
A

i
p
p
d
p
s
T
c
©

1
d

Journal of Chromatography B, 845 (2007) 1–37

Review

Review of methodology for the determination of benzimidazole
residues in biological matrices

Martin Danaher a,∗, Hendrik De Ruyck b, Steven R.H. Crooks c,
Geraldine Dowling a, Michael O’Keeffe a

a Teagasc, Ashtown Food Research Centre, Ashtown, Dublin 15, Ireland
b Technology and Food Unit (T&V), Food Safety, Ministry of the Flemish Community, Institute for Agricultural and Fisheries Research (ILVO),

Brusselsesteenweg 370, B-9090 Melle, Belgium
c Agri-Food and Biosciences Institute, Veterinary Sciences Division, Stormont, Belfast BT4 3SD, UK

Received 18 April 2006; accepted 21 July 2006
Available online 22 August 2006

bstract

Benzimidazoles are anthelmintic agents widely used in the treatment of parasitic infections in a range of species and as fungicidal agents
n the control of spoilage of crops during storage and transport. In this paper, the more important benzimidazoles are introduced and their
harmacological effects and physiochemical properties discussed. The metabolism of these drugs is described relating to the occurrence and
ersistence of residues in biological matrices, providing information for selection of suitable matrices and target residues for testing. Methods for
etermination of benzimidazoles are reviewed for a range of biological matrices. The importance of selecting suitable extraction and clean-up
rocedures is discussed, along with the difficulties encountered in adapting single residue methods to multi-residue methods. The importance of

uitable detection systems for determination of benzimidazoles, namely, screening, HPLC, GC and confirmatory methods is described in detail.
he future for benzimidazole residue analysis is discussed, focusing on selection of appropriate residues for screening methods and protocols for
onfirmation of benzimidazole residues.
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fungi affecting field crops, stored fruit and vegetables. Thiaben-
dazole (TBZ) was the first benzimidazole to be marketed over
40 years ago [1]. It has been used widely for control of gastroin-
testinal nematodes, lungworms and as a fungicidal agent. After
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ts introduction, a number of alternative benzimidazoles offer-
ng similar activity came on the market, such as parbendazole
PAR) [2] cambendazole (CAM) [3] mebendazole (MBZ) [4]
nd oxibendazole (OXI) [5].

Benzimidazoles possessing sulphide and sulphoxide func-
ional groups were subsequently introduced, offering a wider
pectrum of activity and improved efficacy. Albendazole (ABZ)
11. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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1. Introduction

Benzimidazoles are veterinary drugs widely used for pre-
vention and treatment of parasitic infections in agriculture and
aquaculture. Some benzimidazoles have also found applications
as pre- or post-harvest fungicides for control of a wide range of
6], fenbendazole (FBZ) [7] and oxfendazole (OFZ) [8] were the
rst such benzimidazoles to be successfully used in the treatment
f all growth stages of gastrointestinal nematodes. They may be
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sed also in the treatment of lungworms, tapeworms and adult
tages of liver fluke. The benzimidazole, triclabendazole (TCB)
as later introduced as an anthelmintic agent for treatment of all

tages of liver fluke, but it is ineffective against nematodes [9].
uxabendazole (LUX) is another benzimidazole-sulphide used

n the treatment of food-producing animals but is not licensed
or use in the EU [10]. The low solubility of benzimidazole sul-
hides and sulphoxides leads to their low absorption from the
ut, resulting in low bioavailability [11,12]. Netobimin (NETO)
13] and febantel (FEB) [14], which are the pro-drugs of ABZ
nd FBZ, respectively, have greater water solubility resulting in
mproved absorption and increased bioavailability. Similar pro-
enzimidazoles have found widespread use as fungicidal agents,
ncluding benomyl (BEN) and thiophanate-methyl (TM), which
re precursors of carbendazim (MBC).

In this paper, a comprehensive review of methodologies for
he determination of benzimidazole residues in biological matri-
es is presented. Firstly, an introduction is given on benzimida-
ole residues in relation to their mode of action, activity and
oxicity. The metabolism and pharmacokinetics of these sub-
tances is then presented and discussed in relation to MRLs,
nd the selection of appropiate residues to monitor the presence
f residues in food. Methodology for determination of benzim-
dazole residues in food is subsequently discussed in terms of
ample handling, analysis, residues included and sensitivity. The
aper concludes with comments on method validation, a general
ummary and notes on future perspectives.

. Mode of action, biological activity and toxicity

.1. Mode of action

A number of different modes of action have been proposed
or benzimidazole drugs. ABZ has been shown to block glucose
ptake in the larval and adult stages of susceptible parasites, by
epleting their glycogen reserves and thereby decreasing ATP
ormation [15]. Blocking of glucose uptake was shown to be
mechanism of action for MBZ and TBZ [16]. A number of

esearchers have shown that benzimidazoles inhibit the enzyme
umaric acid reductase in the parasite, thus blocking the forma-
ion of succinic acid [16–18]. Consequently, this disturbs the nor-

al operation of the dicarboxylic acid cycle, which replaces the
rebs cycle in anaerobic parasites [19,20]. The dicarboxylic acid

ycle starts by fixing CO2 on pyruvate, or preferably on phos-
hoenolpyruvate, to form oxaloacetate, and proceeds via malate
nd fumarate to form succinate as an end-product. Therefore,
his cycle runs in anaerobic parasites in an opposite direction to
he Krebs cycle, and its final electron receiver is fumarate. It is
lso coupled with a special electron transport system particular
o anaerobic parasites for production of ATP. By blocking the
ycle at the fumarate level, TBZ deprives the parasites of a sig-
ificant source of energy, thus ultimately causing their paralysis
nd death [21,22].
Inhibition of microtubule formation has been identified as
he primary mode of action of benzimidazole drugs by a num-
er of researchers [15,23,24]. Many of the processes proposed
s targets for benzimidazoles are dependent on the integrity of

e
f
d
f
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he microtubule matrix. Microtubules are associated with the
ollowing cellullar functions—formation of the mitotic spindle
n cell division, maintenance of cell shape, cell motility, cel-
ular secretion, nutrient absorption and intracellular transport.
n view of the crucial roles microtubules play in many cellu-
ar processes, their drug-induced destruction eventually leads to
he death of the organism. The dynamics of microtubule forma-
ion has been described in a number of papers, which should
e consulted for more detail [25–28]. Inhibition of microtubule
ormation has been investigated in detail with the classical antim-
totic agent colchicine showing that this compound binds to
ubulin prior to its polymerisation [29]. Inhibition of micro-
ubule assembly appears to be achieved through addition of
olchicine-bearing tubulin to the end of a growing microtubule
nd loss of the ability of these subunits to accept other tubu-
in molecules for further microtubule growth. Data obtained
rom fluorescence spectroscopy and labelling experiments have
ndicated that the colchicine binding site is on the �-tubulin

onomer, obviously close to the �,� subunit interface [30,31].
ther spectroscopic analyses suggest that inhibition of tubu-

in polymerisation is due to a drug-induced local unfolding
f a small region within the �-tubulin monomer [29]. A sim-
lar mechanism may be responsible for inhibition of tubulin
olymerisation by benzimidazoles, as the binding site of these
ompounds appears also to be located on the �-tubulin monomer
32–34].

The reason for selective effect of benzimidazoles towards
arasites and high safety in host species is not well understood.
riedman and Platzer [35] demonstrated that the binding of FBZ
nd MBZ was 250- to 400-fold greater in parasite tubulin than
ammalian tubulin. This provided the first evidence that the

pecies selectivity of the benzimidazoles may derive from dif-
erences in their affinities for host and parasite tubulin. Kohler
nd Bachmann [36] showed in subsequent work that selectivity
as more likely achieved by differential drug pharmacokinetics

n the host and parasite. Russell et al. [37] found that the rate
f dissociation of MBZ from parasite tubulin was much lower
han the rate for dissociation of MBZ from mammalian tubulin.
herefore, it would appear that the selective toxicity of benzim-

dazoles may be due to differences in the strength of binding in
arasite and host tubulin.

.2. Activity

A summary of the activity of different benzimidazole drugs
n the major food-producing animals is presented in this sec-
ion. More detailed reports of drug activity are described else-
here [11,38]. At the recommended dosage rates in cattle, TBZ

66 mg/kg bw) and OXI (10 mg/kg bw) are effective only against
dult and developing larval stages of the common gastrointesti-
al (G.I.) roundworms. FEB shows additional activity against
ungworms. ABZ-SO2, FBZ and OFZ have broader spectra of
ctivity which include adult larvae. ABZ-SO and OFZ are also

ffective against tapeworms. The spectra of activity are extended
urther to include adult fluke for NETO and ABZ although the
osages have to be increased to 20 and 10 mg/kg, respectively,
or efficacy against this parasitic disease. TCB is ineffective
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gainst nematodes and cestodes but has excellent activity against
ll stages of the fluke (a trematode).

.2.1. Sheep
OXI is effective against adult and developing larval stages

f the common G.I. roundworms. TBZ and MBZ have addi-
ional activity against lungworms, although TBZ has to be given
t a higher dose rate for treatment of G.I. roundworms and
ungworm. At a higher dose rate, TBZ is also effective against
eveloping G.I. roundworms. MBZ is also active against tape-
orms. ABZ-SO, FEB, FBZ and OFZ are effective against all

tages of G.I. roundworms, they are also effective against lung-
orms and tapeworms. NETO and ABZ have similar activity

o this group but are also effective against adult stages of fluke
f given at an increased dose rate. TCB is effective against all
tages of fluke.

.2.2. Goats
MBZ and FBZ are effective against all the major G.I. round-

orms, lungworms and tapeworms in goats.

.2.3. Horses
All benzimidazoles and probenzimidazoles licensed for use

n horses are effective against adult G.I. roundworms, although
BZ needs to be given at an increased dose rate for efficacy
gainst P. equorum. TBZ, OXI and FBZ are effective against
.I. roundworms if given at an increased dose. FBZ and OFZ

re effective against migrating G.I. roundworm larva, although
BZ must be given at a much higher dose rate.

.2.4. Pigs
OXI, flubendazole (FLU) and FEB are effective against G.I.

oundworms in pigs. FLU, FEB and FBZ are also effective
gainst lungworm. FBZ should be given at a higher dose rate
or lungworms if treatment is being carried out on a single occa-
ion.

.2.5. Poultry
CAM is effective against larval and adult stages of G.I. round-

orms in pigeons at a dose rate of 75 mg/kg given on two
onsecutive days. In pheasants, partridges and waterfowl, MBZ
s effective against gapeworm and G.I. roundworms. FLU offers
he broadest spectrum of activity of benzimidazoles in poul-
ry and game birds, showing activity against G.I. roundworms,
apeworms and tapeworms.

.3. Toxicity

McKellar and Scott [11] have reviewed the toxicity of ben-
imidazole veterinary drugs in detail. Excerpt from this review
re summarised in this section. Benzimidazoles are regarded as
afe up to 20 to 30 times the recommended dose. Acute toxic-
ty is difficult to induce with these drugs and LD50 values are

lmost impossible to define for drugs such as TBZ and FBZ.
eports of acute toxicity of benzimidazoles in animals are very

imited. The main toxic effect of the benzimidazole compounds
nvolves their teratogenic effect, which was first reported for

h
v
o
a
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AR [39]. Congenital malformations resulting from administra-
ion of benzimidazole anthelmintics during gestation in ewes
ave been observed with CAM [40], OFZ [41] and ABZ [42].
owever, FEB [43], FBZ [44], MBZ [45] and OXI [46,47] do not

ppear to exert a teratogenic effect in sheep when administered
n early gestation. Polyploidy was observed in cultured hamster
vary cells incubated with OXI and, as a result, OXI has been
estricted to use in weaning piglets or at batch formation [48]. In
reeding poultry, treatment with FLU in feed caused transient
iarrhoea but there was no effect on egg production, fertility and
atchability [49]. In general, if these drugs are to be used in early
regnancy, it must be for good reason and at the lowest recom-
ended doses. Seiler observed anaemia in dogs after prolonged

reatment with TBZ [50]. In calves, treatment with cambenda-
ole caused pulmonary oedema and necrotic lymphadenopathy,
hich was fatal in some cases [51].
Of particular note is the fact that some benzimidazole metabo-

ites are more toxic than the parent drug; for example, hydroxy-
ebendazole (MBZ-OH) has been found to be more embry-

toxic than MBZ, in rat [52]. In rat, OFZ is teratogenic at about
ne-half the highest reported no-effect level for FBZ [52].

. Important physical and chemical properties of
enzimidazoles

The benzimidazoles are the largest chemical family used
o treat endoparasitic disease in domestic animals. This group
ncludes thiabendazole analogues and benzimidazole carba-

ates; substitution of various side chain and radicals on the
arent benzimidazole nucleus produces the individual members.
ewer benzimidazole carbamates are characterised by novel

ubstituents on the benzimidazole nucleus and replacement of
he thiazole ring by methylcarbamate. Such modifications have
iven rise to a new generation of benzimidazoles with much
lower rates of elimination, higher potencies and broader activ-
ty spectra.

Much information about the physical and chemical properties
f benzimidazoles can be found in reference books, from chem-
cal suppliers and by simple calculations. However, information
elating to important properties such as octanol–water parti-
ion coefficients and pKa values are not readily available. Some
esearchers have referenced pKa values in published papers for
etermination of benzimidazole residues in biological matrices,
ut information regarding determination of pKa values (either by
xperimentation or computer software) is generally not quoted
12,53–56]. These properties, pKa values in particular, provide
mportant information regarding solubility and ion exchange
roperties of residues. It is known that benzimidazoles pos-
ess an imidazole ring containing both acidic and basic nitrogen
toms. Under suitable conditions, the molecule may be proto-
ated (pKa ∼5–6) or deprotonated (pKa ∼12), as shown in Fig. 1
57].

The pKa values of a limited number of benzimidazoles

ave been quoted in the literature but mostly only one pKa
alue, is listed when two or more usually exist. A summary
f the pKa values and octanol–water partition coefficients (Kow)
re listed in Table 1 (N = acidic or basic nitrogen groups and
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ig. 1. Ionisation of the benzimidazole molecule under acidic (A) and basic (B)
onditions.

H = hydroxyl groups) [57]. Experimental (from literature) and

alculated (using computer software) values are quoted for each
enzimidazole listed, where available. Each benzimidazole in
able 1 has pKa values listed relating to acidic and basic nitro-
en atoms on the imidazole ring. Other benzimidazoles, namely

(
5
p
i

able 1
isting of important physical and chemical properties of benzimidazoles

enzimidazole CAS number Octanol–water partition coefficient pKa val

Experimental Calculatedb Experim

BZ 54965-21-8 2.2–2.92
BZ-SO 54029-12-8 0.82–0.94 7.8
BZ-SO2 0.9–1.01
BZ-NH2-SO2 80983-34-2 0.69–0.75
BZ 43210-67-9 1.95 3.07–4.01
FZ 53716-50-0 1.88–2.13
BZ-SO2 2.13–3.30
LU 31430-15-6 1.98–2.41
LU-HMET 1.72
LU-RMET 1.94

BZ 31431-39-7 2.44–2.52 3.5
BZ-OH 2.22–2.61 9.8

BZ-NH2 1.84–2.27 5.5
XI 20559-55-1 1.86–2.63
BZ 148-79-8 5.3–6.2 1.58–1.76 2.5,4.7
-OH-TBZ 1.29–1.37 4.5

CB 68786-66-3 4.90–6.66 10.5, 2.

CB-SO 3.39–3.66

CB-SO2 3.58–5.14

AM 26097-80-3 1.81–1.91

BC 10605-21-7 1.29–1.69 9.52
enzimidazole 1.5 0.8–0.95 4.36, 1
AR 14255-87-9 1.86–2.63

, ionisable nitrogen atom. OH, ionisable hydroxyl group.
a pKa values calculated using Pallas Software Version 3.0 (CompuDrug Internation
b Octanol–water partition coefficient calculated using ChemDraw Ultra Software V
togr. B 845 (2007) 1–37 5

AM, TBZ, TCB, FLU reduced metabolite (FLU-RMET) and
ydroxy mebendazole (MBZ-OH), are more complex molecules
ossessing more than two ionisable groups. FLU-RMET and
BZ-OH possess acidic hydroxyl groups, with pKa values of

3.1 and 13.8, respectively. This has important consequences
or extraction and clean-up of 5-hydroxy thiabendazole (5-OH-
BZ) residues from biological matrices. A common approach is

o carry out aqueous extraction of residues under acidic or, more
ommonly, alkaline conditions, before adjusting the pH and par-
itioning into ethyl acetate. Unfortunately, because 5-OH-TBZ is
onised over the complete pH range, it is readily soluble in most
cidic or basic solutions and, therefore, difficult to extract into
thyl acetate. In the case of CAM, TCB and TCB metabolites,
wo or more pKa values are indicated for each substance. Again,
or these molecules it can be seen that the pH of the extraction
olvent needs careful manipulation. Triclabendazole (TCB), tri-
labendazole sulphoxide (TCB-SO), triclabendazole sulphone

TCB-SO2) and CAM are neutral in the ranges of pH 7.3–10.9,
.0–9.0, 3.8–8.0 and 7.4–11.1, respectively. Therefore, the only
H range that would give non-ionised forms of these molecules
s 7.4–8.0. The problem gets more complicated when the other

uesa pH range at which substance
is in neutral state

ental pKa Calculated

Basic groups Acidic groups

N: 5.54 N: 13.11 7.7–11.2
N: 5.69 N: 13.25 7.6–11.2
N: 3.50 N: 11.20 5.5–9.2
N: 5.98 N: 13.30 7.9–11.3
N: 5.12 N: 12.72 7.1–9.8
N: 4.13 N: 11.79 6.1–9.8
N: 3.41 N: 11.12 5.4–9.2
N: 4.10 N: 11.76 6.1–9.8
N: 6.58 N: 13.87 6.5–11.9
N: 5.57 N: 13.14 7.6–11.2

OH: 13.68
N: 4.13 N: 11.79 6.1–9.8
N: 5.60 N: 13.16 7.6–11.2

OH: 13.77
N: 6.61 N: 13.89 8.6–11.9
N: 6.26 N: 13.78 8.2–11.8
N: 5.22 N: 12.83 7.2–10.9
N: 7.65 Phenol: 5.46 Always in ionised state

N: 15.10
5 N: 5.31 N: 12.91 7.3–11.0

N: 1.82
N: 3.00 N: 10.95 5.0–9.0
N: 1.82
N: 1.86 N: 9.99 3.8–8.0
N: 1.82
N: 5.44 N: 13.04 7.4–13.1
N: −4.62 N: 15.97
N: 5.52 N: 13.09 7.5–11.1

6.4 N: 5.30 N: 12.90 7.3–10.9
N: 5.99 N: 13.53 7.9–11.6

al Inc., Grandview Drive, South San Francisco, CA 94080, USA).
ersion 6.0.1 (CambridgeSoft, 100 Cambridge Park Drive, MA 02140, USA).
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enzimidazoles are included; predicted pKa values indicate that
t a pH value of 8.0 most molecules are in their non-ionised
tate. However, a few exceptions exist, such as amino mebenda-
ole (MBZ-NH2) and OXI which exist in a non-ionised form at
H values of >8.6 and 8.3, respectively.

The octanol–water partition coefficient, Kow, although not
enerally quoted in the scientific literature, is also a very impor-
ant property. It can provide an indication of the solubility of
hese residues in different solvents and give an indication of the
lution conditions necessary for liquid chromatography. Most of
hese molecules have similar Kow values, which are generally in
he range 0.8–3.3. However, FBZ and the TCBs residues appear
o be much more lipophilic in nature than the other benzimi-
azoles; these properties appear to be in good agreement with
he polarity of the molecules, as indicated by chromatographic
lution order in reversed phase LC systems.

