total glucosinolates in rapeseed and rapeseed meal 

involve either HPLC of individual desulphoglucosinolates (ISO, 1995) followed by their summation, 

or X-ray fluorescence (XRF) determination of total sulphur in the rapeseed sample which can be 

correlated with total glucosinolates (ISO, 1994). Although the methods are satisfactory in terms of 

precision and reproducibility they require sophisticated equipment and are either lengthy (HPLC) or 

need extensive calibration (XRF). 

The XRF method (ISO, 1994) is based on determination of total sulphur in ground rapeseed, 

compressed in special cuvettes, by X-ray fluorescence spectroscopy. Calculation of the glucosinolate 

content is achieved by comparison with values of reference rapeseed samples with a certified sulphur 

content (Wathelet et al., 1988). The seeds must be dried in a microwave or ventilated oven before 

grinding. The method is applicable to seeds with a nonnal protein content from 19 % to 23 %. Total 

glucosinolate content is calculated as the total sulphur content minus those sulphur amounts that are 

bound in proteins, divided by the average stoichiometric number of sulphur atoms occurring in the 

glucosinolate fraction typical of Brassica species. 

1.3.3.2 Currently adopted glucose-release methods 

Glucose released stoichiometrically from glucosinolates by myrosinase (Fig. 1.3) can be determined 

using one of several specific enzymatic-colorimetric or enzymic-amperometric procedures. The major 
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common limitation of these methods is interference of endogenous glucose, which is present in almost 

all natural samples and leads to overestimation of glucosinolates concentrations. Other difficulties 

with the glucose release methods have been mainly due to phenolic compounds in the extracts which 

are known to be enzyme inhibitors (Goodwin and Mercer, 1990; Smith and Dacombe, 1987) and can 

therefore interfere with the enzyme detection step (Tholen et al., 1993; Smith and Dacombe, 1987; 

Saini and Wratten, 1987). To avoid these interfering effects the glucosinolate extracts must be 

purified prior to analysis. Attempts to produce a rapid, reliable glucose release test involving 

elimination of a clean-up step have proved unreliable in practice (Kershaw and Johnstone, 1990). 

Photometric methods 

A method described by Kershaw and Johnstone (1990) involved rapeseed extraction into boiling 

aqueous methanol (50 % v/v) and clean-up of the extract on a disposable ion exchange DEAE 

minicolumn. Myrosinase was applied onto the DEAE column with retained glucosinolates for 30 min 

and the glucose released was eluted and assayed using a simple glucose assay colorimetric kit. In 

addition to DEAE, other anion exchange resins (e.g. SAX quaternary amine) gave satisfactory results. 

The method showed a good repeatability (coefficient of variation 5 - 10 %) and precision when used 

on rapeseed samples. The total time of analysis was about 1.3 hours. Since the equipment required 

was not specialised the method provided a cheap alternative to XRF. 

The purification of extracts on DEAE is reliable but time consuming. A more rapid but less reliable 

method of clean-up of extracts to avoid interference from phenolic compounds was reported based on 

shaking the extracts with activated charcoal (McGregor and Downey, 1975) or by filtering through 

activated charcoal paper (Smith and Dacombe, 1987). McGregor and Downey (1975) used the 

combination of activated charcoal and simple test paper for glucose containing glucose oxidase 

(GOX) and peroxidase with a chromogen (o-tolidine) to estimate quickly glucosinolates in rapeseed. 

Glucose released on hydrolysis of glucosinolates by the endogenous myrosinase in aqueous seed 

extracts, measured after the removal of interfering substances with charcoal, gave a rough estimation 

of glucosinolate content and enabled low and high glucosinolate rapeseed to be distinguished. 

A simple and inexpensive method for the estimation of total glucosinolate content in rapeseed was 

described based on the partial hydrolysis of glucosinolates by endogenous myrosinase at pH 9, 

followed by measurement of the released glucose using Clinistix strips (marketed for visual 

estimation of glucose in urine) using a specially designed portable reflectance instrument (Tholen et 

al., 1993). Glucosinolates were extracted into glycine.NaOH buffer (pH 9) and the degradation of 
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glucosinolates by endogenous myrosinase was stopped after 10 minutes by addition of chloroform. 

Following the removal of phenolic species by adsorption onto activated charcoal and centrifugation, 

the glucose released was detected using C!inistix strip. Although not very accurate, the described 

portable instrument using cheap C!inistix strips could be used to estimate glucosinolate content in 

rapeseed at sites which do not have ready access to laboratory facilities without the need to purchase 

expensive reagents or chromatographic media. 

Amperometric methods 

An amperometric technique was described (Iori et al., 1983) for determination of glucosinolates in 

Cruciferous plants which involved determination of oxygen uptake using a myrosinase/GOX coupled 

system in combination with a Clark electrode. The first part of the oxygen uptake signal measured in 

the absence of myrosinase reflected total free endogenous glucose; the second, obtained after injection 

of myrosinase, indicated the total glucosinolates content. The determination of total glucosinolates in 

rapeseed extracts using this method was reported to be repeatable and accurate. 

Glucose, released by the action of myrosinase on glucosinolates in rapeseed extract could be detected 

amperometrically by a glucose electrode having GOX immobilised on a platinised carbon base 

(Koshy et al., 1988). Applicability of such a sensor for total glucosinolates in rapeseed was 

demonstrated using free myrosinase in conjunction with the electrode with immobilised GOX, which 

allowed separation of the signal for endogenous glucose (before myrosinase addition) and glucose 

released from glucosinolates (after myrosinase addition). The difference in the amperometric signals 

measured before and approximately 10 minutes after myrosinase addition could be used as an 

indicator of glucosinolate concentration provided that the endogenous myrosinase was eliminated by 

heat treatment beforehand. Interference of glucose ruled out the use of co-immobilised myrosinase 

and GOX in a single bi-enzyme electrode. This was a consequence of a very rapid response to 

glucosinolate, which produced a signal superimposed on the glucose background signal and which 

was inseparable from it. Furthermore, a gradual reduction in the signal of the electrode with time was 

observed, which was explained by an inhibitory effect of the products of the myrosinase reaction on 

immobilised GOX activity. This conclusion was supported by experiments in which the electrode was 

allowed to stand for 10 minutes in solutions containing myrosinase (3.9 Units in 3 ml) and sinigrin 

(2.4 mM). The incubation resulted in a considerable reduction in GOX activity which was not restored 

by washing or keeping the electrode in glucose solution overnight, suggesting that the effect was not 

simply a reversible inhibition of GOX. 

1.3.3.3 Currently adopted non-enzymic methods 

Two relatively quick and simple methods for total glucosinolate detennination are based on formation 

of coloured complexes of glucosinolates with either thymol-sulphuric acid or tetrachloropalladate 

18 



after sample preparation and clean-up. A particularly attractive feature of these methods is that they 

do not require any enzymic preparations, eliminating concern over enzyme purity and activity. 

The thymol method (Brzezinski and Mendelewski, 1984; DeC!ercq and Daun, 1989; Tholen et al., 

1989) had the advantages of being technically straightforward and inexpensive when compared with 

the HPLC or XRF procedures. In practice, however, problems were reported regarding apparent 

interferences and lack of reproducibility. The method was based on hydrolysis of glucosinolates with 

sulphuric acid to produce thioglucose, which is detennined as a complex with thymol. Glucosinolates 

extracted from ground rape seeds into water and purified on DEAE-Sephadex A-25 column were 

incubated in a boiling water bath with thymol solution and 80% v/v sulphuric acid for 45 min. 

Absorbance (505 nm) of the solution gave an estimate of the total glucosinolate concentration. The 

handling of the corrosive mixture was improved by DeClercq and Daun (1989) using borosilicate 

reaction tubes, which allowed absorbance measurements to be made directly in the reaction tubes. 

Slight changes in reagent concentration were found to affect the slope of calibration curve and it was 

necessary to carry out a single point calibration with each set of samples. The method showed a good 

agreement with the GLC method when rapeseed samples were analysed. The method is relatively 

quick and it was estimated that one technician can perform 20 - 30 thymol analyses in an eight hour 

period (DeClercq and Daun, 1989). 

Another method (Thies, 1982) relied on the ability of extracted glucosinolates to form complexes with 

palladium salts. Formation of the complexes could be achieved by addition of sodium 

tetrachloropalladate(II) to the extract and incubating for 30 min at 20°C. Absorbance at 450 nm could 

be used as a measure of total glucosinolate concentration. Major limitations of the method were the 

interference from a broad range of chemicals that also formed complexes with palladium salts, poor 

stability of the palladium reagents and the fact that the reaction was not stoichiometric for all 

glucosinolates. The authors also developed and tested a grist mill for homogenisation of cruciferous 

seeds, which made the procedure faster compared with the use of conventional crushers (e. g. coffee 

mill). The crushed seeds could be transferred directly from the outlet of the mill through a funnel into 

a special extraction tray. 

Near infra-red reflectance spectroscopy (NIRS) has recently been tested for determining total 

glucosinolate content in seed samples (Velasco and Becker, 1998). A very attractive aspect of this 

method was that it did not require extraction of glucosinolates from the seeds. The analysis of total 

glucosinolates in seed plants could be achieved using NIRS on dried ground seeds. However, the task 

was complicated by the need to develop calibration equations for each particular species. Recently 

multi-species calibration equations were developed to estimate the total glucosinolate content in 

rapeseeds and mustard seeds using a total of 290 samples from 15 different Brassica species for the 

calibration resulting in an r2 of 0.99 in calibration and an r2 of 0.95 in cross validation using samples 
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not represented in the calibration. Furthennore, calibration equations to estimate the relative amount 

of progoitrin, sinigrin and gluconapin were successfully developed (r2 > 0.85 in cross-validation) 

indicating that a reliable prediction of the relative amount of these glucosinolates could be obtained 

through NIRS analysis. One of the main advantages of this technique was that the estimation of the 

glucosinolates can be simultaneous with the analysis of other traits, such as oil, protein, or the fatty 

acid composition of the oil. 

1.3.3.4 Other methods 

A wide variety of methods based on detection of other products released from the myrosinase 

reaction, namely isothiocyanates, thiocyanates, oxazolidinethiones and nitrites (reviewed in 

McGregor et al., 1983) have been described but none of these methods achieved a practical 

application in total glucosinolates analysis. The main limitations comprise lack of accuracy and 

laborious procedures involved. 

Sulphate ion, generated stoichiometrically by the myrosinase reaction, may be determined by titration 

or BaC12 gravimetry. In general, methods involving measurement of sulphate are time consuming and 

tedious. Lack of precision and relatively large sample size requirements prevented their widespread 

use (McGregor et al., 1983 and references therein). 

A simple assay method was developed (Leoni et al., 199 I) for detennination of glucosinolates in 

crude aqueous rapeseed extracts based on measurement of protons released as a result of the 

myrosinase reaction. A simple pH electrode coupled with a membrane supporting immobilised 

myrosinase was used and the initial rate of proton production was used as a measure of the 

glucosinolates concentration using standard progoitrin (the major glucosinolate ofrapeseed) solutions. 

Good correlation with the HPLC method was reported. 

An enzyme-linked immunosorbent assay (ELISA) was developed (Hassan et al., 1988) for 

determination of alkenyl glucosinolates (sinigrin, gluconapin). Although some degree of cross

reactivity was observed for some glucosinolates, namely progoitrin and glucotropaeolin, the method 

can be used for quantification of total glucosinolates in yellow mustard seed where sinigrin is the 

principal g!ucosinolate (>95% ofthe total glucosinolates; Sang et al., 1984). 

1.4 Glucosinolates and other biochemical compounds in alkaline solutions 

Most biochemical compounds undergo hydrolytic degradations in alkaline solutions. Cleavage of 

functional groups (e.g. deamination, inorganic phosphate liberation) and degradation to smaller 

molecules (e.g. alkaline degradation of carbohydrates) are common alkaline hydrolytic reactions. 
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Apart from the hydrolytic processes, auto-oxidation is another common reaction of various 

biochemicals in alkaline solutions. 

1.4.1 Auto-oxidation of biochemical compounds in alkaline solutions 

Aqueous solutions of thiol-containing compounds (e.g. cystearnine, L-glutathione, cysteine) are 

oxidised in air to disulphides in neutral, and especially in alkaline pH. They are relatively stable in 

acid solutions. The oxidation is accelerated by traces of heavy metals, especially copper and iron 

(Dawson et al., 1989). The rate of the auto-oxidation of thiols was reported to vary between different 

thiols. Thus, for instance, solutions of 1,4-dithioerythritol and 1,4-dithiothreitol were oxidised 

relatively slowly compared to solutions of cysteine, cysteamine or glutathione which were oxidised 

very readily. 

Some vitamins and coenzymes also undergo auto-oxidation by air oxygen when in neutral and 

especially alkaline solutions. The oxidation is rapid in the case of FADH2, FMNH2, vitamin B 12, 

coenzyme A, pantheine and ubiquinone; ascorbic acid, ergosterols, and tocoferol are oxidised less 

rapidly. Auto-oxidation of ascorbic acid is catalysed by traces of copper and iron. Biotin and NADH 

are relatively stable in alkaline pH (Dawson et al., 1989). 

Most phenol-type compounds are auto-oxidised, especially in alkaline solutions, fonning dark 

coloured aldehydes and quinones. Whilst compounds containing vicinal di- or tri-hydric groups are 

the most reactive, monohydric phenols react only very slowly. Highly substituted phenols do not 

undergo auto-oxidation (Dawson et al., 1989). 

1.4.2 Alkaline degradation of glucosinolates 

Sinigrin (allylglucosinolate) in aqueous base was previously described (Friis et al., 1977) to produce 

vinylglycine, 1-thioglucose, and sulphate as the main products by a reaction of the first order with 

regard to both glucosinolate and hydroxide ion: 

sinigrin OH" (1.1) 

In 0.0919 M NaOH the following bimolecular rate constants were obtained: 0.00696 I mol"ts•1 at 25.l 

°C, 0.0129 1mo1·1s·1 at 32.7 °C, and 0.0236 I mol· 1s·1 at 40. l °C. From these values the Arrhenius Ea 

was calculated to be 63 kJ mol'1, ~ S to be -92 J mol"1K"1, and tos at 25. I °C to be 18 min. Nitrile and 

thiocyanate (both less than 3 %) were found by quantitative detenninations in the reaction mixture 

produced from sinigrin (50 mg in I ml water) l hour after addition of 2 M NaOH (0.2 ml), indicating 

that some side reactions were taking place (Friis et al., 1977). Benzylglucosinolate (glucotropaeolin) 
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correspondingly yielded phenylglycine, thioglucose, and sulphate in aqueous base but the rate of the 

reaction of the benzylglucosinolate was about 10 times lower than that of the allylglucosinolate (Friis 

et al., 1977). 

Atmospheric oxygen was incapable of oxidising 1-thioglucose anion following its release from 

glucosinolates in the alkaline (2 M NaOH) solution, even in the presence of iron (II) (Friis et al., 

1977). However, 1-thioglucose released from glucosinolates in methanol/ammonia/water solution was 

reported to be oxidised to the disulphide of thioglucose in the presence of oxygen (Shahidi and 

Gabon, 1990). 

1-thioglucose was described to be readily oxidised to its disulphide by iodine (Horton, 1963), 

hydrogen peroxide (Horton, 1963), mercuribenzoic acid (Chromy and Svoboda, 1964) and 

dioxysulphonium (Broin and Darcy, 1993). 

1.4.3 Degradation of carbohydrates in alkaline solutions 

Much research has been directed towards an understanding of the alkaline degradation of 

monosaccharides in aqueous solutions (Yang and Montgomery, 1996). The reaction products were 

found to consist principally of numerous saccharinic (~ C6) acids. Higher molecular-weight 

compounds (>C6 acids), and miscellaneous non-acidic and cyclic unsaturated carbonyl compounds are 

also formed in minor amounts. The composition of the alkaline reaction products is influenced by 

several reaction parameters, such as temperature, the nature and concentration of the alkali, and the 

monosaccharides: the increase of hydroxyl ion concentration and the use of divalent cations favour 

the formation of lactic acid and decrease both the total amount of C1 (formic) to non-lactic C3 

(glyceric) acid products and the total amount of C4-C6 acid products. Alkaline degradation of dilute 

monosaccharide solutions (1 mM) results in an almost complete conversion of the monosaccharides 

into ~ C6 acids; high molecular-weight compounds were found to be increased at pH 11-12 and at 

high monosaccharide concentration (0.1 M). 

1.5 Ferricyanide 

1.5.1 Reduction of ferricyanide by biologically important compounds 

Ferricyanide is a mild oxidising agent, which can oxidise a range of biochemical compounds: 

• Ascorbate was described to be rapidly oxidised by ferricyanide yielding potassium 

ferrocyanide and reduced form of ascorbate (Iyanagi et al., 1985). The oxidation was 
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reported to proceed in two successive one-electron steps, the first one generating ascorbate 

free radical which donates a second electron to the electron acceptor. 

• Vitamin E can be oxidised by ferricyanide to produce a deep blue coloured solution 

(Dawson et al., 1989). 

• Thiol compounds are known to be readily oxidised to disulphides by ferricyanide (Dawson 

et al., 1989). 

• Monosaccharides and disaccharides can be oxidised by potassium ferricyanide in alkaline 

media generating ferrocyanide (Bonnafoux, 1991; Myklestad et al., 1997). 

• Most phenols and phenol-related compounds have been reported to be oxidised by 

ferricyanide, especially in alkaline pH, yielding specifically coloured products (Dawson et 

al., 1989). 

• Oxidation of thiamine by ferricyanide leads to fonnation of fluorescent thiochrome 

(Horowitz, 1970). 

1.5.2 Ferricyanide in alkaline solutions 

Oxidation of the hydroxyl ion by potassium ferricyanide was described (Bhattacharyya and Roy, 

1986). The reaction was reported to occur in a solution of ferricyanide and sodium hydroxide when 

two platinum electrodes were dipped into the solution and potential was applied between them. In the 

solution of 0.1 M ferricyanide and 0.1 M sodium hydroxide the threshold potential for starting the 

reaction was 0.4 V. No reaction was observed to occur when no potential was applied unless high 

concentrations of both ferricyanide and hydroxide were used. With 0.1 M ferricyanide no reaction 

occurred up to 5 M NaOH. 

1.5.3 Use of ferricyanide in analytical methods 

The ferricyanide ion is both chromogenic (absorption maximum at 420 nm, e = 1020; Dawson et al., 

1989) and electroactive. Oxidation of analytes by ferricyanide can therefore be the basis of both 

optical and electrochemical analytical assays. 

1.5.3.1 Use of ferricyanide in optical methods 

A variety of procedures is available for measuring the extent of ferricyanide reduction. The decrease 

in optical density at 420 nm can be used to follow the reduction of ferricyanide. However, the molar 

absorption coefficient for the ferricyanide-ferrocyanide change (e = 1020) makes this method rather 

insensitive. A more sensitive method for detennination of ferrocyanide in the presence of an excess of 

ferricyanide was described (Avron and Shavit, 1963) based on addition of ferric ion, which, reduced 
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to ferrous ion by ferrocyanide, forms a complex with 1,10-phenanthroline with a molar absorption 

coefficient of l 0,800 or with 4, 7-diphenyl- l, 10-phenanthroline with a molar absorption coefficient of 

20,500. 2,4,6-Tripyridyl-s-triazine is another example ofa colour developing agent which can be used 

to detect ferrocyanide in excess offerricyanide (Avigad, 1968). 

Both qualitative and quantitative methods of analysis of various biochemical compounds have been 

described based on spectrophotometric measurement of ferricyanide reduction by the analysed 

compounds: 

Qualitative detection of biochemical compounds based on oxidation bv ferricyanide 

Most of the qualitative analytical techniques based on oxidation by ferricyanide have been described 

as a method of detection of biochemical compounds following their separation by thin-layer 

chromatography (Dawson et al., 1989): 

• Catecholamines undergo oxidation when sprayed with 0.44% ferricyanide in 0.2 M 

phosphate buffer (pH 7.8) producing compounds of characteristic colours. The colour of 

the products depends on the particular catecholamine. Ferrocyanide formation may also be 

demonstrated by the Prussian blue formation. 

• Similarly, phenolic compounds can be assayed using their oxidation by ferricyanide. 

Although certain phenols may be detected, usually as brown spots by allowing them to 

auto-oxidise after spraying with base, it is better to select reagents which themselves 

change colour. Ferric chloride/ferricyanide reagent is fairly specific for phenolic 

compounds. Monohydric phenols, however, react very slowly. 

• Vitamin E can be detected after TLC separation by spraying with 0.05% aqueous 

ferricyanide to give a deep blue colour. 

• Thiamine and its esters are oxidised in alkaline solutions of ferricyanide to thiochromes, 

which give a blue fluorescence in UV light. 

Quantitative determinations 

The standard method (Horowitz, 1970) for the analysis of thiamine is an equilibrium method known 

as the 'thiochrome method' involving the oxidation of thiamine to fluorescent thiochrome with an 

alkaline potassium ferricyanide oxidant solution. 

Spectrophotometric methods have been described (Avigad, 1968; Myklestad et al., 1997) for the 

determination of reducing mono- and polysaccharides based upon their oxidation in alkaline 

ferricyanide solution. 2,4,6-Tripyridyl-s-triazine was used to give a strongly coloured complex with 

ferrocyanide formed as a result of the oxidation of sugars by ferricyanide. The oxidation of sugars in 

alkaline ferricyanide solution is quite slow and at least 10 min incubation in a boiling water bath was 
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necessary to complete the reaction. The reaction was susceptible to interference if other reducing 

components were present in the solution (Avigad, 1968). However, the applicability of the method 

was reported (Myklestad et al., 1997) for analysis of dissolved mono- and polysaccharides in 

seawater. A similar method for determination of reducing sugars in plant tissues was described (Prado 

et al., 1998) using o-phenanthroline complex with ferrous ion for colour development. The method 

was reported to be several times more sensitive than other established colorimetric methods for 

reducing sugars. 

A method of analysis of phenols in wastewater was described relying on HPLC and post-column 

reaction with potassium ferricyanide and 4-aminoantipyrine (Bigley and Grob, 1985; Cote and 

Nadeau, 1993). The chromophores produced could be quantified at either 509 nm or 470 nm 

depending upon the structure of the eluting phenol. The optimum pH of the reactions with 

ferricyanide depended upon the particular phenol. Nevertheless, pH 9 allowed for determination of 

most phenol-related water pollutants. Similarly, analysis of plant phenolics, including tannins, could 

be achieved using a Prussian blue test (Price and Butler, 1977) following their isolation from plant 

materials. 