. Factors affecting the occurence of benzimidazoles in
issues of animal origin

.1. Route of administration

Benzimidazoles are typically administered as an oral or
ntraruminal dose or in feed. The bioavailability of benzimi-
azoles depends greatly upon the route of adminstration and the
rug in question. After administration of intraruminal doses of
BZ and ABZ to sheep, improved bioavailability of the drug
as observed compared to oral doses [58]. Earlier work pro-
osed that a portion of the oral dose can on occasion bypass
y the rumen and rapidly enter the abomasum by closure of
he oesophageal groove, reducing bioavailability [59]. In the
ase of NETO, the drug rapidly cleared from the plasma 12 h
ost-treatment, when administered parentally in sheep and cat-
le [60–62]. It was found that over 94% of the dose was excreted
n urine as parent drug, with ABZ metabolites making up the
emainder of residues [60]. This metabolism profile was reversed
fter intra-ruminal administration at the same dose [60]. In con-
rast to the other pro-benzimidazole drugs, FEB and NETO are
ot transformed by liver microsomal enzymes. NETO is con-
erted in the gastro-intestinal tract, leading to greater bioavail-
bility of the active form of the drug after intraruminal adminis-
ration [63]. Group administration entails the inclusion of drugs
n feed supplements and drinking water. Results show that there
s great variation between farms in rate of consumption of feed
locks and between sheep on the same farm in their plasma
evels of the drug [64,65].

.2. Physiochemical properties of the drug

Drug particles must dissolve in the enteric fluids to facili-
ate absorption of the benzimidazole molecule through the GI

ucosa. The dissolution rate influences the rate and extent of
ts absorption (systemic bioavailability), its maximal plasma

oncentration and its subsequent distribution and disposition
inetics. Drugs such as TBZ and CAM, the most hydrosoluble
oeities among the benzimidazole anthelmintics, are exten-

ively dissolved in aqueous ruminal fluid and rapidly absorbed

z
a
t
a

togr. B 845 (2007) 1–37

eaching maximal plasma concentrations as early as 4 h post
dministration to cattle [11]. Newer benzimidazole compounds
how limited GI absorption due to their poor solubility in water,
esulting in extended residence times for active metabolites of
he substituted benzimidazole compound compared with those
f TBZ or CAM [66,67]. Prichard et al. [67] showed that max-
mal plasma concentrations of TBZ in cattle occurs 4 h post
reatment, compared with 24 h for FBZ, and that FBZ persists

uch longer than does TBZ in plasma and the GI tract. Consis-
ently, TBZ and its metabolites are recovered in urine much more
apidly than are FBZ and its metabolites. This difference in phar-
acokinetics in many ways accounts for the greater anthelmintic

otency of FBZ compared with TBZ. Similar slow absorption of
BZ has been observed and residues can be found for 15 and 30

ays post-treatment [68]. Different distribution patterns among
enzimidazole sulphides (FBZ, ABZ), sulphoxides (OFZ, ABZ-
O) and sulphone (FBZ-SO2, ABZ-SO2) metabolites, based on

heir differential lipophilicities, may be expected. The distri-
ution rate depends on molecular weight, lipid solubility, and
lasma protein binding of each drug metabolite. The majority
f benzimidazole compounds show a binding of less than 50%
o plasma protein, relatively high volume of distribution, and a
elatively fast elimination rate [11]. In contrast, TCB is strongly
ound to plasma proteins, especially albumin which reduces its
istribution in the body and increases its elimination half-life
69,70].

.3. Animal species

On administration of either NETO prodrug or ABZ, ABZ-SO
nd ABZ-SO2 are the major metabolites recovered in plasma of
oth sheep and cattle. However, pronounced differences in the
lasma disposition and in the bioavailability of these metabolites
etween sheep and cattle have been shown [60–62,71,72]. Stud-
es have shown the ratio of plasma area under curve (AUC) for
BZ-SO2/ABZ-SO obtained in cattle to be higher in compari-

on to sheep, after treatment with NETO [60–62]. In addition,
he elimination half-life and mean residence of the ABZ-SO

etabolite were significantly longer in sheep compared to cattle
73]. The bioavailability of OFZ and its metabolites after oral
dministration was significantly lower in goats than in sheep
74,75]. However, the intravenous administration of OFZ in both
pecies resulted in similar AUC values. In addition, FBZ was
ore rapidly cleared from plasma in goats than in cattle, and the

etection of the sulphone metabolite [FBZ-SO2] in plasma was
elayed in cattle compared to goats [76,77].

.4. Animal husbandry

Animal husbandry factors can have major effects on the dis-
osition of benzimidazole drugs. Prichard et al. [78] found that
he passage of digesta could influence the kinetics of orally
dministered benzimidazole drugs via binding of benzimida-

oles to dietary fibre, modifiying bioavailability. Hennessy et
l. [79] demonstrated that an increased rate of digesta passage
hrough increased feed intake reduced bioavailability of OFZ
nd its metabolites in sheep. Lanusse et al. [73] proposed that
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day after treatment with an oral dose of radiolabelled ABZ [83].
However, 4–10 days post-treatment only 20–30% of residues
were extractable. The parent drug and its marker metabolites
(sulphoxide, sulphone and amino-sulphone) accounted for 27
ig. 2. Major metabolites of netobimin and albendazole related drugs in tissue
nd milk.

acterial population in microflora can play an important role on
iotransformation of benzimidazole drugs in the gasrointestinal
ract. In particular, bacteria-mediated reduction of benzimida-
ole sulphoxides (OFZ and ABZ-SO) back to the parent drug
FBZ and ABZ), extending residence time of the active drug in
he animal’s body. Therefore, changes in microflora populations
nd variations in ruminal pH, based on dietary modifications,
ay affect the reductive activity of the GI fluids. This could

ead to differences in pharmacokinetic behaviour and clinical
fficacy between animals fed on grain-based diets and those
eared exclusively on pasture.

. Metabolism and distribution of benzimidazole
esidues in tissues

.1. Metabolism of benzimidazoles

It has been found in animal studies that metabolism of these
rugs is extensive (Figs. 2–7), with one or more major metabo-
ites found in animal tissue or milk for each drug [11,52,80–82].
he metabolites found depend on the structure of the parent drug,

he tissue and animal species. The drugs ABZ, FBZ, and TCB
ossess a sulphide linkage, which is susceptible to oxidation. As
result, two metabolites of the parent sulphide are possible, a

ulphoxide (SO) and a sulphone (SO2). MBZ and FLU possess
carbonyl group that may be reduced to form a hydroxy group.
BZ, FBZ, MBZ and FLU possess carbamate groups that may

e hydrolysed to form an amino-benzimidazole. TBZ may be
xidised, resulting in the formation of 5-OH-TBZ. A 4-hydroxy
etabolite of TCB and a keto metabolite have also been observed

n rat, goat and sheep [18]. For other drugs, such as CAM, LUX,
ig. 3. Major metabolites of febantel and fenbendazole related drugs in tissue
nd milk.

XI and PAR, little information has been reported. The struc-
ures of these drugs, along with some benzimidazole fungicides,
re shown in Figs. 8 and 9. In the case of the pro-drugs FEB and
ETO, they are converted into their benzimidazole form after
osing. FEB is rapidly converted into FBZ and does not persist
s a major residue. NETO is rapidly converted into ABZ with
nly low levels of NETO residues occurring in tissue.

.2. Albendazole, albendazole sulphoxide and netobimin

In cattle treated with single oral doses of radiolabelled ABZ,
t was shown that residues mainly occur in the liver followed
y the kidney with lower levels of residues detected in other
issues [83]. In calves, 90% of residues were extractable at 1
Fig. 4. Major metabolites of flubendazole in tissue and eggs.
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treatment showed that ABZ-SO and ABZ-NH2-SO2 were the
major residues found in trout and tilapia muscle and skin tissue.
In salmon ABZ and ABZ-SO were the major residues found
[86].
Fig. 6. Major metabolites of mebendazole in tissue.

nd 52% of total extractable residues at 1 day post-treatment,
espectively. At 4 days post-treatment, ABZ was not detected
n tissues and marker metabolites accounted for 40–50% of the
otal extractable residues. In sheep treated with a single oral
ose of ABZ, 100% of residues were extractable at 1 day post-
reatment. The distribution of residues in tissues was similar
o that in cattle. However, only 37 and 13% of residues were
xtractable at 4 and 8 days post-treatment, respectively. In sheep
reated with an intra-ruminal dose of ABZ for 7 and 14 days, it
as shown that the marker residues accounted for 80–100, 52–58
nd 47–74% of total extractable residues in muscle, liver and
idney at zero days post-treatment, respectively [83]. In sheep
reated with an oral dose of ABZ-SO, it was shown that ABZ-

Fig. 7. Major metabolites of thiabendazole in tissue and milk.
F
d

dazole in rats, goats and sheep.

O2 was the major metabolite detected at 1 day post-treatment
n liver and kidney [84]. A similar residue depletion profile was
bserved in poultry and pheasant [84]. In cattle and sheep treated
ith oral doses of NETO, ABZ was the major residue detected at
8 h post-treatment [85]. ABZ-SO and ABZ-NH2-SO2 were the
ajor residues found at 3 days post-treatment [85]. Depletion

tudies of ABZ in trout, tilapia and salmon up to 120 h after
ig. 8. Structures of oxibendazole, cambendazole, parabendazole and luxben-
azole.



M. Danaher et al. / J. Chromatogr. B 845 (2007) 1–37 9

le fun

5

s
[
m
t
F
m
a
r
r
d
N
t
m
i
w
h
e
t
a
a
d
h
i
a
b
l
n
[
m
(
r
w

5

p
t
r
5
A
H
a
f
a
i
i
p
t
n
o
w
l
t
i
i
r
t
m
H
w
a
f
r

Fig. 9. Structures of some benzimidazo

.3. Febantel, fenbendazole and oxfendazole

Studies on animals treated with FEB, FBZ and OFZ have
hown that FBZ, OFZ and FBZ-SO2 were the major residues
25–29]. Similarly to ABZ, FBZ and related drug residues are
ainly found in the liver and kidney, with lower levels found in

he muscle and fat tissues. In cattle treated with an oral dose of
EB, 90% of residues were readily extractable 18 h post treat-
ent [87]. At this time-point, FBZ, OFZ, FBZ-SO2 and FEB

ccounted for 30–41, 4–19, 14–15 and 3–6% of total extractable
esidues. At 10 days post-treatment, <25% of residues were
eadily extractable from liver. The major residue found at 10
ays post-treatment was the FBZ amino-sulphone (FBZ-SO2-
H2), which accounted for 12–35% of total residues. In sheep

reated with an oral dose of FEB, residues were shown to occur
ainly in liver, with much lower levels of residues being found

n other tissues [88]. Separate studies in cattle and sheep treated
ith oral doses of FBZ reported approximately 20 and 50 times
igher residue levels, respectively in liver than in the next high-
st residue containing tissue [89]. Blanchflower et al. [90] found
hat OFZ was the major residue found in the liver of sheep after
dministration of an oral dose of FBZ (5 mg/kg bw); FBZ was
lso detected but at lower levels. In pigs treated with an oral
ose of FEB (5 mg/kg bw), residue levels in liver were 10 times
igher in liver than in other edible tissues [88]. Capece et al. [91]
nvestigated the distribution of oxidised FBZ residues in tissues
fter treatment of pigs with FBZ in medicated feed (5 mg/kg
w per day for 5 days). The study showed that highest residue
evels were detected in the liver with lower levels found in kid-
ey, followed by fat and muscle [91]. Sorensen and Hansen
92] investigated the distribution of FBZ and metabolites in the

uscle and skin of trout after administration in medicated feed

1 g/kg feed for 1 week). The study showed that FBZ and OFZ
esidues were slightly higher in skin compared to muscle tissue,
ith lower levels of FBZ-SO2 found.

d
t
h
e

gicides and their breakdown products.

.4. Flubendazole

In pigs treated with FLU in medicated feed (1.2 mg/kg bw
er day for 5 days), 71, 80, 90 and 89% of residues were shown
o be readily extracted from liver, kidney, muscle and fat tissues,
espectively [93]. At 5–30 days post-treatment, approximately
0% of residues were readily extractable from liver and kidney.
t 6 h post-treatment, the hydrolysed metabolite of FLU (FLU-
MET) was the major residue found and accounted for 47, 94, 94

nd 31% of total extracted residues in liver, kidney, muscle and
at tissues, respectively. At 10 days post-treatment, FLU-HMET
ccounted for 18 and 23% of residues in liver and kidney. In lay-
ng hens treated with FLU (2.7 mg/kg bw per day for 7 days),
t was shown that 76–79% of residues were extractable at 24 h
ost-treatment from muscle, skin and fat tissues [93]. At this
ime-point, 49 and 61% of residues were extractable from kid-
ey and liver tissues, respectively. At later time-points, 30–35%
f residues were extractable from liver and kidney. Residues
ere distributed mainly in the liver and kidney with much lower

evels being found in muscle, skin and fat. It was reported that
he parent drug accounted for <3% of total extracted residues
n liver and kidney tissues at 24 h post-treatment. The major-
ty of residues comprised of FLU-HMET and FLU-RMET (the
educed metabolite of FLU). De Ruyck et al. [94] investigated
he fate of FLU residues in turkey after administration of FLU in

edicated feed (1.2 mg/kg bw for 7 days). They found that FLU-
MET was the major residue present in turkey breast muscle
ith lower levels of the parent drug being present. De Ruyck et

l. investigated the fate of FLU residues in the tissues of guinea
owl in a separate study, finding that FLU-RMET was the major
esidue present in liver and muscle tissues [95]. FLU was also

etected with lower levels of FLU-HMET present. It was shown
hat 80% of FLU are readily extractable from the eggs of laying
ens treated with this drug. FLU was the major residue found in
ggs, accounting for 40% of total residues at 1 and 9 days post-
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reatment [93]. A study carried out by Kan et al. [96] supported
he findings of this study.

.5. Mebendazole

In sheep treated with an oral dose of mebendazole (15 mg/kg
w), 74, 95, 92 and 99% of residues were extractable from liver,
uscle, kidney and fat tissues at 1 day post-treatment, respec-

ively [97]. At 7 and 14 days post-treatment, 87 and 74–78%
f residues were extractable from liver and kidney, respectively.
he parent drug, accounted for 8, 3, 20 and 30% of total residues

n liver, muscle, kidney and fat, at 1 day post-treatment. At the
ame time-point, MBZ-OH accounted for 47, 90, 14 and 67%
f total residues in liver, muscle, kidney and fat, respectively.
t 3 days post-treatment, MBZ and MBZ-OH accounted for
and 3.5% of total residues. De Ruyck et al. [98] found a

imilar distribution pattern of residues in the tissues of sheep
reated with an oral dose of MBZ (20 mg/kg bw). The fate of

BZ residues in goat was found to be similar to that of sheep
97]. In horse, it was shown that the major residue found in edi-
le tissues is MBZ-NH2, with much lower levels of MBZ and
BZ-OH detected [97]. Residues were found at highest levels

n the liver and kidney, with lower levels found in muscle and
at. Iosifidou et al. [99] investigated the fate of MBZ in farmed
el, finding that residues mainly occurred in the liver and kidney
ith lower levels found in skin and muscle. MBZ-NH2 was the
ajor residue found with lower levels of MBZ and MBZ-OH

resent.

.6. Thiabendazole

In calves treated with an oral dose of TBZ, it was found
hat residues mainly occurred in the liver and kidney [100]. At

day post-treatment, residues were found to occur mainly in
he kidney with lower levels found in liver. At later withdrawal
eriods (>2 days), residues were mainly found in the liver [100].
hukwudebe et al. [101] investigated the fate of TBZ residues

n goats treated with oral doses (120 mg per animal daily for
days). Residues were shown to occur mainly in the liver and

idney. The major residue found in tissue at 1 day post-treatment
as TBZ, with lower levels of 5-OH-TBZ present. The same

tudy showed that at 1 day post-treatment, 5-OH-TBZ was the
ajor residue detected in the tissues of laying hen, with lower

evels of TBZ found [101]. Residues occurred mainly in the
idney with lower levels found in the liver. Wilson et al. [102]
nvestigated the fate of TBZ in cattle, sheep and pig liver. In sheep
reated with an oral dose of TBZ (50 mg/kg bw), animals were
acrificed at 7 and 10 days post-treatment. TBZ was the only
esidue found and in one animal at 10 days post-treatment. In
igs, treated with an oral dose (50 mg/kg bw), residues were not
etected in liver at 7 and 10 days post-treatment. In cattle treated
ith an oral dose (50 mg/kg bw), TBZ was the major residue

ound with lower levels of 5-OH-TBZ. Coulet et al. [103] carried

ut an in vitro study of the metabolism of TBZ in the cultured
epatocytes of rats, rabbits, sheep, calves and pigs, finding 5-
H-TBZ to be the major metabolite in calf and pig hepatocytes.
everal metabolites were found in sheep, consisting mainly of

l
i
R
i

togr. B 845 (2007) 1–37

-OH-TBZ (40%) and three unknown metabolites representing
6, 25 and 15% of residues found.

.7. Triclabendazole

In cattle and sheep treated with oral doses of TCB it
as shown at early withdrawal periods (2 days) that residues
ccurred at higher levels in the liver and kidney, with lower lev-
ls found in muscle and fat [104]. At longer withdrawal periods
>28 days), it was found that similar levels of residues could be
ound in muscle, liver and kidney. The contribution of individual
CB metabolites to the marker residues in animal tissues has not
een reported. Most studies report the depletion of total marker
esidues and not individual components.

.8. Oxibendazole

There is very little information available on the metabolism
f OXI, but studies indicate that the drug is significantly
etabolised in the liver and kidney [47,105]. Two metabolites

-OH-OXI and 6-OH-OXI have been identified in urine and tis-
ues, but only accounted for 15–20% of the total residues (the
emainder are unidentified) [105].

.9. Cambendazole

Early studies on the drug found that it was rapidly metabolised
roducing at least 13 urinary metabolites [106,107]. The iden-
ification of marker residues in animal tissues is not well
escribed because the drug is not marketed for use in food
roducing animals.

.10. Benomyl

Gardiner et al. [108] investigated the elimination of benomyl
BEN) residues in animals, finding 5-OH benzimidazole carba-
ate to be the major metabolite, with lower levels of the 4-OH
etabolite present.

.11. Summary

In cattle and sheep treated with ABZ, ABZ-SO or NETO, it
as been shown that ABZ-SO or ABZ-SO2 are the most likely
esidues to be found in the case of an MRL violation. ABZ-NH2-
O2 is perhaps the most persistent residue in tissue but generally
ccurs at levels below the MRL. There is very little information
vailable on the presence of individual FBZ residues in animal
issues, although Blanchflower et al. [90] found that OFZ was
he major residue present in the tissues of sheep treated with
BZ. In cattle treated with FEB, FBZ was the major residue
ound at early withdrawal periods, with lower levels of OFZ and
BZ-SO2 found.

FLU parent drug is the major residue found in the eggs of

aying hens, while FLU-HMET is the major metabolite present
n pig and turkey tissues. A recent study has shown that FLU-
MET is the major residue found in the tissue of guinea fowl,

ndicating that it should be listed as a marker residue. MBZ-OH
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nd MBZ-NH2 are the major MBZ residues found in sheep and
orse liver, respectively. In cattle, goats and sheep treated with
BZ, the parent drug was shown to be the major residue found

n liver after treatment. The 5-OH-TBZ metabolite occurs only
t low levels in these species, but was shown to be the major
etabolite in poultry at early withdrawal periods. There is very

ittle information available on the occurrence of individual TCB
esidues in tissues. However, pharmacokinetic data indicates that
CB-SO and TCB-SO2 would be the most likely residues to be

ound. Very little data has been published on the metabolism and
istribution of CAM and OXI residues in tissues.