Oxidation of tocopherol by ferricyanide in alkaline solutions, which gives a dimeric product with 

characteristic absorption maximum, was described to be used for HPLC post-column quantification of 

vitamin E (Cillard et al., 1985). 

A colorimetric method was reported (Krogmann and Jagendorf, 1957) to assay the photosynthetic 

activity of chloroplasts using ferricyanide as an electron acceptor. An illuminated chloroplast 

suspension was allowed to reduce ferricyanide. The reduced ferrocyanide was allowed to react with 

ferric ion and orthophenantroline to give a coloured chelate, the formation of which was followed 

spectrophotometrically. 

1.5.3.2 Use of ferricyanide in electrochemical methods 

Reduction of ferricyanide to ferrocyanide can be followed electrochemically using re-oxidation of 

ferrocyanide at the surface of a positively charged electrode: 

(E0 = 0.358 V) (1.2) 

The cycling of reduced ferricyanide (Fig. 1.7) at a suitably poised electrode surface is well 

characterised and readily controlled and ferricyanide is therefore frequently used as an 

electrochemical mediator - an electron carrier shuttling between analytes and electrodes at a low 

working potential. 
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A coulometric sensor for the determination of a large range of monosaccharide concentrations was 

devised which was based on re-oxidation of the generated ferrocyanide at the surface of a gold 

working electrode (Bonnafoux, 1991 ). 

The use of ferricyanide as the electrochemical mediator, together with screen-printing technology, has 

been utilised recently in the construction of a disposable enzyme-based biosensor for determination of 

glucose (Ge et al., 1998). The sensor was based on G0X and ferricyanide incorporated into a 

disposable carbon electrode screen-printed on a polyvinyl chloride matrix. No explanation of the 

electrochemical processes involved in the analysis was offered by the authors. Nevertheless, it is 

thought that hydrogen peroxide generated via G0X reaction reduced ferricyanide to ferrocyanide 

which was re-oxidised on the anode giving an amperometric signal proportional to the glucose 

concentration: 

glucose+ 0 2 glucoseoxidase 8-gluconolactone + H20 2 (1.3) 

H 20 2 + 2Fe(CN)~-~ 0 2 + 2H+ + 2Fe(CNt (1.4) 

Fe(CN)i- + e· ~ Fe(CN)~- (1.5) 

The oxidation of hydrogen peroxide by ferricyanide was shown to be rather slow in our laboratory. 

However, it is believed that the consumption of ferrocyanide through its re-oxidation on the anode 

might make the process more rapid. 

Similarly, ferricyanide can be used as an electron mediator between other oxidases (e.g. cholesterol 

oxidase) and the electrode surface (Hart and Wring, 1997). Alternatively, the production of hydrogen 

peroxide via the G0X reaction can be mediated by ferrocyanide. In this case, an additional enzyme 

peroxidase is required for its conversion to ferricyanide: 

(1.6) 

A bienzyme strip-type glucose sensor was described (Marcinkeviciene and Kulys, 1993), prepared 

using screen-printing technology and comprising G0X, peroxidase and ferrocyanide as the mediator 

incorporated into graphite-hydroxycellulose matrices. 

Ferricyanide can also be used as a mediator between enzymes of the respiratory chain of living 

microorganisms and the electrode surface in construction of whole-cell amperometric biosensors 

(Richardson et al., I 99 l). 
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fetricyanide ferro cyanide 

anode 

Fig. 1.7. The cycling of reduced ferricyanide at an electrode surface used as the basis of analytical methods. 

1.6 Intended approaches of the research programme 

Two approaches were proposed to be investigated to meet the ultimate aim of this work - the 

development of a rapid, simple and inexpensive method for determination of total glucosinolates in 

oilseed and vegetable samples with the potential to be adapted as a simple user-friendly sensor device. 

The approaches were based on investigations into the properties of glucosinolates in the following 

areas: 

Biosensor based on hydrolysis of glucosinolates by myrosinase 

A modification of a biosensor method was proposed based on degradation of glucosinolates by the 

enzyme myrosinase and in situ measurement of glucose released by this degradation using a 

myrosinase/GOX coupled-enzyme sensor. This approach was reported previously (Koshy et al., 

1988) to be limited by inhibition of the immobilised GOX by products of the myrosinase reaction. It 

was the intention of the work reported here to identify those products of the myrosinase reaction that 

cause the inhibition of GOX and to attempt to modify the myrosinase/GOX bi-enzyme biosensor 

described by Koshy et al. (1988) so as to reduce the by-product interference of the sensor signal. The 

proposed modification consisted of replacement of direct immobilisation of GOX at the surface of 

the platinum electrode by covalent immobilisation on nylon nets, and detection of oxygen 

consumption rather than hydrogen peroxide production. 
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A method using ferricyanide as a reagent with glucosinolates 

There were reports in the literature (Wagner et al., 1965; Friis et al., 1977; Dawson et al., 1989) 

indicating that under certain conditions glucosinolates, or alkaline degradation products thereof, could 

be oxidised by ferricyanide. If such reactions were found feasible and quantitative then they might 

offer the possibility of rapid determination of glucosinolates using simple spectrophotometric or 

electrochemical techniques to follow the resultant changes in ferrocyanide concentration. Reactions of 

glucosinolates with ferricyanide were therefore proposed to be investigated in neutral and alkaline 

background solutions. A combination of electrochemical and spectrophotometric detection procedures 

was suggested to follow chemical changes in the reaction mixtures The possibility of utilizing the 

observed reactions in total glucosinolate analysis was to be evaluated. 

Initial investigations into the biosensor and the ferricyanide approaches were carried out using the 

commercially available glucosinolates - sinigrin and glucotropaeolin. It was the objective of these 

parts of the research programme to develop simple and inexpensive methods for determination of 

isolated glucosinolates in model solutions. Following these initial investigations it was the further 

objective to choose the method with the best chances of success and to develop it further into an 

analytical procedure for determination of total glucosinolates in oilseed and vegetable samples to meet 

the ultimate aim of this research programme (Fig. 1.8). 
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2 MATERIALS AND METHODS 

2.1 Chemicals and biological materials 

Glucotropaeolin (potassium salt) was obtained from Merck; glucose, glucose oxidase, myrosinase 

(from white mustard seed), polyvinylpolypyrrolidone, potassium ferricyanide, sinigrin monohydrate 

and 1-thioglucose were from Sigma-Aldrich. Other chemicals were either from BDH or from 

Spolchemie (Czech Republic). Except where stated otherwise, fresh aqueous solutions were prepared 

shortly before their use. 

Rape seed samples with known glucosinolate content were obtained from the National Institute of 

Agricultural Botany (NIAB, Cambridge, UK) together with the data of their total glucosinolate 

content analysed using HPLC and XRF methods. 

2.2 Buffers 

Buffers and other solutions used to maintain required pH conditions included: 

(i) pyridine-acetate buffer (pH ~ 4, 0.5 M); prepared by mixing water (930 ml), glacial acetic acid 

(30 ml) and pyridine (40 ml) 

(ii) acetate buffer (pH 4.2, 0.2 M); (A) acetic acid (0.2 M, 73.5 ml) and (B) sodium acetate (0.2 M, 

26.5 ml) mixed and adjusted to pH 4.2 by drop-wise addition of either A or B. 

(iii) citric acid-Na2HPO4 (Mcilvaine) buffer (pH 5.5); (A) citric acid (0.1 M, 43.1 ml) and (B) 

Na2HPO4 (0.2 M, 56.9 ml) mixed and adjusted to pH 5.5 by drop-wise addition of either A or 

B. 

(iv) phosphate buffer (pH 6, 0.2 M); (A) NaH2PO4 (0.2 M, 43.85 ml) and (B) NazHPO4 (0.2 M, 

6.15 ml) mixed and adjusted to pH 6 by drop-wise addition of either A or B. 

(v) phosphate buffer (pH 7, 0.2 M); (A) NaH2P04 (0.2 M, 19.5 ml) and (B) NazHPO4 (0.2 M, 30.5 

ml) mixed and adjusted to pH 7 by drop-wise addition of either A or B. 

(vi) phosphate buffer (pH 7, 0.1 M); (A) NaH2PO4 (0.1 M, 19.5 ml) and (B) Na2HPO4 (0.1 M, 30.5 

ml) mixed and adjusted to pH 7 by drop-wise addition of either A or B. 

(vii) phosphate buffer (pH 12, 0.2 M); Na2HPO4 (0.2 M) adjusted to pH 12 by drop-wise addition of 

NaOH(2M) 

(viii) NaOH (I M) 

All solutions were prepared in deionised water. 
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2.3 Myrosinase/glucose oxidase (GOX) biosensor for determination of total 
glucosinolates 

2.3.1 Immobilisation of glucose oxidase 

Glucose oxidase (GOX) covalently immobilised onto a nylon net (Vrbova and Marek, 1990) was used 

to investigate the myrosinase/GOX biosensor for determination of total glucosinolates. The nets with 

the immobilised enzyme had been prepared at the University of Chemical Technology in Prague 

approximately two years before the project reported here was undertaken. The immobilisation 

consisted of these steps: 

• Hydrochloric acid (25 %, 20 µl) was applied onto a nylon net (2 x 2 cm square) for about 2 sand 

washed away thoroughly by distilled water followed by 96 % ethanol. This treatment caused 

hydrolysis of the amide bonds of nylon leaving amine groups exposed. 

• The net was allowed to dry and a solution consisting of GOX (0.1 mg), phosphate buffer (pH 7, 

0.1 M, 10 µl), glutaraldehyde (2.5%, 2.5 µl) and cyclohexylisocyanide (1 µI) was applied onto a 

spot which was created by the acid hydrolysis. 

• The immobilisation reaction was allowed to proceed for 48 hours at 4 °C. It was stopped by 

washing the net in phosphate buffer (pH 7, 0.1 M). 

• The nylon nets with immobilised GOX were stored in phosphate buffer at 4 °C. 

2.3.2 GOX biosensor 

2.3.2. l Biosensor design 

The biosensor (Fig. 2.1) was based on the measurement of oxygen uptake caused by oxidation of 

glucose by GOX. A Clark oxygen electrode was attached to a thennostated (30 °C) reaction vessel. A 

background solution was pipetted into the vessel and stirred using a magnetic stirrer. Following the 

stabilisation of the amperometric signal of the Clark electrode, the glucose sample was injected into 

the background solution and changes in amperometric signal were measured and recorded using a 

chart recorder TZ 4200 (Laboratornf pi'istroje, Czech Republic). GOX was either covalently 

immobilised on a nylon net attached to the surface of the electrode or was dissolved in the 

background solution. 

2.3.2.2 Determination of glucose using free form of GOX 

Background electrolyte (1.4 ml), which in a typical experiment consisted of phosphate buffer (pH 7, 

0.1 M) with dissolved GOX, was pipetted into the reaction vessel and stirred using a magnetic stirrer. 

Following the stabilisation of the amperometric signal, glucose sample (100 µl) was injected into the 

buffer and the amperometric response recorded. The reaction vessel was thoroughly washed with 

distilled water following each measurement. 
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2.3.2.3 Determination of glucose using immobilised GOX 

GOX was immobilised on a nylon net which was attached to the surface of the Clark electrode (Fig. 

2.1). Background solution (1.4 ml), typically phosphate buffer (pH 7, 0.1 M), was pipetted into the 

reaction vessel and stirred using a magnetic stirrer. Following the stabilisation of the amperometric 

signal, glucose sample (100 µI) was injected into the buffer and the amperometric response recorded. 

The reaction vessel was thoroughly washed with distilled water following each measurement. 

2.3.2.4 Myrosinase/GOX biosensor 

GOX was immobilised on a nylon net which was attached to the surface of the Clark electrode (Fig. 

2.1). Background solution (1.4 ml) consisting of phosphate buffer (pH 7, 0.1 M) with dissolved 

myrosinase was pipetted into the reaction vessel. Following the stabilisation of the amperometric 

signal, a glucosinolate sample (100 µ]) was injected into the buffer and the amperometric response 

recorded. The reaction vessel was thoroughly washed with distilled water following each 

measurement. 

2 

4 

1 5 

Fig. 2.1. A biosensor for glucose determination based on glucose oxidation by GOX. Clark oxygen electrode 
(I) connected to a potentiostat (2) was attached to a thermostatted (30 oq reaction vessel (3). The 
analysed solution ( 4) was stirred using a magnetic stirrer (5). GOX was either covalently immobilised 
on a nylon net attached to the surface of the electrode or was dissolved in the background solution. 
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2.3.3 Inhibition of GOX by products resulting from myrosinase hydrolysis of 
sinigrin 

The inhibition of the activity of GOX was investigated in these solutions: 

• Solutions (1 mM or 10 mM) of pure, isolated products of myrosinase hydrolysis of sinigrin -

allylisothiocyanide, allylcyanide and sulphate. 

• Solutions containing sinigrin (I mM or I 0 mM) and myrosinase (0.15 mg ml-1). 

Inhibition of the free form of GOX was investigated by incubating the enzyme in the above solutions 

for a given period of time. The whole mixture was then used as a background solution for 

determination of glucose using free form of GOX (section 2.3.2.2). Inhibition of the immobilised 

GOX was investigated by incubating the nylon net with the immobilised enzyme in the above 

solutions for a given period of time. The net was then used to prepare a probe for determination of 

glucose using immobilised GOX (section 2.3.2.3). 

2.4 Oxidation of glucosinolates by ferricyanide in neutral and alkaline 
solutions 

2.4.1 Spectrophotometry 

2.4.1.1 Apparatus 

A diode-array single-beam spectrophotometer (Hewlett-Packard, Modei 8452A) with HP 98532 UV

visible operating software, allowing full spectrum (190 - 850 nm) scan in 0.1 s, was used for optical 

measurements. Plastic disposable cuvettes (I cm light path length) were used. 

2.4.1.2 Spectrophotometric measurements 

Two types of experiments were carried out using HP 98532 UV-visible operating software: 

• General scanning software (HP 98532 A) was used for measurements of optical spectra of 

solutions of interest. Unless stated otherwise, the integration time was 25 s_ 

• Kinetic software (HP 98532 K) was used to carry out measurements ofreaction kinetics with the 

ferricyanide ion at 420 nm - the characteristic absorption maximum of potassium ferricyanide (e 

= 1020, Dawson et al., 1989). Unless stated otherwise, the integration time was 2 s. Absorbance 

was recorded as a function of time, the period between two absorbance measurements (cycle 

time) varied according to the experiment. 
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2.4.2 Electrochemistry 

2.4.2.1 Electrochemical methods 

Cyclic voltammetry and chronoamperometry were used to investigate the nature and mechanisms of 

electrochemical reactions using a three electrode potentiostat ICCMU (University Laboratory of 

Physiology, Oxford). Both direct and ferricyanide mediated electrochemistry of glucosinolates and 

their alkaline degradation products were investigated. Some experiments were carried out in the 

absence of oxygen. This was achieved by bubbling nitrogen through the analysed solution. 

Cyclic voltammograms were run using RDCV software (University Laboratory of Physiology, 

Oxford). The potential of the working electrode was continuously swept, typically between -400 mV 

and +800 m V vs. the reference electrode with a sweep rate of 20 m V /s. Current was recorded as a 

function of changing potential. 

Chronoamperometry experiments were run using FRQSENS software (University Laboratory of 

Physiology, Oxford). The potential of the working electrode was typically set at +800 m V vs. 

Ag/AgCl (satd. KC!) reference electrode. Current was recorded as a function of time, the period 

between two readings of current varied according to the experiment. 

2.4.2.2 Electrode arrangements 

Platinum wall-jet electrode 

The working electrode was a platinum disc positioned opposite the inlet jet; the reference electrode 

was Ag/ AgCl (satd. KCl); a platinum tube positioned at the outlet of a flow cell served as the counter 

electrode. The electrodes were housed in a wall-jet (Fig. 2.2) through which the samples were pumped 

by a peristaltic pump (Watson-Marlow 503S). The flow-arrangement required 5 minutes for proper 

mixing of the analysed solution. 

Stirred beaker arrangement with a carbon screen-printed electrode 

The working electrode was a carbon screen-printed electrode; reference electrode was Ag/AgCI (satd. 

KC!), Fig. 2.3. The sample was kept in a beaker and stirred using a magnetic stirrer. 
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Fig. 2.2. . Platinum wall-jet electrode. (W) ~latinum disc working electrode; (R) silver/silver chloride (satd. 
KC!) ref~rence electrode; (C) pl~tmum counter electrode. Samples were kept in a stirred beaker (1) 
from which they were pumped mto the wall-jet (2) by a peristaltic pump (3). Electrochemical data 
were collected from the potentiostat interface (4) which was connected to a computer (5). 
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Fig. 2.3. (Left) Stirred beaker arrangement of the electrochemical experiment (Right) Structure of the carbon 
screen-printed electrode. Carbon screen-printed electrode (1) was immersed in the sample facing a 
silver/silver chloride (satd. KC!) reference electrode (2), the distance between the two electrodes was 
about I cm, the solution was stirred. Electrochemical data were collected from the potentiostat 
interface (3) which was connected to a computer (4). Screen-printed carbon electrode served as 
aworking (5) and counter (6) electrodes. 
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2.4.3 Oxidation of glucosinolates and their alkaline degradation products by 
ferricyanide 

Oxidation by ferricyanide of glucosinolates and of the products resulting from their alkaline 

degradation was investigated both electrochemically and spectrophotometrically. Sinigrin, 

glucotropaeolin, 1-thioglucose, glycine and glucose were used as model compounds representing 

glucosinolates and their degradation products. Solutions of these compounds were prepared in 

background solutions in the pH range between 6 and -14 (see section 2.2) in the presence of 

ferricyanide (typically 1 mM). Except where stated otherwise, the solutions were prepared shortly 

before their use. Reactions occurring in the mixtures were followed using these electrochemical 

procedures: 

• Cyclic voltammograms were measured in the background solutions of ferricyanide both before 

and regularly after addition of the compounds studied. 

• Chronoamperometric experiments were run in the background solutions of ferricyanide in the 

presence of the compounds studied, with the potential of the working electrode typically set at 

+800 m V vs Ag/ AgCl (satd. KC!) reference electrode. 

The optical absorbance at 420 nm (OD420) of the solutions of interest was used to follow reduction of 

the ferricyanide by the model substances. These optical techniques were used: 

• Optical spectra were measured in the background solutions of ferricyanide both before and 

regularly after the addition of the compounds studied. 

• Absorbance (420 nm) was measured as a function of time in the background solutions of 

ferricyanide in the presence of the compounds studied. 

2.4.4 Direct electrochemistry of glucosinolates and their alkaline degradation 
products 

Direct electrochemistry of glucosinolates and products resulting from their alkaline degradation was 

investigated as a function of pH. Sinigrin, glucotropaeolin, 1-thioglucose, glycine and glucose were 

used as model substances representing glucosinolates and their degradation products. Solutions of 

these compounds were prepared in background solutions in the pH range between 7 and -14 (see 

section 2.2). Except where stated otherwise, the solutions were prepared shortly before their use. 

These procedures were used to study the electrochemical reactions occurring in the solutions: 

• Cyclic voltammograms were measured in the background solutions both before and regularly 

after the addition of the compounds studied. 
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• Chronoamperometric experiments were run in the background solutions in the presence of the 

compounds studied, with potential of the working electrode typically set at +800 mV vs. Ag/AgCl 

(satd. KC!) reference electrode. 

2.4.5 Auto-oxidation of 1-thioglucose 

The effect of auto-oxidation on the ability of 1-thioglucose to react with ferricyanide was examined 

both in neutral and in alkaline solutions. Solutions of 1-thioglucose (typically 1 mM) were prepared 

and allowed to stand at room temperature for a given period of time after which the solutions were 

examined using either optical or electrochemical techniques. 

2.4.6 Measurement of oxygen concentration 

A Clark-type polarographic oxygen electrode (Jenway, model 9010) was used to follow changes in 

oxygen concentrations. 

2.4.7 Preparation of pure disulphide of tbioglucose 

Disulphide ofthioglucose was prepared by oxidation of 1-thioglucose by iodine (Horton, 1963): 

• Wagner's iodine reagent (Weast, 1984) was prepared by dissolving 2 g of iodine and 6 g of 

potassium iodide in 100 ml of water. 

• An aqueous solution of 1-thioglucose (5 mM, 20 ml) was titrated by drop-wise addition of the 

Wagner's reagent using starch as an indicator until the colour persisted. The disulphide of 1-

thioglucose and iodide were products of the reaction. 

The crude reaction mixture of disulphide of 1-thioglucose and iodine resulting from the titration of 1-

thioglucose by Wagner's reagent was applied onto an anion-exchange column (Supleco Supelclean 

LC-SAX, 3 ml tubes, equilibrated in water). The flow-rate was maintained at 0.25 ml/min using 

compressed nitrogen; 2 ml fractions were collected and analysed for the presence of sugars and 

iodine. 

Sugars were identified in the post-column fractions by reaction with phenol and sulphuric acid 

(Dubois et al., 1956): 

• An aliquot of the post-column fraction (300 µI) was mixed with phenol (2.5 %, I ml). 

• Concentrated H2S04 (2 ml) was mixed into the solution. 

• Development of orange/red colour indicated the presence of sugars in the sample. 
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Iodide was identified in the post-column fractions by oxidation to iodine using starch as an indicator 

of iodine formation: 

• An aliquot of the post-column fraction (200 µl) was acidified by addition of concentrated H2SO4 

(30 µl). 

• Hydrogen peroxide (6% w/v, 200 µl) and starch (0.5 % w/v, 50 µ!) were added. 

• Development of deep blue colour indicated the presence of iodide in the sample. 

Those fractions which were identified positive for sugars and negative for iodide were considered to 

be pure solutions of disulphide ofthioglucose. 

2.4.8 Identification of disulphide of thioglucose using HPLC 

Ligand exchange HPLC was used to identify 1-thioglucose and its disulphide. A glass-jacket column 

packed with the sodium fonn of a strongly acidic cation exchange resin LGKS 0802 (Spolchemie, 

Czech Republic) thennostated at 53 °C was used. The mobile phase was deionised water and was 

maintained at a flow-rate of 6 ml h·1 using a Beckman 100 A pump. Detection was by means of an 

infra red detector Optilab 5902 (Tecator, Sweden) connected to a recorder TZ 4200 (Laboratomi 

pi'istroje, Czech Republic). 

A reference sam pie of the disulphide was prepared by oxidation of 1-thioglucose using a methanolic 

solution of iodine (Horton, 1963). Methanolic solution of iodine (I .4 g in 23 ml; approx. 0.5 M) was 

added drop-wise into 15 mM solution of 1-thioglucose until the iodine colour was slightly retained. 