. Depletion of benzimidazole residues in tissues

.1. Netobimin, albendazole and albendazole sulphoxide

In cattle treated with an oral dose of ABZ-SO (12 mg/kg bw),
BZ-SO marker residues were below the MRLs in liver and
idney at 2 days post-treatment [84]. At 1 day post-treatment,
BZ-SO2 was detected in liver and kidney at levels of 2953 and
355 �g/kg, respectively. ABZ-SO was detected at 1 day post-
reatment in liver and kidney at levels of 294 and 233 �g/kg.
n cattle treated with an oral dose of netobimin (20 mg/kg bw),
arker residues were below the MRL at 3 days post-treatment

85]. At 10 h post-treatment, ABZ, ABZ-SO, ABZ-SO2 and
BZ-NH2-SO2, were found at levels of 7354, 771, 5289 and
�g/kg in liver, respectively. These parent/metabolite residues
ere at levels of 3285, 467, 1879 and 0 �g/kg in kidney, 792,
909, 1740 and 0 �g/kg in muscle; and 556, 195, 474 and
�g/kg in fat, respectively. ABZ residues were detectable at
day post-treatment with NETO but were not detected at 3

ays. At 3 days post-treatment and thereafter, the only residue
resent was ABZ-NH2-SO2, which could be found at levels of
43, 213 and 81 �g/kg at 3, 7 and 14 days post-treatment. In
heep treated with an oral dose of NETO (20 mg/kg bw), marker
esidues were below the MRL at 3 days post-treatment [85]. At
8 h post-treatment, ABZ, ABZ-SO, ABZ-SO2 and ABZ-NH2-
O2, were found at levels of 18,000; 3100; 4200 and 78 �g/kg in

iver, respectively. At 18 h post-treatment, these residues were at
evels of 7400, 2400, 110 and 110 �g/kg in kidney, 2200, 3400,
100 and 0 �g/kg in muscle, and 303, 983, 555 and 0 �g/kg in
at, respectively. At 3 days post-treatment, ABZ-SO and ABZ-
H2-SO2 were found at levels of 150 and 770 �g/kg in liver

issues, respectively. At 3 days post-treatment, ABZ-NH2-SO2
as found in kidney at a level of 226 �g/kg. At 10 days post-

reatment, ABZ-NH2-SO2 was the major residue found in liver
nd kidney at levels of 150 and 31 �g/kg, respectively.

In pheasant treated with ABZ-SO in medicated feed
17 mg/kg bw per day for 3 days), residues were found to be
elow the MRL at 1 day post-treatment [84]. At this time-point,
ombined ABZ-SO and ABZ-SO2 residues were found at levels
f 168, 479 and 366 �g/kg in muscle, liver and kidney tissues,
espectively. Combined ABZ-SO and ABZ-SO2 residues were

ore persistent in liver than other tissues and were found at levels

f 90 and 45 �g/kg at 3 and 7 days post-treatment, respectively.
BZ-NH2-SO2 was only found in liver tissue and at levels of 24,
68 and 99 �g/kg at 1, 3 and 7 days post-treatment, respectively.

p
w
w
t
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haikh et al. investigated the depletion of ABZ and its metabo-
ites in salmon, tilapia, trout after treatment with ABZ (oral dose
0 mg/kg bw) [86]. In salmon, ABZ and ABZ-SO were found in
uscle tissue at levels of 22 and 39 �g/kg, respectively at 24 h

ost-treatment. ABZ-SO2 and ABZ-NH2-SO2 were also present
ut at lower levels, typically less than 5 and 10 �g/kg, respec-
ively. ABZ was found in tilapia at a level of 678 �g/kg at 8 h
ost-treatment but was not present at later time-points. ABZ-SO
as found at levels of 39 and 31 �g/kg at 8 and 12 h post-

reatment, respectively. ABZ-SO was generally at 7 �g/kg or
ess at 24 h. ABZ-SO2 was at or below 7 �g/kg at all time-points.
BZ-NH2-SO2 was the more persistent residue, present at lev-

ls of 18, 100 and 53 �g/kg at 8, 72, and 120 h post-treatment,
espectively. ABZ parent drug was not found in trout muscle. The
ajor residues found were ABZ-SO (18–47 �g/kg) followed by
BZ-SO2 (5–14 �g/kg) and ABZ-NH2-SO2 (3–10 �g/kg).

.2. Febantel, fenbendazole and oxfendazole

In cattle treated with FBZ (oral dose 7.5 mg/kg bw), animals
ere sacrificed at 7 and 21 days post-treatment. Marker residues

FBZ, OFZ and FBZ-SO2) were below the MRL in all tissues
t 7 days post-treatment at levels of 5, 7, 8 and 194 �g/kg in
at, kidney, muscle and liver, respectively [89]. In sheep treated
ith FBZ (oral dose 10 mg/kg bw), animals were sacrificed at 5

nd 9 days post-treatment [89]. At 9 days post-treatment, marker
esidues were below the MRL in all tissues, with the exception
f liver. At this time, combined marker residues were present
t levels of <5, <6, 6 and 745 �g/kg in kidney, fat, muscle and
iver, respectively. At 5 days post-treatment, marker residues
ere found to be at levels of 79 and 3659 �g/kg in kidney and

iver. In sheep treated with an oral dose of OFZ (5 mg/kg bw),
nimals were sacrificed at 10 and 24 days post-treatment [109].
arker residues were below the MRLs at 10 days post-treatment.
ighest residue levels (at 10 days post-treatment) were found in

he liver at a level of 476 �g/kg. In sheep treated with an oral dose
f FEB (5 mg/kg bw), animals were sacrificed at 3 and 7 days
ost-treatment [88]. Marker residues were above the MRL at 7
ays post-treatment. At this time-point, marker residues were
ound at a level of 942 �g/kg in liver (nearly twice the MRL).
t 3 days, marker residues were found at levels of 40, 4617, 199

nd 133 �g/kg in muscle, liver, kidney and fat, respectively.
In pigs treated with an oral dose of FEB (5 mg/kg bw), ani-

als were sacrificed at 12, 20 and 34 days post-treatment [88].
arker residues were below the MRL at 34 days post-treatment.
t 24 days post-treatment, marker residues were found at lev-

ls of 402, 6, 12 and 100 �g/kg in liver, muscle, kidney and
at, respectively. The marker residues were above the MRL in
at, which is 50 �g/kg. Blanchflower et al. [90] investigated the
epletion of FBZ and OFZ in sheep treated with an oral dose of
BZ (5 mg/kg bw). Animals were sacrificed at 1, 2, 4, 7, 10 and
5 days post-treatment. It was shown in this study that marker
esidues were typically below the MRL of 500 �g/kg at 14 days

ost-treatment in liver. At 2 days post-treatment, OFZ and FBZ
ere both found at levels of approximately 3000 �g/kg. OFZ
as shown to be a much more persistent residue in liver tissue

han FBZ. Capece et al. [91] monitored the depletion of oxi-
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ised FBZ residues in pigs after treatment with an oral dose of
BZ (5 mg/kg bw per day for 5 days). Marker residues were
elow the MRLs in all tissues at 2 days post-treatment. At 1
ay post-treatment, marker residues were found in liver, kid-
ey, muscle and fat, at levels of 5552, 917, 623 and 1423 �g/kg,
espectively. Sorensen and Hansen [92] investigated the deple-
ion of FBZ, OFZ and FBZ-SO2 in trout after treatment with an
ral dose of FBZ in medicated feed (1 g/kg feed for 1 week). At
day post-treatment, FBZ, OFZ and FBZ-SO2 were found at

evels of 56–389, <2–252 and <4–53 �g/kg, respectively. At 6
eeks post-treatment, only low concentrations of residues were

eported.

.3. Flubendazole

Pigs treated with FLU in medicated feed (1.2 mg/kg bw per
ay for 7 days), animals were sacrificed at 6 h and 10 days post-
reatment [93]. Residue depletion data showed that FLU marker
esidues (FLU and FLU-HMET) were below the MRL at 10 days
ost-treatment. At 6 h post-treatment, FLU-HMET was found at
evels of 1817, 2517, 246 and 66 �g/kg in liver, kidney, muscle
nd fat, respectively. FLU was found at levels of 39, 51, 30
nd 62 �g/kg in liver, kidney, muscle and skin-fat, respectively.
n turkeys treated with FLU in medicated feed (30 mg/kg feed
er day for 7 days), birds were sacrificed at 6 h, 1 day, 3 days,
days and 9 days post-treatment [93]. Marker residues were

ound to be below the MRL at 1 day post-treatment. At 6 h post-
reatment, FLU was found at levels of 64, 67, 18 and 60 �g/kg
n liver, kidney, muscle and skin-fat, respectively. At 6 h post-
reatment, FLU-HMET was found at levels of 29, 11, 0 and
�g/kg in liver, kidney, muscle and skin-fat, respectively. At 6 h
ost-treatment, FLU-RMET was found at levels of 200, 80, 42
nd 32 �g/kg in liver, kidney, muscle and skin-fat, respectively.
LU and FLU-HMET are the marker residues for FLU in all
pecies. De Ruyck et al. [94] monitored the depletion of FLU
arker residues in turkeys (1.2 mg/kg bw per day for 7 days). At
day post-treatment, combined FLU and FLU-HMET residues
ere at levels of 102 and 120 �g/kg in thigh muscle, respectively.

n liver, combined FLU and FLU-HMET residues were found at
level of 2334 �g/kg. At 2 days post-treatment, marker residues
ere below the MRL in all tissues.
In laying hens treated with FLU in medicated feed (3.6 mg/kg

w per day for 7 days) eggs were collected at 7 and 11 days
ost-treatment [93]. FLU levels in egg ranged between 118 and
30 �g/kg at 7 days post-treatment to 13 �g/kg at 11 days post-
reatment. Kan et al. [96] investigated the depletion of FLU
esidues in eggs collected from laying hens treated with rations
f medicated feed containing different concentrations of FLU
2.6, 9.4 and 27 mg/kg feed) for 21 days. The study showed that
LU residues in egg reached a maximum level of 150 �g/kg in
hole egg during the treatment period after consuming the ration

ontaining the highest levels of FLU. In pheasant treated with
LU in medicated feed (3.6 mg/kg bw per day for 7 days), birds

ere sacrificed at 6 h, 1 and 10 days post-treatment [93]. This
roup monitored the depletion of FLU only and not metabo-
ites. At 6 h post-treatment, FLU was found at levels of 35, 58,
8.5 and 76 �g/kg in liver, kidney, muscle, and skin-fat, respec-

m
d
w

togr. B 845 (2007) 1–37

ively. FLU was more persistent in skin-fat and could be found
t levels of 29 and 12 �g/kg at 1 and 7 days post-treatment,
espectively. De Ruyck et al. [95] investigated the depletion of
LU and it’s metabolites in guinea fowl after administration in
edicated feed (56 mg/kg feed for 7 days). The highest con-

entration in thigh muscle during the treatment period for FLU-
MET (Day 3) and FLU plus FLU-HMET (Day 4) was 312 and
14 �g/kg, respectively. At 1 day post-treatment, FLU-RMET
nd combined FLU plus FLU-HMET residues were detected
n thigh muscle at levels of 81 and 50 �g/kg, respectively. In
iver, highest levels of FLU, FLU-HMET and FLU-RMET dur-
ng treatment were 108, 23 and 1043 �g/kg, respectively. At 1
ay post-treatment, FLU, FLU-HMET and FLU-RMET were
7, 11 and 283 �g/kg in liver, respectively.

.4. Mebendazole

In horse treated with an oral dose of MBZ (8.8 mg/kg bw),
nimals were sacrificed at 1 and 28 days post-treatment [97]. At
day post-treatment, MBZ-NH2 was the major residue, which
as found at concentrations of 5047, 5851, 497 and 156 �g/kg

n liver, kidney, muscle and fat, respectively. At the same time-
oint, MBZ was found at levels of 728, 29, 16 and 57 �g/kg in
iver, kidney, muscle and fat, respectively. MBZ-OH was found
t levels of 293, 85, 84 and 60 �g/kg in liver, kidney, muscle
nd fat, respectively. At 28 days post-treatment, MBZ-NH2 was
he only marker residue detected in liver and kidney, at lev-
ls of 182 and 23 �g/kg, respectively. In sheep treated with an
ral dose of MBZ (20 mg/kg bw), animals were sacrificed at
, 7, 14, 21 and 28 days post-treatment [97]. At 28 days post-
reatment, marker residues (MBZ, MBZ-OH and MBZ-NH2)
ere below the MRL in all tissues. At 1 day post-treatment,
BZ was at 1016, 1460, 21 and 343 �g/kg; and MBZ-OH was

t 7582, 1531, 1783 and 758 �g/kg; and MBZ-NH2 was at 18,
47, 0 and 0 �g/kg in liver, kidney, muscle and fat, respectively.
t 7 days post-treatment, residues were only detectable in liver

nd kidney. MBZ, MBZ-OH and MBZ-NH2 were determined in
iver at levels of 56, 272 and 27 �g/kg, respectively. In kidney,

BZ, MBZ-OH and MBZ-NH2 were determined at 27, 38 and
4 �g/kg, respectively. De Ruyck et al. [98] carried out a sim-
lar study in sheep at the same dosage. However, in this study
esidues were shown to be below the MRL in all tissues at 7
ays post-treatment. In goats treated with an oral dose of MBZ
20 mg/kg bw), animals were sacrificed at 1 and 28 days post-
reatment [97]. At 28 days post-treatment, marker residues were
elow the MRL in all tissues. In liver, MBZ-OH and MBZ-NH2
ere found at levels of 308 and 19 �g/kg, respectively. At 1 day
ost-treatment, highest residues levels were found in the liver,
here MBZ, MBZ-OH and MBZ-NH2 were present at levels of
020, 7502 and 151 �g/kg, respectively.

.5. Thiabendazole
A number of studies reporting the depletion of combined
arker residues (TBZ and 5-OH-TBZ) have been described in

ifferent species after treatment with TBZ [100]. In sheep treated
ith an oral dose of TBZ (44 mg/kg bw), marker residues were
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ound in liver at levels of 4680, 326, 825 and <50 �g/kg at 1, 2, 3
nd 4 days post-treatment, respectively [100]. In calves treated
ith an oral dose of TBZ (75 mg/kg bw), combined marker

esidues at 1, 2 and 6 days post-treatment were 472, 215 and
3 �g/kg in liver; 638, 97 and <50 �g/kg in kidney; 75, 50 and
28 �g/kg in muscle and 89, <50 and <50 �g/kg in fat [100].
ilson et al. [102] reported the depletion data for individual

BZ marker residues in a study in sheep and cattle. In sheep
reated with an oral dose of TBZ (50 mg/kg bw), animals were
acrificed at 7 and 10 days post-treatment. TBZ was found in one
nimal at a level of 72 �g/kg at 10 days post-treatment. In cattle
reated with an oral dose of TBZ (50 mg/kg bw), animals were
acrificed at 1 and 2 days post-treatment. Marker residues were
elow the MRL in the liver of cattle at 2 days post-treatment.
BZ was the major residue found at this withdrawal period at
level of 71 �g/kg. At 1 day post-treatment, TBZ and 5-OH-
BZ were found in one animal at levels of 677 and 259 �g/kg,

espectively.

.6. Triclabendazole

In cattle treated with an oral dose of TCB (12 mg/kg bw), ani-
als were sacrificied at 2 and 42 days post-treatment [104]. At
days post-treatment, combined marker residues (TCB, TCB-
O) and TCB-SO2) were found at levels of 5870, 4300, 1420
nd 2470 �g/kg in liver, kidney, muscle and fat, respectively. At
2 days post-treatment, combined marker residues were found
t levels of 80, 75, 100 and <60 �g/kg in liver, kidney, mus-
le and fat, respectively. In a second study, cattle treated with
n oral dose of TCB (12 mg/kg bw) showed, at 2 days post-
reatment, combined marker residues at levels of 3250, 3050,
75 and 1800 �g/kg in liver, kidney, muscle and fat, respectively
104]. At 28 days post-treatment, combined marker residues
ere found at levels of 52, 47, 23 and <3 �g/kg in liver, kidney,
uscle and fat, respectively. In a study on cattle treated with an

ral dose of a combination product (12 mg/kg bw (TCB) and
.5 mg/kg bw (levamisole)), the cattle were slaughtered at 1,
1 and 28 days post-treatment [104]. At 1 day post-treatment,
arker residues were found at levels of 7050, 5800, 1400 and

800 �g/kg in liver, kidney, muscle and fat, respectively. At 28
ays post-treatment, TCB marker residues were found at levels
f 144, 102, 142 and <40 �g/kg in liver, liver, kidney, muscle
nd fat, respectively. In a similar study on sheep treated with
n oral dose of a combination product (12 mg/kg bw (TCB)
nd 7.5 mg/kg bw (levamisole)), the animals were sacrificed at
and 28 days post-treatment [104]. At 2 days post-treatment,
CB marker residues were found at levels of 3500, 3100, 1420
nd 1350 �g/kg in liver, kidney, muscle and fat, respectively.
t 28 days post-treatment, TCB marker residues were found

t levels of 127, 119, 95 and <29 �g/kg in liver, kidney, mus-
le and fat, respectively. In a study on sheep treated with an
ral dose of a combination product (10 mg/kg bw (TCB) and
.5 mg/kg bw (levamisole)), the animals were slaughtered at 1,

1 and 28 days post-treatment [104]. At 1 day post-treatment,
CB marker residues were found at levels of 7400, 6800, 2100
nd 10,100 �g/kg in liver, kidney, muscle and fat, respectively.
t 28 days post-treatment, TCB marker residues were found at

1
e
A
8

togr. B 845 (2007) 1–37 13

evels of 238, 198, 321 and 23 �g/kg in liver, kidney, muscle and
at, respectively.

.7. Summary

The marker residues of ABZ, ABZ-SO and netobimin are
apidly cleared from the edible tissues of cattle and sheep; and
re typically below the MRL at 4 days post-treatment. Results
f studies verify the suitability of the withdrawal periods that
re specified in cattle (14 days) and sheep (3–10 days) [110].
LU marker residues were shown to be below the MRLs in

urkey and pigs at 1 and 10 days post treatment, respectively. The
ithdrawal period specificed for FLU marker residues in turkey

nd pig is 7 days. Two separate studies have been carried out in
ggs, showing that FLU residues do not occur at levels above the
RL during or after treatment. As a result, a zero withdrawal

eriod has been specified for FLU in eggs. Marker residues for
BZ and related drugs (OFZ and FEB) were shown to be below

he MRL in the edible tissues of cattle, sheep and pig at 10, 7 and
days post-treatment, respectively. The withdrawal periods for
BZ related drugs in cattle, sheep and pigs range between 14–35,
–21 and 3–35 days, respectively. MBZ and TCB have been
dentified as the most persistent benzimidazole drug in animal
issues. In horse and sheep, MBZ marker residues were below
he MRL at 28 days post-treatment. TCB residues were shown
o be below the MRL in cattle at 28 to 42 days (two separate
tudies) and above the MRL in sheep at 28 days post-treatment.
s a result, withdrawal periods for MBZ and TCB are typically
14 and 28 days, respectively. TBZ is rapidly cleared from the
dible tissues of cattle and sheep, to below the listed MRLs, at
and 4 days post-treatment, respectively. No withdrawal period
as been specified for TBZ, which may be an indication that
his drug has been withdrawn from the market. The depletion of
thers benzimidazole drugs, namely OXI and CAM, are not well
escribed for the edible tissues of food-producing animals. The
ithdrawal period for OXI is 7 days in pig, indicating that it is
ne of the least persistent benzimidazole residues. CAM is not
pproved for treatment of food-producing species and detailed
esidue depletion studies have not been conducted.

. Depletion of benzimidazole residues in milk

.1. Netobimin, albendazole and albendazole sulphoxide

In dairy cows treated with NETO (oral dose 20 mg/kg
w), ABZ-SO residues were found at levels of 7374, 2278
nd 210 �g/kg at 7.5, 22 and 31.5 h post-treatment, respec-
ively. ABZ-SO2 residues were found at levels of 2336, 3410
nd 81 �g/kg at 7.5, 22 and 31.5 h post-treatment, respec-
ively. Residues of NETO, ABZ and ABZ-NH2-SO2 were not
etectable at any timepoint [85]. Fletouris et al. [111] investi-
ated the depletion of ABZ, ABZ-SO and ABZ-SO2 in the milk
f dairy cows treated with ABZ (oral dose 15 mg/kg bw). At

2 h post-treatment, ABZ-SO and ABZ-SO2 were found at lev-
ls of 163 and 931 �g/kg, respectively. At 24 h post-treatment,
BZ-SO and ABZ-SO2 residues were found at levels of 800 and
53 �g/kg, respectively. ABZ-SO and ABZ-SO2 residues were
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elow the MRL at 36 h post-treatment. Cinquina et al. [112]
nvestigated the depletion of ABZ residues in the milk of sheep
nd goats treated with ABZ (oral dose 3.75 mg/kg bw). At 24 h
ost-treatment, ABZ-SO residues were found approximately
t 1100 and 1700 �g/kg in goat and sheep milk, respectively.
t 24 h post-treatment, ABZ-SO2 residues was found at an

pproximate level of 500 �g/kg in goat and sheep milk. At 48 h
ost-treatment, ABZ-SO and ABZ-SO2 were the major residues
ound in sheep milk. At 48 h post-treatment, ABZ-NH2-SO2
as the major residue found in goat milk, with lower levels of
BZ-SO2 present. At 72 h post-treatment, residues were typi-

ally at less than 100 �g/kg in goat and sheep milk. De Liguoro
t al. [113] investigated the depletion of ABZ marker residues
n milk from sheep treated with ABZ (oral dose 12.5 mg/kg).
BZ residues were not detected in milk at any time-point.
t 12 h post-treatment, ABZ-SO and ABZ-SO2 were found

t levels of 3896 and 902 �g/kg, respectively. At 48 h post-
reatment, ABZ-SO and ABZ-SO2 were found at levels of 62
nd 106 �g/kg, respectively. ABZ-NH2-SO2 was only found at
6 h post-treatment and at a level of 89 �g/kg. Chu et al. [114]
nvestigated the depletion of ABZ marker residues in cows milk
fter treatment with ABZ (oral dose 10 mg/kg bw). At 24 h post-
reatment, combined marker residues were found at a level of
76 �g/kg. At 48 h post-treatment, combined marker residues
ere found at a level of 67 �g/kg.
Moreno et al. [115] compared the milk residue profiles of

BZ marker residues in dairy cows treated with ABZ oral (oral
ose 5 mg/kg bw) and ABZ-SO aqueous injectable (3 mg/kg
w) formulations. At 12 h post-treatment, ABZ-SO and ABZ-
O2 residues were found at levels of 280 and 860 �g/kg after
ral administration, respectively. After administration by sub-
utaneous injection ABZ-SO and ABZ-SO2 were at levels of
80 and 80 �g/kg, respectively. In both studies, residues were
ot detectable at 36 h post-treatment.

.2. Febantel, fenbendazole and oxfendazole

Fletouris et al. [111] investigated the depletion of FBZ marker
esidues in the milk of a dairy cow treated with FBZ (oral dose
0 mg/kg bw). At 12 h post-treatment, FBZ, OFZ and FBZ-
O2 residues were found at levels of 85, 196 and 48 �g/kg,
espectively. Marker residues were shown to be below the MRL
t 84 h post-treatment. In dairy cows treated with FEB (unde-
cribed dosage), marker residues depleted from 268 to <5 �g/kg
t 24–130 h post-treatment, respectively [89]. Residues were
elow the MRL at 106 h post-treatment. In sheep treated with
EB (undescribed dosage), marker residues depleted from
57 to <5 �g/kg at 10–130 h post-treatment, respectively [88].
esidues were below the MRL at 120 h post-treatment. Tai et
l. [116] investigated the depletion of FBZ and OFZ residues
n the milk of dairy cows treated with FBZ (oral dose 10 mg/kg
w). At 28 h post-treatment, FBZ and OFZ residues were found
t levels of 105 and 441 �g/kg, respectively. OFZ residues were

ound to be more persistent in milk than FBZ residues and OFZ
ould be found at a level of 29 �g/kg at 76 h post-treatment.
oreno et al. [115] compared the milk residue profiles of OFZ
arker residues in dairy cows treated with oral (5 mg/kg bw)

o
7
A
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nd aqueous injectable (3 mg/kg bw) formulations. At 12 h post-
reatment, OFZ, FBZ and FBZ-SO2 residues were found at levels
f 390, 90 and 70 �g/kg after oral administration, respectively.
esidues were not detectable after 72 h post-treatment. After
dministration by subcutaneous injection OFZ and FBZ-SO2
ere the only residues detected. OFZ and FBZ-SO2, reached
aximum milk levels at 12 h (30 �g/kg) and 36 h (42 �g/kg),

espectively. In both studies, residues were not detectable after
2 h post-treatment.

.3. Thiabendazole

In cows treated with TBZ (oral dose 66 mg/kg bw), marker
esidues (TBZ and 5-OH-TBZ) were found at a level of
175 �g/kg at 12 h post-treatment [100]. Residues were found to
e present at a level of 45 �g/kg at 84 h post-treatment (below the
RL of 100 �g/kg). Tocco et al. [66] investigated the depletion

f TBZ residues in the milk of dairy cows and goats treated with
BZ (oral dose 66 and 150 mg/kg bw, respectively). The sulfate
onjugate of 5-OH-TBZ was found to be the major and most
ersistent residue found in milk. At 6 and 72 h post-treatment,
-OH-TBZ was found in goat milk at levels of 39,000 and and
00 �g/kg, respectively. In cow’s milk, TBZ was only found to
e present at a level of 60 �g/kg at 12 h post-treatment. At 12 and
8 h post-treatment, 5-OH-TBZ was found at a level of 1860 and
0 �g/kg, respectively. Tai et al. [116] found that the sum of TBZ
nd 5-OH-TBZ residues were below the MRL of 100 mg/kg in
ows milk at 48 h post-treatment (oral dose of 100 �g/kg bw).

.4. Triclabendazole

Kinabo and Bogan [117] showed that TCB-SO and TCB-
O2 could be detected up to 3 and 6 days in the milk of goats

reated with an oral dose of TCB (12 mg/kg bw). TCB parent
rug was not detectable at any timepoint. Highest residue levels
f TCB-SO and TCB-SO2 were found at 1 (160 �g/kg) and 3
640 �g/kg) days post-treatment, respectively. Counotte et al.
118] investigated the depletion of TCB residues in the milk of
ows treated with an oral dose of TCB (12 mg/kg bw). TCB-
O2 was the major residue present with lower levels of TCB-
O determined. At 50 h post-treatment, TCB-SO2 and TCB-
O were found at levels of 1415 and 100 �g/kg. Residues of
CB-SO and TCB-SO2 could be detected up to 45 and 240 h
ost-treatment. The study showed that 1.5% of the administered
ose was excreted in milk. Takeba et al. [119] carried out a
imilar study in cows treated with an oral dose of TCB (12 mg/kg
w). This group only reported residue data for the first 48 h
ost-treatment. At 48 h post-treatment, TCB, TCB-SO and TCB-
O2 were found at levels of 6–35, 17–114 and 51–595 �g/kg,
espectively.

.5. Summary
In dairy cows, sheep and goats treated with ABZ, levels
f marker residues in milk were typically below the MRL at
2 h post-treatment [83,111–113]. At early withdrawal periods,
BZ-SO was found to be the major residue, ABZ-SO2 was
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ound to be the pre-dominant residue at later timepoints. The
ithdrawal periods for ABZ and related drugs in species pro-
ucing milk for human consumption range between 36 and 72 h.
n dairy cows treated with FBZ, OFZ and FEB, marker residues
ere shown to be below the MRL at 84, 72 and 120 h post-

reatment, respectively [89,115,116]. The withdrawal periods
or FBZ and related drugs in milk range between 2 and 7 days.
n dairy cows treated with TBZ, marker residues were typically
elow the MRL at 84 h post-treatment. 5-OH-TBZ was found to
e the major residue in cow and goat milk [66,100,116]. TCB
s not licensed for use in lactating species. Kinabo and Bogan
117] found that TCB residues could be detected in goat milk
or up to 6 days post-treatment. Counotte et al. [118] found that
CB residues could be detected in cow milk up to 10 days post-

reatment. TCB-SO2 was shown to be the most persistent residue
n the milk of cows and goats.

. Monitoring for benzimidazole residues in food
It has been shown that some twenty or so different benzimi-
azole residues could occur in animal tissue. However, it would
e difficult to develop and maintain a robust residue method that

l
w
i
t

able 2
RL listings for benzimidazole anthelmintic drugs

rug Marker residue Anim

ETO, ABZ and
ABZ-SO

Sum of ABZ-SO, ABZ-SO2, and
ABZ-NH2-SO2, expressed as ABZ

Bov

EB, FBZ and OFZ
Sum of extractable residues which may be
oxidised to FBZ-SO2

Bov

Bov

LU Sum of FLU and FLU-HMET
Porc
gam

Chic

BZ Sum of TBZ and 5-OH-TBZ Bov

XI OXI Porc

CB
Sum of extractable residues that may be
oxidised to ketotriclabendazole

Bov

BZ
Sum of MBZ, MBZ-OH and MBZ-NH2

expressed as MBZ
Ovin
equi
togr. B 845 (2007) 1–37 15

ould cover all of these residues. Such a method would probably
equire the application of expensive LC–MS/MS technology. An
lternative approach would be to select the most likely residues
f a particular benzimidazole drug that would give rise to a MRL
iolation or that would be most persistent in tissue (to identify
napproved use). It is important to be aware of the depletion
attern of benzimidazole residues in tissues before developing
residue method. Non-compliant benzimidazole residues may
ccur in tissues because products are administered to the wrong
pecies, are administered at more than the recommended dose,
ithdrawal periods are not observed or because animals con-

ume contaminated feed.
For most benzimidazoles, the marker residue is defined as

he sum of the parent drug or/and its’ major or most persis-
ent metabolites. After administration of ABZ related drugs,
he residues found depend on the drug used (ABZ, ABZ-SO
r NETO), route of administration, target tissue or time that has
lapsed since treatment. At early withdrawal periods, the most

ikely marker residues to be found are ABZ-SO and ABZ-SO2,
hile at longer withdrawal periods the most prevalent residue

s ABZ-NH2-SO2. As a result, the marker residue is defined as
he sum of ABZ-SO, ABZ-SO2 and ABZ-NH2-SO2, expressed

al species MRL (�g/kg) Target tissue

ine, ovine

100 Milk
100 Muscle
100 Fat

1000 Liver
500 Kidney

ine, ovine 10 Milk

ine, ovine, porcine and equidae

50 Muscle
50 Fat

500 Liver
50 Kidney

ine, poultry and
e birds

50 Muscle
50 Skin and fat

400 Liver
300 Kidney

ken 400 Eggs

ine

100 Muscle
100 Fat
100 Liver
100 Kidney
100 Milk

ine

100 Muscle
500 Skin and fat
200 Liver
100 Kidney

ine and ovine
100 Muscle
100 Liver
100 Kidney

e, caprine and
dae

60 Muscle
60 Fat

400 Liver
60 Kidney
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s ABZ. The MRLs for ABZ related drugs have been set at
00 �g/kg for milk, muscle and fat, 500 �g/kg for kidney, and
000 �g/kg for liver in bovine and ovine species (Table 2) [120].
imilarly, for FEB, FBZ and OFZ the marker residue is defined
s the sum of FBZ, OFZ and FBZ SO2, expressed as FBZ-SO2.
ata from residue depletion studies indicate that OFZ and FBZ-
O2 are the most suitable residues to test for in tissues. The
RLs range between 10 �g/kg for milk and 500 �g/kg for liver,

n the listed species.
The marker residue for FLU is defined as FLU parent drug

n eggs and as the sum of FLU and FLU-HMET in other
dible tissues of avian and porcine species. The MRLs range
etween 50 �g/kg for muscle and 400 �g/kg for eggs and liver.
he marker residue for MBZ is defined at the sum of MBZ,
BZ-OH and MBZ-NH2, expressed as MBZ. Residue deple-

ion data indicate that MBZ-NH2 or MBZ-OH are the most
ersistent residues and most likely contribute to an MRL vio-
ation. The MRLs in ovine, caprine and equine species are set
t 60 �g/kg for muscle, fat and kidney and 400 �g/kg for liver.
he marker residue for TBZ is defined as the sum of TBZ and
-OH-TBZ. In edible tissues, the parent drug is the most likely
esidue to be found. While the sulfate conjugate of 5-OH-TBZ
s the predominant metabolite in milk. The MRL for bovine
issues and milk is 100 �g/kg. The marker residue for TCB is
efined as the sum of extractable residues (TCB, TCB-SO and
CB-SO2) that may be derivatised to form ketotriclabendazole.
esidue depletion studies in tissue have been published report-

ng the depletion of the sum of extractable residues derivatised
o form ketotriclabendazole, but do not indicate the contribu-
ion of individual residues. Studies indicate that because TCB
s not licensed for use in lactating species and it should be
est monitored as its’ most persistent residue, TCB-SO2. The
RL for TCB is 100 �g/kg for muscle, liver and kidney. The
arker residue for OXI is the parent drug and MRLs are set

t 100 �g/kg for muscle and kidney, 200 �g/kg for liver, and
00 �g/kg for skin and fat. Other benzimidazoles such as CAM,
UX, PAR and BEN have no EU MRL listings because they are
ot licensed as veterinary drugs in food producing animals. It is
ecommended that target certain target residues (as indicated in
able 3) should be selected in the event that all marker residues

f benzimidazole are not included in a method. In the event
hat a positive residue is detected, a method capable of detect-
ng the complete range of marker residues of a drug should be
pplied.

z
p

able 3
dentification of target analytes for monitoring residues of benzimidazoles in liver an

rug Target analytes

Liver

ETO, ABZ or ABZ-SO ABZ-SO2, and ABZ-N
EB, FBZ or OFZ FBZ, OFZ and FBZ-S
LU FLU and FLU-HMET
BZ TBZ
XI OXI
CB TCB-SO and TCB-SO
BZ MBZ-OH, MBZ-NH2
togr. B 845 (2007) 1–37

. Sample extraction and clean-up procedures

.1. Sample pre-treatment

.1.1. Incorporation of hydrolysis steps
Hydrolysis may be used as a pre-treatment step to release pro-

ein bound residues, drug conjugates or simply convert residues
o a common structure. However, in the area of benzimidazole
nalysis most hydrolysis steps have been used to release con-
ugates. Tocco et al. [121] found that urinary metabolites of
BZ mainly occurred as glucuronide and sulfate conjugates
f 5-OH-TBZ. Conjugates were released using enzymatic (�-
lucoranidase or glucosulase) or acid hydrolysis (refluxing in
N HCl (1 h)). Tocco et al. [66] later used similar procedures
o deconjugate 5-OH-TBZ residues present in the milk of cows
nd goats treated with TBZ. Chukwudebe et al. [101] completed
more detailed study into the metabolism of TBZ in laying hens
nd lactating species, using enzymatic and acid hydrolysis, and
ound that conjugates were mainly present as sulfates. Vanden-
euvel et al. [122] also deconjugated 5-OH-TBZ by enzymatic

nd acid hydrolysis in a study in bluegill sunfish. Kriedel et al.
123] deconjugated the glucuronide of MBZ-OH after diges-
ion with �-glucuronidase. Gyurik et al. [124] used glucosulase
o enzymatically hydrolyse ABZ metabolites in urine before
etection by TLC. Short et al. [76] incubated urine samples
rom animals treated with FBZ with �-glucuronidase and sulfa-
ase before extraction and determination by mass spectrometry,
howing that the majority of residues present in urine were con-
ugated.

As a result of these studies, hydrolysis steps have been
ncluded in some residue methods. Markus and Sherma [125]
ubjected liver sample extracts to acid hydrolysis to allow
onversion of ABZ metabolite residues to a common ABZ-
H2-SO2 residue. Arenas and Johnson [126] used enzymatic
ydrolysis to deconjugate 5-OH-TBZ sulfate, in a method for
etermination of TBZ residues in milk. Coulet et al. [103] used
asic hydrolysis to release protein bound residues of TBZ from
issue.

.2. Extraction and clean-up of benzimidazole residues
Liquid extraction is a common approach used to extract ben-
imidazoles, usually with aqueous extraction at high pH with
artitioning into an immiscible organic solvent [53,96,102].

d milk

Milk

H2-SO2 ABZ-SO2, and ABZ-NH2-SO2

O2 OFZ and FBZ-SO2

Not defined
5-OH-TBZ
Not defined

2 TCB-SO2

Not defined
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owever, polarity and pKa can differ greatly between parent
enzimidazoles and metabolites, not only making it difficult
o develop a multi-residue method for different benzimidazole
rugs, but also for individual drugs and their metabolites. This
as been observed by many researchers developing methodology
or determination of FBZ and its two metabolites OFZ and FBZ-
O2 [127–131]. FBZ has differing physical properties to its two
etabolites, making it difficult to extract and determine by LC

128,129,132,133]. Similar difficulties have been encountered
ith MBZ and its two metabolites MBZ-OH and MBZ-NH2

53]. MBZ and MBZ-NH2 are basic in nature with pKa values
f 3.5 and 5.5, respectively. Therefore, only at pH levels >7.5
re both metabolites non-ionised. MBZ-OH possesses an acidic
H group with a pKa of 9.8 which is non-ionised below pH 7.8.
his indicates that only in the pH range 7.5–7.8, are all three

esidues non-ionised. Alternatively, extraction may be carried
ut using a more polar organic solvent without pH manipula-
ion. Some researchers have extracted these drug residues using
single solvent system, such as acetonitrile [119,134], or binary
ater/organic solvent mixtures which would be around neutral
H [131,135–137]. Extraction with acidified extractants has only
een used by a small number of researchers for methods requir-
ng hydrolysis or digestion steps [101,125,136,137] or methods
ncluding only a limited number of residues [138].

.2.1. Plasma, serum or other biological fluids
Benzimidazole residues may be extracted from biological flu-

ds using water immiscible organic solvents with or without pH
djustment and analysed without further purification. Bogan and
arriner [139] adjusted the pH of plasma to pH 7.4 before

xtracting FBZ, OFZ and ABZ residues with diethyl ether.
ogan’s procedure has been applied for isolation of benzimida-
ole residues from plasma and blood [140–142]. Other groups
ave developed alternative procedures, while substituting sol-
ents such as chloroform [143,144] and ethyl acetate [145–147]
or diethyl ether. Hoaksey et al. [148] extracted ABZ and ABZ-
O from plasma samples with dichloromethane after protein pre-
ipitation with acetonitrile. Alvinerie and Galtier [149] extracted
CB, TCB-SO and TCB-SO2 directly from plasma without pH
djustment using a simple ethyl acetate extraction procedure.
altier et al. [150] later applied this method for determination
f TBZ and 5-OH-TBZ in plasma.

Allan et al. [151] simply diluted plasma samples in acid prior
o application onto a C18 SPE cartridge. The SPE cartridge was
ashed with water (20 ml), methanol + water (40 + 50, 0.5 ml)

nd methanol (0.4 ml) prior to elution with 1.6 ml of methanol.
ecovery of mebendazole and its metabolites was typically
reater than 80%. The procedure was subsequently applied by
altier et al. [150] and Behm et al. [152] to determine meben-
azole in plasma. Hennessy et al. [70] subsequently modified
his procedure and applied it to investigate the pharmacokinetics
f TCB. Hennessy et al. also found the procedure to be suit-
ble for determination of TCB in bile (after pH adjustment) but

amples required liquid–liquid extraction (LLE) clean-up into
thyl acetate before SPE. This procedure was later applied by
ther researchers to determine ABZ related residues in plasma
60,153].

b
a
u
l
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The use of automated purification systems has been shown
o enhance reproducibility, improve throughput of samples and
educe manual handling. Rouan et al. [154] described an auto-
ated C18 clean-up procedure for isolation of TCB residues

n an ASPEC system. They demonstrated, with a limited num-
er of samples, that recovery values greater than 90% could
e obtained under optimal conditions. Chiap et al. [155] devel-
ped an automated procedure based on dialysis clean-up for
solation of albendazole and its metabolites from plasma with
n-line determination by HPLC through the use of switching
alve technology. Recovery of ABZ residues from plasma was
ypically greater than 65%. Negro et al. [56] isolated TCB-SO
nd TCB-SO2 from serum and urine samples using a combina-
ion of protein precipitation and ultra-filtration through a 30,000

olecular mass cut-off filter. This approach was shown to greatly
educe sample preparation time in comparison to conventional
ff-line clean-up procedures. Recovery of TCB marker residues
rom serum and urine were typically greater than 82%.