2.5 Development of a spectrophotometric assay for total giucosinolates in 
rapeseed crops 

2.5.1 Calibration of the pH switch technique using model glucosinolates 

Sinigrin and glucotropaeolin solutions were prepared in deionised water in the following 

concentrations: 5, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55 and 60 mM. Each of these solutions was 

mixed with an equal volume of sodium hydroxide (2 M) and incubated for 10 minutes in the case of 

sinigrin and 30 minutes in the case of glucotropaeolin. The resulting mixture (200 µl) was injected 

into the background solution of ferricyanide (1 mM) in phosphate buffer (pH 7, 0.2 M, 4.8 ml). 

Changes in absorbance (420 nm) were recorded. 
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2.5.2 Extraction of glucosinolates from rapeseed into water or acetate buffer 

Glucosinolates were extracted from rapeseed either into deionised water or into acetate buffer (pH 

4.2, 0.2 M). Ground whole-fat seed (500 mg) was added to a solution of preheated, almost boiling 

extraction liquid (10 ml). The mixture was kept in a boiling water bath for 15 minutes. After cooling 

(5 min) the extract was centrifuged (Eppendorf centrifuge 5415C; 14,000 RPM; 5 min) and the 

supernatant was used for further experiments. 

2.5.3 Purification of extracts 

2.5.3.1 Isolation of intact glucosinolates using DEAE Sephadex 

Glucosinolates were isolated both from model solutions and from rapeseed extracts using DEAE

Sephadex A-25 column (DeClercq and Daun, 1989). Dry DEAE-Sephadex A-25 (0.5 g) was weighed 

into a volumetric flask and allowed to swell with deionised water (50 ml). The suspension was 

refrigerated when stored for long periods. The columns were prepared by pipetting the suspension (10 

ml, well stirred) into a Pasteur pipette with a wool-glass stopper inserted in the tip of the pipette. Prior 

to sample application, sodium hydroxide (0.5 M, 5 ml) was passed through the columns, followed by 

water (10 ml) to remove the excess sodium hydroxide. Columns were changed to acetate fonn by 

washing with pyridine-acetate buffer (0.5 M, 5 ml) followed by water (10 ml). 

An aliquot (3 ml) of extract was applied onto a Sephadex column and washed with 2 x 2 ml aliquots 

of distilled water, 2 x 2 ml aliquots of formic acid and 2 x 2 ml aliquots of distilled water, discarding 

the eluate each time. Intact glucosinolates were then eluted with 2 x 4.5 ml of potassium sulphate (0.3 

M). The separation thus resulted in three fractions: 

• fraction which passed through the column after the sample application(~ 3 ml); 

• fraction eluted with water+ formic acid(~ 12 ml); 

• fraction eluted with potassium sulphate (~9 ml). 

2.5.3.2 Adsorption with activated charcoal 

Activated charcoal was used to purify solutions of both model compounds and rapeseed extracts. 

Activated charcoal was added to the solutions at room temperature to a final concentration of 50 g 1-1• 

The solution was centrifuged following 15 min incubation. 

2.5.3.3 Adsorption with polyvinylpolypyrrolidone (PVPP) 

PVPP was used to purify solutions of both model compounds and rapeseed extracts. PVPP was added 

to the solutions at room temperature to a final concentration of 50 g 1-1• The solution was centrifuged 

following 15 min incubation. 
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2.5.3.4 Deproteination 

Proteins were removed from rapeseed extracts by precipitation with barium and lead acetates. The 

extract (typically 7.5 ml) was mixed with a solution (1.5 ml) containing 0.5 M each of barium and 

lead acetates and centrifuged (Eppendorf centrifuge 5415C; 14,000 RPM; 3 min). 

2.5.4 Alkaline treatment of extracts and subsequent reaction with ferricyanide 

The purified extract was mixed with an equal volume of sodium hydroxide (2 M). HCl was added 

after 30 min incubation (I part of cone. HCI to 13 parts of the alkaline solution) to neutralise the 

solution. The resulting mixture was centrifuged (Eppendorf centrifuge 5415C; 14,000 RPM; 3 min), 

and the supernatant mixed with an equal volume of ferricyanide (2 mM) prepared in phosphate buffer 

(pH 7, 0.2 M). 
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3 MODIFICATION OF A MYROSINASE/GLUCOSE OXIDASE (GOX) 
BIOSENSOR 

3.1 Introduction 

The objective of the work reported in this chapter was to construct a myrosinase/GOX coupled

enzyme biosensor for determination of isolated glucosinolates in model solutions. 

The methodology for total glucosinolates analysis based on myrosinase hydrolysis has been 

extensively reported in the literature. A number of procedures for total glucosinolate determination 

have been described previously based on complete conversion of glucosinolates into glucose by the 

enzyme myrosinase and subsequent determination of the glucose released using various routine 

analytical techniques (see section 1.2.3.2). Some of these methods have been successfully applied to 

the detennination of glucosinolates in rapeseed extracts after sample clean-up on DEAE Sephadex 

column: 

rapeseed DEAE Sephade" purified myrosinase ) glucose ~ determination of---~-- (3.1)
extract glucosinolates total glucose released 

Only a few attempts to construct a biosensor for total glucosinolates based on simultaneous use of 

GOX and myrosinase (3.2) have been described so far (see section 1.2.3.2) although, in principle, 

these methods should allow a more rapid analysis than those based on total conversion of 

glucosinolates by myrosinase. 

myrosinase g]ucoseoxidase,07 ) glucuronicacid + H2O2glucosinolate > glucose (3.2) 

Whilst the biosensor based on non-immobilised enzymes was reportedly (Iori et al., 1983) reliable, a 

gradual reduction in the signal of the sensor with time was observed by Koshy et al. (1988) when 

using GOX immobilised in a platinised carbon base. The authors postulated an inhibition of GOX by 

product(s) of the myrosinase reaction, a conclusion supported by experiments in which the GOX 

electrode was allowed to stand for 10 minutes in solutions containing myrosinase (3.9 U in 3 ml) and 

sinigrin (2.4 mM). The incubation resulted in 90 % reduction in GOX activity which was not restored 

by washing or keeping the electrode in glucose solution overnight. 

The work reported here describes the identification of the products of the myrosinase reaction that 

cause the inhibition of GOX and the modification of the myrosinase/GOX bi-enzyme biosensor as an 

attempt to reduce the by-product inactivation of GOX. The chapter reports on the following 

modifications to the biosensor described by Koshy et al. (1988): 
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• Covalent immobilisation ofGOX on nylon nets. 

• Detection of glucose via measurement of oxygen using a Clark oxygen sensor as opposed to 

direct amperometric detection of hydrogen peroxide. 

The inhibition of GOX by product(s) of myrosinase catalysed hydrolysis of glucosinolates was 

investigated using sinigrin as a model glucosinolate, whilst isolated allylisothiocyanate, allylcyanide 

and sulphate were used as model degradation products. The inhibition was studied (Fig. 3.1) both at 

pH 7, the condition under which myrosinase hydrolysis of glucosinolates leads to allylisothiocyanate 

as the major product, and at pH 5.5 in the presence of ferrous ions, allylcyanide and elemental sulphur 

being the major product ofmyrosinase reaction under these conditions. 

Inhibition of GOX by isolated inhibition of GOX by products 
products of myrosinase reaction released from glucosinolate 

hydrolysis 

allylisothiocyanide sinigrin 
allylcyanide

Model compounds sulphate 

Experiment incubation with incubation with incubation with incubation with 
step 1. immobilized GOX free GOX myrosinase and myrosinase and 

immobilized GOX free GOX 

pH condition pH?pH? pH? pH7
step 1. 

pH5.5 pH5.5 
presence of Fe(ll) presence of Fe{l1) 

Experiment measurement of measurement of measurement of measurement of
step 2. GOX activity GOX activity GOX activity GOX activity 

pH condition 
step 2. pH7 pH 7 pH7 pH7 

Fig. 3.1. Investigation of the inhibition of glucose oxidase (GOX) by products of myrosinase degradation of 
sinigrin. A glucose biosensor based on the Clark oxygen sensor was used to measure GOX activity. 

There were indications in the literature that, apart from the inhibition of GOX, there might be another 

limitation of the myrosinase/GOX biosensor based on measurement of the initial reaction rates: 

variation in rates of myrosinase hydrolysis were reported (Bjt',1tkman and Ltnnerdal, 1973) for 

different glucosinolates. If these results were reproduced in this work the responses of the biosensor 

based on detennination of the velocity of the myrosinase hydrolysis of different glucosinolates would 

vary. Therefore, a second glucosinolate glucotropaeo!in (ben:cy!g;luc<lSinofate) was included in the 
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study to determine whether the modified bi-enzyme system varied in response to different 

glucosinolates. In this case, however, there should still be the possibility to use the overall changes in 

current to determine the total glucosinolate concentration. 

3.2 Myrosinase/GOX biosensor 

3.2.1 Interpretation of the responses 

GOX was immobilised via the Ugi reaction by means of cyclohexyl isocyanide and glutaraldehyde on 

a nylon net partially hydrolysed by hydrochloric acid (Vrbova and Marek, 1990). The sensor was 

prepared by fixing the nylon net with immobilised enzyme on the tip of a Clark oxygen sensor. 

Myrosinase was dissolved in the background solution. Owing to the myrosinase reaction, the response 

of the myrosinase/GOX biosensor to glucosinolates was considerably slower than the response to 

glucose (Figs. 3.2 and 3.3). The relatively slow response following injection of the glucosinolates did 

not allow measurement of the derivative of the amperometric signal, dl/dt, as was possible in the case 

of glucose injections. Nevertheless, the amperometric responses to glucosinolates offered two 

characteristic to be measured: 

• The total change in current AI between the baseline and the steady-state current. 

• The slope of the initial change in current AI//1t (Fig. 3.3) - no software was used to read this 

characteristic, and it was achieved by drawing a line through the initial linear part of the response 

followed by calculating the slope. 

It will be shown in the following section that both of these characteristics could be correlated with 

glucosinolate concentration. No calculations were made to explain the shape of the response of the 

sensor to glucosinolate injections. Nevertheless, the three stages (Fig. 3.3; x,y,z) of the response to 

glucosinolate injection were interpreted as follows: 

x: The decrease in the magnitude of the current following the glucosinolate injection was a 

response of the sensor to decreasing concentration of oxygen due to the GOX reaction. 

y: The steady-state current reflected equilibrium between the consumption of oxygen via GOX 

reaction and its diffusion to the surface of the electrode. 

z: The following increase in current corresponded to the lower rate of the consumption of oxygen 

via GOX reaction compared with the rate of diffusion of oxygen to the surface of the electrode. 
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Fig. 3.2. Responses of the Clark oxygen sensor based myrosinase/GOX biosensor to glucose. (A) Total change 
in current resulting from addition of glucose (0.31 mM) to phosphate buffer (pH 7, 0.1 M). (B) dl/dt 
derivative of the signal A. The increase in signal on the y-axis corresponds to the decrease in current 
of the Clark oxygen sensor. GOX was immobilised on a nylon net near the surface of the Clark 
electrode. 
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Fig. 3.3. Responses of the Clark oxygen sensor based myrosinase/GOX biosensor to sinigrin. (A) Total change 
in current resulting from addition of sinigrin (0.625 mM) to the background solution of phosphate 
buffer (pH 7, 0.1 M). {B) dl/dt derivative of the signal A. The increase in signal on the y-axis 
corresponds to the decrease in current of the Clark oxygen sensor. GOX was immobilised on a nylon 
net near the surface of the Clark electrode. Myrosinase (0.25 mg mr1, left; 0.5 mg ml"1, right) was 
dissolved in the background solution. 
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3.2.2 Sinigrin and glucotropaeolin calibration curves 

Different responses were observed of the myrosinase/GOX biosensor to sinigrin and glucotropaeolin. 

The responses differed both in the total change in current between the baseline and the steady-state 

current Lil (Fig. 3.4) and in the speed of current change (Lll/Lit) measured after the glucosinolate 

injection (Fig. 3.4). The dependence of the responses of the biosensor to glucosinolate concentration 

was linear up to 0.6 mM using the steady-state current as the measure of glucosinolate concentration 

(Table 3.1). 
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Fig. 3.4. Calibration of the GOX/myrosinase biosensor using (A) sinigrin and (B) glucotropaeolin. Responses 
are of the Clark oxygen sensor with immobilised GOX. Background electrolyte was phosphate buffer 
(pH 7, 0.1 M) with myrosinase (0.5 mg mr1). Total change in current of the Clark electrode (left 
chart) and the speed of the change in current in the linear part of the response (right chart) were 
followed. 

glucosinolate slope ± s.e. a intercept 
/µAmM"1 ± s.e.• 

sinigrin 17.503 ± 0.422 0.434 ± 0.123 0.997 

glucotropaeolin 20.033 ± 1.299 1.168 ± 0.378 0.981 

Table 3.1. Summary of calibration results from determinations of sinigrin and of glucotropaeolin using 
GOX/myrosinase biosensor. Within the concentration range OmM to 0.625 mM the concentration 
of glucosinolate could be obtained from measurements of steady-state current of a Clark oxygen 
sensor: 

al [glucosinolate] . t t1- = s opex =----~+ m ercep 
µA mM 

• s.e. is the standard error 
b coefficient of determination. 
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3.3 Inhibition of GOX by products of myrosinase reaction at pH 7 

3.3.1 Inhibition of free GOX by pure products - allylisothiocyanate, allylcyanide and 
sulphate 

No inhibition of free GOX was observed by either sinigrin or isolated products of myrosinase 

degradation ofsinigrin provided that the concentration of these compounds was 1 mM (Fig. 3.5). The 

slight decrease in activity over 24 hours of the incubation of GOX with sinigrin (1 mM), 

allylisothiocyanate (1 mM), allylcyanide (I mM) or sulphate (1 mM) was of a similar rate compared 

with the decrease in the absence of these compounds and could not therefore be attributed to their 

inhibitory effects. 

Similarly, no inhibitory effects on free GOX were observed of sinigrin, allylcyanide and sulphate at 

10 mM concentrations (Fig. 3.6). Contrastingly, an apparent inhibition of GOX was observed in the 

presence of 10 mM allylisothiocyanate. The activity of the enzyme decreased gradually within the 

first 50 hours of the incubation with allylisothiocyanate (10 mM) after which the activity stabilised at 

about 60% of its original state. The stabilisation may be attributed to volatility and instability of 

allylisothiocyanate in aqueous solutions (Pechacek et al., 1997) causing its slow disappearance from 

the solution. 
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Fig. 3.S. Effects of (A) sinigrin, (B) allylisothiocyanate, (C) allylcyanide and (D) sodium sulphate on the 
activity of free GOX. GOX (0.075 mg/ml) was incubated in phosphate buffer (pH 7, 0.1 M) at room 
temperature for the times shown; (A,B,C,D) in the presence of the indicated compounds (l mM; (E) 
in the absence of the indicated compounds. The relative responses are those of Clark sensor to 0.625 
mM glucose in these solutions. 
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Fig. 3.6. Effects of (A) sinigrin, (B) allylisothiocyanate, (C) allylcyanide and (D) sodium sulphate on the 
activity of free GOX. GOX (0.075 mg/ml) was incubated in phosphate buffer (pH 7, 0.1 M) at room 
temperature for the times shown; (A,B,C,D) in the presence ofthe indicated compounds (10 mM); (E) 
in the absence of the indicated compounds. The relative responses are those of Clark sensor to 0.625 
mM glucose in these solutions. 

3.3.2 Inhibition of free GOX by products resulting from sinigrin hydrolysis by 
myrosinase at pH 7 

Products of myrosinase hydrolysis of sinigrin at pH 7, the condition favouring production of 

allylisothiocyanate as the major product, did not show an inhibitory effect on free GOX when 1 mM 

sinigrin was used as the substrate (Fig. 3.7). However, decrease in activity of GOX was observed on 

incubation with myrosinase hydrolysis products released from 10 mM sinigrin (Fig. 3.8). Incubation 

with myrosinase in the absence of sinigrin had no effect on the GOX activity. The inhibitory effect 

was ascribed to allylisothiocyanate due to the similarity between the effect of isolated 

allylisothiocyanate and myrosinase hydrolysis products in pH 7 on the GOX activity. Lower responses 

to glucose were observed in the first 30 minutes of GOX incubation with myrosinase and sinigrin (10 

rnM), a phenomenon not observed on incubation with allylisothiocyanate. It was concluded that the 

lower magnitude of the initial responses were caused by interference of glucose generated on sinigrin 

hydrolysis by myrosinase: following its release by the action of myrosinase, glucose was 

instantaneously oxidised by oxygen under the catalysis of GOX present in the reaction mixture. It 

resulted in lowered concentration of oxygen in the mixture and thus in the underestimation of the 

concentration ofglucose added as a sample. 
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Fig. 3.7. Effects of products of myrosinase hydrolysis of sinigrin (1 mM) on the activity of free GOX. GOX 

mr

(0.075 mg mr1) was incubated in phosphate buffer (pH 7, 0.1 M) at room temperature for the times 
shown; (A) in the presence of myrosinase (0.15 mg ml" 1), (B) in the presence of myrosinase (0.15 mg 

1) and sinigrin (1 mM), (C) in the absence of the indicated compounds. The relative responses are 
those of Clark sensor to 0.625 mM glucose in these solutions. 
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Fig.3.8. Effects of products of myrosinase hydrolysis of sinigrin (JO mM) on the activity of free GOX GOX 
(0.075 mg ml" 1) was incubated in phosphate buffer (pH 7, 0.1 M) at room temperature for the times 
shown; (A) in the presence of myrosinase (0. I 5 mg rnr\ (B) in the presence of myrosinase (0.15 mg 
ml"1) and sinigrin (10 mM), (C) in the absence of the indicated compounds. The relative responses are 
those of Clark sensor to 0.625 mM glucose in these solutions. 
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3.3.3 Inhibition of immobilised GOX by products of sinigrin hydrolysis by 
myrosinase at pH 7 

No apparent fall in activity of immobilised GOX was recorded over the period of four days during 

which it was kept in the solution of sinigrin (1 mM) and myrosinase (0.15 mg mr1) in phosphate 

buffer (pH 7, 0.1 M), Fig. 3.9. However, products of myrosinase hydrolysis of 10 mM sinigrin in 

phosphate buffer (pH 7, 0.1 M) caused considerable decrease in activity of immobilized GOX which 

was slightly restored after keeping the enzyme in phosphate buffer (pH 7, 0.1 M) overnight (Fig. 3.9). 
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Fig. 3.9. Effect of products resulting from myrosinase hydrolysis of sinigrin at pH 7 on the activity of 
immobilised GOX. GOX was covalently immobilised on a nylon net attached to the surface of the 
Clark oxygen sensor. The relative responses are those of the Clark sensor to 0.625 mM glucose in 
phosphate buffer (pH 7, 0.1 M). The nylon net with the immobilised enzyme was kept in phosphate 
buffer (pH 7, 0.1 M) between the measurements; (A) in the absence of myrosinase and sinigrin; (B,C) 
in the presence of myrosinase (0.15 mg ml"l) and sinigrin (1 mM - B; IOmM - C). The dotted line 
refers to keeping the nylon net in phosphate buffer (pH 7, 0.1 M) between the measurements. 

3.4 Inhibition of GOX by products of myrosinase reaction at pH 5.5 in the 
presence of Fe2+ 

3.4.1 Inhibition of free GOX 

Myrosinase hydrolysis of sinigrin in pH below 6 in the presence of ferrous cations favours formation 

of allylcyanide at the expense of allylisothiocyanate (McGregor et al., 1983). The inhibition of GOX 

by products resulting from myrosinase hydrolysis of sinigrin under these conditions could be 

investigated using Mcllvaine buffer (pH 5.5, 0.1 M) in the presence of ferrous sulphate (2.5 mM). 

However, the auto-oxidation of ferrous cations by oxygen caused interference in measurement of 

glucose: lower concentration ofoxygen due to the Fe2"' auto-oxidation resulted in the underestimation 

of responses to glucose using Clark oxygen based glucose sensor. Nevertheless, despite this drawback 
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in assaying GOX activity in the presence of ferrous cations an inhibition of GOX by products of 

myrosinase hydrolysis of sinigrin (10 mM) in pH 5.5 in the presence of ferrous sulphate was observed 

(Fig. 3.10). As the oxidation of ferrous to ferric cations proceeded towards completion, the 

concentration of oxygen in the solution increased and therefore the apparent activity of GOX also 

increased in the absence of myrosinase and sinigrin. Contrastingly, when sinigrin (10 mM) and 

myrosinase (0.15 mg mr1) were present in the solution together with ferrous sulphate, the apparent 

activity of GOX steadily decreased (Fig. 3 .10). 
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Fig. 3.10. Effects of products resulting from myrosinase hydrolysis of sinigrin (at pH 5.5 in the presence of 
ferrous cations) on the activity of free GOX. GOX (0.075 mg ml" 1) was incubated in McI!vaine buffer 
(pH 5.5, 0.1 M) at room temperature for the times shown; (A) in the presence ofFeSO4 (2.5 mM), (B) 
in the presence of myrosinase (0.15 mg ml"1), sinigrin (10 mM) and FeSO4 (2.5 mM), (C) in the 
absence of the indicated compounds. The relative responses are those of Clark sensor to 0.625 mM 
glucose in these solutions. 

3.4.2 Inhibition of immobilised GOX 

An inhibition of immobilised GOX was observed by products of myrosinase hydrolysis of sinigrin (10 

mM) at pH 5.5 in the presence of ferrous sulphate (Fig. 3.11) which was not restored by keeping the 

enzyme in phosphate buffer (pH 7, 0.1 M). The activity of the immobilised enzyme fell much more 

rapidly than was the case when products of the myrosinase reaction carried out in pH 7 were used as 

an inhibitors. Furthennore, the inhibition of the immobilised GOX at pH 5.5 in the presence of Fe2+ 

was considerably larger than inhibition of free GOX under the same conditions. 
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Fig. 3.11. Effects of products resulting from myrosinase hydrolysis of sinigrin (at pH 5.5 in the presence of 
ferrous cations) on the activity of immobilised GOX. GOX was covalently immobilised on a nylon 
net attached to the surface of the Clark oxygen sensor. The relative responses are those of the Clark 
sensor to 0.625 mM glucose in phosphate buffer (pH 7, 0.1 M). The nylon net with immobilised 
enzyme was kept in solution of FeSO4 (2.5 mM, in Mcilvaine buffer, pH 5.5, 0.1 M) between the 
measurements; (A) in the absence ofmyrosinase and sinigrin; in the presence (B) ofmyrosinase (0.15 
mg mrl) and sinigrin (10 mM). The dotted line refers to keeping the nylon net in phosphate buffer 
(pH 7, 0.1 M) between the measurements. 

3.5 Summary 

3.5.1 Meeting the objectives 

The main objective of the work reported in this chapter was met: a modified myrosinase/GOX 

coupled-enzyme biosensor for determination of isolated glucosinolates in model solutions was 

constructed. The biosensor was based on measurement of the consumption of oxygen in a 

glucosinolate sample in the presence of myrosinase using GOX immobilised near the surface of a 

Clark oxygen sensor. 

The investigations to meet the main objective included: 

• Construction of the biosensor and investigation of its perfonnance using two model 

glucosinolates - sinigrin and glucotropaeolin. Attempts were made to correlate both the initial

rate and the steady-state responses with glucosinolate concentration. 

• Investigation of the inhibition of GOX by products of the myrosinase reaction and determination 

of its effect on the performance of a biosensor based on simultaneous use of myrosinase and 

immobilised GOX. 

• An assessment of the value of the system in the rapid analysis of isolated glucosinolates and 

natural samples. 
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The main outcomes of the work were: 

• The biosensor demonstrated good sensitivity and speed to the determination of isolated 

commercial glucosinolates. However, a difference in the magnitude of the response was observed 

to two model glucosinolates - sinigrin and glucotropaeolin. 

• Apparent reduction in inhibition of GOX activity was achieved by covalent immobilisation on 

nylon nets as opposed to direct immobilisation in a platinised carbon base reported by Koshy et 

al. (1988). 

3.5.2 Digest of the results 

GOX was covalently immobilised on a nylon net using a method routinely used in the laboratories at 

the University of Chemical Technology in Prague. This method of immobilisation allows an excellent 

storage stability of the enzyme layer (longer than 30 months) and operational stability of more than 

200 analyses ofglucose (Vrbova and Marek, 1990). 

Construction of the biosensor for glucosinolates was achieved by attaching the nylon net with 

immobilised GOX to the surface of the Clark oxygen sensor. Background solution consisted of 

phosphate buffer with dissolved myrosinase. The dependence of the responses of the biosensor to 

glucosinolate concentration was linear up to 0.6 mM using the steady state current as the measure of 

glucosinolate concentration. It was also possible to correlate the initial rate of the response with 

glucosinolate concentration, which, in principle, has the potential to make considerably more rapid 

measurements. However, a difference in the response of the myrosinase/GOX biosensor was observed 

to equal concentrations of sinigrin and glucotropaeolin. The difference was both in the initial rate of 

the responses and in the total change in current between the baseline and the steady-state current 

measured in a glucosinolate sample. It was concluded that different rates of hydrolysis of the two 

glucosinolates (Bjorkman and Lonnerdal, 1973) accounted for the difference in the initial rate of the 

responses of the biosensor. The reason why the steady-state current depended on the nature of the 

glucosinolate was not fully elucidated. However, given a steady rate of diffusion of oxygen through 

the stirred solution to the surface of the Clark sensor, the slower rate of the myrosinase hydrolysis in 

the reaction mixture caused a slower consumption of oxygen via the subsequent GOX reaction, and 

could thus allow a more effective replenishment of the consumed oxygen leading to lower responses 

ofthe Clark sensor: 
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Nevertheless, different steady-state responses to glucosinolates were also observed by Koshy et al. 

(1988) while using production of hydrogen peroxide as the measure of glucosinolate concentration. It 

could indicate that other effects might account for the observed differences. 

Allylisothiocyanate, one of the products ofmyrosinase hydrolysis of sinigrin at pH 7 was shown to 

inhibit GOX. The activity of free GOX dropped to about half of its original value on incubation (40 

h) with allylisothiocyanate (10 mM). Similarly, incubation with products resulting from myrosinase 

hydrolysis of sinigrin at pH 7 (I OmM) resulted in a decrease in activity of both immobilised and free 

GOX, the inhibition being attributed to allylisothiocyanate, the formation of which is favoured at pH 

7. The inhibition process was considerably slower than that described by Koshy et al. (1988) when 

using GOX immobilised directly in a platinised carbon base. Furthermore, no inhibition was observed 

by products resulting from degradation of 1 mM sinigrin - this factor is more important since it is a 

concentration that is unlikely to be exceeded in natural extracts. 

Neither sulphate nor allylcyanide, two of the three main products of myrosinase hydrolysis of sinigrin 

at pH 5.5 in the presence of ferrous cations, was shown to inhibit GOX. Inhibition of GOX by 

elemental sulphur - the last major products of myrosinase hydrolysis under these conditions - was not 

investigated. Attempts were made to circumvent the inhibition of GOX observed by sinigrin 

degradation products at pH 7 by carrying out the reaction under conditions favouring the production of 

allylcyanide at the expense of allylisothiocyanate. However, the products of myrosinase hydrolysis of 

sinigrin (10 mM) carried out at pH 5.5 in the presence of ferrous sulphate caused inhibition of both 

free and immobilised GOX. The activity of immobilised enzyme dropped to zero in about 24 hours of 

incubation with the reaction mixture and was not restored by keeping the enzyme in phosphate buffer 

(pH 7, 0.1 M). Elemental sulphur was suspected to account for the inhibition. 

It was concluded that in comparison with GOX directly in a platinised carbon base (Koshy et al., 

1988) the use of GOX immobilised covalently on nylon nets offered some protection to by-product 

interference. The inhibition was not therefore as limiting to this modified GOX/myrosinase sensor as 

that reported by Koshy et al. (1988). It was also inferred that in order to minimise the inhibiting effect 

of products of rnyrosinase reaction the analysis should be performed at pH > 7 to avoid production of 
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elemental sulphur in the possible presence of Fe2+. Conclusions regarding the effect of different rates 

of myrosinase hydrolysis of various glucosinolates on the applicability of the sensor would require 

further investigations using both isolated glucosinolates and natural samples. 
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4 ALKALINE DEGRADATION OF GLUCOSINOLATES LINKED WITH 
FERRICYANIDE REDUCTION 

4.1 Introduction 

The main objective of the work reported in this chapter was to develop a procedure for detennination 

of isolated glucosinolates in model solutions based on the use of ferricyanide as a reagent with 

glucosinolates. At the outset of the investigations described here, it was supposed that glucosinolates 

could be oxidised by ferricyanide and that if these reactions were quantitative then they might offer 

the possibility of rapid detennination of glucosinolates using simple spectrophotometric or 

electrochemical techniques to follow the resultant changes in ferrocyanide concentration. These 

methods would be of particular interest as being compatible with sensor technology developed at 

SCRG Luton. 

Reaction of glucosinolates with ferricyanide was reported (Wagner et al., 1965) as a method for their 

detection after TLC. It was accomplished by spraying the layer with 25 % trichloroacetic acid in 

chloroform followed by 20 minutes heating at 140 °C with ferricyanide/ferric chloride, the treatment 

leading to formation of intensively blue spots: 

140 °Cglucosinolate + ferricyanide/ferric chloride Prussian blue fonnation (4.1) 

No indication was found in the literature as to whether or not it was possible to carry out such a 

reaction under milder conditions. Nevertheless, if the direct oxidation of glucosinolates by 

ferricyanide was found not to be feasible at room temperature then it was still believed that reduction 

of ferricyanide could be achieved by products resulting from alkaline degradation of glucosinolates. 1-

Thioglucose was described (Friis et al., I 977) to be one of the products of alkaline degradation of 

glucosinolates: 

R - glucosinolate OH" (4.2) 

Thiol compounds are known to be readily oxidized by ferricyanide (Dawson et al., 1989), so the 

alkaline treatment of glucosinolates and subsequent reaction of the degradation products with 

ferricyanide offers the possibility ofquantitative determination of glucosinolates. 

Therefore, investigations into the use of ferricyanide reduction as an indirect measure of 

glucosinolates focused on two main approaches: 
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Direct oxidation Indirect oxidation Control non-mediated 
by ferricyanide by ferricyanide electrochemistry 

(I) (II) (Ill) 

sinigrin sinigrin sinigrin 
Model compounds glucotropaeolin glucotropaeolin glucotropaeolin 

1-thioglucose 1-thioglucose 
disulphide glycine 
glycine 

------------------l---------------1-------------------------------
Experiment Ireaction with reaction with alkaline ldirect 
step 1. ferricyanide ferricyanide incubation electrochemistry 

-----------------i-------------t---------- ---------------------
pH condition pH 7I I pH 7 pH 12 pH 7step 1. 

pH 12 NaOH (1 M) pH 12 

NaOH (1 M) NaOH (1 M) 

Experiment 
reaction with 

step 2. 
ferricyanide 

pH condition pH 7 
step 2. 

Methods 
SPECII ELEC I SPEC I ELEC I SPEC l ELEC I I ELECI 

Fig. 4.1. Spectrophotometric (SPEC) and electrochemical (ELEC) investigations into the oxidation of 
glucosinolates by ferricyanide in neutral (I) and alkaline (II) solutions, and non-mediated 
electrochemical investigation of glucosinolates and their alkaline degradation products (III). 

4.2 Quantitative determination of glucosinolates based on their direct 
oxidation by ferricyanide at pH 7 

4.2.1 Spectrophotometric and electrochemical characteristics of the ferricyanide-
ferrocyanide couple at pH 7 

Reduction of ferricyanide to ferrocyanide in neutral phosphate buffer could be followed both 

spectrophotometrically and electrochemically. Optical spectra of ferricyanide-ferrocyanide mixtures 

(Fig. 4.2) showed decrease in absorbance around 420 nm and 300 nm with decreasing concentration 

of ferricyanide. Due to very low absorbance of ferrocyanide at 420 nm (Fig. 4.3) it was more 

convenient to carry out the sepectrophotometric detection of ferricyanide reduction to ferrocyanide at 

this wavelength rather than at 300 nm. The absorption coefficient of ferricyanide (Z420 =1020) could 

then be used for quantitative measurements. 
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Fig. 4.2. Absorbance spectra of mixtures of ferricyanide and ferrocyanide. Identical spectra were obtained 
with identical ferricyanide/ferrocyanide mixtures in phosphate buffers (pH 7, pH 12, 0.2 M) and in 
aqueous NaOH (l M). Concentrations of ferricyanide+ferrocyanide /mM: (A) l+O, (B) 0.75+0.25, 
(C) 0.5+0.5, (D) 0.25+0.75, (E) O+ 1. 
Diode array spectrophotometer, signal integration time: 25 s. 
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Fig. 4.3. Absorbance spectra of ferrocyanide in phosphate buffers. Identical spectra were obtained with 
identical ferrocyanide solutions in phosphate buffers (pH 7, pH 12, 0.2 M). Concentrations of 
ferrocyanide /mM: (A) 1, (B) 10, (C) 50, (D) 100. 
Diode array spectrophotometer, signal integration time 25 s. 

Cyclic voltammograms of ferricyanide-ferrocyanide mixtures in neutral phosphate buffer showed 

increase in current over the potential range from -0.4 V to +o.8 V vs. Ag/AgC! (satd. KCl) with 

increasing concentration of ferrocyanide (Fig. 4.4). The cathodic current could not be simply 

attributed to varying ferricyanide and ferrocyanide concentrations because the experiments were 
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carried out in the presence of oxygen, reduction of which obscured current in the potential region 

between -0.4 to +0.4 V vs. Ag/AgCl (satd. KCI), Fig. 4.5. However, the increase in anodic current 

with increasing ferrocyanide concentration was ascribed to electro-ooxidation of ferrocyanide at the 

surface of the platinum working electrode, and it could therefore be used to follow ferricyanide 

reduction to ferrocyanide. 

20 
E 
D 
C 
8 
A 

potential N 

Fig. 4.4. Cyclic voltammetry of mixtures of ferricyanide and fcrrocyanide in phosphate buffer (pH 7, 0.2 M). 
Concentrations of ferricyanide+ferrocyanide /mM: (A) 1+0, (8) 0.75+0.25, (C) 0.5+0.5, (D) 
0.25+0.75, (E) 0+1. 
Platinum wall-jet electrode; flow rate= 1.2 ml/min; sweep rate= 20 mV/s. 
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Fig. 4.5. The effect of oxygen on cyclic voltammograms offerricyanide (1 mM) in phosphate buffer (pH 7, 0.2 
M). Cyclic voltammograms were recorded of the ferricyanide solutions before (A) and after nitrogen 
had been bubbled through for 10 min (B) or 60 min (C). 
Platinum wall-jet electrode; flow rate= 1.2 ml; sweep rate 20 mV/s. 
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4.2.2 Direct oxidation of glucosinolates by ferricyanide at pH 7 

The possibility of spectrophotometric or electrochemical quantitative determination of glucosinolates 

based on their reaction with ferricyanide in neutral solutions at room temperature was investigated. It 

was concluded from the preliminary investigations that the quantitative characteristics of the oxidation 

of glucosinolates by ferricyanide would be a change in absorbance at 420 run, monitored 

spectrophotometrically, and/or increase in anodic current, measured electrochemically. 

However, neither sinigrin nor glucotropaeolin were shown to reduce ferricyanide in neutral phosphate 

buffer at room temperature. No changes in absorbance (420 run) of the neutral ferricyanide (l mM) 

solution were observed on addition of either sinigrin ( l mM) or glucotropaeolin (1 mM), Fig. 4.6. 

Correspondingly, addition of sinigrin did not affect the anodic current measured in neutral 

ferricyanide solution (Fig. 4.6). 
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Fig. 4.6. Optical spectra and cyclic voltammetry of sinigrin (1 mM) and glucotropaeolin ( I mM) in 
ferricyanide (1 mM, in phosphate buffer, pH 7, 0.2 M). Spectrum A and voltammogram A are of the 
background electrolyte. Time after addition of sinigrin /min: (B) 5, (D) 60. Time after addition of 
glucotropaeolin /min: (C) 5, (E) 60. 
Platinum wall-jet electrode; flow rate= 1.2 ml/min; sweep rate"' 20 mV/s. 
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4.2.3 Comparative non-mediated electrochemistry of glucosinolates at pH 7 

To ensure that the mediator couple was not masking any changes resulting from non-mediated 

oxidation of glucosinolates, the possibility of direct electro-oxidation of sinigrin at neutral pH was 

investigated. Sinigrin was shown not to be electrochemically active in neutral pH causing no change 

in cyclic voltammograms when added to neutral phosphate buffer (Fig. 4.7). The cathodic wave 

observed in neutral phosphate buffer both in the presence and in the absence of sinigrin (Fig. 4.7) was 

caused by reduction of oxygen at the surface of the platinum working electrode (Fig. 4.8). 

-0.6 

A, B,C 

-40 1 

potential IV 

Fig. 4.7. Cyclic voltammetry ofsinigrin (I mM) in phosphate buffer (pH 7, 0.2 M). Voltammogram A is of the 
background electrolyte. Time after addition of sinigrin /min: (B) 5, (C) 60. 
Platinum wall-jet electrode; flow rate= 1.2 ml/min; sweep rate 20 mV/s. 
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Fig. 4.8. The effect of oxygen on cyclic voltammograms of phosphate buffer (pH 7, 0.2 M). Cyclic 
voltammograms were recorded in the buffer solution before (A) and after (B,C) nitrogen had been 
bubbled through for JO min (B) or 60 min (C). 
Platinum wall-jet electrode; flow rate= 1.2 ml; sweep rate 20 mVis. 

60 



4.2.4 Applicability of the neutral ferricyanide oxidation of glucosinolates to their 
quantitative determination 

It was concluded that the quantitative determination of glucosinolates can not be achieved simply by 

either direct electro-oxidation or by reacting glucosinolates with ferricyanide in a neutral solution at 

room temperature. Therefore, the subsequent investigations towards ferricyanide mediated 

spectrophotometric or electrochemical analysis of glucosinolates were based on ferricyanide oxidation 

of products resulting from alkaline degradation of glucosinolates. These investigations are reported in 

the following text. 

4.3 Determination of glucosinolates using their alkaline degradation and 
subsequent reaction with ferricyanide 

4.3.1 Spectrophotometric and electrochemical characteristics of the ferricyanide
ferrocyanide couple in alkaline solutions 

No difference was found between the absorbance spectra of ferricyanide-ferrocyanide mixtures (Fig. 

4.2) measured in neutral or alkaline phosphate buffers, or in aqueous sodium hydroxide (1 M). Thus, 

reduction of ferricyanide in alkaline solutions could be followed spectrophotometrically using the 

absorption coefficient offerricyanide (c:420 =1020). 

Cyclic voltammograms of mixtures of ferricyanide and ferrocyanide in alkaline phosphate buffer 

showed increase in current over the whole potential range from -0.4 V to +0.8 V vs. Ag/AgCl (satd. 

KC!) with increasing concentration of ferrocyanide in the mixture (Fig. 4.9). Whilst the interpretation 

of the cathodic current is complicated by the electroactivity of oxygen at negative potentials (Fig. 

4.10), the increase in anodic current with increasing ferrocyanide concentration was ascribed to 

electro-oxidation of ferrocyanide at the surface of the platinum working electrode. Reduction of 

ferricyanide in alkaline phosphate buffer could therefore be followed electrochemically at potentials > 

+0.4 V vs. Ag/AgCI (satd. KC!). 

Similar voltammograms were obtained in ferricyanide-ferrocyanide mixtures in NaOH (l M). 

However, in this case, the anodic current caused by ferricyanide reduction at the surface of the 

platinum electrode was obscured by a huge current resulting from oxidation of hydroxide anion at 

potentials above +0.6 V vs. Ag/AgCl (satd. KC!), Fig. 4.9. 
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Fig. 4.9. Cyclic voltarnmetry of mixtures of potassium ferricyanide and potassium ferrocyanide in phosphate 
buffer (pH 12, 0.2 M; top diagram) and in NaOH (I M; bottom diagram). Concentrations of 
ferricyanide+ferrocyanide /mM: (A) 1+O, (B) 0.75+0.25, (C) 0.5+0.5, (D) 0.25+0.75, (E) O+ l. 
Platinum wall-jet electrode; flow rate= 1.2 rnl/min; sweep rate= 20 m V /s. 
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Fig. 4.10. Effect of oxygen on cyclic voltammograms offerricyanide (1 mM) in phosphate buffer (pH 12, 0.2 
M). Cyclic voltammograms were recorded of the ferricyanide solutions before (A) and after (B, C) 
nitrogen had been bubbled through for 10 min (B) or 60 min {C). 
Platinum wall-jet electrode; flow rate= 1.2 ml; sweep rate 20 mV/s. 

62 

http:0.25+0.75
http:0.75+0.25
https://0.25+0.75
https://0.75+0.25


Therefore, reduction of ferricyanide in alkaline solutions could be monitored both 

spectrophotometrically and electrochemically. However, a slow reduction of ferricyanide by 

hydroxide ion was described (Bhattacharyya and Roy, 1986) in concentrated solutions of hydroxide: 

(4.5) 

Although the reaction was reported to occur spontaneously only in concentrated (> 5 M) hydroxide 

solutions, application of a potential (> 0.4 V) between two electrodes dipped in the ferricyanide-alkali 

solutions allowed the reaction to proceed in lower concentrations of hydroxide (Bhattacharyya and 

Roy, 1986). Any potential interference from such a reaction of the glucosinolate analysis based on 

their oxidation by ferricyanide in an alkaline solution was investigated. 

Incubation of ferricyanide in NaOH (I M) for two hours resulted only in a negligible decrease in 

absorbance at 420 nm (Fig. 4.11) indicating that either no reduction or only an extremely slow 

reduction of ferricyanide took place. Similarly, chronoamperometry (+0.8 V vs. Ag/AgC!, satd. KCl) 

of potassium ferricyanide (1 mM) in phosphate buffer (pH 12, 0.2 M) showed only a slow increase in 

current (Fig. 4.12) which corresponded to a very slow reduction of ferricyanide observed in a parallel 

spectrophotometry experiment (Fig. 4.12). 

It was therefore inferred that neither incubation in NaOH (1 M) nor incubation in alkaline phosphate 

buffer with a constant potential (+0.8 V vs. Ag/AgCI, satd. KC!) applied between the platinum 

working electrode and Ag/AgC! (satd. KC!) reference electrode dipped in the solution had any 

considerable effect on the concentration offerricyanide. Consequently, alkaline ferricyanide solutions, 

namely alkaline phosphate buffer and sodium hydroxide (1 M), could be used to investigate oxidation 

of glucosinolates both spectrophotometrically and electrochemically with a view to achieving their 

quantitative determination. 
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Fig. 4.11. Reduction offcrricyanide by hydroxide ion. Ferricyanide (1 mM) was prepared in sodium hydroxide 
( I M). Reduction of ferricyanide was followed spectrophotometrically at 420 nm. 
Diode array spectrophotometer, signal integration time: 2 s. 
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Fig. 4.12. (Top) chronoamperometry (+0.4 V vs. Ag/AgCI, satd. KC!) of ferricyanide (1 mM) in phosphate 
buffer (pH 12, 0.2 M). Samples of the solution were taken and analysed spectrophotometrically 
(bottom). Time after applying the potential /min: (A) 0, (B) 30, (C) 60, (D) 120. 
Platinum wall-jet electrode; flow rate = 1.2 ml/min. 
Diode array spectrophotometer, signal integration time: 2 s. 

4.3.2 Reduction of ferricyanide by glucosinolates in alkaline solutions 

Sinigrin (1 mM) added to a solution of ferricyanide (1 mM) in alkaline phosphate buffer caused a 

slow decrease in absorbance at 420 nm (Fig. 4.13), whilst simultaneously recorded cyclic 

voltammograms showed an increase in current over the potential range from -0.4 V to +0.8 V vs. 

Ag/AgCl (satd. KCl), Fig. 4.14. Both the optical and the electrochemical changes indicated that 

reduction of ferricyanide to ferrocyanide had occurred. Glucotropaeolin also reduced ferricyanide in 

alkaline phosphate buffer, the reaction showing a lower rate compared with that ofsinigrin (Fig. 4.15). 

Since no reduction of ferricyanide was observed by neither sinigrin nor glocotropaeolin at neutral pH 

it was concluded that the alkaline breakdown products of glucosinolates caused the ferricyanide 

reduction in alkaline phosphate buffer. This conclusion was supported by the considerably higher rate 

of ferricyanide reduction by glucosinolates in concentrated base than in alkaline phosphate buffer: 
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whilst less than 25 % ferricyanide (1 mM) was reduced on 1 hour incubation with glucosinolates (1 

mM) in alkaline phosphate, the reduction of ferricyanide by sinigrin in NaOH (1 M) was completed in 

about 5 minutes and the same reaction took 25 minutes using glucotropaeolin instead of sinigrin (Fig. 