.2.2. Tissue
Benzimidazole residues are typically extracted from ani-

al tissues using organic solvent and purified by LLP and/or
PE. Some researchers have opted to carry out comprehen-
ive purification of residues through LLP and SPE, usually
ith determination by HPLC-UV. Other groups have moved

owards the development of simple clean-up procedures based
n LLP only, with determination by more selective fluorescence
nd LC–MS/MS systems. These simpler clean-up procedures
although less selective) may be more suitable to allow for iso-
ation of a broad range of benzimidazoles, which are difficult to
ecover using more comprehensive clean-up procedures. Bran-
on et al. [135] extracted TBZ residues from liver tissues using
MSO-H2O (10:90, v/v) and diluted extracts in PBS Tween
rior to determination by ELISA. Brandon et al. [156] devel-
ped a similar type of extraction procedure for determination of
ome 11 benzimidazole residues in liver tissues. To allow recov-
ry of a range of benzimidazole residues including the poorly
ater soluble FBZ, samples had to be extracted in DMF-H2O

10:90, v/v).
Originally procedures for tissue samples were based on multi-

le LLP and/or SPE clean-ups. Marti et al. [134] extracted eight
enzimidazole residues from muscle, liver and kidney tissues
sing acetonitrile. Extracts were subsequently purified using a
eries of LLP steps which included washing with hexane, sat-
rated NaCl and dichloromethane. Extracts were concentrated
nd further purified using a combination of C18 and Florisil SPE
rior to analysis by HPLC-UV or confirmation by GC–MS.
ecovery of benzimidazole residues was typically >65% for
ll residues with the exception of OFZ, which gave a lower
ecovery of 45 and 39% for liver and kidney, respectively. Far-
ington et al. [157] extracted five benzimidazole residues from
iver tissue using ethyl acetate and purification on acid alumina
nd C18 SPE before determination by HPLC-UV. Recovery of

enzimidazoles ranged between 73 and 90%. Blanchflower et
l. [90] extracted FBZ and OFZ from liver and muscle tissues
sing methanol–water (20:7, v/v). Extracts were washed with
ight petroleum, diluted with phosphate buffer and extracted with
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iethyl ether–ethyl acetate (60:40, v/v). Recovery of FBZ and
FZ was typically greater than 80 and 70%, respectively. de
uyanski et al. [158] developed a simple procedure for extrac-

ion of TBZ and levamisole from muscle tissue at alkaline pH
sing ethyl acetate with subsequent partitioning into 0.5 M HCl.
he ethyl acetate layer was discarded before alkalisation of

he aqueous phase and extraction with chloroform. Levan and
arnes [159] developed a labour intensive procedure for extrac-

ion of five benzimidazole residues from liver tissue using large
olumes of organic solvent. Samples were purified using LLP
teps prior to purification on silica SPE cartridges.

Wilson et al. [102] developed a simpler procedure based
n ethyl acetate extraction for isolation of eight benzimidazole
esidues from muscle and liver tissues. Ethyl acetate was chosen
s the extraction solvent because of its good solvating power
or weakly basic drugs and its ability to form emulsion-free
nterfaces with muscle and liver tissues. Samples were sub-
equently purified using LLP (acidified ethanol versus hexane
ash) and C2 SPE clean-up prior to determination by HPLC-
V or GC–MS. This group concluded that C2 was the most

ffective sorbent material for removing polar matrix interfer-
nce while giving good recovery of benzimidazole residues in
omparison to other SPE sorbent materials evaluated. Wilson’s
ethod is the most widely used method for isolation of benzim-

dazole residues from animal tissues. In some cases, researchers
ave reported modifications of this method, such as size of sam-
le used, extraction pH and SPE cartridge clean-up.

A number of researchers have applied the Wilson method,
odified to exclude the SPE clean-up. Domany and Kovacsics

160] found that the method could be extended to 10 benzimida-
ole residues in liver and muscle tissues, while excluding SPE
lean-up. Shaikh et al. [86] found that ABZ marker residues
ould be determined in salmon, tilapia and trout without the
eed for SPE clean-up through the application of a more selec-
ive HPLC fluorescence detection system. They found that ABZ
ecovery increased after adding dimethyl sulphoxide (0.5 ml) to
he extraction solvent (ethyl acetate, 5 ml), while extraction effi-
iency for ABZ marker residues did not vary greatly over the
H range from 9 to 11. It was also found that addition of sodium
etabisulfite to the extraction medium inhibited the oxidation of
BZ-SO to ABZ-SO2, resulting in increased recovery for ABZ-
O. Recovery of ABZ, ABZ-SO, ABZ-SO2 and ABZ-NH2-SO2
as typically greater than 82, 78, 75 and 63%, respectively.
Hajee and Haagsma [53] extracted MBZ, MBZ-OH and

BZ-NH2 from eel muscle with ethyl acetate after adjusting
he pH to 7.5 with phosphate buffer. They concluded that only
n the narrow pH range between 7.5 and 7.8 were all MBZ marker
esidues in a non-ionised state thereby facilitating their extrac-
ion using ethyl acetate. Ethyl acetate extracts were modified
ith hexane prior to application onto a preconditioned amino-
ropyl SPE cartridge. The authors evaluated a range of normal
hase and reverse phase SPE systems but found aminopropyl
o be most suitable. After loading of sample extract, the amino-

ropyl cartridge was washed with iso-octane and MBZ marker
esidues were eluted with methanol. Mean recovery of MBZ,

BZ-NH2 and MBZ-OH was typically greater than 80, 60 and
5%, respectively. Cannavan et al. [161] developed a simple pro-

a
b
c
e
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edure for isolation of TBZ and 5-OH-TBZ from liver, kidney
nd muscle tissues based on an ethyl acetate extraction at pH 7.0,
nd SPE clean-up on cyanopropyl (CN) SPE cartridges. Deuter-
ted TBZ was used as an internal standard to improve repro-
ucibility. Recovery of TBZ and 5-OH-TBZ ranged between
6–103 and 70–85%, respectively. It was concluded that repro-
ucibility of 5-OH-TBZ recovery could be improved through the
ntroduction of a deuterated internal standard for 5-OH-TBZ.

Acetonitrile was found to be an effective solvent for extrac-
ion of benzimidazoles from animal tissues by some researchers.
orensen and Hansen [92] extracted the marker residues of
BZ from the muscle and skin tissues of trout using acetoni-

rile. Extracts were washed with hexane prior to purification on
18 and CN SPE cartridges. Under acidic conditions benzim-

dazole residues may become ionised making them amenable
or more selective ion exchange SPE clean-up. Rose extracted
ine metabolites of OFZ from liver using acetonitrile prior to
urification on strong cation exchange (SCX) SPE cartridges
133]. Acetonitrile extracts were modified using acetic acid
nd applied onto the SCX cartridge, which was subsequently
ashed with acetone, methanol and acetonitrile. The cartridge
as eluted with acetonitrile containing 5% ammonia (5 ml).
ecovery of benzimidazoles varied between 28 and 117%. Su
t al. [162] extracted six benzimidazole residues from muscle
nd liver tissues using acetonitrile after adjusting the pH to 10.
ibutyl hydroxytoluene (BHT) was added to prevent oxidation
f 5-OH-TBZ. Extracts were further purified on C18 SPE prior
o determination by HPLC. Recovery ranged between 71 and
05%.

Polymeric sorbents have been successfully applied to iso-
ate benzimidazole residues from animal tissue in some multi-
esidue methods. Roudaut and Garnier [163] extracted 10 benz-
midazole residues from liver using the Wilson procedure, while
ubstituting Oasis HLB for C2 SPE cartridges. Sample extracts
ere loaded onto HLB cartridges in methanol–0.1 M ammo-
ium acetate (50:50, v/v, 1.0 ml) and eluted with methanol
1 ml) before determination by HPLC-UV. They compared a
umber of other polymeric SPE cartridges including Isolute
01 and Nexus but found that Oasis HLB gave the cleanest
ample extracts and most satisfactory recovery. Balizs loaded
uscle extracts onto styrol-divinyl-benzene SPE cartridges in
ethanol–0.1 M ammonium acetate (50:50, v/v, 1.0 ml) and

luted them with methanol–ethyl acetate (1:4, v/v, 3 ml) before
nalysis by LC–MS/MS [164]. Balizs applied the method to iso-
ate 15 benzimidazole residues from muscle tissues. Recovery of
enzimidazole residues was typically in the range of 36–117%.
low recovery of 8% was obtained for FEB.
Capece et al. [91] extracted FBZ marker residues from mus-

le, fat and kidney samples using ethyl acetate after adjusting
he pH to 8.0. Extracts were analysed by HPLC without further
urification. De Ruyck et al. [94] extracted FLU, FLU-HMET
nd FLU-RMET from egg and muscle tissues with ethyl acetate
t alkaline pH. Extracts were subsequently evaporated to dryness

nd purified by LLP (methanol versus hexane) before analysis
y LC–MS/MS. Recovery of FLU marker residues was typi-
ally greater than 70% (eggs) and 87% (muscle). De Ruyck
t al. [98] subsequently applied this method to the determina-
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ion of MBZ marker residues in sheep liver. Mean recovery of
BZ marker residues was typically greater than 85%. Edder

t al. [165] extracted 11 benzimidazoles and levamisole (LEV)
rom liver and muscle tissues at alkaline pH while using MBC
s an internal standard. Extracts were further purified by LLP
methanol versus hexane), before determination by LC–MS/MS.
ecovery of residues was typically greater than 70%.

Some novel procedures have been developed for isolation
f benzimidazole residues from animal tissues. Fletouris et al.
166] isolated ABZ-SO, ABZ-SO2 and ABZ-NH2-SO2 residues
rom muscle, liver, kidney and fat tissues using a LLP proce-
ure based on ion-pair extraction with octane sulphonate under
cidic conditions. Extracts were further purified by partitioning
etween phosphate buffer pH 8.5 and ethyl acetate. However,
his group concluded that the ion pair extraction was critical for
urification of tissue extracts. Recovery of ABZ-SO, ABZ-SO2
nd ABZ-NH2-SO2 was greater than 81, 88 and 76%, respec-
ively. Techniques such as matrix solid phase dispersion (MSPD)
77,129,131,167–171] and supercritical fluid extraction [172]
ave been applied for isolation of benzimidazoles residues from
iver. Long et al. [168] developed an MSPD method for isolation
f five benzimidazole residues from liver tissue. Liver samples
0.5 g) were blended with C18 material and packed into a SPE
olumn between two frits. The column was washed with hexane
nd eluted with acetonitrile prior to determination by HPLC-
V. Recovery of the benzimidazole residues ranged between
5 and 93%. Danaher et al. extracted 13 benzimidazoles from
ortified liver samples using unmodified supercritical CO2 (60 l,
90 bar and 80 ◦C) [172]. Benzimidazole residues were trapped
ff-line on a neutral alumina SPE cartridge and further puri-
ed on a SCX cartridge prior to determination by HPLC-UV.
ean recovery for 10 benzimidazoles ranged between 51 and

13%. TBZ, CAM and TCB-SO2 residues were also extracted
ut results were not quantitative.

Some groups have implemented automated SPE clean-up
rocedures. Stubbings et al. [173] developed an automated on-
ine clean-up system for isolation of benzimidazole residues
rom liver and tissue samples. Benzimidazole sample extracts
ere purified on SCX cartridges prior to on-line clean-up on

ation exchange trace enrichment cartridges. Dowling et al.
174] modified the method developed by Wilson and extended
t to isolate 12 benzimidazole residues from liver tissue. Purifi-
ation of samples was carried out on C18 SPE cartridges using
n automated SPE system (ASPECTM). They found that this
utomated system allowed unattended clean-up of samples and
nhanced reproducibility of assay results. Mean recovery of
esidues was typically in the range of 60–100%. Lower recovery
f 25% was observed for ABZ-NH2-SO2. HPLC-UV chro-
atograms of negative control and fortified liver samples are

resented in Fig. 10.

.2.3. Milk and milk products
Milk samples are generally easier to manipulate than corre-
ponding solid tissue samples. In addition, milk contains less
igments and matrix interence components that typically occur
n tissue. Important purification issues that need to be overcome
ith milk samples include removal of proteins and fat through

a
[
z
u

ig. 10. Chromatogram of blank liver sample and liver sample fortified at MRLs
Reprinted from reference [174], with permission from Elsevier, Copyright
005).

ntroduction of precipitation and defatting steps. A number of
roups have simply adjusted the pH of samples prior to extrac-
ion with an immiscible solvent such as ethyl acetate, chloroform
r dichloromethane. The required pH adjustment may depend
n the type or number of drug residues included in a particu-
ar method. Tocco et al. [66] found that TBZ and 5-OH-TBZ
ould be successfully extracted from milk samples at pH 6.0
ith ethyl acetate. Fletouris et al. [175] showed that ABZ, ABZ-
O and ABZ-SO2 were best extracted at pH 9.8 with ethyl
cetate, giving recovery values of 81, 78 and 100%, respec-
ively. Fletouris et al. [111] later extracted 10 benzimidazole
esidues from milk samples at pH 10 with ethyl acetate. They
valuated extraction efficiency over the range pH 3–11.5, find-
ng pH 10 gave best recovery for the majority of benzimidazole
esidues selected. Mean recovery for benzimidazole residues
as typically in the range of 79–100%. A lower recovery in

he range of 56–66% was obtained for FBZ. Fletouris et al.
128] developed an alternative acetonitrile based extraction pro-
edure that gave recovery near to 100% for FBZ over the pH
ange 2–9, indicating pH adjustment of milk samples was unnec-
ssary with acetonitrile. They later used a similar extraction
rocedure for determination of ABZ residues in cheese [176],
nd FBZ metabolites in milk [128]. It was found that solvent
xtraction with ethyl acetate extraction gave dirtier extracts for
heese samples than acetonitrile, while dichloromethane gave
ow recovery. Samples (0.5 g) were extracted with acetonitrile
3 ml), defatted with hexane, evaporated to dryness and further
urified by LLP (ethyl acetate versus phosphate buffer pH 8.5).
ecovery of ABZ-SO, ABZ-SO2 and ABZ-NH2-SO2 were typ-

cally greater than 83, 80 and 74%, respectively. De Ruyck et
l. [177] later scaled this method up (larger volmes of solvent
nd sample) and applied it for extraction of four benzimida-
ole residues from milk. Mean recovery of FBZ, TBZ, ABZ

nd OXI was typically between 68 and 77%. De Ruyck et al.
178] subsequently developed a procedure to isolate eight ben-
imidazoles and levamisole from milk samples at alkaline pH
sing ethyl acetate with determination by LC–MS/MS. Recov-
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ry of benzimidazole residues was typically in the range of
9–110%.

The amount of purification required to successfully isolate
enzimidazole residues from milk samples may depend on the
umber of residues included and the detection system being
sed. Brandon et al. [179] simply diluted milk samples in phos-
hate buffer saline prior to direct determination by ELISA. They
ound that milk samples had to be diluted 10-fold to eliminate
atrix effects and ensure good agreement between standards

repared in buffer and fortified or incurred samples. Fletouris et
l. [111] extracted 10 benzimidazoles from milk samples (1 ml)
t pH 10 with ethyl acetate (6 ml). Samples extracts were subse-
uently evaporated to dryness and reconstituted in mobile phase
efore determination by HPLC. Other researchers have devel-
ped more labour intensive sample preparation procedures using
ultiple LLE/LLP/SPE steps that require larger quantities of

rganic solvent, glassware and cumbersome rotary evaporation
teps [116,180]. Tai et al. [116] extracted four benzimidazole
esidues from milk at alkaline pH using large volumes of ethyl
cetate (150 ml). Sample extracts were purified by LLP (phos-
horic acid versus hexane wash) and back extracted into ethyl
cetate after alkalisation. Sample extracts were further purified
n silica SPE prior to determination of residues by HPLC-UV.
ecovery of FBZ, OFZ, TBZ and 5-OH-TBZ was greater than
8, 86, 81 and 25%, respectively. They proposed that the poor
ecovery of 5-OH-TBZ might be due to degradation during the
ong extraction procedure. Constantinou et al. [180] developed a
imilarly labour intensive procedure for isolation of OFZ, FLU,
BZ and FBZ from milk based on LLE, with further purifica-

ion on C18 SPE. Recovery of TBZ, OFZ, FLU, ABZ and FBZ
ere greater than 68, 63, 57, 24 and 29%, respectively.
Other researchers have developed simpler sample prepara-

ion procedures based on solvent extraction and SPE. Moreno et
l. [115] deproteinised milk samples (0.5 ml) with acetonitrile
0.5 ml) and applied the supernatant layer onto a preconditioned
18 SPE cartridge, which was washed with water (0.5 ml) and
luted with methanol (2 ml). The method was suitable for deter-
ination of ABZ, FBZ and their metabolites. Mean recovery

anged between 77 and 97%. Sorensen and Petersen [181] mixed
ilk samples (5 ml) with phosphate buffer pH 11 (5 ml) and incu-

ated the mixture in a water bath (45 ◦C, 20–30 min) prior to
pplication onto a C18 SPE cartridge. The cartridge was washed
ith water (5 ml) and eluted with acetonitrile (6 ml). Samples
ere evaporated to dryness and further purified by LLP (phos-
hate buffer pH 9 versus dichloromethane extraction) before
etermination by HPLC-UV. Mean recovery of ABZ-SO, ABZ-
O2, OFZ, OXI, ABZ, MBZ, FBZ and FEB was in the range
1–96%. Sorensen and Petersen [182] developed an alternative
rocedure for determination of TBZ and LEV in milk. Defat-
ed milk samples (10 ml) were mixed with phosphate buffer pH
.5 (10 ml) and incubated in a water bath (45 ◦C, 20–30 min.)
rior to passing through a C18 SPE cartridge. The cartridge was
ashed with phosphate buffer (5 ml) and eluted with methanol
2 ml). Sample extracts were evaporated to dryness and further
urified by LLP (phophate buffer pH 10 versus dichloromethane
xtraction) before determination by HPLC-UV. Mean recovery
f TBZ and LEV was 81–89%, respectively.

r
j
s
H

togr. B 845 (2007) 1–37

A number of novel methods, including use of MSPD,
ave been developed to allow determination of benzimidazole
esidues in milk and milk products. Long et al. [129] mixed milk
amples (0.5 ml) with C18 material (2 g) and packed the mix-
ure between two filter paper discs in a 10 ml syringe barrel and
ompressed to a volume of 4.5 ml. The column was washed with
exane (8 ml), air-dried and eluted with dichloromethane–ethyl
cetate (1:2, v/v, 8 ml). Recovery of the benzimidazole residues
as typically in the range 81–108%. A slightly lower recovery
f 69% was obtained for FBZ. De Liguoro et al. [113] extracted
BZ residues from milk, whey and whey solubles using ace-

onitrile, prior to defatting with hexane, LLP clean-up and C18
PE. Recovery of ABZ, ABZ-SO, ABZ-SO2 and ABZ-NH2-
O2 were typically greater than 78, 82, 79 and 81%, respectively.
e Liguoro et al. [113] developed an MSPD procedure for deter-
ination of ABZ residues in cheese. Cheese samples (1 g) were
ixed with C18 material and packed between two filter paper

iscs in a 10 ml syringe barrel and compressed to a volume of
ml. The column was washed with hexane (10 ml), air-dried
nd eluted with methanol–acetic acid (97:3, v/v). The eluate
as defatted with hexane and further purified by C18 SPE prior

o determination by HPLC. Recovery of ABZ metabolites were
imilar to those achieved by the procedure developed for milk
77–86%).