4.15). 
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Fig. 4.13. Changes in absorbance resulting from addition of sinigrin (final concentration lrnM) into a solution 
of ferricyanide (1 mM; in phosphate buffer, pH 12, 0.2 M). Spectrum A is of the background 
electrolyte. Time /rnin, after addition of sinigrin: (B) 10, (C) 30, (D) 60, (E) 120, (F) 180, and (G) 
240. 
8452A Hewlett-Packard diode array spectrophotometer, signal integration time 25 s. 
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Fig. 4.14. Changes in cyclic voltammograms resulting from addition of sinigrin (final concentration lmM) into 
a solution of ferricyanide (1 mM; in phosphate buffer, pH 12, 0.2 M). Voltammogram A is of the 
background solution. Time /min, after addition ofsinigrin: (B) 10, (C) 30, (D) 60, (E) 120, (F) 180, 
and (G) 240. 
Platinum wall-jet electrode; flow rate= 1.2 ml/min; sweep rate= 20 mV/s. 
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Fig. 4.15. Reactions of sinigrin and glucotropaeolin with ferricyanide (1 mM) in phosphate buffered solution 
and in aqueous sodium hydroxide. (A) Sinigrin; (B) glucotropaeolin; in aqueous sodium hydroxide (1 
M). (C) Sinigrin; (D) glucotropaeolin; in phosphate buffered solution (pH 12, 0.2 M). In each case the 
initial concentration of the compound was 1 mM. Absorbance measurement at 420 nm was used to 
follow changes in ferricyanide concentration. 
8452A Hewlett-Packard diode array spectrophotometer, signal integration time 2 s. 

4.3.3 Investigation of the reaction mechanism of the alkaline ferricyanide oxidation 
of glucosinolates 

4.3.3.1 Oxidation of isolated products of glucosinolate degradation by ferricyanide 

Reactions with ferricyanide of isolated products of alkaline degradation of glucosinolates (equation 

4.6; Friis et al., 1977) were investigated both in neutral and in alkaline pH to obtain more information 

on the chemical mechanism of the oxidation of glucosinolates in alkaline solutions offerricyanide. 

R - glucosinolate OH" (4.6) 

No reduction of ferricyanide was observed within the first two hours of incubation with glycine in 

either neutral or alkaline phosphate buffer. Incubation with glycine in 1 M NaOH caused only a very 

slow reduction of ferricyanide (Fig. 4.16). Similarly, sulphate could not reduce ferricyanide in either 

neutral or alkaline background solutions (Fig. 4.16). Hence, vinylglycine (in case of sinigrin), 

benzylglycine (in case of glucotropaeolin) and sulphate released from glucosinolates by the action of 

alkali were unlikely to be responsible for reduction of ferricyanide by glucosinolates in alkaline 

solutions. 
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Fig. 4.16. (A, B, C) Reactions of sulphate (1 mM) with ferricyanide (1 mM). (E, F, G) Reactions of glycine (I 
mM) with ferricyanide (! mM). (A, E) In phosphate buffer (pH 7, 0.2 M); (B, F) in phosphate buffer 
(pH 12, 0.2 M); (C, G) in sodium hydroxide (1 M). 
8452A Hewlett-Packard diode array spectrophotometer, signal integration time 2 s. 

Reduction of ferricyanide by 1-thioglucose was completed in a matter of seconds both in neutral and 

in alkaline solutions. Interestingly, the rate of the reaction decreased with increasing alkalinity of the 

background solution provided that the pH of the background solution was above 6 (Fig. 4.17), an 

observation which was not made of another thiol-containing compound - cysteine (Fig. 4.18). The 

reduction of ferricyanide by 1-thioglucose was very slow in pH 4.2. 

No further reduction of ferricyanide was observed in excess of the time required for its rapid reduction 

by 1-thioglucose in pH 6 and pH 7. However, it was not the case in pH 12 and in NaOH (1 M) where 

a very slow reduction of ferricyanide was observed even beyond the time required for the rapid 

reduction by 1-thiogiucose. This slow continuous reduction was ascribed to further reactions with 

alkaline ferricyanide of products resulting from oxidation of 1-thioglucose. Such slow reactions with 

ferricyanide were previously reported of carbohydrates in alkaline solutions (Myklestad et al., 1997). 

The reaction between 1-thioglucose and ferricyanide produced an increase in oxidation current in the 

potential region from -0.4 V to +0.8 V vs. Ag/AgCl (satd. KCl), Fig. 4.19 reflecting reduction of 

ferricyanide. 
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Fig. 4.17. Reactions of 1-thioglucose (0.5 mM) with ferricyanide (1 mM). (A) In acetate buffer, pH 4.2, 0.1 M; 
(B) in phosphate buffer, pH 6, 0.2 M; (C) in phosphate buffer, pH 7, 0.2 M; (D) in phosphate buffer, 
pH 12, 0.2 M; and (E) in sodium hydroxide, 1 M. Concentration offerricyanide was calculated using 
absorption coefficient of ferricyanide. 
8452A Hewlett-Packard diode array spectrophotometer, signal integration time 0.5 s. 
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Fig. 4.18. Reactions of cysteine (0.5 mM) with ferricyanide (1 mM). (A) In phosphate buffer, pH 7, 0.2 M; (B) 
in phosphate buffer, pH 12, 0.2 M; and (C) in sodium hydroxide, 1 M. Concentration of ferricyanide 
was calculated using absorption coefficient offerricyanide. 
8452A Hewlett-Packard diode array spectrophotometer, signal integration time 0.5 s. 
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Fig. 4.19. Changes in cyclic voltammograms resulting from addition of 1-thioglucose (final concentration 
lmM) into a solution of ferricyanide (1 mM). (Top) in phosphate buffer (pH 7, 0.2 M); (middle) in 
phosphate buffer (pH 12, 0.2 M); (bottom) in aqueous sodium hydroxide (1 M). Vo!tammograms A 
are of the background electrolytes. Time /min, after addition ofthioglucose; (B) 5, (C) 30, (D) 60. 
Platinum wall-jet electrode; flow rate= 1.2 ml; sweep rate= 20 mV/s. 
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4.3.3.2 Identification of products of the oxidation of 1-thioglucose by ferricyanide 

Anion-exchange HPLC showed that the product of the reaction of 1-thioglucose with ferricyanide had 

the same elution profile as a standard sample of the disulphide of thioglucose, prepared by iodine 

oxidation of 1-thioglucose (Fig. 4.20). The disulphide of thioglucose was identified (Fig. 4.21) in 

solutions of both sinigrin (15 mM) and potassium ferricyanide (15 mM) in sodium hydroxide (0.01 

M), and 1-thioglucose (15 mM) and potassium ferricyanide (15 mM) in sodium hydroxide (0.01 M). 

Disulphide was also identified in a solution of 1-thioglucose in distilled water about 5 hours after its 

preparation. This observation was ascribed to auto-oxidation of 1-thioglucose by air oxygen. 
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Fig. 4.20. Anion-exchange HPLC chromatograms of 1-thioglucose and disulphide of 1-thioglucose. (Top left) 
0.5 µI injection of solution prepared by complete oxidation of 1-thioglucose (15 mM) by iodine; (top 
right) I µ! injection of solution prepared by incomplete oxidation of 1-thioglucose by iodine (15 
mM); (bottom) 1 µ! injection of 1-thioglucose (15 mM, in distilled water). Solutions were prepared 
about 5 hours before the HPLC analysis. Peak A was ascribed to ionic impurities in the samples, peak 
B to disulphide of thioglucose and peak C to 1-thioglucose. The y-axis shows a relative response of 
the infra-red detector. 
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Fig. 4.21. Anion-exchange HPLC chromatography of products resulting from oxidation of 1-thioglucose or 
glucosinolates by ferricyanide at alkaline pH. (Left) 0.5 µI injection of solution prepared by addition 
of 1-thioglucose (final concentration 15 mM) into a solution of ferricyanide (15 mM; in sodium 
hydroxide, 0.01 M); (right) 1 µl injection of solution prepared by addition of sinigrin (final 
concentration 15 mM) into a solution of ferricyanide (15 mM; in sodium hydroxide, 0.0 I M). In both 
cases the solutions were prepared about 5 hours before the HPLC analysis. Peak A was ascribed to 
ionic impurities in the samples, peak B to disulphide of thioglucose. The y-axis shows a relative 
response of the infra-red detector. 

Following its identification as the product of ferricyanide oxidation of 1-thioglucose, disulphide of 

thioglucose was prepared and isolated as described in section 2.4.7 and its reaction with ferricyanide 

was investigated both in neutral and in alkaline phosphate buffer. 

The disulphide of 1-thioglucose could not reduce ferricyanide in neutral pH. However, slow reduction 

of ferricyanide by the disulphide of thioglucose was observed both spectrophotometrically (Fig. 4.22) 

and amperometrically (Fig. 4.23) in alkaline phosphate buffer. The slow rate of this reaction was in 

accord with the slow continuous ferricyanide reduction beyond the time required for its rapid 

reduction by 1-thioglucose in alkaline solutions (Fig. 4.17). This result supports the idea of there being 

some interference resulting from further reactions of the products as indicated in section 4.3.3.l: the 

slow continuation of ferricyanide reduction by 1-thioglucose in alkaline solutions was caused by a 

further reaction with alkaline ferricyanide of products resulting from oxidation of 1-thioglucose (i.e. 

disulphide of thioglucose ). 
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Fig.4.22. Changes in absorbance resulting from addition of disulphide of thiog!ucose (final concentration 0.5 
mM) into a solution of ferricyanide (l mM) in phosphate buffer (pH 12, 0.2 M), Spectrum A is of the 
background electrolyte. Time /h, after addition of the disulphide ofthioglucose: (B) I, (C) 5, (D) 16, 
(E) 120, 
8452A Hewlett-Packard diode array spectrophotometer, signal integration time 25 s. 
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Fig.4.23. Chronoamperometry (+0.8 V vs. Ag/AgCI, satd. KC!) of a mixture of the disulphide of 1-thioglucose 
(0.5 mM) and ferricyanide (1 mM) in phosphate buffer (pH 12, 0.2 M). 
Platinum wall-jet electrode, flow rate =1.2 ml/min. 
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4.3.3.3 Reaction mechanism of the oxidation of 1-thioglucose by ferricyanide 

The reaction mechanism of the ferricyanide oxidation of 1-thioglucose was suggested based on 

previous results: 

C6H11 0 5SH tt C6 H11 0 5s· + H+ (4.7) 

2C6H1105S- + 2Fe(CN)~- ➔ C6H1105SS0 5H11C6 + 2Fe(CN)~- (4.8) 

The protolytic reaction of thioglucose preceding its oxidation by ferricyanide explains the slow rate of 

the reaction in pH 4.2 (Fig. 4.17). The reason why the rate of the reaction decreased with increasing 

alkalinity of the background solution in pH > 6 (Fig. 4.17) was not fully elucidated. However, it was 

thought that ionisation of the hydroxyl groups of 1-thioglucose could increase the coulombic repulsion 

between the molecules of 1-thioglucose and ferricyanide and thus slow down the reaction. 

Following its formation, the disulphide of thioglucose underwent slow degradation in alkaline 

solutions giving rise to molecules which were oxidised by remaining ferricyanide: 

OH" ferricyanide, OH"degradation products ferrocyanide (4.9) 

Slow continuous reduction of ferricyanide was thus observed in alkaline solutions after the rapid 

reaction between 1-thioglucose and ferricyanide (Fig. 4.17). 

4.3.3.4 Reaction mechanism of the oxidation of glucosinolates by ferricyanide 

1-Thioglucose was the only product of the alkaline degradation of glucosinolates which was found to 

be oxidised by ferricyanide. It was therefore concluded that the oxidation of glucosinolates by 

ferricyanide in alkaline solutions results from their alkaline degradation and the subsequent rapid 

oxidation of 1-thiog!ucose: 

OH" 2R-glucosinolate --➔ C6H110 5s· + R- glycine + so4• (4.10) 

2 C6H110 5S" + 2 Fe(CNt ~ C6H110 5SS05HnC6 + 2 Fe(CN)~- (4.1 I) 

The bimolecular rate constants of the alkaline degradation of glucosinolates were calculated using the 

consumption of ferricyanide present in the reaction mixture as the measure of 1-thioglucose 

production. The result for sinigrin was similar to that reported by Friis et al. (1977), Table 4. l. 
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Experimental results Published results (Friis et al, 1977) 

glucosinolate alkaline k /1 mol"1 s·1 glucosinolate alkaline k /I mol"1 s"1 

background (26 °C) background (25.1 °C) 

sinigrin NaOH (1 M) 0.00571 sinigrin NaOH (0.092 M) 0.00696 
sinigrin pH 12 0.00694 

glucotropaeolin NaOH (IM) 0.00156 

glucotropaeolin pH 12 0.00252 

Table 4.1 Calculation of the bimolecular rate constants of the alkaline degradation of glucosinolates. 

4.3.4 Oxidation of glucose by ferricyanide 

Oxidation of glucose by ferricyanide was reported (Myklestad et al., 1997) to occur in alkaline 

solutions. Since this compound is present in almost every biological sample it was investigated as a 

potential interferent of the method for detennination of glucosinolates in natural samples. 

Glucose was shown not to reduce ferricyanide in neutral pH. However, alkaline degradation of 

glucose in either alkaline phosphate buffer or NaOH (I M) generated species capable of reducing 

ferricyanide (Fig. 4.24). Although the rate of the reaction was much smaller compared with that of 

sinigrin or glucotropaeolin (Figs. 4.15) it would produce a considerable interference signal in the 

method for determination of glucosinolates based on their oxidation in alkaline solution of 

ferricyanide 
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Fig.4.24. Reactions of glucose(! mM) with ferricyanide (I mM). (A) In phosphate buffer (pH 7, 0.2 M); (B) in 
phosphate buffer (pH 12, 0.2 M); (C) in sodium hydroxide (1 M). Concentration of ferricyanide was 
calculated using the absorption coefficient offerricyanide. 
Diode array spectrophotometer, integration time 2 s. 
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4.3.5 Applicability of the alkaline oxidation of glucosinolates to their quantitative 
determination 

The determination of isolated glucosinolates could be carried out in one step by incubation in an 

alkaline solution of ferricyanide and reading the decrease in absorbance at 420 run or increase in 

anodic current at potentials> +0.4 V vs. Ag/AgCI (satd. KC!). Considering the kinetic aspects of the 

alkaline degradation of glucosinolates, the analysis could be achieved in a matter of minutes using 

sodium hydroxide (1 M) as the alkaline medium. However, severe drawbacks of such an approach 

were identified: 

• There would be substantial interference from glucose and possibly from other carbohydrates 

present in real samples - e.g. reducing sugars are degraded at high pH (Yang and Montgomery, 

1996) to produce species which react with ferricyanide in alkaline solutions. 

• It is also of concern that the disulphide of thioglucose - the final product of alkaline ferricyanide 

oxidation of glucosinolates - was shown to undergo further degradation to give products which 

caused further slow reduction of ferricyanide in alkaline pH. 

4.4 Comparative non-mediated electrochemistry of glucosinolates in alkaline 
solutions 

4.4.1 Electrochemistry of sinigrin at pH 12 

The direct electrochemistry of glucosinolates was studied in alkaline pH with a view to obtaining a 

broader understanding of the redox properties of glucosinolates in alkaline solutions. TI1ese 

investigations, which were seen as complementary to the study of alkaline ferricyanide oxidation of 

glucosinolates, allowed an assessment of the possibility of performing direct electrochemical 

determination of glucosinolates in the absence of an electrochemical mediator. 

A gradual increase in oxidation current was observed over the potential range from +o.3 V to +0.8 V 

vs. Ag!AgCl (satd. KCl) on addition of sinigrin into alkaline phosphate buffer (Fig 4.25). Since no 

e!ectroactivity was detected of sinigrin in neutral pH it was concluded that the increase in anodic 

current was due to electro-oxidation of alkaline breakdown products of glucosinolates resulting from 

prolonged incubation in alkaline phosphate buffer. The rate of the electrochemical changes appeared 

to reflect degradation of sinigrin by the action of alkali. However, the oxidation current did not 

stabilize following the completion of the breakdown in about 4 hours and showed a subsequent 

decline (Fig. 4.25). 
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Fig. 4.25. Cyclic voltammetry of sinigrin (I mM) in phosphate buffer (pH 12, 0.2 M). Voltammogram A is of 
the background electrolyte. Time after addition of sinigrin /h: (B) 0.5, (C) 2, (D) 4, (E) 8. 
Platinum wall-jet electrode; flow rate= 1.2 ml/min; sweep rate 20 mV/s. 

4.4.2 Electrochemistry of 1-thioglucose 

Addition of 1 -thioglucose into either neutral or alkaline phosphate buffer caused an increase in 

oxidation current of cyclic voltammograms, using the platinum wall-jet electrode (Fig. 4.26). No 

decrease in the concentration of oxygen dissolved in the buffers was observed (using a Clark oxygen 

sensor) on addition of 1-thioglucose. The considerable decrease in cathodic current (Fig. 4.26) was 

therefore ascribed to the blockage of the access of oxygen to the surface of the platinum working 

electrode. The anodic current measured in 1-thioglucose solutions was attributed to electro-oxidation 

of 1-thioglucose at the surface of the working electrode. 

Changes in oxidation current on addition of 1-thioglucose into sodium hydroxide (I M) were obscured 

by a huge current at potentials > +0.6 V vs. Ag/AgCl (satd. KCl) resulting from oxidation of 

hydroxide ion (Fig. 4.26). 

Compared with the platinum wall-jet electrode, the use of the carbon screen-printed working electrode 

in a stirred beaker resulted in markedly higher noise of the cyclic voltammetry signal (Fig. 4.26). 

76 



20 10 

1 11 -0.6 

cc •Q) t: " t: ilil 
2

-20 

02 0.4 0.6 Cl8 

-21 
potertia/ N pot81iaN 

B 
O\art3 

C Chart4 

D 16 

E 

A 
1101 cc -0.6 Q) 

t: 

~ il 

A 02 o.• 0.6 o.a 
-«l 

potertialNpotenial N 

100 

a.arts 
80 

80 C 

1 
Ec ,0 

~ 
i3 

20 

02 0.4 0.6 0.8 

-21'.lj 

p;jria!N 

Fig. 4.26. Cyclic voltammetry of 1-thioglucose (1 mM). (Charts l and 2) in phosphate buffer (pH 7, 0.2 M); 
(charts 3 and 4) in phosphate buffer (pH 12, 0.2 M); (chart 5) in aqueous sodium hydroxide (1 M). 
Voltammograms A are of the background electrolyte. Time after addition of l-thioglucose /min: (B) 
5, (C) 10, (D) 15, (E) 30. 
(Charts 1, 3 and 5) Platinum wall-jet electrode; flow rate= 1.2 ml/min; sweep rate 20 mV/s. 
(Charts 2 and 4) Carbon screen-printed electrode in a stirred beaker. 

The anodic current recorded by cyclic voltammetry of 1-thioglucose in both neutral and alkaline 

solutions was reflected in chronoamperometry experiments at +o.8 V vs. Ag/AgCI (satd. KCl) using 

the platinum wall-jet electrode (Fig. 4.27). Addition of 1-thioglucose into neutral or alkaline 

phosphate buffer resulted in a step increase of current followed by a rapid decline, Following this 

initial peak, the current stabilised in neutral phosphate buffer, whilst a slow continuous decline was 

observed in alkaline phosphate buffer (Fig. 4.27). The signal in alkaline phosphate buffer was 
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temporarily restored by switching off the potential, polishing the working platinum electrode and re

applying the potential (Fig.4.27, chart 3). However, the anodic signal subsequently declined as before. 

The use of a carbon screen-printed electrode resulted in somewhat different chronoamperograms 

showing decline in current in 1-thioglucose solutions prepared both in neutral and in alkaline 

phosphate buffer (Fig. 4.27). 
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Fig 4.27. Effect of 1-thioglucose (1 mM) on current at +0.8 V vs. Ag/AgCI (satd. KC!). (Charts I and 2) in 
phosphate buffer (pH 7, 0.2 M); (charts 3 and 4) in phosphate buffer (pH 12, 0.2 M). 1-Thioglucose 
was added to the background solutions at time zero. Re-starting the chronoamperometry experiment 
consisted of (A) switching of the potential, (B) polishing the working electrode, (C) re-applying the 
potential. 
(Charts 1 and 3) Platinum wall-jet electrode, flow rate= 1.2 ml/rnin. 
(Charts 2 and 4) Carbon screen-printed electrode in a stirred beaker. 

Three effects were suggested to cause the slow continuous decline in current in solutions of 1-

thioglucose: 

• Firstly, auto-oxidation of 1-thioglucose, as described generally for thiols in neutral and alkaline 

solutions (Dawson et al., 1989). 

• Secondly, consumption of 1-thioglucose via its electro-oxidation 

• Thirdly, poisoning the surface of the working electrode by thioglucose or products of its electro

oxidation. 
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The contribution of the above effects was evaluated as follows: 

• The extent of auto-oxidation of 1-thioglucose was studied by its incubation in neutral or alkaline 

solutions for between 1 and 24 hours followed by reaction with ferricyanide. Incubation of 1-

thioglucose in either neutral or alkaline phosphate buffer resulted in a slow decline in its ability 

to reduce ferricyanide (Fig. 4.28), which was interpreted to be the consequence of its auto

oxidation. Interestingly, auto-oxidation was slower in the alkaline phosphate buffer, and no 

effect of auto-oxidation was observed on incubation in sodium hydroxide (1 M) for up to 24 

hours. 

Consequently, 1-thioglucose could be partially lost via auto-oxidation both in neutral and in 

alkaline solutions but the rate of the process was too low to account for the continuous decline in 

current (+0.8 V vs. Ag/AgCl, satd. KC!) measured in these solutions (Fig. 4.27). 
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Fig. 4.28. Reaction with ferricyanide (l mM) of 1-thioglucose (1 mM). 1-Thioglucose (25 mM) was incubated 
in (A) phosphate buffer (pH 7, 0.2 M), (B) phosphate buffer (pH 12, 0.2 M) or (C) NaOH (IM) for 
the times shown. Samples of the reaction mixture were taken and diluted in the ratio of 1 part to 24 
parts offerricyanide (1 mM in phosphate buffer, pH 7, 0.2 M). 
8452A Hewlett-Packard diode array spectrophotometer, integration time 25 s. 

• Electric charge generated on the surface of the working electrodes within the first four hours of 

the chronoamperometry experiments in alkaline phosphate buffers was calculated: 

4h 

Qplatinum == fldt = 0.085C 
0 

4h 

Qcarbon = fldt 0.138C 
0 
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The calculated charge can account for the disappearance of less than 5% of the total 1-

thioglucose through electro-oxidation within four hours of the experiment. Therefore, electro

oxidation of thioglucose can not be the sole explanation for the decline in amperometric signal 

measured in thioglucose solutions (Fig. 4.27). 

Although both auto-oxidation of 1-thioglucose and its electro-oxidation were observed during 

chronoamperometric (+0.8 V vs. Ag/AgCl, satd. KCl) analysis in solutions of 1-thioglucose, the rate 

of these reactions was too low to account for the decline in the chronoamperometric signal. It was 

therefore concluded that poisoning of the electrodes by either 1-thioglucose or products of its electro

oxidation was the major contribution to the decline in amperometric signal. 

4.4.3 Applicability of the direct electro-oxidation of glucosinolates to their 
quantitative determination 

1-Thioglucose can be released from glucosinolates by the action of alkali, and was found to be 

electrochemically active. However, the instability of the amperometric signal ruled out the possibility 

of performing quantitative electrochemical determination of glucosinolates via measurements of 1-

thioglucose in the absence of electrochemical mediator. 

4.5 pH switch procedure 

4.5.1 Development of the pH switch procedure 

Investigations into the feasibility of analysing glucosinolates via their reaction with ferricyanide have 

shown that the active analyte for the reaction is 1-thioglucose, an alkaline degradation product of the 

glucosinolates. However, whilst direct exposure of glucosinolates to ferricyanide in an alkaline 

solution could be used as the basis of the analysis of isolated glucosinolates, the method could not be 

exploited in the analysis of natural extracts due to the oxidation of other naturally occurring 

compounds, in particular glucose, by ferricyanide in alkaline solutions. Therefore, alternative 

methodology was investigated that exploited the following characteristics of the glucosinolate

ferricyanide reaction mechanism: 

• Glucosinolates can be degraded in sodium hydroxide (1 M) without the risk of auto-oxidation of 

released 1-thioglucose (Fig. 4.28). 

• 1-thioglucose can be rapidly oxidised by ferricyanide in neutral pH. 

• Glucose can not be oxidised by ferricyanide in neutral pH. 

• The disulphide of thioglucose - the final product of 1-thioglucose oxidation by ferricyanide - can 

not be oxidised by ferricyanide in neutral pH. 

It was decided that the benefits of the glucosinolate-ferricyanide reaction could be maintained whilst 

minimising the risk of potential interferences by developing a two-step procedure: 
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• Degradation of glucosinolates in sodium hydroxide (I M); the total degradation of sinigrin and 

glucotropaeolin to be achieved in 5 and 25 minutes respectively. 

• Reaction of the degradation products with ferricyanide at neutral pH. 

Degradation of the glucosinolates in sodium hydroxide followed by injection of the alkaline solution 

into a buffered neutral solution of ferricyanide resulted in rapid and quantitative reduction of 

ferricyanide (Fig. 4.29). Complete degradation of glucotropaeolin was achieved in about 25 min 

whereas the complete degradation of sinigrin could be measured after 5 min (Fig. 4.30), an 

observation which is in a good accord with results of straight oxidation of glucosinolates by alkaline 

ferricyanide solution. In excess of these minimum degradation times, the alkaline incubation of 

sinigrin and glucotropaeolin had no effect on the subsequent reactions with ferricyanide. In contrast, 

there was no reduction of ferricyanide when glucose was used in place of the glucosinolates. Indeed, 

glucose treated with sodium hydroxide for up to 16 h failed to exhibit any reaction with ferricyanide 

after the pH switch (Figs. 4.29 and 4.30). 
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Fig. 4.29. Optical spectra (top) and cyclic voltammograms (bottom) of ferricyanide solutions (1 mM in 
phosphate buffer, pH 7, 0.2 M) before and after addition of alkaline treated sinigrin, glucotropaeolin 
or glucose. Alkaline treatment was incubation with sodium hydroxide (I M, 30 min). After addition 
to ferricyanide solution, final concentration /mM: (A) no addition (i.e. water only); (B, C) glucose, 
0.5 & I; (D) sinigrin, 0.5; (E) glucotropaeolin, 0.5; (F) glucotropaeolin, 1; (G) sinigrin, I. 
Diode array spectrophotometer, integration time 2 s. 
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Fig. 4.30. Reaction with ferricyanide (1 mM) of alkaline degradation products of (A) sm1grm; (B) 
glucotropaeolin; and (C) glucose. The indicated compounds (25 mM) were allowed to react in sodium 
hydroxide (1 M) for the times shown. Samples of the reaction mixture were taken and diluted in the 
ratio of 1 part to 49 parts offerricyanide (1 mM in phosphate buffer, pH 7, 0.2 M). 
Diode array spectrophotometer, integration time 2 s. 

4.5.2 pH switch procedure - use of model glucosinolates 

Quantitative determination of model glucosinolates could be made with good precision using the pH 

switch technique. The extent of ferricyanide reduction resulting from addition of products of 

glucosinolate degradation (in aqueous sodium hydroxide, 1 M) was in a satisfactorily linear 

correlation with glucosinolate concentration (Fig. 4.31, Table 4.2). 

Importantly, when the base catalysed decomposition of glucosinolates was allowed to proceed to 

completion (5 minutes for sinigrin, 30 min for glucotropaeolin) then the subsequent reaction with 

ferricyanide was quantitatively very similar using either sinigrin or glucotropaeolin: 

t..OD420 = 0.822 x [sinigrin] + 0.003 (4.12)
mM 

AOD420 = 0.791x [glucotropaeolin] +0.011 (4.13)
mM 

This is despite both quantitative and qualitative differences in the degradation products of sinigrin and 

of glucotropaeolin (Friis et al., 1977). In consequence, either of the model glucosinolates could be 

used for calibration purposes provided that the length oftime of their incubation in sodium hydroxide 

(1 M) was sufficient for their complete decomposition. 
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It is also noteworthy that precise linear results were obtained even when alkaline degradation of 

glucotropaeolin was not allowed to proceed to completion (Fig 4 31 Table 4 2) Th" b · , . . , . . 1s o servat10n 

may be important in those applications where the speed of analysis is of more importance than 

measurement of an absolute glucosinolate concentration. 
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Fig. 4.31. Reaction with ferricyanide (1 mM) of alkaline degradation products of sinigrin and glucotropaeolin. 
Glucosinolates were allowed to react in sodium hydroxide (I M) for either 5 or 30 min. Samples of 
the reaction mixtures were taken and diluted in the ratio of 1 part to 49 parts offerricyanide (l mM in 
phosphate buffer, pH 7, 0.2 M). Concentrations of sinigrin in the final mixture with ferricyanide /mM: 
(A) 0, (B) 0.1, (C) 0.2, (D) OJ, (E) 0.4, (F) 0.5, (G) 0.6, (H) 0.7, (I) 0.8, (J) 0.9, (K) 1.0, (L) 1.1, (M) 
1.2. 
Diode array spectrophotometer, integration time 25 s. 

R2cglucosinolate time• slope± s.e.b intercept 
/min /mM· 1 ± s.e.b 

sinigrin 5 0.9990.822 ±0.005 0.003 ±0.004 

glucotropaeolin 5 0.9960.312 ± 0.005 -0.008±0.006 

0.99830 0.791 ±0.009 0.011 ±0.003 

Table 4.2. Summary of calibration results from spectrophotometrical detenninations of sinigrin and of 
glucotrapaeolin after their alkaline degradation and subsequent reaction with ferricyanide. Within 
the concentration range O mM to 1.2 mM the concentration of glucosinolate could be obtained from 
OD measurements: 

(glucosinolate] .
ti.OD 420 =slope x =-----+mtercept

mM 
• incubation time in mixture with sodium hydroxide (I M) 
t> s.e. is the standard error (coefficient of determination. 
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4.6 Summary 

4.6.1 Meeting the objective 

The main objective of the work reported in this chapter was met: a procedure for determination of 

isolated glucosinolates in model solutions based on the use of ferricyanide as a reagent with 

glucosinolates was developed. The procedure was based on decomposition of model glucosinolates in 

concentrated base followed by neutralisation of the reaction mixture and subsequent reaction of the 

decomposition products with ferricyanide. The resultant changes could be followed both 

amperometrically and spectrophotometrically. 

Other important findings were: 

• Determination of glucosinolates based on their oxidation by ferricyanide at neutral pH was found 

to be impossible. 

.. Direct non-mediated electrochemical determination of glucosinolates was found to be impossible 

both at neutral and at alkaline pH. 

4.6.2 Digest of the results 

The model glucosinolates, sinigrin and glucotropaeolin, were not directly electrochemically active at 

pH 7. Contrastingly, 1-thioglucose, one of the alkaline degradation products of all glucosinolates, was 

found to be undergoing electro-oxidation both at neutral and at alkaline pH. 

The oxidation current measured in alkaline solutions of sinigrin increased slowly with time, reflecting 

the rate of the initial degradation of the glucosinolate and subsequent electro-oxidation of the released 

1-thioglucose. Consequently, amperometric measurement of 1-thioglucose released from 

glucosinolates on alkaline breakdown has the potential to be used as a method for glucosinolate 

analysis. However, quantitative analysis of the electrochemical signal was complicated by a slow 

continuous decline in current with time observed in 1-thioglucose solutions in both neutral and 

alkaline solutions. The decline was attributed to a combination of three effects: 

• Firstly, auto-oxidation of thioglucose in neutral and alkaline solutions can lead to decreasing 

concentration of free 1-thioglucose in the solution causing lower rate of its electro-oxidation and 

lower anodic current. 

• Secondly, electro-oxidation itself slowly consumes free 1-thioglucose decreasing its 

concentration and thus the anodic current. 

• Thirdly, poisoning of the electrode surface by thioglucose or its oxidation products. 
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The instability of the amperometric signal in 1-thioglucose solutions indicated the probable benefits of 

using an electrochemical mediator, e.g. ferricyanide, but neither sinigrin nor glucotropaeolin were 

found to be oxidised by ferricyanide at pH 7 at room temperature. However, 1-thioglucose caused the 

rapid reduction of ferricyanide in both neutral and alkaline buffers, and reaction was accompanied by 

an increase in oxidation current in the potential region from +0.4 V to +0.8 V vs. Ag/AgCl (satd. KCI) 

of a platinum working electrode and decrease in absorbance at 420. Disulphide of thioglucose was 

identified as the oxidation product of the reaction. Addition of model glucosinolates into alkaline 

ferricyanide solutions resulted in similar, albeit slower, electrochemical and spectrophotometric 

changes. Individual analysis confirmed 1-thioglucose as the only reactive degradation product of 

glucosinolates with ferricyanide. Quantitative determination of glucosinolates could therefore be 

achieved by reacting ferricyanide with products resulting from degradation of glucosinolates in 

alkaline solutions. The reduction of ferricyanide to ferrocyanide could be followed either 

electrochemically (increase in oxidation current in the potential region from +0.4 V to +0.8 V vs. 

Ag/AgCI (satd. KC!) of a platinum working electrode) or spectrophotometrically (decrease in 

absorbance at 420 nm). Such a method might be of some limited practical use, but for more complex 

solutions there are practical reasons to suggest that the alkaline treatment and ferricyanide detection of 

1-thioglucose produced should be carried out separately: 

• There would be a substantial interference from glucose which is very likely to be present in real 

samples. Addition of glucose into alkaline ferricyanide solutions resulted in its breakdown into 

smaller molecules capable of reducing ferricyanide. The resultant signals would interfere with 

measurements of glucosinolates. 

• 1-Thioglucose, produced by the alkaline breakdown of glucosinolates, may also undergo further 

degradation to give other products that will react with ferricyanide. 

To circumvent these problems, the decomposed glucosinolates were reacted with ferricyanide at 

neutral pH. Reaction of the glucosinolates in a strong base followed by addition of the alkaline 

solution into a buffered neutral solution of ferricyanide resulted in rapid and quantitative reduction of 

ferricyanide whereas there was no reduction when glucose was used in place of the glucosinolates. 

Importantly, 1-thioglucose was not shown to undergo auto-oxidation in sodium hydroxide (1 M). 

Therefore, the following two-steps procedure was adopted as the general method of analysis of 

glucosinolates: 

Complete degradation of glucosinolates by incubation in sodium hydroxide (1 M, 30 min). 

• Neutralisation of the reaction mixture and exposure to ferricyanide . 

• Use of spectrophotometric or electrochemical techniques to follow the resultant changes in 

fcrricyanide concentration. 

The procedure was named 'pH switch method'. Calibration of the pH switch method gave similar 
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results using two different glucosinolates provided that the base catalysed decomposition of 

glucosinolates was allowed to proceed to completion. This finding supports the previously published 

reaction mechanism of the alkaline degradation of glucosinolates (Friis et al., 1977) suggesting that 

glucosinolates are, regardless of their side chain, nearly quantitatively converted to 1-thioglucose in 

strong base. The limited results thus support the idea that the method should be nearly stoichiometric 

for all glucosinolates, which is of much importance considering varying qualitative glucosinolate 

profiles across glucosinolate-containing plants. 
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5 TOWARDS THE ULTIMATE AIM: DEVELOPMENT OF A SIMPLE 
METHOD FOR DETERMINATION OF TOTAL GLUCOSINOLATES IN 
OILSEED AND VEGETABLE SAMPLES 

5.1 Introduction 

Of the two methods described in the previous chapters, the pH switch method was chosen in 

preference to the biosensor method to be developed further into an assay applicable to detennination 

of total glucosinolates in natural samples, particularly in rape seeds. 

The pH switch method was favoured since: 

• It was based on a completely novel approach. 

• It gave a more precise analysis of model glucosinolates. 

• Very similar quantitative results were obtained using sinigrin and glucotropaeolin as model 

glucosinolates. 

• Individual analyses appeared more cost-effective compared with the bi-enzyme system. 

It was concluded in Chapter 4 that the pH switch procedure can be used to detennine model 

glucosinolates without any interference from glucose. The work presented here describes the 

determination of total glucosinolates in rapeseed samples using the pH switch method. Strategies were 

developed for circumventing or reducing interferent effects when analysing rapeseed samples. To 

enable comparison, rapeseed was independently analysed using ISO methods (ISO, 1994; ISO, 1995). 

5.2 pH switch procedure - non-glucosinolate interference 

Ferricyanide reacts with a wide range of plant chemicals. Reactions with plant phenolic compounds 

(Dawson et al., 1989; Cote and Nadeau, 1993; Carmona et al., 1991) vitamins (Dawson et al., 1989; 

Iyanagi et al., 1985), thiols (Dawson et al., 1989), and carbohydrates (Aminoff et al., 1970; Myklestad 

et al., 1997) are particularly well known. Although not exhaustive, a range of compounds that occur 

in either rapeseed (Simbaya et al., 1995) or vegetable samples was tested to evaluate the potential 

magnitude of their interferent effect in the proposed pH switch procedure for glucosinolate 

determination (Table 5.1 ). 

Whilst only a few compounds showed reaction with ferricyanide in neutral phosphate buffer, almost 

all of the compounds studied caused a certain degree of reduction of ferricyanide in sodium hydroxide 

(I M), Table 5 .1. No attempts were made to investigate the nature of these reactions. It is thought, 

however, that in principle, these reactions are caused by products of the alkaline degradation of the 

compounds studied capable ofreducing ferricyanide in alkaline solutions. 

Nevertheless, the products of the alkaline degradation of the compounds studied showed markedly 

lower ability to reduce ferricyanide at neutral pH (Table S.l). Proteins and carbohydrates are 

concentrated in rape seed meal, for example, but neither the selected range of amino acids and 
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proteins nor the selected saccharides produced any interference after the pH switch procedure. Of the 

compounds studied, only ascorbic acid (Fig. 5. l ), cysteine - representing naturally occuring thiols 

(Fig. 5.1), catechol - representing oxidizable phenols (Fig. 5.2) and thiamine (Fig. 5.2) showed a 

reaction when mixed with a neutral solution offerricyanide following their alkaline degradation (1 M 

N aOH) for 5 or 30 minutes. Reaction of oxidizable phenols with ferricyanide was difficult to quantify 

due to formation of strongly coloured solutions even in the absence of ferricyanide (Fig. 5.2). 

Compound pH 7 (buffered)" 
5mind 30 mind 

1 MNaOHb 
5mind 30 mind 

pH switchc 
5mind 30 mind 

GLUCOSINOLATES 
sinigrin 
glucotropacolin 

CARBO HYDRA TES 

0 
0 

0 
0 

100 
39 

100 
100 

100 
39 

100 
100 

glucose 0 0 2 15 0 0 
sucrose 

AMINO ACIDS 
0 0 0 2 0 0 

isoleucinc 
lysine 
phenylalanine 

0 
0 
0 

0 
0 
0 

1 
1 

16 

3 
3 

24 

0 
0 
0 

0 
0 
0 

tryptophane 0 2 74 92 0 0 
histidinc 0 2 35 68 0 0 
serine 0 0 l 3 0 0 
aspartic acid 0 0 1 3 0 0 

PROTEINS 
albumin• 0 0 19 38 0 0 

THIOLS& 
DISULPHIDES 

cysteine 
100 
0 

100 
0 

100 
2 

100 
5 

89 (41/ 
2 

84(13l 
3 

cystine 
PHENOLS 

phenol 0 0 12 23 0 0 
catechol _g _g _g _g _g _g 

tannic acid _g _g _g _g .s _g 

VITAMINS & 
COENZYMES 

L-Ascorblc acid 
Biotin 

100 
0 

100 
0 

100 
0 

100 
2 

88 (76/ 
0 

15c2sl 
0 

Folic acid 2 5 71 95 0 0 
NADH 26 100 JOO 100 0 0 
Thiamine 100 100 100 100 100 100 

Table 5.1. Ability of chosen biologically important chemicals to reduce ferricyanide in neutral, alkaline 
solutions and pH switched solutions. The extent of each reaction is expressed as the percentage 
reduction of ferricyanide originally present. Final concentrations of ferricyanide and of test 
compounds were each l mM. 
• Compound incubated in phosphate buffer (0.2 M, pH 7) containing ferricyanide (1 mM). 
b Compound incubated in sodium hydroxide (1 M) containing ferricyanide (I mM). 
c Compound incubated in sodium hydroxide (1 M) before reducing pH to 7 for reaction with 

ferricyanide. 
d Duration of exposure of indicated compound in sodium hydroxide (l M) before measurement of 

fcrricyanide at 420 nm. (pH switch solutions were quenched in neutral buffered ferricyanide for 
the measurements.) 

e Final concentration of albumin in the reaction mixtures was 0.1 mg/ml. 
r The value in brackets corresponds to .alkaline incubation performed in the presence of traces of 

copper(II} cations. 
g Reaction with ferricyanide was difftcult to quantify due to fonnation of strongly coloured 

solutions even in the absence of forricyru1ide. 
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The interfering effect of ascorbic acid and cysteine was reduced when the alkaline incubation 

preceding the neutral reaction with ferricyanide was performed in the presence of traces of copper 

(Fig. 5.1, Table 5.1). This was due to a catalytic effect on the oxidation by oxygen (auto-oxidation) of 

these compounds (Dawson et al., 1989). Due to the high quantities of plant phenolics in rapeseed 

(Table 1.2; Simbaya et al., 1995), their interference was considered to be the most severe practical 

problem when analysing rapeseed samples. 
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Fig. 5.1. Reaction with ferricyanide (I mM) of {left) cysteine and (right) ascorbic acid. Cysteine and ascorbic 
acid were allowed to react in sodium hydroxide (I M) for 30 min in the absence (B) and in the 
presence (C) of traces of copper. Samples of the reaction mixtures were taken and diluted in the ratio 
of 1 part to 49 parts of ferricyanide (1 mM, in phosphate buffer, pH 7, 0.2 M) to achieve 1 mM 
concentration. Spectrum A is of the blank solution (i.e., addition of distilled water to ferricyanide). 
Diode array spectrophotometer, integration time 25 s. 
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Fig. 5.2. Optical changes caused by addition of (left) catechol and (right) thiamine to a background solution of 
ferricyanide (1 mM). (B) In phosphate buffer (pH 7, 0.2 M); (C) in phosphate buffer (pH 12, 0.2 M); 
(D) in phosphate buffer (pH 7, 0.2 M) after allowing catechol or thi~ine to react in :'1aO~ (1 M) ~or 
5 min. In each case the spectrum was measured 5 min after preparation of the react10~ m1~ture with 
ferricyanide. Spectrum A is of the blank solution (i.e., addition ofdistilled water to femcyamde). 
Diode array spectrophotometer, integration time 25 s. 
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5.3 pH switch procedure • use of rapeseed extracts 

5.3.1 Outline of the analytical protocol 

The practical applicability of the pH switch method with ferricyanide was tested using glucosinolates 

extracted from rape seeds. The analytical procedure was based on these consecutive steps: 

• extraction of glucosinolates into an aqueous solvent 

• incubation of the extract with equal volume of NaOH (2 M) for 30 min to allow complete 

degradation of glucosinolates 

• addition of hydrochloric acid (1 part of cone. HCI to 13 parts of the alkaline solution) to 

neutralise the solution 

• mixing the neutral solution with equal volume offerricyanide (2 mM, in phosphate buffer, pH 7, 

0.2 M) 

• recording absorbance at 420 nm. 

The present EC limit for total glucosinolates in rapeseed is 18 µmoles g·1 whole seeds, whilst the 

concentration of total glucosinolates in commercial rapeseed typically varies between 10 and 40 

µmoles g· 1• Extraction of glucosinolates from 1 g of whole seeds into 15 ml of extraction liquid will 

thus result in a final concentrations of between 0.67 and 2.67 mM provided that glucosinolates are 

extracted quantitatively. The proposed analytical procedure dilutes the extract by the factor of 4.28 

due to incubation with sodium hydroxide (1 M), neutralisation (by HCI) and mixing with neutral 

solution of ferricyanide. The resulting concentration of glucosinolates in the final mixture with 

ferricyanide should therefore be between 0.16 and 0.63 mM, which is within the range of the 

described pH switch detection method (0 and l mM; see section 4.5.2). 

5.3.2 Extraction of glucosinolates into boiling water 

Aqueous extracts of rapeseed were dark yellow and opaque and showed therefore a considerable 

absorbance at 420 nm - the wavelength of the ferricyanide peak (Fig. 5.3 ). Although alkaline 

treatment of the extracts (sodium hydroxide, 1 M, 30 min) followed by neutralisation (cone. HCl) 

made the extracts visibly clearer and resulted in lower absorbance at 420 nm (Fig. 5.3), the opacity 

was not completely removed. 