Residue scientists face similar problems when trying to deter-
ine benzimidazole residues in milk as in animal tissue. Devel-

pment of methods that will cover the complete number of
arker residues or most persistent or predominant metabolites is
ost difficult. As a result, a number of important benzimidazole

esidues are not included in multiresidue methods. TCB and it’s
etabolites have been included in few milk residue methods. De
uyck et al. [178] developed a method that included TCB parent
rug but not the more important TCB-SO2 metabolite, which is
he most persistent residue of TCB in milk. Some researchers
ave developed methods to isolate TCB and its metabolites from
ilk but methods do not include other benzimidazole drugs.
akeba et al. [119] extracted TCB, TCB-SO and TCB-SO2 from
ilk using acetonitrile with subsequent defatting with hexane.
he acetonitrile fraction was modified with carbonate buffer and
xtracted with dichloromethane prior to further purification on
18 SPE and determination by HPLC-UV. Mean recovery was

n the range of 89–95%. Kinabo and Bogan [117] extracted TCB
nd it’s metabolites from milk (4 ml) with acetone (4 ml). Ace-
one extracts were simply diluted with water and applied onto

18 SPE cartridges, which were washed with water (5 ml) and
luted with methanol (3 ml). Purified extracts were subsequently
etermined by HPLC fluoresence. Su et al. [162] demonstrated
hat their earlier method for the determination of benzimidazole
esidues in animal tissues was also applicable to milk samples
ith minor modification.
Furthermore, few multi-residue methods for determination

f benzimidazole residues in milk include a deconjugation step.
nclusion of such a step is particularly important when testing for

esidues of TBZ in milk, which mainly occur as the sulfate con-
ugate of 5-OH-TBZ. Arenas and Johnson [126] subjected milk
amples (5 ml) to acid hydrolysis in the presence of concentrated
Cl (85–90 ◦C, 4 h) to free the sulphate conjugate of 5-OH-TBZ.
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ydrolysed extracts were neutralised with NaOH and adjusted
o pH 8.0 before extraction with ethyl acetate. Ethyl acetate
xtracts were subsequently purified on PRS cation exchange car-
ridges prior to determination by HPLC fluorescence. Recovery
f TBZ, 5-OH-TBZ and the sulphate conjugate of 5-OH-TBZ
ere typically greater than 87, 98 and 96%, respectively. Arenas

nd Johnson proposed enzymatic hydrolysis as an alternative to
cid hydrolysis but required an overnight incubation. One fac-
or to be considered when including an acid hydrolysis step is
hat benzimidazole carbamate residues (ABZs, FBZs, MBZs and
LUs) may be hydrolysed to amino benzimidazoles. Chu et al.
114] included an acid hydrolysis in a method for determination
f ABZ metabolites in milk samples. Milk samples were sub-
ected to acid hydrolysis (1 h, 100 ◦C), followed by purification
n SCX SPE cartridges. In this procedure, acid hydrolysis was
sed to convert ABZ metabolites to a common residue (ABZ-
H2-SO2). The procedure should be suitable for determination
f ABZ-SO2, ABZ-NH2-SO2 and their conjugates as ABZ-
H2-SO2. However, the procedure was not demonstrated to be

uitable to allow determination of ABZ, netobimin or ABZ-SO
s ABZ-NH2-SO2. Chu et al. demonstrated that the method was
uitable for determination of more than 40% of ABZ residues
n cow’s milk 36–120 h post-treatment. Recovery by the method
as typically in the range of 91–105%.

.2.4. Plant matrices
There are fewer benzimidazole compounds used in the treat-

ent of crops compared to animal health. TBZ and thiophanate-
ethyl (TM) are used in crop protection and animal health, while
EN is used in crop protection only. The purpose of this section

s to give an overview of methods for determination of BEN,
BZ, TM and their breakdown products in crops. Those inter-
sted in reading in more detail should consult the reviews by
orbach [183] and Singh and Chiba [184]. It will be found

hroughout this section that the techniques used to isolate ben-
imidazole fungicides from crops are typical of those applied
n a pesticide laboratory. In general, larger weights of sample
nd volumes of solvent are used in procedures for isolation of
enzimidazoles from crops. Samples are typically purified by
LE/LLP steps, which require relatively large volume glass-
are and concentration of samples one at a time using rotary

vaporation. In recent years, researchers in this area of testing
ave moved towards scaling down methods to reduce solvent
sage and increase sample throughput.

The control of sample pH is critical to ensure satisfactory
ecovery of benzimidazole residues from crops. Benzimidazole
esidues have been extracted from certain crops with [185–187]
r without [188–190] adjustment of sample pH. However, when
xtracting acidic samples such as citrus fruits, sample pH should
e controlled to ensure a robust method [188–190]. A prin-
iple applied in most LLE/LLP procedures for isolation of
enzimidazole residues is that they are highly soluble in dilute
cid and less soluble in aqueous solutions at higher pH values

>7.0). This allows the washing or extraction of water immis-
ible organic extracts with basic or acidic aqueous solutions,
espectively. In a typical ethyl acetate extraction, extracts may
e washed with water or alkaline buffers (to remove polar inter-

t
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erence) and extracted with 0.1N HCl (while non-polar matrix
omponents remain in the ethyl acetate). The acidified extracts
re subsequently adjusted to alkaline pH with NaOH and re-
xtracted with ethyl acetate, which is evaporated to dryness or
educed to a small volume prior to analysis. Alternative extrac-
ions have been developed by other researchers using solvents
uch as ethanol–dichloromethane [191] or hexane–ethyl acetate
192]. Corti et al. [193] extracted TBZ from samples using

saturated sodium chloride-dichloromethane system. Other
esearchers have extracted samples with more polar solvents
uch as methanol [191] or water [194], prior to dilution of sam-
le extracts and determination by ELISA.

Extraction and clean-up procedures that include BEN, TM
nd their marker residue (MBC) are more complex than those
sed to isolate TBZ. The approach adopted in most methods is to
onvert the parent fungicides to MBC or 2-aminobenzimidazole
2-AB) through acid or basic hydrolysis prior to analysis. Acid
ydrolysis converts BEN to MBC, while basic hydrolysis con-
erts MBC to amino-benzimidazole. Pease and Gardiner [195]
xtracted BEN residues from fruit and vegetable matrices using
thyl acetate. Samples were subjected to acid and basic hydroly-
is prior to LLP and determination by fluorescence spectropho-
ometry. Recovery of BEN from fortified fruit, vegetable, animal
issue and soil was typically greater than 76%. Pease and Holt
196] later improved this clean-up procedure through the intro-
uction of alkaline wash steps to remove matrix components
hat interfered with fluorescent quenching, allowing the more
ffective determination of BEN in oranges.

Kirkland et al. [136] extracted BEN from soil and crops by
efluxing in the presence of methanol and 1N HCl. Hydrolysed
xtracts were purified by a series of LLP steps prior to HPLC
etermination. The method allowed the determination of BEN
nd MBC (both as MBC), and 2-aminobenzimidazole. Recov-
ry of the respective residues was 92, 88 and 71%, respectively.
hysalo [197] later modified this clean-up procedure and used it

o isolate MBC and 2-AB from crops, prior to determination by
C. Recovery ranged between 70 and 90%. Tjan and Jansen

186] extracted BEN, MBC and TBZ from crops with ethyl
cetate–0.1N HCl. After adjustment of the acidified fraction to
H 7.5, residues were extracted with ethyl acetate, concentrated,
erivatised and determined by GC. Recovery of BEN, MBC
nd TBZ were typically greater than 91, 93 and 95%, respec-
ively. Farrow et al. [198] extracted BEN, MBC, TM, TBZ and
ome non-benzimidazole fungicides from citrus fruit by reflux-
ng in 2N HCl. Sample extracts were washed with chloroform
nd adjusted to a high pH prior to extraction with chloroform.
ecovery of BEN, MBC, TM and TBZ were typically greater

han 70, 66, 32 and 84%, respectively.
Gilvydis and Walters [199] extracted five benzimidazole

esidues from crops using acidified methanol and partitioning
nto dichloromethane after dilution in NaCl solution, prior to
PLC determination. This fraction contained TM. The acidi-
ed fraction (containing the other benzimidazoles) was adjusted
o pH 7.7–8.0 and extracted with dichloromethane. Recovery
f BEN, MBC, TBZ and TM were typically greater than 78,
7, 81 and 63%, respectively. Corti et al. [200] extracted BEN,
BC and TBZ from fruit and vegetable samples using satu-
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ated NaCl solution–chloroform. The chloroform extract was
e-extracted with 0.1N HCl and incubated at 50 ◦C (30 min.).
cidified extracts were alkalised and extracted with chloroform
rior to determination by HPLTC or HPLC. Recovery of BEN,
BC and TBZ was typically greater than 91, 93 and 94%,

espectively.
The application of sorbent based clean-up for isolation of ben-

imidazole residues has become more popular in recent years.
owever, there was some application of sorbent clean-up in early
ethods, using either column chromatography or preparative
LC. Aharonson and Ben-Aziz [201] extracted BEN, MBC and
BZ from crops using acetone, with subsequent purification on
agnesium oxide-celite-alumina columns prior to determina-

ion by TLC or fluorescence spectrophotometry. Recovery of
EN, MBC and TBZ were typically greater than 68, 60 and
0%, respectively. White and Kilgore [202] extracted BEN from
ifferent fruits with benzene and partitioned residues into 0.1N
Cl, before converting the BEN to MBC at room temperature.
ample extracts were purified by LLP and preparative TLC prior

o determination by UV spectrophotometry. Recovery of BEN
as >87%. More recently, groups have developed procedures
n commercial SPE materials. Oishi et al. [203] adjusted fruit
uice samples to pH 8–9 before application onto an ExtrelutTM

artridge (supported LLE), which they subsequently eluted with
exane–ethyl acetate (3:1, v/v). This group found that the high-
st recovery was achieved at pH values >4. Recovery of TBZ
anged between 90 and 96%.

The development of chemically more sophisticated cation
xchange and polymeric sorbent materials has resulted in
mproved procedures for isolation of benzimidazole fungicide
esidues from crops. Di Muccio et al. [204] extracted MBC and
BZ from crops using an aqueous-acetone mixture. A portion
f the aqueous-acetone extract (20 ml) was dispersed over the
iatomaceous earth material (Extrelut-20) packed into a SPE
artridge. Acetone was removed by passing nitrogen through
he cartridge from bottom to top. Residues were subsequently
luted with 0.1 M phosphoric acid and isolated on a phenyl-
CX cartridge attached to the end of the ExtrelutTM cartridge,
hile leaving material poorly soluble in dilute phosphoric acid

etained on the ExtrelutTM cartridge. The ExtrelutTM cartridge
as disconnected and the SCX cartridge was washed with water,
ethanol and eluted with acetonitrile–methanol–ammonium

ormate buffer pH 6.8 (50:25:25, v/v/v). Arenas and John-
on [205] extracted TBZ from banana with ethyl acetate and
pplied extracts onto PRS-SCX cartridges. TBZ was eluted with
.1 M KH2PO4 in acetonitrile and purified extracts were deter-
ined by HPLC with fluorescence detection. Recovery of TBZ

anged between 87 and 101%. Arenas et al. [206] later modi-
ed this procedure through the inclusion of sample pH control
nd applied it to determine TBZ in citrus fruits. Young et al.
207] developed two procedures for the isolation of TBZ and

BC residues from fruit juice samples using Oasis® mixed
ode cation exchange (MCX) SPE cartridges. They found that
solation of TBZ and MBC residues from orange juice could
e effectively achieved using MCX operating sequentially in
CX and reversed phase retention modes. Orange juice samples
ere loaded at pH 2 and catridges were washed with 0.1N HCl,

a
r
m
a

togr. B 845 (2007) 1–37

ethanol and high aqueous basic solutions, prior to elution with
H4OH in methanol. In contrast, MCX operating sequentially in

eversed phase and SCX modes provided a more effective clean-
p for apple and grape juice samples. It was proposed that the
pple and grape juice samples contained polyphenolic (acidic)
nterferences which were strongly retained after loading under
cidic conditions. Young et al. [208] later applied this clean-up
n an LC–MS assay, showing that the matrix effect from puri-
ed extracts had little or no ion suppression effects. Recovery
f MBC and TBZ in both methods was typically greater than 74
nd 90%, respectively. Zrostlı́ková et al. [209] isolated 17 crop
rotection agents including TBZ and MBC from fruit samples
sing Oasis® MCX cartridges. Capitan-Valvey et al. [210] devel-
ped a novel sorbent extraction procedure for the determination
f TBZ in fruit. Samples were extracted using aqueous buffer
efore dilution of the extract in water and mixing with Sephadex
-15 gel beads. The Sephadex gel beads were isolated by filtra-

ion and packed into a glass cuvette, before determination using
luminescence spectrometer.

There have been some applications of automated extraction
nd clean-up procedures for isolation of benzimidazole residues
rom crops in recent years. Hiemstra et al. [54] developed
n automated on-line clean-up procedure to isolate MBC
nd TBZ residues from crops. Samples were extracted using
cetone and partitioned into dichloromethane–petroleum ether.
ample extracts were evaporated to dryness and reconstituted

n methanol (2 ml) and an aliquot (1 ml) was applied onto a Diol
PE cartridge using an ASPECTM system. The cartridge was
ashed with methanol (1 ml) and eluted with methanol–0.1 M
3PO4 (2 ml) into a vial containing 1 M NaOH (100 �l).
ecovery of MBC and TBZ ranged between 97 and 108%.
upercritical fluid extraction (SFE) has been used by some
esearchers to isolate benzimidazole residues from crops.
haronson et al. [211] mixed samples (2 g) with hydromatrix

HMX) prior to extracting BEN, MBC, TM and TBZ residues
sing supercritical carbon dioxide modified with 3% methanol.
ptimum extraction was achieved using 90 g of SF-CO2

400 atm, 60 ◦C). Residues were trapped off-line on a C18 trap
aintained at 25 ◦C and desorbed with methanol (10 ml). It was

ound that recovery of residues was affected by the water content
n samples but this variable could be controlled using a HMX
o sample ratio of 1:1. At higher ratios of HMX recovery of
esidues was reduced and at ratios greater than 3:1 residues were
ot recovered. Mock and Scherbaum [212] extracted TBZ and
ther non-benzimidazole fungicides from fruit using unmodified
F-CO2 (350 bar, 50 ◦C), with off-line trapping on a C18 trap
aintained at 20 ◦C. Recovery of TBZ ranged between 63 and

0%. Anastassiades and Schwack [213] extracted MBC and TM
rom crops using unmodified SF-CO2 (329 atm, 55 ◦C). Extracts
ere trapped off-line on a C18 trap maintained at 10 ◦C before
esorption with acetonitrile (1.3 ml, 50 ◦C). This group inves-
igated the influence of pH on the extraction of residues from
ortified fruit juice samples, finding that sample pH had to be

djusted to pH 7 to ensure quantitative extraction of MBC. Mean
ecovery of MBC and TM ranged between 85 and 93%. Kaki-
oto et al. [214] extracted TBZ and other fungicides from fruit

nd vegetable samples and processed products using accelerated
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olvent extraction (ASE). Samples were mixed with diatoma-
eous earth prior to extraction with acetonitrile or methanol
100 ◦C, 2000 psi) over a 20 min period. Mean recovery of
BZ ranged between 90 and 110%. Pawlowski and Poole [215]
xtracted MBC and TBZ from crops using subcritical water
40 ml, 75 ◦C, 50 bar). The pH of aqueous extracts was adjusted
o pH 8–9 with 1 M NaOH before partitioning into ethyl acetate.

ean recovery of MBC and TBZ ranged between 80 and 101%.
Some methods have been described for isolation of benzimi-

azole veterinary residues from medicated feed. Shah et al. [216]
xtracted OFZ from medicated feeds using methanol–acetic acid
90:10, v/v) at 45 ◦C. Plant pigments and other feed excipients
ere removed using zinc acetate treatment and LLP prior to
etermination by HPLC-UV. Mean recovery of OFZ from forti-
ed feed samples were at 98%. Botsoglou et al. [217] extracted
BZ residues from medicated feed using acetonitrile and wash-
ng with hexane. Recovery of ABZ was typically greater than
8%. This group later developed a method for the isolation of
BZ from medicated feed using acetonitrile before washing with

so-octane and determination by HPLC-UV [218]. Mean recov-

b
d
d

able 4
ummary of extraction and clean-up procedures used in selected multi-residue metho

esidues Matrixa Extrac

BZ, CAM, MBC, MBZ, OFZ, FBZ, 5-OH-TBZ, TBZ M, L Ethyl a

BZ, MBZ, OFZ, FBZ, OXI, FLU, TBZ, TCB M, L, K Aceton

AM, TBZ, 5-OH-TBZ, 5-NH2-TBZ L DMSO

BZ, ABZ-SO, ABZ-SO2, FBZ, OFZ, FBZ-SO2

*(MBC, MBZ, FBZ-OH, FLU, 5-OH-TBZ, TBZ)
L DMF–

BZ, CAM, MBZ, OFZ, TBZ L Ethyl a

BZ, ABZ-SO, ABZ-SO2, ABZ-NH2-SO2, CAM,
FBZ-SO2, MBZ, OXI, 5-OH-TBZ, TBZ

Mk Aceton

BZ, ABZ-SO, ABZ-SO2, ABZ-NH2-SO2, FBZ, OFZ,
FBZ-SO2, OXI, 5-OH-TBZ, TBZ

M, L, K Ethyl a

BZ, ABZ-SO, ABZ-SO2, ABZ-NH2-SO2, FEB, FBZ,
OFZ, FBZ-SO2, MBZ, OXI, FLU, CAM, TBZ,
5-OH-TBZ, TCB

M, L Ethyl a

BZ, ABZ-SO, ABZ-SO2, FBZ, OFZ, FBZ-SO2, FLU,
MBZ, OXI, 5-OH-TBZ, TBZ, TCB, LEV

M, L, fish Ethyl a

BZ, FBZ, OFZ, FBZ-SO2, FBZ-OH, MBZ, TBZ M MSPD

BZ, FBZ, OFZ, MBZ, TBZ L MSPD

BZ, FBZ, OFZ, FBZ-SO2, FBZ-OH, TBZ L MSPD

BZ, ABZ-SO, ABZ-SO2, FBZ, OFZ, FBZ-SO2,
MBZ, MBZ-OH, FLU, OXI, TBZ

SF-CO

BZ, ABZ-SO, ABZ-SO2, CAM, FBZ, OFZ,
FBZ-SO2, MBZ, LEV

L, M, Mk, Fish Aceton

BZ, ABZ-SO, ABZ-SO2, ABZ-NH2-SO2, FBZ, OFZ,
FBZ-SO2, FLU, FLU-NH2, MBZ, MBZ-OH, OXI,
TBZ

L Ethyl a

BZ, ABZ-SO, ABZ-SO2, FBZ, OFZ, FBZ-SO2,
MBZ, OXI, FLU

L Dilutio

a Liver, fat, kidney, muscle and milk are abbreviated as L, F, K, M and Mk.
togr. B 845 (2007) 1–37 23

ry of FBZ from fortified feed samples ranged between 95 and
00%.

.3. Summary on sample preparation

The extraction and purification of benzimidazole residues
rom biological tissues offers a difficult challenge. However,
ome of these molecules possess common functional groups,
hich in some cases allows the selective isolation of a range
f residues through extraction at a particular pH or through ion
xchange SPE clean-up. However, to extract a wide range of
esidues a more generic acetonitrile based extraction procedure
ight be required, with hexane defatting and washing with sat-

rated sodium chloride to remove polar components. Extracts
ay invariably require further purification by SPE prior to deter-
ination of residues.

At present, the majority of methods used for isolation of

enzimidazole residues from animal tissues and milk may be
escribed as screening methods. This is because the majority
o not generally include the complete range of marker residues

ds for isolating benzimidazole residues from animal tissues

tion Clean-up Recovery (%) Ref.

cetate at alkaline pH Acidified ethanol vs. hexane 81–100 [102]
C2 SPE

itrile–H2O LLP 65–87 [134]
C18, Florisil SPEs 39–80 (OFZ)

–H2O [135]

H2O [156]

cetate Alumina C18 SPE 67–90 [157]

itrile LLP 62–108 [160]

cetate at alkaline pH Acidified ethanol vs. hexane 44–87 [163]

Oasis HLB SPE

cetate at alkaline pH Acidified ethanol vs. hexane 36–117 [164]

SDB SPE 8 (FEB)

cetate at alkaline pH Methanol vs. hexane 75–109 [165]

MSPD 63–86 [167]

MSPD 55–93 [168]

MSPD 61–92 [170]

2 SCX 56–109 [172]

itrile SCX SPE 57–89 [173]

On-line TEC

cetate at alkaline pH C18 on ASPECTM 27–120 [174]

n juice [230]
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Table 5
Summary of extraction and clean-up procedures used in selected multi-residue methods for isolating benzimidazole residues from milk

Residues Extraction Clean-up Recovery (%) Ref.

ABZ, ABZ-SO, ABZ-SO2, ABZ-NH2-SO2, FBZ, OFZ,
FBZ-SO2, FBZ-OH, MBZ, OXI

Ethyl acetate at pH 10 79–100 [111]

ABZ-NH2-SO2 Acid hydrolysis (H3PO4) SCX SPE >91 [114]
Acetonitrile (pH 5–7)

ABZ-SO, ABZ-SO2, FBZ, OFZ, FBZ-SO2 Acetonitrile C18 77–97 [115]

FBZ, OFZ, TBZ, 5-OH-TBZ Ethyl acetate at alkaline pH LLP >80 [116]
Silica SPE 56 (5-OH-TBZ)

ABZ, FBZ, OFZ, FBZ-SO2, FBZ-OH, MBZ, TBZ MSPD MSPD 70–107 [129]

ABZ-SO, ABZ-SO2, ABZ-NH2-SO2, 5-OH-TBZ, TBZ,
MBZ

Acetonitrile at pH 10 in presence of BHT C18 71–105% [162]

ABZ, ABZ-SO, ABZ-SO2 Ethyl acetate at alkaline pH LLP 78–100 [175]

ABZ, FBZ, TBZ, OXI, LEV Acetonitrile-ethyl acetate LLP 68–85 [177]

ABZ, FEB, FBZ, OFZ, OXI, TBZ, TCB, LEV Ethyl acetate at alkaline pH 79–110 [178]

FBZ, OFZ None Diluted 1:10 95–122 [179]

ABZ, ABZ-SO, ABZ-SO2, FEB, FBZ, OFZ, MBZ, OXI Dilute buffer pH 11.0 C18 SPE 81–96 [181]

T
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BZ, LEV Defat
Dilute buffe
or each substance. Some researchers have developed methods
or a wide range of substances using LC–MS/MS but these
ethods do not include the complete range of marker residues

164,165,178]. These multi-residue screening methods are sum-

m
m
r
H

able 6
ummary of methods suitable for the isolation of marker residues of individual benzi

esidues Matrixa Extraction

BZ, MBZ-OH, MBZ-NH2 Eel Ethyl acetate at

BZ, ABZ-SO, ABZ-SO2 ABZ-NH2-SO2 Fish Ethyl acetate-D

BZ, OFZ L Methanol–H2O

BZ, OFZ, FBZ-SO2 M, F, K Ethyl acetate at

BZ, OFZ, FBZ-SO2 Fish, M, Sk Acetonitrile and

LU, FLU-HMET, FLU-RMET E, M Ethyl acetate at

BZ, MBZ-NH2, MBZ-OH L Ethyl acetate at

BZ-SO, ABZ-SO2, ABZ-NH2-SO2 Mk Acetonitrile

BZ, ABZ-SO, ABZ-SO2, ABZ-NH2-SO2 Dairy products Acetonitrile

CB, TCB-SO, TCB-SO2 Mk Acetone

CB, TCB-SO, TCB-SO2 Mk Acetonitrile and

BZ marker residues L Acid hydrolysis
Ethyl acetate at

BZ, 5-OH-TBZ, 5-HSO4-TBZ Mk Acid hydrolysis
Ethyl acetate at

ine metabolites of OFZ L Acetonitrile

BZ, 5-OH-TBZ M, L, K Ethyl acetate at

BZ-SO, ABZ-SO2, ABZ-NH2-SO2 M, L, F, K Acetonitrile

BZ-SO, ABZ-SO2, ABZ-NH2-SO2 Mk Acetonitrile

a Egg, fat, kidney, liver, muscle, milk and skin, are abbreviated as E, F, K, L, M, M
C18 SPE 81–89 [182]
.5
arised in Tables 4 and 5. In some cases, it can be seen from the
ethods that they are suitable for determination of the marker

esidues of certain substances such as ABZ, FBZ, OXI and TBZ.
owever, the majority of these methods fall short when it comes

midazole drugs from food of animal origin

Clean-up Recovery (%) Ref.

pH 7.8 NH2 SPE >83, >83, >59 [53]

MSO at pH 11 82, 78, 75 and 63 [86]

LLP 80, 70 [90]

pH 8.0 [91]

hexane wash C18 and CN SPE [92]

pH 10 Methanol vs. hexane >70 (E) and >87 (M) [94]

pH 10 Methanol vs. hexane >85 [98]

LLP 74–90 [112]

LLP 78–86 [113]

C18 76–92 [117]

hexane wash C18 89–95 [119]

C18 SPE >75 [125]
pH 8–9.5

(HCl) PRS SPE 87–115 [126]
pH 8.0

SCX SPE 28–118 [133]

pH 7.0 CN SPE >96, >70 [161]

Ion-pair extraction >81, >88, >76 [166]
LLP

LLP 73–85 [175]

k and Sk.
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Table 7
Summary of extraction and clean-up procedures used in selected multi-residue methods for isolating benzimidazole residues from crops

Residues Matrixa Extraction Clean-up Recovery (%) Ref.

MBC, TBZ F, V Acetone LLE 97–108 [54]
Diol SPE on ASPEC

BEN, MBC, 2-AB F, V Ethyl acetate LLP 71–92 [136]

TBZ, MBC F, V LLE (ethyl acetate vs. 0.1N HCl) LLP 91–97 [186]

BEN, TBZ F, V Reflux with ethyl acetate at alkaline pH 73–109 [227]

BEN, MBC, 2-AB F, V Benzene at alkaline pH LLP 70–90 [197]

BEN, MBC, TBZ F, V Reflux in 2N HCl [198]
Chloroform at pH 9.5

BEN, MBC, TBZ F, V Methanol LLP 64–105 [199]

BEN, MBC, TBZ F LLE (chloroform vs. aqueous NaCl) LLP >90 [200]

BEN, MBC, TBZ F, V Acetone LLP, normal phase column chromatography 48–86 [201]

BEN, MBC, TBZ F, V Acetone Extrelut and SCX SPE >80 [204]

MBC, TBZ Fruit juice Dilution Oasis® MCX 74, 97 [207,208]

MBC, TBZ F Acetonitrile Oasis® MCX >88 [209]

BEN, MBC, TBZ, T-M F, V SF-CO2 C18 Trap 78–102 [211]

BEN, MBC, T-M F, V SF-CO2 C18 Trap 85–93 [213]
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BZ, MBC F, V H2O (100 ◦C, 50 bar)

a Fruit and vegetables are abbreviated as F and V, respectively.

o the inclusion of the marker residues of FLU, MBZ and TCB.
t may be proposed that these methods are suitable for residue
onitoring purposes. However, in some cases, if the most persis-

ent and/or predominantly occurring residues such as MBZ-OH
n sheep, MBZ-NH2 in horse, and the sulphate conjugate of
BZ and TCB-SO2 in milk are not included in methods then this

s not strictly true. It may be concluded that for more effective
etermination of benzimidazole residues in food of animal
rigin, more residues need to be included in methods. Alterna-
ively, laboratories should apply methods that are suitable for
he determination of individual marker residues such as those
utlined in Table 6, in combination with multi-residue methods.

The methodology developed for the isolation of benzimi-
azole fungicides from crops is generally fit for purpose. In
eneral, there are only a few benzimidazole fungicides used
n crop protection, requiring methods for the isolation of four
esidues BEN, MBC, TBZ and TM. A summary of these meth-
ds are outlined in Table 7. It may be concluded that methods
hat have been developed for the determination of MBC and TBZ
re suitable for the determination of benzimidazole fungicides
n crops. Some have looked at the researcher’s applicability of
hese extraction and purification procedures also for recovery of
he pre-benzimidazoles (BEN and TM).

0. Methods for measurement of benzimidazole residues

0.1. Bioassays
Bioassays have been used to detect benzimidazole residues
n food but are more routinely used to evaluate the potency of
nthelmintic substances. A common approach adopted in most

z
l
1
c

LLP 80–101 [215]

ioassays is to first separate residues on a TLC plate and sub-
equently spray the plate sequentially with nutrient agar and a
olution containing an indicator organism. The presence of ben-
imidazole residues is indicated by a zone of inhibited growth on
he TLC plate. The size of the zone of inhibition is related to the
oncentration of the benzimidazole residue. Erwin et al. [219]
eveloped a bioassay method for determination of BEN. Later
etersen and Edginton [220] developed an assay to detect BEN
nd MBC in crops. BEN and MBC residues were extracted and
eparated on a silica gel TLC plate, which was subsequently
prayed with a mixture of agar and Penicillium spores prior
o incubation (ambient, 20 h). The authors concluded that the
ioassay was 10 times more sensitive than detection by UV spec-
rometry. The procedure offered a number of advantages over an
lternative bioassay procedure developed by Erwin et al. [219].
hese advantages included the possibility to allow separation of
ifferent metabolites and improved sensitivity. Dew et al. [221]
eveloped a multiwell screening assay for TBZ, ABZ, ABZ-
O, ABZ-SO2 and MBZ using larvae of Ascaris suum. The
ffect of different drugs and concentrations was evaluated on
he different larval development stages (L2–L4). L2 is defined
s larvae hatched from eggs, L3 the first moult and L4 the second
oult. All of the benzimidazole residues selected were shown

o inhibit development of the L2–L3 stage at a concentration of
0 ng/ml. The L3–L4 stage was also inhibited by each of the
enzimidazole residues. However, inhibition of this larval stage
as strongly influenced by the concentration and benzimida-
ole type. ABZ, MBZ, TBZ, ABZ-SO and ABZ-SO2 inhibited
arval development at concentrations of 10, 10, 100, 100 and
000 ng/ml, respectively. The bioassay was proposed as a low
ost screening system for detection of benzimidazole residues
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n food. However, it can be concluded that the variable sensi-
ivity of test organisms to benzimidazole metabolites or marker
esidues is a key issue that needs to be evaluated more closely.

0.2. Direct spectrometric detection

In early work, a number of groups developed spectrometric
ethods for determination of benzimidazole residues in crops.
ease and Gardiner [195] determined BEN, after conversion

o 2-aminobenzimidazole (2-AB), by fluorescence spectropho-
ometry (λex 285 nm and λem 335 nm) or by colorimetric
etection at 445 nm after derivatisation with bromine. The limit
f detection was less than 100 �g/kg. The three benzimidazole
ungicides, 2-AB, TBZ and 2-(2-furyl)-benzimidazole all
uoresce naturally; however, only 2-AB reacts with bromine to
roduce coloured derivatives. As a result, colorimetric detection
fter bromination is a means of discriminating between 2-AB
nd other benzimidazole fungicide residues. Aharonson and
en-Aziz [201] similarly determined BEN and TBZ residues in
rops by fluorescence spectroscopy after selective clean-up by
olumn chromatography. Baeyens et al. [222] determined MBZ
nd FLU in pharmaceutical preparations by fluorescence (λex
00 nm and λem 400 nm) after reaction with 0.3% hydrogen
eroxide in alkaline solution. This group indicated that the assay
ould be applied also to tetramisole, dexamisole and levamisole.
n summary, spectrometric methods may be suitable for quanti-
ation of high levels of benzimidazole residues in food. However,
hen quantitation of benzimidazoles in the low �g/kg range and
reater selectivity is required, chromatographic separation of
esidues prior to spectrometric detection is generally required.

0.3. Thin layer chromatography

TLC is a suitable technique to detect benzimidazole residues
n food, while providing semi-quantitative analysis. The tech-
ique has been applied to allow cost-effective detection of ben-
imidazole residues in crops and animal tissues. Norman et al.
185] determined TBZ in citrus fruits by TLC with fluorescence
etection (λex 302 nm and λem 360 nm). White and Kilgore
202] determined MBC in crops at a concentration lower than
0 �g/kg on polyamide plastic TLC plates coated with a flu-
rescent indicator. Plates were developed using a solvent of
hloroform–ethyl acetate–acetic acid (190:10:4, v/v/v) and visu-
lised under UV light at 254 nm. Corti et al. investigated the use
f high performance TLC (HPTLC) for determination of TBZ
nd other residues in potatoes [193]. The residues were separated
n C8 plates using a mobile phase of methanol–water (10:3, v/v)
nd quantitation was completed using a scanning densitometer
t 248 nm. The sensitivity of the method was compared with
PLC, but HPLC was found to be much more sensitive. The

ame researchers later developed a method for determination of
EN, MBC and TBZ in fruit [200]. Residues were separated on
H2 HPTLC plates (derivatised with polyamine) using a sol-

ent of chloroform–cyclohexane–methanol (6:1:0.1, v/v/v) for
BC and TBZ. Residues were detected using a scanning den-

itometer at 285 nm. More recently, Abjean [223] developed
TLC screening method for detection of ABZ-NH2-SO2 in
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iver. ABZ-NH2-SO2 was separated using a mobile phase of
cetonitrile–ammonium hydroxide (10:0.6, v/v) on a silica TLC
late coated with a fluorescent indicator. The limit of detection
f the method was less than 500 �g/kg.

0.4. Immunochemical methods

Immunoassays can provide simple, sensitive and selective
etection of benzimidazole residues in biological matrices. In
ome cases, samples such as plasma, serum and milk may
e analysed directly or diluted prior to analysis. In early
ork, radioimmunoassays were applied to detect benzimidazole

esidues in animal tissue and crops. Nerenberg et al. [224] devel-
ped a radioimmunoassay for determination of OFZ in plasma.
olyclonal antibodies were raised in rabbits after immunisation
ith OFZ coupled to a polylysine carrier. In subsequent work,

he assay was applied to OFZ residues in sheep fat tissue [137].
ewsome and Shields [225] developed a radioimmunoassay
sing a polyclonal antibody for determination of BEN in crops,
s it’s major residue MBC. Polyclonal antibodies were raised in
abbits after immunisation with the hapten 2-amino benzimida-
ole coupled to a human serum albumin (HSA) carrier.

In recent years, enzyme linked immunoassays (ELISAs) have
ound widespread application and have largely taken over from
adioimmunoassays. There have been a number of significant
pplications of ELISA technology in the area of benzimidazole
nalysis. Brandon et al. [135] developed a competitive ELISA
or determination of TBZ in liver, using a monoclonal antibody
aised in mouse. Haptens of TBZ and 5-OH-TBZ were prepared
nd coupled to the carrier bovine serum albumin (BSA) for use as
mmunogens. It was found that antibodies raised after immuni-
ation with the conjugate prepared from TBZ were more specific
or TBZ and 5-OH-TBZ, while antibodies raised from the con-
ugates prepared with 5-OH-TBZ were found to be less specific
nd also showed good cross-reactivity to CAM and TBZ-NH2.
ross-reactivity to benzimidazoles not possessing a thiazolyl

ing was also evaluated, but none of these residues (namely ABZ,
BZ and FBZ) showed significant cross-reactivity. Competitive

LISAs were developed based on the horseradish peroxidase
HRP) conjugate and were applied to liver samples extracted
sing water. They later applied this ELISA for determination
f TBZ residues in fruit, vegetables and fruit juices [226]. It
as found that simple dilution of fruit juice samples in buffer
as sufficient prior to determination by ELISA. Brandon et

l. [156] later produced a mouse monoclonal antibody that
howed good cross-reactivity to 11 benzimidazole carbamate
esidues including ABZ, FBZ, OXI, MBZ, FLU, MBC and some
etabolites. The antibody did not show cross reactivity to thia-

olylbenzimidazoles (TBZ, CAM and 5-OH-TBZ). Antibodies
ere raised in mice using conjugates prepared after coupling the

uccinamide hapten of ABZ to BSA carrier protein. They devel-
ped a competitive ELISA based on HRP for determination of
enzimidazole residues in bovine liver samples after aqueous

xtraction and later developed a method for determination of
BZ residues in milk using this ELISA [179]. Milk samples
ere simply diluted in PBS-Tween-BSA before determination
y ELISA.
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Bushway et al. [191] evaluated a commercially available
nzyme immunoassay tube kit for determination of TBZ
esidues in processed/unprocessed fruit and vegetables. The
olyclonal antibody used in the assay was raised against BEN-
BC, but the antibody demonstrated sufficient cross-reactivity

owards TBZ to allow its sensitive detection in food. New-
ome and Collins [227] developed ELISAs for determination
f BEN and TBZ in crops, using polyclonal antibodies raised
n rabbits. Immunogens were prepared by coupling the carrier
uman serum albumin (HSA) to the succinamide haptens of
BZ and MBC (the breakdown product of BEN), and were used

n rabbits for raising antisera. Abad et al. [228] produced mon-
clonal antibodies raised against a TBZ-ovalbumin conjugate.
hey indicated that this was a very novel conjugate because

t was prepared from a hapten functionalised at the nitrogen
tom of the 1-position of the TBZ structure. They developed
n indirect ELISA based on HRP for determination of TBZ
esidues in fruit juices. Moran et al. [229] produced mouse
onoclonal antibodies raised against the novel immunogen 5-

enzimidazole–carboxylic acid conjugated to the lipopeptide
am3Cyst-TH. The antibodies were produced for development
f ELISAs for determination of protein-bound residues of TBZ
n tissue, although no applications were described.

Crooks [230] later produced a polyclonal antibody that
howed good cross-reactivity to eight benzimidazole carbamate
esidues. Antibodies were raised in sheep using conjugates pre-
ared after coupling the succinamide hapten of ABZ to HSA car-
ier protein. This group developed a competitive ELISA based
n HRP for determination of benzimidazole residues in the tis-
ue juice produced from bovine liver. Johnsson et al. [231] later
pplied the antibody produced by Crooks in a Biacore® biosen-
or assay for detection of benzimidazole residues in bovine
erum. They evaluated the effect of different sample processing
onditions on the biosensor assay response, finding that benz-
midazole standard curves prepared in serum, without protein
recipitation did not agree with standards in buffered solutions.
he assay was shown to give good cross-reactivity (>74%) to
ve benzimidazoles. The results also indicated an improved
ross-reactivity to FLU (75%) compared to the original ELISA
eveloped by Crooks (23%). The LOD and LOQ of the method
ere determined using 20 blank serum samples to be 2.6 and
.8 ng/ml, respectively.

0.5. Liquid chromatography based separations

Benzimidazole drugs and their metabolites may differ greatly
n terms of physical and chemical properties. As a result, devel-
pment of a chromatographic method for a range of benzim-
dazole residues is a challenging process. A number of prob-
ems need to be overcome including resolution, peak shape,
eak sharpness and reasonable run time. The majority of LC
ethods for determination of benzimidazoles have been devel-

ped using reversed phase columns (C8 or C18) and ion sup-

ression based mobile phase systems. In early work, some
ethods were developed using alternative column types such

s silica or cation exchange. Karlaganis et al. [144] deter-
ined MBZ in plasma using a silica column with a mobile
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hase of acetonitrile–water saturated chloroform–formic acid
75:92.5:0.25, v/v/v). Alvinerie and Galtier [149] developed a
ormal phase separation of TCB, TCB-SO, TCB-SO2 and OFZ
n a silica column achieving good separation in a 15 min run.
irkland et al. [136] used a cation exchange column for determi-
ation of BEN residues in plants and soil. Arenas and Johnson
126] determined TBZ and 5-OH-TBZ in milk using a strong
ation exchange column. Hiemstra et al. [54] used a polymeric
olumn for analysis of TBZ and MBC residues in crops giving
etter peak shape, separation and longer column lifetime than
ilica-based columns.