Addition of the alkaline treated and neutralised extracts to a neutral solution of ferricyanide resulted in 

development of dark brown colour and produced a large absorption band with maximum at 500 run, 

which completely obscured the ferricyanide peak at 420 nm (Fig. 5.4). It was therefore concluded that 

the pH switch ferricyanide procedure could not be used to analyse glucosinolates extracted from rape 

seeds into boiling water. The cause of the interference had to be identified and procedures designed to 

circumvent the interfering effects in order to develop a method for determination of glucosinolates in 

rapeseed samples using the pH switch procedure. This is reported in the following sections. 
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Fig. 5.3. Optical spectra of aqueous rapeseed extracts. Rape seeds ( l g) were extracted into boiling water (15 
ml). (A) The extract was mixed with equal volume of distilled water; (B) the extract was incubated 
with equal volume of sodium hydroxide (2 M, 30 min) and neutralised (cone. HCI.) 
Diode array spectrophotometer, integration time 25 s. 

Fig. 5.4. Optical changes resulting from addition of alkaline treated and neutralised rapeseed extract to 
ferricyanide. (A) Blank solution (i.e., spectrum offerricyankfo, I mM - in phosphate buffer, pH 7, 0.2 
M). (B) Mixture of equal volumes of ferricyilflide (2 mM, in phosphate buffer, pH 7, 0.2 M) and 
alkaline treated (sodium hydroxide, IM, 30 min) and neutralised (ccmc. HCl) rapeseed extract. 
Diode array spectrophotometer, integmtion time 25 s. 
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5.3.3 Identification of the non-glucosinolate redox interference 

Rapeseed varieties contain high levels of oxidisable phenolics, e.g. soluble tannins, sinapine, phenolic 

acids (Simbaya et al., 1995) which are known to react with ferricyanide producing dark colours and 

absorbance bands with maxima between 470 and 520 nm (Cote and Nadeau, 1993; Fig 5.1). 

Therefore, oxidisable phenolics were suspected to be the main cause of the interference observed (Fig. 

5.4), competing with 1-thioglucose in reduction offerricyanide and obscuring the ferricyanide peak at 

420 nm by a large background absorbance of the oxidation products. Phenolic compounds were 

reported to be removed from aqueous solutions by adsorbtion with polyvinylpolypyrrolidone (PVPP) 

or activated charcoal (Murdiati et al., 1991). It was reported (Murdiati et al., 1991) that the adsorption 

onto PVPP is most effective in pH < 5, and acetate buffer (pH 4.2, 0.2 M) was therefore used to 

extract glucosinolates from rape seeds when PVPP treatment was to be applied. 

In addition, plant phenolics were described to form complexes with proteins (Murdiati et al., 1991) 

producing turbid solutions (Siebert and Lynn, 1997). These complexes were therefore thought to be 

the main cause of the opacity of the aqueous rapeseed extracts. Removal of proteins was thus 

considered to be necessary to accompany removal of plant phenolics to purify the extracts prior to the 

pH switch procedure. Proteins can be removed by precipitation with lead and barium acetates (Tholen 

et al., 1989). 

Three ways of extraction and clean-up of glucosinolates from rape seeds were proposed: 

• Extraction of glucosinolates from homogenised rape seeds into boiling water followed by 

deproteination of the extracts and isolation of intact glucosinolates from the extracts using 

Sephadex A-25 ion-exchange chromatography (Tholen et al., 1989). 

• Extraction of glucosinolates from homogenised rape seeds into boiling water followed by 

removal of pheno lies from rapeseed extracts using adsorption onto activated charcoal. 

• Extraction of glucosinolates from homogenised rape seeds into acetate buffer (pH 4.2, 0.2 M) 

followed by removal of phenolics from the extracts using adsorption onto PVPP while 

simultaneously removing proteins by precipitation with lead and barium acetates. 

Investigations of these procedures are reported in the following text. 

5.3.4 Modified extraction procedure 

5.3.4..1 Removal of proteins 

Proteins were removed from the analysed samples by barium and lead precipitation followed by 

centrifugation. Barium and lead ions remaining in the solution after precipitation had to be removed 

prior to the pH switch procedure in order to avoid precipitation of phosphate, ferricyanide and 

ferrocyanide (Table 5.2). Pb2' and Ba.2+ precipitate with a range of anions (Weast et al., 1984; Table 
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5.2). The following observations were made while precipitating Pb2+ and Ba2+ in either distilled water 

(model solutions) or in rapeseed extracts (in acetate buffer, pH 4.2, 0.2 M): 

• Carbonate removed effectively both lead and barium from model solutions prepared in distilled 

water. However, addition of carbonate to slightly acidic rapeseed extract resulted in rapid 

formation of carbonic acid and its subsequent vigorous decomposition to water and carbon 

dioxide. This instability prevented the effective use of carbonate to precipitate barium and lead in 

rapeseed extracts. 

• Oxalate effectively removed lead from model solutions but it left traces of barium that were 

precipitated further on addition to phosphate buffer. 

• Phosphate (Po/·) removed effectively both lead and barium from model solutions prepared in 

distilled water. However, it failed to remove them completely from rapeseed extract due to a 

higher solubility ofhydrogenphosphates (HPO/"), Table 5.2. 

• Sulphate, when in excess, removed effectively both lead and barium from model solutions 

prepared in distilled water and no constraints were found that would prevent its use in rapeseed 

extracts in acetate buffer (pH 4.2, 0.2 M). 

Anion Available Ba(U) solubility data Available Pb(ll) solubility data 
Solubility in water Solubility product Solubility in water Solubility product 

(g per 100 ml) (25°C) (g per 100 ml) (25°C) 

Carbonate 0.002 (18 °C) 2.60x10"9 0.0001 l (20 °C) 1.48x10"13 

Ferricyanide Slightly soluble 

Ferrocyanide 0.l7(16°C) insoluble 

Oxalate 0.0093 (18 °C) 0.00016 (18 °C) 8.55x10"10 

Phosphate (Po/·) insoluble 0.000014 (20 °C) 

Phosphate (HPO/") 0.01-0.02 

Sulphate 0.00022 (18 "C) l.05xl(r 10 0.00425 (25 °C) l.81xl0"3 

Table 5.2 Solubility ofBa(U) and Pb(Il) compounds (Weast et al., 1984). 

Precipitation with sodium sulphate followed by centrifugation was identified as the most effective 

way of removing barium and lead ions remaining in the extracts following removal of proteins. The 

complete deproteination ofrapeseed extracts thus comprised these steps: 

Ba acetate 
rapeseed Pb acetate ) protein cmlri!!!ellon ) deproteinated (S.l) 
extract precipitation &upematant 

Considering the solubility products of BaS04 and PbS04 {Table 5.2), the concentration of sulphate in 

the solution after precipitation should be about 0.1 M to assure effective precipitation. 
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5.3.4.2 Removal of interference from phenolics 

Isolation of glucosinolates using DEAE Sephadex column 

DEAE Sephadex anion exchange chromatography (DeClercq and Daun, 1989) was shown to be an 

effective method to isolate intact glucosinolates both from model solutions and from rapeseed 

extracts. No sinigrin was identified in: 

• the fraction that passed through the column on application of aqueous sinigrin solution onto 

DEAE Sephadex column; 

0 the fraction which was subsequently washed out of the column using formic acid and distilled 

water. 

Sinigrin was identified in the fraction which was washed out by potassium sulphate (Fig. 5.5). 

Similarly, glucosinolates were effectively isolated from deproteinated rapeseed extracts on DEAE 

Sephadex column, being identified only in the fraction washed out by potassium sulphate. Most of the 

interfering substances producing dark coloured products with absorption maximum around 500 nm on 

reaction with ferricyanide were identified in the first fraction that passed through the column on 

sample application (Fig. 5.6). 
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Fig. 5.5. Reaction with ferricyanide of alkaline treated fractions of aqueous sinigrin solution separated on 
DEAE Sephadcx A-25. Aqueous sinigrin (9 mM, 3 ml) was applied onto a DEAE column (50 mg dry 
weight); three fractions were collected: (A) fraction which passed through the column after the 
application of the solution, (B) fraction which was washed out by formic add (4 ml) and distilled 
water (8 ml) following step A; (C) !iaction which was washed out by potassium sulphate (0.3 M, 2 x 

4.5 ml) following steps A and B. E:tch fraction was incubated with an equal volume ofNaOH (2 M, 
30 min) and neutralised (cone. HC!). The neutralised solution wns mixed with an equal volume of 
ferricyanide (2 mM, in phosphate buffer, pH 7, 0.2 M). 
Diode array spectrophotometer, integration time 25 s. 
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Fig. 5.6. Reaction with ferricyanide of alkaline treated fractions of aqueous rapeseed extracts separated on 
DEAE Sephadex A25. Aqueous rapeseed extract (3 ml) was applied onto a DEAE column (50 mg dry 
weight); three fractions were collected: (A) fraction which passed through the column after the 
application of the solution, (B) fraction which was washed out by formic acid {4 ml) and distilled 
water (8 ml) following the step A; (C) fraction which was washed out by potassium sulphate (0.3 M, 2 

x 4.5 ml) following steps A and B. Each fraction was incubated with an equal volume ofNaOH (2 M, 
30 min) and neutralised (cone. HC!). The neutralised solution was mixed with an equal volume of 
ferricyanide (2 mM, in phosphate buffer, pH 7, 0.2 M). 
Diode array spectrophotometer, integration time 25 s. 

Adsorption onto activated charcoal 

Adsorption onto activated charcoal followed by centrifugation was shown to be an effective method to 

remove the interfering compounds from rapeseed extracts prior to the pH switch procedure (Fig. 5.7). 

However, it was not found to be a suitable method to separate glucosinolates from these compounds 

since glucosinolates were also adsorbed onto activated charcoal and subsequently quantitatively 

removed from the extracts by centrifugation (Figs. 5.7 and 5.8). 
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Fig. 5.7. Effect of a~tivated charcoal treatment on reaction with ferricyanide of alkaline treated rapeseed 
extract. Activated charcoal (50 g/1) was added to aqueous rapeseed extract and the suspension was 
centrifuged: The supernatant was incubated with an equal volume of sodium hydroxide (2 M, 30 min) 
and neutralised (cone. HCI). The neutralised solution was mixed with an equal volume offerricyanide 
(2 mM, in phosphate buffer, pH 7, 0.2 M). (A) Blank solution (i.e., addition of distilled water to 
ferricyanide); (B) addition of sample not treated with activated charcoal; (C) addition of sample 
treated with activated charcoal. 
Diode array spectrophotometer, integration time 25 s. 
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Effect of activated charcoal treatment on reaction with ferricyanide of alkaline degradation products Fig.5.8. 
of sinigrin. Activated charcoal (50 g/1) was added to sinigrin (4 mM, in distilled water) and the 
suspension was centrifuged. The supernatant was incubated with an equal volume of sodium 
hydroxide (2 M, 30 min) and neutralised (cone. HCI). The neutralised solution was mixed with an 
equal volume of ferricyanide (2 mM, in phosphate buffer, pH 7, 0.2 M). (A) Blank solution (i.e., 
addition ofdistilled water to forricyanide); (8) addition of sample not treated with activated charcoal; 
(C) addition of sample treated with activated charcoal. 
Diode array spectrophotometer, integration time 25 s. 
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PVPP adsorption 

Extraction of glucosinolates into acetate buffer (pH 4.2, 0.1 M) followed by addition of PVPP (50 g/1) 

and centrifugation did not sufficiently reduce the interference in the subsequent pH switch procedure 

reflected in development of an absorption band around 500 nm (Fig. 5.9). However, PVPP adsorption 

carried out simultaneously with protein precipitation was shown to be a suitable method for the 

separation of interfering compounds from glucosinolates in rapeseed extracts. Glucosinolates were not 

removed from the solution which was treated by PVPP and centrifuged (Fig. 5.10), whilst the levels of 

interfering compounds were markedly reduced in deproteinated extracts following PVPP treatment as 

shown by subsequent reaction with ferricyanide (Fig. 5.11). 

Consequently, PVPP adsorption in combination with protein precipitation was chosen as the method 

to clean-up rapeseed extracts prior to the pH switch procedure. It should be noted, however, that the 

initial step change in ferricyanide concentration (due to reduction by products of the glucosinolate 

degradation) was followed by a slow, continuous reduction accompanied by further decrease in 

absorbance at 420 nm. This effect was not observed with model solutions (Fig. 5.10) and was ascribed 

to residual phenolics that were not removed by precipitation and adsorption since, over time, a 

characteristic peak at~ 500 nm was observed (Fig. 5.11 ). 
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Fig.5.9. Effect of PVPP treatment on reaction with ferricyanide of alkaline treated rapeseed extract. PVPP (50 
g/1) was added to aqueous rapeseed extract (intll acemte buffer, pH 4.2, 0. t. M) and th: suspension 
was centrifuged. The supernatant was incubated with an equal volume of sodmm hydroxide (2 M, 30 
min) and neutralised (cone. HCl). ·me neutralised solution was mixC? wi~ an ~~al vol~m~ of 
ferricyanide (2 mM, in phosphate buffer, pH 7, 0.2 M). (A) Blank solut1on (I.e., add1t1on of ~1~1Ued 
water to ferricyanide); (B) addition of sample not treated with activated charcoal; (C) add1t1on of 
sample treated with activated charcoal. 
Diode array spectrophotometer, integration time 2$ s, 
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Fig. 5.10. Effect of PVPP treatment on reaction with ferricyanide of alkaline degradation products of sinigrin. 
PVPP (50 g/1) was added to sinigrin (4 mM, in distilled water) and the suspension was centrifuged. 
The supernatant was incubated with an equal volume of sodium hydroxide (2 M, 30 min) and 
neutralised ( cone. HCI). The neutralised solution was mixed with an equal volume of ferricyanide (2 
mM, in phosphate buffer, pH 7, 0.2 M). (A) Blank solution (i.e., addition of distilled water to 
ferricyanide); (B) addition of sample not treated with PVPP; (C) addition of sample treated with 
PVPP. 
Diode array spectrophotometer, integration time 25 s. 
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Fig. 5.11. Effect of PVPP treatment on reaction with ferricyanide of alkuline treated rapeseed deproteinated 
extract. PVPP (50 g/1) was added to aqueous rapeseed dcproteinated extract and the suspension was 
centrifuged. The supernatant was incubated with !lll equal volume ofsodium hydroxide (2 M, 30 min} 
and neutralised (cone. HCI). The neutralised solution was mixed with an equal volume offerricyanide 
(2 mM, in phosphate buffer, pH 7, 0.2 M). (A) Bl:.i.nk solutioo (i.e., additi<m of distilled water to 
ferricyanide); (B) addition of Sll.mple not treated with PVPP; (C) uddition of sample treated with 
PVPP - absorbance measured straight after addition to fe-rricyanide solution; (D) addition of ;;ample 
treated with PVPP - absorbance mensured 15 min after addition to ferricyanide $0lution. 
Diode array spectrophotometer, integration time 25 s. 
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5.3.5 pH switch procedure- use of PVPP purified deproteinated extracts 

Alkaline incubation (sodium hydroxide, 1 M, 30 min, neutralised by cone. HCl) of PVPP purified 

deproteinated extracts and the following neutralisation resulted in a slight opacity of the solutions. The 

solutions were cleared by centrifugation (14,000 RPM; 2 min) leaving a small amount of dark 

precipitate. No investigations were undertaken to explain the nature of the precipitates. The 

absorbance (420 nm) of the alkaline treated extracts was lowered following the centrifugation (Fig. 

5.12). 

Addition of purified, alkaline treated extracts to an equal volume of ferricyanide (2 mM, in phosphate 

buffer, pH 7, 0.2 M) resulted in step reduction of ferricyanide by glucosinolates, which was followed 

by its slow continuous reduction (Figs. 5.11 and 5.13). Importantly, this additional continuous 

reduction was markedly slower when the alkaline treated purified extracts were centrifuged prior to 

reaction with ferricyanide. It was reflected in a slower decrease in absorbance at 420 nm and a slower 

increase in absorbance around 500 nm (Fig. 5.11). 

It was concluded that centrifugation of the purified and alkaline treated extracts was a necessary step 

in the pH switch procedure prior to mixing with ferricyanide. Firstly, it resulted in lower background 

absorbance of extracts, and secondly, it reduced the effect of remaining interferents in the pH switch 

procedure. 
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Fig. 5.12. Effect of centrifugation (14,000 RPM; 2 min} on absorbance of purified, '.11kaline treat~d rapeseed 
extracts. PVPP (50 g/1) was added to deprotdnated ex.tract and the s~spcns1on was _centrifuged. The 
supernatant was incubated with an equal volume ofNaOH (2 M, 3~ n~in} and neutrahsed (cone. HC!). 
The neutralised mixture was mixed with an 1..-qual volume of d1st1lled water. Absorbance of the 
resulting solution was measured before (A) and after (13) centrifugation (14,000 RPM; 2 min). 
Diode array spectrophotometer, integration time 25 s. 

99 



-- 0.16081 
A 

A 0.12 
E0.6t----============= B 

§_ 
C 

§ 0.06 

B"' A· bockgnund ~ ., A· beckgwid 
.0 
m 0.04 

B·bod<p1uld 

B-bock~ 

,o 20 30 40 50 10 ~ 70 

tiroo/s tirre/s 

Fig. 5.13. Effect of centrifugation (14,000 RPM; 2 min) on the reaction with ferricyanide of purified, alkaline 
treated rapeseed extracts. PVPP (50 g/1) was added to deproteinated extract and the suspension was 
centrifuged. The supernatant was incubated with an equal volume of NaOH (2 M, 30 min) and 
neutralised (cone. HCI). The neutralised solution was mixed with an equal volume of phosphate 
buffer (pH 7, 0.2 M) in the presence or in the absence (referred to as 'background') offerricyanide (2 
mM). Measurement of absorbance started 10 s after the mixing. (A) Alkaline treated extracts were not 
centrifuged following their neutralisation; (B) alkaline treated extracts were centrifuged (14,000 
RPM; 2 min) following their neutralisation. 
Diode array spectrophotometer, integration time 0.5 s. 

5.3.6 Blank sample 

Deionised water treated in the same way as rapeseed extract in the pH switch procedure (including 

clean-up of the sample) did not produce any reaction with ferricyanide (Fig. 5.14). Consequently, no 

side reactions were expected to occur in the pH switch determination of glucosinolates apart from 

those caused by glucosinolates and remaining interfering compounds in the extracts. 
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Fig. 5.14. Deionised water used as a sample in the pH switch procedure. (A) Deionised water was treated in the 
same way as rapeseed extmct in the pH switch procedure (including dcproteination, PVPP adsorption, 
alkaline treatment and neutralisation - see :sections 5.5. U and 5.5.1.2) after which it was mixed with 
an equal volume of ferricyanide ( l mM) and ferrocyanide ( I mM) in phosphate buffer (pH 7, 0.2 M). 
Measurement of absorbance started immediately after the mixing. (B} Blank solution. i.e., addition of 
deionised water to equal volume of ferricyanide ( I mM) nnd fCl'l'<>cyllllide { I mM) in phosphru.e buffer 
(pH 7, 0.2 M). 
Diode array spectrophotometer, integration time O.S s. 
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5.4 Assessment of the pH switch procedure for determination of glucosinolates 
in rapeseed samples 

5.4.1 Description of the pH switch procedure 

5.4.1.l Extraction 

Ground whole-fat seed (500 mg) was added to a solution of preheated, almost boiling acetate buffer 

(pH 4.2, 0.2 M, 7.5 ml). The mixture was kept in a boiling water bath for 15 minutes. After cooling (5 

min) the whole extract was mixed with a solution containing 0.5 M each of barium and lead acetates 

(1.5 ml), and polyvinylpolypyrrolidone (0.4 g) was added. The mixture was incubated while being 

stirred (15 min) before adding sodium sulphate (2 M, 1.5 ml) and centrifuging (14,000 RPM, 5 min). 

5.4.1.2 Alkaline treatment and reaction with ferricyanide 

The clear supernatant was mixed with an equal volume of sodium hydroxide (2 M). HCI was added 

after 30 min incubation (I part of cone. HCl to 13 parts of the alkaline solution) to neutralize the 

solution (pH should not go far below 7). The resulting mixture was centrifuged (14,000 RPM, 3 min), 

and the supernatant mixed with an equal volume offerricyanide (2 mM) prepared in phosphate buffer 

(pH 7, 0.2 M). The absorbance of the solution was measured against phosphate buffer (pH 7, 0.2 M) at 

420 nm. Reproducible results could be obtained only if the time between mixing with ferricyanide and 

the subsequent absorbance measurement was short (less than 30 s) and constant. 

Due to the background absorbance of the extracts it was necessary to measure absorbance of blank 

samples, which were prepared by mixing the neutralized alkaline treated extract with phosphate buffer 

(pH 7, 0.2 M). 

5.4.1.3 Quantification of total glucosinolates in rapeseed samples 

The content of total glucosinolates in the rapeseed sample was calculated from the absorbance 

readings (Fig. 5.15) using a standard sinigrin calibration curve (Table 5.1 ): 

t>OD - intercept V d
C=-----X-- (5.3) 

s!ope m 

where c is the concentration of glucosinolates in the seeds (mmol kg"1) 

~OD2 is the change in optical density (420 nm) caused by the solution 

slope and intercept are those of the sinigrin calibration curve (Table 5. I) 

V is the volume of acetate buffer used for extraction of glucosino!ates (L) 

d is the dilution factor of the extract during the alkaline treatment and reaction with 

ferricyanide (= 6.02 for the described procedure) 

m is the mass of seeds used in the sample (kg) 

101 



0.8 

A 

0.6 
0 

0" 
N 

0 
0.4 t,,QD 

0.2 
8 

0 

0 10 20 30 

time /s 

Fig. 5.15. Absorbance readings in the pH switch procedure. Glucosinolates were extracted into acetate buffer 
(pH 4.2, 0.1 M) and purified by dcproteination and PVPP adsorption. The purified extract was 
incubated with an equal volume ofNaOH (2 M, 30 min) and neutralised (cone. HCI). The neutralised 
solution was centrifuged and mixed with an equal volume of phosphate buffer (pH 7, 0.2 M); (A) in 
the presence; (B) in the absence of ferricyanide (2 mM). Measurement of absorbance started 
immediately after the mixing. 
Diode array spectrophotometer, integration time 0.5 s. 

5.4.2 Comparison with XRF and HPLC methods 

Precise measurements of total glucosinolates in rapeseed could be made using the pH switch 

procedure, and there was a linear correlation with standard HPLC and XRF data (Table 5.3). Seven 

repeated analyses of each of four rapeseed samples with glucosinolate content bet\veen 10 and 50 

mmol kg·1 gave the following coefficients of variations: 

Sample 1 (approx. 20 mmol glucosinolates per kg): v, =5.82% 

Sample 2 (approx. 13 mmol glucosinolates per kg): V2 <= 3.77 % 

Sample 3 (approx. 26 mmol glucosinolates per kg): V3 =5.75 % 

Sample 4 (approx. 4& mmol glucosinolates per kg): V.,.=2.89% 

pH switch procedure HPLC* XRP 

Rape seed Total glucosinolates 
sample /mmo! ± s.d. in 1 kg ofwhole seeds ** 

l 20.8 ± 1.21 (n = 7) 19.2 ±2.44 (n =28) 21.9 ± 1.06 (n = 117) 
2 14.6 ± 0.55 (n = 7) l 3 (n = l) 
3 26.8 ± 1.54 (n =7) 26(n= I) 
4 46.2 ± 1.20 (n =7) 48 (n == 1) 

Table 5.3. Analysis of rape seed using the ferricyanide method and the of!ida! HPLC" and XRF "'methods (n 
is the number ofrepeat measurements). 
*Data from NIAB, Cambridge, 0 s.d. is the standard devi11tion. 
Sample I was a 'quality control' sample ana!y1.ed by NIAB. Samples 2, 3 and 4 were routine 
service samples analyzcd by NIAB. 
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5.5 Summary 

The pH switch procedure has been used to determine quantitatively total glucosinolates in rapeseed 

extracts. Following a broad assessment of the potential interferents in rapeseed, the major interference 

in the pH switch procedure was found to be caused by phenol-type compounds. However, a simple 

way of reducing the interfering effect was found based on removing the phenolics by adsorption with 

polyvinylpolypyrrolidone. Opacity caused by the presence of proteins in the extracts had to be 

removed by precipitation to enable absorbance readings. 

With the caveat that proteins and plant phenolics should be removed from samples beforehand, the 

recommended procedure is to degrade the glucosinolates (I M NaOH, 30 min) followed by 

adjustment to neutral pH and subsequent oxidation with ferricyanide (1 mM). The change in 

absorbance at 420 nm can then be attributed to the ferricyanide consumed as a result of glucosinolates 

present in the original samples. The precise protocol of the procedure is shown in Appendix A. 
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6 DISCUSSION AND CONCLUSIONS 

6.1 A reiteration of the aim of the project 

The purpose of the work reported in this thesis was to investigate methods for the quantitative 

detennination of total glucosinolates. The ultimate aim was to design a rapid and inexpensive 

analytical method for the determination of total glucosinolate content in oilseed and vegetable samples 

with the potential to be developed into a simple user-friendly sensor device. 

Two principal approaches to achieve this goal were: 

• A modification of a previously described biosensor method based on degradation of 

glucosinolates by the enzyme myrosinase and in siiu measurement of glucose released 

by this degradation using a myrosinase/glucose oxidase coupled enzyme sensor. Tile 

modification consisted of covalent immobilisation of glucose oxidase (GOX) on nylon 

nets and detection of oxygen consumption rather than hydrogen peroxide production. 

The research was aimed mainly at investigations into inhibition of GOX by products of 

the myrosinase reaction, which was previously described to limit the use of such a 

biosensor. 

• Investigation of a novel method relying on ferricyanide as a reactant with glucosinolates, 

using both spectrophotometric and electrochemical techniques to follow the resultant 

changes in ferricyanide concentration. 

Initial investigations into these approaches were carried out using the commercially available 

glucosinolates - sinigrin and glucotropaeolin. Following these initial investigations it was the further 

objective to choose the method with the best chances of success and to develop it further into an 

analytical procedure for determination of total glucosinolates in oilseed and vegetable samples to meet 

the ultimate aim of this research programme. 

6.2 Modification of the myrosinase/GOX biosensor 

Determination of the total amount of glucose released stoichiometricaUy from glucosinolates via the 

catalytic action of myrosinase is a common principle of a number of procedures described in the 

literature for total glucosinolate analysis. Although two-stage procedures relying on detennination of 

glucose following a complete myrosinase hydrolysis have proved satisfactory, difficulties were 

reported (Koshy, et al., 1988) for the in situ measurement of ghico:se using a bfosensor based on GOX 

immobilised directly on the surface of a platinum electrode non-immobilised myroslnase. The 

difficulties were caused by apparent inhibition of the imm(¥bilised GOX by produclS of the 

myrosinase reaction. 
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Biosensors incorporating GOX immobilised on nylon nets attached to the surface of a Clark oxygen 

sensor demonstrated good sensitivity and speed of response on exposure to solutions containing 

sinigrin and myrosinase. The measurement of oxygen consumption as opposed to hydrogen peroxide 

production did not appear detrimental to glucosinolate analysis. The response was linear up to 0.6 mM 

using the steady-state current as the measure of glucosinolate concentration. It was also possible to 

correlate the initial rate of the response with glucosinolate concentration, a factor which, in principle, 

has the potential to make more rapid measurements. However, a difference in magnitude of response 

of the myrosinase/GOX biosensor was observed following exposure to equal concentrations of 

sinigrin (alkylglucosinolate) and g!ucotropaeolin (benzylglucosinolate). The responses differed both in 

the total change in current between the baseline current and the steady-state current, and in the speed 

of the response measured in a glucosinolate sample. It was concluded that different rates of hydrolysis 

of the two glucosinolates accounted for the different responses in the initial rate of the responses of 

the biosensor. The dependence of the steady-state current on the side chain of the glucosinolate was 

also ascribed to different rates of myrosinase hydrolysis which resulted in a slower consumption of 

oxygen via the subsequent GOX reaction, and could thus allow a more effective replenishment of the 

consumed oxygen near the surface of the electrode. However, it is likely that there are additional 

factors that account for the differences in the steady-state currents. In consequence, if the biosensor 

was to be applied to the analysis of total glucosinolates in natural samples the results might vary with 

varying glucosinolate profiles in the samples. The time scale of the research programme did not allow 

any further experiments using either other isolated glucosinolates or natural samples to verify or rule 

out these predictions. 

Results obtained from continuous exposure of the GOX sensor to sinigrin/myrosinase solutions 

suggested that covalent immobilisation of GOX afforded some protection against inhibition by 

products of the myrosinase reaction. Inhibition of GOX activity was observed only following 

extended periods of continuous exposure in relatively high concentrations of degradation products of 

sinigrin. About 20 % reduction in the activity of immobilised GOX was observed on exposure for 24 

h to products resulting from complete degradation of to mM sinigrin and no reduction in activity was 

observed for the degradation products from l mM sinigrin. Contrastingly, the inhibition of GOX 

immobilised at the surface of a platinum electrode observed by Koshy et al., 1988 was considerably 

larger: 10 min incubation of the electrode in the products resulting from myrosinase degradation of 

2.4 mM sinigrin caused 90 % decrease in the GOX acti\'ity. 

No data have previously been published on the inhibition of free GOX by products of the myrosinase 

reaction. This study identified allylisothiocyanate as an inhibitor of free OOX at 7. Hydrolysis of 

sinigrin by myrosinase below pH 5.8 in the presence of 2.S mM prevents formation of 

allylisothiocyanate (Uda et al., 1986), and prom<>tes fomtation of allylcyanide and elemental sulphur 

as the major products. Allylcyanide was found to cause 110 inhibition free GOX activity. However, 

the free enzyme was inhibited more strongly by products resulting from hydrolysis of sinigrin at pH 

5.8 in the presence of 2.5 mM Fe2'. Elemental sulphur was suspected rn cause the inhibition. 

105 

http:myrosina.se


Therefore, whilst satisfactory activity of GOX can be obtained between pH 5 and 9, GOX should be 

maintained at pH > 7 in the presence of myrosinase in order to promote formation of the less 

inhibitory products of the myrosinase reaction. It is very likely that the inhibition of immobilised 

GOX under these conditions would still affect the long-tenn stability of the bi-enzyme sensor system. 

However, considering the relatively low concentrations ( < 1 mM) of glucosinolates in natural extracts 

obtained by established extraction techniques and the minimal inhibitory effects of products resulting 

from myrosinase degradation of I mM sinigrin, it is believed that it would be possible to use the nylon 

nets with immobilised enzyme for a reasonably large number of analyses without effecting the 

accuracy of the measurements. 

The sensor constructed in this work fulfils the criteria of simple and rapid monitoring. The nylon nets 

could be produced in bulk and supplied to allow sensor construction by semi-skilled personnel as 

required. The level of GOX inhibition will dictate the life-time of the immobilised construct and 

therefore the cost effectiveness of the sensor. A significant additional cost of the assay is the 

commercial myrosinase. However, myrosinase can be isolated from seeds ofSinapis alba using a very 

simple extraction procedure (Appelquist and Josefsson, 1967). Further experimental work is necessary 

to assess fully the criteria of cost and applicability of the method to detennination of glucosinolates in 

natural samples. Nonetheless, the promising progress of the other method investigated in parallel with 

the biosensor approach led to a decision not to carry out any further experiments on the biosensor 

approach and to concentrate fully on development of an applicable method based on reaction of 

glucosinolates with ferricyanide. 

6.3 The pH switch assay: reduction of ferricyanide by alkaline degradation 
products of glucosinolates 

The ferricyanide procedure investigated in this work was a novel approach to the analysis of total 

glucosinolates. The work was inspired by the reports in the literature indicating that glucosinolates, or 

possibly alkaline degradation products thereof, could be oxidised by ferricyanide. The investigation 

developed into a broad assessment of electrochemical and optical characteristics of glucosinolates in 

neutral and alkaline solutions both in the presence and absence of ferricyanide. Glucosinolates were 

shown to reduce ferricyanide only following alkaline degradation and 1-thioglucose was identified as 

the sole degradation product that reacted with ferricyanide: 

ow 2R - glucosinolate ----+ C6H1p 5s· + R - glycine + SO,4 (6.1) 

2C 6H 11 O 5s· + 2 Fe(CN)i· ~ C6 H 11 O 5SSO5H 11C6 + 2 Fc(CN)t· (6.2) 

Oxidation of the 1-thioglucose by ferricyanide could be followed both by decrease in absorbance (420 

nm) and by increase in cathodic current using n platinum disc electrode. The alkaline breakdown of 

glucosinolates was found to be the rate-limiting step, complete degradation of sinigrin (1 mM) being 

106 



achieved in approximately 3 hours in phosphate buffer (pH 12, 0.2 M) and in about 5 min in NaOH (1 

M). The rate of the degradation of glucotropaeolin was even slower. In contrast, 1-thioglucose was 

found to be rapidly oxidised by ferricyanide both at alkaline and at neutral pH. This factor was 

exploited in developing the procedure for rapid analysis of glucosino!ates in model solutions in the 

presence of carbohydrates. While substantial amounts of carbohydrates can be expected in rapeseed 

extracts, their reaction with ferricyanide in alkaline solutions is well known. Interference by glucose -

the model carbohydrate - was completely removed by neutralising the alkaline sample prior to the 

reaction with ferricyanide. Therefore, reaction of glucosinolates in sodium hydroxide (1 M) followed 

by injection of the alkaline solution into a buffered neutral solution of ferricyanide (1 mM) was 

adopted as the general method of analysis and was named 'pH switch method'. 

However, considerable interference was observed when applying the pH switch spectrophotometric 

method to the analysis of total glucosinolates in rapeseed extracts. Following a detailed assessment of 

potential interfering compounds, the interference was ascribed to plant phenolics. The quantity of 

phenolics in the rapeseed extracts was reduced by adsorption onto PVPP. The interference was thus 

reduced, but not removed. The residual phenolics appeared slow to react, and therefore interference 

could be further reduced by decreasing the time of analysis: reproducible results were obtained only if 

the time between mixing with ferricyanide and the subsequent absorbance measurement was short 

(less than 30 s) and constant. Precise measurements {repeatability coefficient of variation = 3-6 %, 

number of repeated analyses = 7) of total glucosinolate content in rapeseeds could be made when the 

modified extraction and purification procedure was followed, and there was a linear correlation with 

standard HPLC and XRF data. This method may serve as the basis of a rapid and simple analytical 

assay for total glucosinolates in rape seed and other plant materials. 

In comparison with other methods of total glucosinolate analysis, the ferricyanide method has several 

positive attributes: 

• The method of analysis is a technically straightforward, inexpensive procedure that does not require 

any special equipment. 

• There is no enzymic step, so concern over enzyme activity and purity is eliminated. 

• The method does not involve long waiting periods (e.g. myrosinase hydrolysis or desulphation of 

glucosinolates) which makes the analysis much quicker than the official HPLC methods. 

• Unlike the official XRF method, the ferricyanide procedure has potential application in samples 

other than rapeseed: preliminary experiments using vegetable extracts suggested that no classes of 

compounds present in vegetables would cause a major interference with the pH switch method 

Furthermore, the pH switch technique does not require extensive calibration using certified St>eds, 

and it is not affected by possible variations in non-glucosinolate sulphur in the samples (e.g. due to 

the application of sulphur-containing fertUisers). 

• In comparison with glucose release methods, the thymo, method and the paU~lum method, the 

107 



ferricyanide procedure is not affected by glucose in the samples. 

• In comparison with ferricyanide, the reagents used in other quick, simple, non-enzymic methods (i.e. 

palladium and thymol methods) are less stable (PdC!4), more difficult to handle (thymol-H2SO4 at 

100 °C) or more toxic (thymol, Pd). 

• The mechanism of the alkaline degradation of glucosinolates together with the preliminary data 

obtained using two different glucosinolates suggests that the ferricyanide method may be nearly 

stoichiometric for glucosinolates possessing various side chains (this is not the case for the 

palladium reaction). 

6.4 Summary and future work 

Both the myrosinase/GOX biosensor and the ferricyanide method for analysis of total glucosinolates 

were found to be applicable to the detennination of isolated commercial glucosinolates. The 

ferricyanide method became the major area of investigation and the procedure was developed into an 

assay for the analysis of glucosinolates in rapeseed samples. 

Covalent immobilisation of GOX appeared to increase the resistance of the enzyme to by-product 

interference. However, the cost effectiveness of the bi-enzyme sensor is governed by the amount of 

enzyme required and its life expectancy. Myrosinase is expensive to buy and isolation and purification 

from yellow mustard seeds is a lengthy procedure. Co-immobilisation with GOX would reduce the 

amount of enzyme required, but would not be economically viable unless inhibition of the GOX could 

be reduced even further and thus extend the working life of such a sensor. 

Other areas requiring future work are: 

• Evaluation of the inhibitory effect on GOX caused by repeated analyses of g!ucosinolates 

in natural extracts. 

• Assessment of the effect of varying rate of myrosinase hydrolysis using both isolated 

glucosinolates and natural extracts with known concentrations of glucosino!ates. More data 

are required on the rate of hydrolysis by myrosinase of both isolated glucosino!ates and 

natural extracts to assess the effectiveness of measuring initial rates vs. steady-state 02 

consumption. 

• Evaluation of the interference by natural levels ofglucose in seeds or vegetable extracts and 

development of methods to circumvent the problem, e.g. it is believed that the interference 

of glucose could be circumvented by measuring the signal of the GOX biosensor before and 

after addition of myrosinase to the sample. 

• Co-immobilisation of myrosinase and GOX. 

The pH switch method with spectrophotometric detection fulfilled the criteria of speed and low-cost 

of the analysis of total glucosinolates in rapeseed samples. The method could be applied to both 
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laboratory and field testing since, potentially, the expertise already exists to miniaturise the 

technology to allow the ferricyanide-ferrocyanide couple to be monitored using a simple portable 

system (e.g. based on single-use screen-printed electrodes). One major class of potential end-users of 

such a system are the plant breeders who are seeking cheap and rapid methods to determine the total 

glucosinolate content in newly developed varieties of rapeseed to ensure compliance with EC 

regulations. It could therefore be seen as both a rapid analysis and a screening system. In addition, the 

method has the potential to be used for the rapid analysis of glucosinolates in rapeseed meal, which is 

of increasing importance considering the trend towards the use of rapeseed meal as an animal feed. 

Finally, there is a potential application of the method in the rapid analysis of total glucosinolates in 

vegetables. Although the determination of individual glucosinolates appears to be considerably more 

important in vegetables, the total glucosino!ates content might still be considered as an indicator of 

their quality (e.g. considering the negative effects of high quantities of glucosinolates on the taste of 

the vegetables). 

Whilst the pH switch method has proved an acceptable alternative to established methods, its 

efficiency could be still improved. The reliability of the assay would be enhanced if the interference of 

phenolics could be further reduced. It would make it easier to perfonn the analysis since there would 

be no stringent time constraints on the method. It might be achieved by using a different method for 

purification of the extracts, e.g. the use of DEAE-Sephadex columns - a more laborious but probably 

more effective method of purification of the extracts. It might also be found advantageous to use 

ferrocyanide production rather that ferricyanide consumption as the measure of glucosinolate 

concentration using reagents specific for Fe(II). These reagents give complexes with ferrocyanide 

with molar absorption coefficients of more than 10,000 (Avron and Shavit, 1963). It would therefore 

make the spectrophotometric pH switch method considerably more sensitive. 

The ultimate aim would be to develop the assay into a single-use sensor device for use in field testing. 

It is believed that if there was sufficient need for it, it would not be beyond the realms of possibility to 

adapt the method so that it could be carried out using thick-film single-use sensor devices that 

incorporate the required immobilised reagents. This could make it possible for relatively unskilled 

operators to make rapid g!ucosinolate measurements outside of the laboratory. 
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APPENDIX A 

Spectrophotometric pH switch method for determination of total glucosinolates 
in rapeseed - analytical protocol 

1. FIELD OF APPLICATION 

This method is applicable to determination of total glucosinolate content in rapeseed samples. 

Content of individual glucosinolates or otherwise specified groups of glucosinolates can not 

be analysed using this method. 

2. PRINCIPLE 

Extraction of glucosinolates in acetate buffer followed by purification and alkaline treatment 

of the extracts. Determination of the species released from glucosinolates on the alkaline 

treatment using their reaction with ferricyanide with spectrophotometric detection. 

3. REAGENTS AND MATERIALS 

All reagents will be of reagent grade and water used will be deionised water. 

• acetate buffer (pH 4.2, 0.2 M) 

.. barium acetate 

• hydrochloric acid (cone.) 

• lead acetate 

• phosphate buffer (pH 7, 0.2 M) 

• polyvinylpolypyrrolidone 

• potassium ferricyanide 

• sodium hydroxide 

• sodium sulphate 

4. STANDARD 

Sinigrin (potassium allylglucosinolate rnonohydrate, MW= 415.5} 

5. APPARATUS 

Normal laboratory equipment and, in particular, the following: 

• coffee mill 

• centrifuge, capable ofrotating at 14,000 g 

• spectrophotometer, capable ofmeasuring absorbance at 420 nm. 
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6. PROCEDURE 

6.1. Calibration 

Prepare solutions of sinigrin in deionized water in at least three of the following 

concentrations (referred to as [sinigrin]original in the following text): 5, 10, 15, 20, 25, 30, 35, 

40, 45, 50, 55 and 60 mM. Mix each of these solutions with an equal volume of aqueous 

sodium hydroxide (2 M) and incubate for 10 minutes. Add the resulting mixture (200 µl) into 

the background solution of ferricyanide (I mM) in phosphate buffer (pH 7, 0.2 M, 4.8 ml), 

stir the mixture and measure the absorbance (ODl) at 420 nm of the solution. 

Add the deionised water (200 µl) into the background solution of ferricyanide (1 mM) in 

phosphate buffer (pH 7, 0.2 M, 4.8 ml), stir the mixture and measure the absorbance (OD2) at 

420 nm of the solution. 

Calculate the final concentration of sinigrin in the mixtures with ferricyanide: 

[sinigrinfonal = 0.04 x [sinigrin"Joriginal 

Create a calibration graph: 

(OD2 - OD1) vs.[sinigrinfonal 

Following the linear regression of the calibration graph calculate the slope and intercept of 

the calibration equation: 

(OD2 - 0D1) = slope x [sinigrinfonal + intercept 

Alternatively, use slope and intercept values calculated in our labor:atory using 1 cm cuvettes: 

slope = 0.822 

intercept = 0.003 

6.2. Extraction of glucosinolates 

Grind whole-fat rape seeds using the coffee mill. Add the homogenised meal (500 mg) to a 

solution of preheated, almost boiling acetate buffer (pH 4.2, 0.2 M, 7..5 ml} in a test-tube. 

Seal the test-tube and keep it in a boiling water bath for 15 minutes. After cooling (5 min) 

mix the whole extract with a solution containing 0.5 Meach of barium and lead acetates (LS 

ml), and add polyvinylpolypyrrolidone (0.4 g). Incubate the mixture while being stirred (15 
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min) before adding sodium sulphate (2 M, 1.5 ml) and centrifuging (14,000 min"1, 5 min). 

Use the supernatant for the following steps. 

6.3. Alkaline treatment of purified extracts and subsequent reaction with ferricyanide 

Mix the clear supernatant (6.2) with an equal volume of sodium hydroxide (2 M). Incubate 

for 30 min. Add HCl (I part of cone. HCI to 13 parts of the alkaline solution) and stir the 

mixture to neutralise the solution (pH should not go far below 7). Centrifuge the resulting 

mixture (14,000 min·1, 3 min), and mix the supernatant with an equal volume of ferricyanide 

(2 mM) prepared in phosphate buffer (pH 7, 0.2 M). Measure the absorbance (OD3) of the 

solution not more than 30 seconds later against phosphate buffer (pH 7, 0.2 M) at 420 nm. 

6.4 Blank samples (can be done simultaneously with 6.3) 

Mix the clear supernatant (6.2) with an equal volume of sodium hydroxide (2 M). Incubate 

for 30 min. Add HCl (1 part of cone. HCl to 13 parts of the alkaline solution) and stir the 

mixture to neutralise the solution (pH should not go far below 7). centrifuge the resulting 

mixture (14,000 min·1, 3 min), and mix the supernatant with an equal volume of phosphate 

buffer (pH 7, 0.2 M). Measure the absorbance (0D4) of the solution not more than 30 

seconds later against phosphate buffer (pH 7, 0.2 M) at 420 nm. 

Mix deionised water (200 µl) with an equal volume of ferricyanide (1 mM) in phosphate 

buffer (pH 7, 0.2 M), stir the mixture and measure the absorbance (ODS) at 420 nm of the 

solution. 

6.5 Quantification of total glucosinolates in rapeseed sample 

The content of total glucosinolates in the rapeseed sample is calculated from the absorbance 

reading using a standard sinigrin calibration curve (6.1 ): 

(OD5-0D4-0D3)-intercept V d C=------'----~x--
sJope m 

where c is the concentration ofglucosinolates in the seeds (mmol kg"1), 

LlOD is the change in optical density (420 nm) caused by the solution, 

slope and intercept are those of the sinigrin calibration curve (6.1), 

V is the volume ofacetate buffer used for extraction of glucosinolates (L), 6.2, 

d is the dilution factor of the extract during the alkaline treatment and reaction with 

ferricyanide (= 6.02 for the described procedure), 

rn is the mass of seeds used in the sample (kg), 6.2. 
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