In early work, Bogan and Marriner [139] developed an iso-
ratic separation for eight benzimidazole residues on a C18
olumn in 14 min, but the substances were poorly resolved.
ull and Shume [130] later separated metabolites of FBZ and
CB in a 40 min run time. Long et al. [131] and Wilson et al.

102] developed multi-residue LC methods for determination of
and 8 benzimidazoles in less than 13 and 35 min, respectively.
ther researchers have developed gradient separations achiev-

ng improved separation or inclusion of more residues. Allan et
l. [151] compared isocratic and gradient systems for determi-
ation of five benzimidazoles in plasma. Sorensen and Petersen
181] developed a gradient separation of eight benzimidazoles in
40 min run with additional time needed for equilibration. Rose

133] separated OFZ and nine metabolites in less than 35 min
sing a binary gradient on a C8 column. Similarly, Stubbings
t al. developed a gradient separation for levamisole and eight
enzimidazoles on a C8 column [173]. More recently, Roudaut
nd Garnier [163] separated 10 benzimidazoles using a binary
radient on a base deactivated C18 column, all residues with the
xception of OXI and OFZ were separated in less than 16 min.

Rouan et al. separated TCB, TCB-SO, TCB-SO2 and an inter-
al standard on a short C18 column (33 mm × 4.6 mm) in less
han 10 min [154]. Porter and Johnston [232] evaluated nar-
ow bore columns (2.1 mm) for determination of TBZ, MBZ,
BZ and FBZ residues. This group found that the peak heights

or analytes increased by a factor of five using narrow bore
olumns compared to a column of standard diameter (4.6 mm).
his group concluded that use of narrow bore columns resulted

n a reduction in solvent usage, analysis time and pump wear.
an et al. [96] and Hajee and Haagsma [53] developed iso-

ratic separations on columns of intermediate diameter (3 mm)
or FLU and MBZ metabolites, respectively. Likewise, Domany
nd Kovacsics [160] developed an isocratic separation of 10 ben-
imidazoles on a narrow bore (2.1 mm) C18 column. Shaikh et
l. found that ABZ and its three major metabolites could not be
luted in less than 20 min without the use of gradient elution
86]. This group chose to determine ABZ and its three metabo-
ites using two separate isocratic systems. Danaher et al. [172]
eparated 14 benzimidazole residues on an Xterra® C18 column
sing gradient elution in a run time of 60 min.

Negro et al. [56] evaluated the use of ion-pair chromatography
or determination of TCB-SO and TCB-SO2 in plasma and urine.

hey investigated the effect of pH, organic modifier content and

he chain length of the sodium alkylsulphonate ion-pair reagent
n chromatography. The optimum mobile phase consisted of
.05 M phosphate buffer pH 7.0–acetonitrile (55:45, v/v) con-
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aining 0.001 M sodium decanesulphonate. De Ruyck et al. [177]
eveloped an ion pair gradient separation for FBZ, TBZ, ABZ,
XI and LEV. Satisfactory separation conditions were achieved
ith sodium 1-octanesulphonate as the ion-pairing agent and

djustment of the mobile phase buffer solution to pH 3.5 with
rtho-phosphoric acid. Botsoglou et al. [132] investigated the
ffect of ion-pair reagents and pH on the retention time and peak
eight of FBZ and OFZ, and showed that decreasing the pH
o 2.2 shortened the retention time of FBZ markedly and OFZ
lightly. Addition of octane-sulphonate anion increased reten-
ion time and tetrabutyl ammonium cation decreased retention
ime. Over the range of pH 3.7 to 6.5 no change in retention time
as observed with or without the addition of ion-pair reagents.

t was found that the peak shape of FBZ was poor over a range
f pH values in the absence of ion-pair reagents, but addition of
on-pair reagents greatly enhanced peak shape at pH 2.2, even
t longer retention times. The same group developed a range of
eparations for FBZ residues using ion-pair chromatography. A
ulti-residue method was later developed for separation of 10

enzimidazoles in milk in less than 30 min, using an isocratic
obile phase. Macri et al. [233] developed an ion-pair separa-

ion of eight benzimidazoles using a mobile phase containing
.01 M pentane-sulphonate and 0.5% triethylamine at pH 3.5.

In the area of LC–MS, most groups carry out separations
sing shorter columns (less than 150 mm in length). These
olumns require shorter equilibration times during gradient
hromatography because of the lower column volume, which
ncreases LC–MS throughput. Blanchflower et al. [90] devel-
ped an isocratic separation of FBZ and OFZ, finding it gave
ore reproducible MS results compared to gradient separa-

ion. Cannavan et al. [161] developed a gradient method for
eparation of TBZ and 5-OH-TBZ, using a mobile phase con-
isting of acetonitrile and 0.1 M ammonium acetate. Balizs
164] developed a method for determination of 15 benzimida-
ole residues by LC–MS/MS with a gradient separation carried
ut on a narrow bore column (2.1 mm). The mobile phase flow
ate ranged between 0.04 and 0.2 ml/min depending on the ion-
sation interface used. The benzimidazoles were eluted from
he column in less than 6 min but were not resolved. It was
laimed that, because individual benzimidazoles have different
ass-to-charge values, chromatographic separation was unnec-

ssary. De Ruyck et al. [94] developed an LC–MS/MS method
or determination of benzimidazole residues using a column of
imilar dimensions for determination of FLU, FLU-HMET and
LU-RMET in eggs and muscle tissue. Later, they developed a
ethod for determination of levamisole and seven benzimida-

ole residues in milk [178].

0.5.1. Liquid chromatography detection systems
The determination of benzimidazoles in milk, tissue and

rops is routinely carried out using UV, fluorescence and mass
pectrometric (MS) detection systems coupled to LC. Benzim-
dazoles possess a strong UV chromophore and may be deter-
ined using LC–UV. However, it has been found that certain
enzimidazoles (namely ABZ, CAM, FLU, TCB, TBZ, and their
etabolites) possess naturally fluorescing chromophores, mak-

ng them suitable for detection by LC fluorescence. Fluorescence

1
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s more sensitive and selective, but does not have the same range
f applicability as UV detection. As a result, UV is the most
idely applied system to detect benzimidazole residues in bio-

ogical extracts. MS detection is becoming more widely used for
etermination of benzimidazole residues in biological matrices,
ffering the capability for combined quantitative-confirmatory
nalysis.

0.5.1.1. Detection by UV. Alton et al. [146] determined MBZ
esidues in plasma by UV detection at 313 nm. Karlaganis et
l. [144] determined MBZ in plasma, finding less interference
t a wavelength of 307 nm compared to 247 nm. Bogan and
arriner [139] developed a method for determination of eight

enzimidazoles in body fluids, using UV detection at 292 nm.
ellergaard et al. [138] determined MBZ residues in eel muscle

t 254 nm. Hajee and Haagsma [53] determined MBZ, MBZ-
H2 and MBZ-OH in eel muscle at 289 nm. Kan et al. [96]
eveloped a method for analysis of FLU and its metabolites in
ggs using UV detection at 250 nm. Chiap et al. [155] deter-
ined ABZ, ABZ-SO and ABZ-SO2 in plasma at 295 nm.
Long et al. [131] determined seven benzimidazole residues

n tissue using UV photodiode array (PDA) detection. They also
nvestigated the use of PDA as a confirmatory tool, but found
ifferences between spectra at lower and higher concentration
evels. The PDA detector was not suitable for confirmatory
nalysis at lower concentrations (5 ng on-column). They later
eveloped methodology for determination of these residues in
ilk and animal tissues. De Buyanski et al. [158] determined
BZ and levamisole in tissue using PDA detection at 300 and
40 nm, respectively. Danaher et al. [172] determined 14 benz-
midazole residues in liver tissue using UV detection at 298 nm.

Tai et al. [116] adopted a dual wavelength approach for deter-
ination of FBZ, OFZ, TBZ and 5-OH-TBZ residues in milk.
BZ and OFZ residues were monitored at 298 nm, while TBZ
nd 5-OH-TBZ were monitored at 318 nm. Similarly, Sorensen
nd Petersen [182] determined TBZ and levamisole residues in
ilk using a PDA detector at wavelengths of 300 and 220 nm,

espectively. This group also developed a method for determi-
ation of eight other benzimidazoles in milk (ABZ, ABZ-SO,
BZ-SO2, OFZ, OXI, MBZ, FBZ and FEB) [181].
A range of derivatisation methods can be used for determi-

ation of benzimidazoles. Most of these have been used for GC
pplications and only two papers on derivatives for LC have
een published. Capece et al. [91] converted FBZ and OFZ
esidues to FBZ-SO2 and measured the sum of total residues as
his peak. Residues were derivatised by reaction with percetic
cid and purified by liquid–liquid partitioning prior to determi-
ation by LC–UV. Tafuri et al. [234] confirmed the presence of
BZ residues, by derivatising with p-nitrobenzyl bromide in the
resence of potassium carbonate (110 ◦C, 3 h) with detection
y LC–UV. The derivatisation procedure was used to provide
uantitative and confirmatory analysis of TBZ residues in sus-
ect samples.
0.5.1.2. Detection by fluorescence. A number of researchers
ave developed methods for determination of benzimidazole
esidues using HPLC coupled to fluorescence detection. Wilson
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t al. [102] found that sample extracts needed further purifi-
ation on C2 SPE cartridges to remove matrix components that
nterfered with UV detection of ABZ-NH2-SO2 and 5-OH-TBZ.
owever, the influence of this matrix interference could be
reatly reduced using fluorescence detection. It was proposed
ecause less clean-up is required with fluorescence that recov-
ry and reproducibility of assays should improve. Le Boulaire
t al. [169] determined TBZ and MBZ in tissue, finding fluo-
escence to be 20 times more sensitive than UV detection for
BZ. Kinabo and Bogan [117] developed a method for deter-
ination of TCB and its metabolites in milk using fluorescence

etection (λex 300 and λem 676 nm). The limit of detection of
he method was 20, 40 and 40 �g/l for TCB-SO2, TCB-SO and
CB, respectively. Arenas and Johnson determined TBZ and
-OH-TBZ in milk using fluorescence detection with λex 305
nd 318 nm and λem 380 and 515 nm, respectively [126]. Two
eparate chromatographic runs were required to achieve more
ensitive detection, but it was concluded that these residues could
e determined at their optimum wavelengths in a single run using
dual grating monochromator. The LOD and LOQ were 5 and
0 �g/l, respectively. Markus and Sherma [125] used fluores-
ence detection for determination of ABZ-NH2-SO2 in bovine
iver (λex 300 nm and λem 320 nm). Shaikh et al. [86] deter-
ined ABZ, ABZ-SO, ABZ-SO2 and ABZ-NH2-SO2 and three
etabolites in fish muscle using fluorescence detection with λex

90 nm and λem 330 nm. LOQs for the method were 20, 1.5, 0.5
nd 5 �g/kg for ABZ, ABZ-SO, ABZ-SO2 and ABZ-NH2-SO2,
espectively. Aharonson et al. [211] determined benzimidazole
ungicides in fruit and vegetable matrices using UV and fluores-
ence detection. TBZ, MBC and TM were determined by UV at
85 nm while TBZ and MBC were determined also by fluores-
ence (λex 305 nm, λem 345 nm and λex 282 nm, λem 307 nm,
espectively). It was found that detection of TBZ residues could
e enhanced using fluorescence instead of UV detection, but
etectability of MBC was similar using both detectors. How-
ver, matrix interference was found to be less significant with
uorescence detection.

0.5.1.3. Detection by UV and fluorescence in series. The use
f fluorescence detection can offer added sensitivity and selec-
ivity to methods, potentially reducing the need for extensive
ample clean-up. These added advantages may allow the devel-
pment of multiresidue methods that would allow the determi-
ation of all major benzimidazole residues, a task that has not
et been completed by any researcher. However, since some
enzimidazoles do not fluoresce naturally (namely FBZ, OFZ,
BZ-SO2, MBZ, FLU, MBZ-NH2 and FLU-NH2), UV is still
equired as it applicable to all benzimidazole residues.

Some researchers have developed methods for the determi-
ation of benzimidazole residues using UV and fluorescence
etection in series, these methods are described in this sec-
ion. Farrington et al. [157] determined benzimidazole residues
ABZ-SO2, OFZ, CAM and MBZ) using UV and fluorescence

etectors in series. ABZ-SO2, TBZ and CAM were monitored
sing fluorescence detection (λex 312 nm, λem 355 nm), while
FZ and MBZ were monitored using UV detection at 290 nm.
u et al. [162] developed a method for determination of benzimi-
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azole residues using UV and fluorescence detection. A generic
avelength of 290 nm was found to be suitable for detection
f ABZ-SO, ABZ-SO2, ABZ-NH2-SO2 and TBZ. This group
ound that more selective detection of 5-OH-TBZ and MBZ
ould be achieved using UV at 320 nm. Fluorescence detec-
ion (λex 290 nm, λem 320 nm) was found to be suitable for
he determination of ABZ-SO, ABZ-SO2, ABZ-NH2-SO2 and
BZ. Fluorescence detection was found to be unsuitable for

he detection of 5-OH-TBZ and MBZ because of weak signal
nd lack of fluorescent characteristics, respectively. Constanti-
ou et al. [180] determined five benzimidazole residues in milk
sing a similar approach. TBZ and ABZ residues were moni-
ored using fluorescence (λex 312 nm, λem 355 nm) while other
esidues were detected by UV at 290 nm. Hiemstra et al. [54]
etermined MBC residues in crops using UV (280 nm) and fluo-
escence (λex 235 nm, λem 280 nm) detectors in series. Residues
ere confirmed by comparing the relative UV and fluorescence

esponses for positive samples with standards.

0.5.1.4. Detection by electrochemical potential. There are few
eported applications of electrochemical detection for benzim-
dazole residues. Oosterhuis et al. [143] determined MBZ and

BZ-OH residues in biological fluids by electrochemical detec-
ion. The electrochemical detector consisted of a carbon paste
lectrode and a saturated calomel electrode; MBZ residues were
etermined at 950 mV versus the reference electrode. FLU,
hich possesses similar oxidative properties to MBZ, was used

s internal standard. Leenheers et al. [235] similarly developed
method for determination of a metabolite of MBC in urine by
PLC with electrochemical detection.

0.5.1.5. Detection by mass-spectrometry. It will be seen from
he applications reviewed in this section that LC–MS is the tech-
ique of choice for sensitive and selective detection of a wide
ange of benzimidazole residues in complex biological matri-
es. In contrast to traditional LC–UV methods, LC–MS can
e used to allow stand-alone determination and confirmation
f benzimidazole residues. LC-fluorescence could be applied as
n alternative technique to allow determination and confirmation
f selected benzimidazole residues. However, not all benzimi-
azole residues fluoresce naturally. In this section, the suitability
f LC–MS methods for determination and confirmation of ben-
imidazole residues will be reviewed.

Some early methods were reported for determination of ben-
imidazole residues in animal tissues using single quadrupole
S instruments equipped with thermospray ionisation inter-

aces, while operating in selected ion monitoring (SIM) mode.
he disadvantage with such systems is that insufficient frag-
entation of molecules is achieved and resulting mass spectra

o contain a suitable number of diagnostic ions for confirmatory
urposes. Blanchflower et al. [90] used LC–MS with a thermo-
pray interface for determination of FBZ and OFZ residues in
issue. FBZ and OFZ were determined in SIM mode as their

M + H]+ ions. Cannavan et al. [161] used LC–MS with a ther-
ospray interface for determination of TBZ and 5-OH-TBZ

esidues in bovine tissue, while using a deuterated TBZ internal
tandard to improve reproducibility. TBZ and 5-OH-TBZ were
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monitored in SIM mode as their [M + H]+ ions. Cannavan et
al. confirmed the presence of residues on a single quadrupole
instrument equipped with an atmospheric pressure chemical
ionisation (APCI) interface. They demonstrated that suitable
fragmentation could be induced with an APCI interface to pro-
duce four diagnostic ions, which were suitable for confirmation
of residues. Other researchers have developed methods for deter-
mination or confirmation of benzimidazole residues using single
quadrupole instruments equipped with electrospray ionisation
(ESI) interfaces. Takeba et al. briefly described a method for
confirmation of TCB marker residues, which were monitored
as their [M − H]− ions [119]. The LOD of the method ranged
between 4 and 6 �g/kg in bovine milk. The protocol used for con-
firmation of residues was poorly described and it was not clear
if residues could be confirmed at these low levels. Young et al.
[208] determined TBZ and MBC residues in fruit juices using
a single quadrupole LC–MS instrument equipped with an ESI
interface in positive ion mode. TBZ and MBC were monitored
as their [M + H]+ ions. The LOQ of the method was 2 �g/kg in
fruit juice. TBZ and MBC residues were fragmented through in-
source collision induced dissociation at different cone voltages
to produce five and six diagnostic ions for confirmation of MBC
and TBZ, respectively.

In the last decade, the application of tandem mass spec-
trometry (MS/MS) has resulted in improved determination and
confirmation of benzimidazole residues in biological matrices.
Most of these methods have been reported on triple quadrupole
instruments operating in multiple reaction monitoring (MRM)
mode or using the MS/MS capabilities of ion trap instruments.
Balizs [164] developed a method for determination of 15 benz-
imidazoles using a triple quadrupole instrument equipped with
ionspray and turbospray interfaces while operating in positive
ion mode. [M + H]+ ions were fragmented through CID and
monitored as a single daughter transition through MRM. The
LOQ ranged between 5 and 30 �g/kg in meat. De Ruyck et al.
[94] developed an LC–MS/MS–ESI method for determination of
FLU and metabolites in muscle, liver and eggs. Residues were
monitored as their [M + H]+ ions and confirmed using MRM
of two daughter ion transitions. Quantitation was carried using
the most abundant daughter ion while using chlorobenzimida-
zole as an internal standard and matrix matched calibration. The
LOQ was approximately 1 �g/kg in egg and meat tissues. They
also reported an LC–MS/MS–ESI for determination of MBZ,
MBZ-OH and MBZ-NH2 in sheep muscle, liver, kidney, liver
and back fat [98]. The limit of detection of the method was less
than 1 �g/kg. De Ruyck et al. [178] later developed a multi-
residue method based on the LC-MS/MS-ESI for determination
of eight anthelmintic drugs (LEV, TBZ, OFZ, FBZ, OXI, ABZ
FEB and TCB) in milk (Fig. 11). Residues were monitored as
their [M + H]+ ions and confirmed using MRM. The decision
limit (CC�) and the detection capability (CC�) were calculated
by analysing samples fortified at 1 �g/kg (for non-permitted sub-
stances) and at the MRL (for permitted substances). Edder et al.
[165] determined levamisole and 11 benzimidazole residues in
meat and liver by LC–MS/MS using positive ESI and MRM
mode. They similarly confirmed the presence of residues based
on two daughter transitions. The LOD and LOQ of the method
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ere 5 and 10 �g/kg (except for ABZ, which were 10 and
0 �g/kg), respectively.

A limited number of LC–MS methods have been devel-
ped for determination of benzimidazole residues on ion trap
nstruments. Zrostlı́ková et al. [209] reported a method for deter-

ination of TBZ, MBC and other crop protection agents in fruit
sing an LC–MS system equipped with an ESI interface in pos-
tive ion mode and an ion trap detector. Benzimidazole parent
M + H]+ ions were fragmented using collision induced dissocia-
ion through the MS/MS capability of the ion trap and monitored
s a single product ion transition. The LOQ of the method for
BC and TBZ was 2 and 4.8 �g/kg, respectively.

0.6. Gas chromatography

GC determination of benzimidazoles is difficult because of
he basic nature and low volatility of these substances. However,
BZ and TCB are sufficiently volatile to allow their determi-
ation by GC without derivatisation. The main applications of
C methods have been in determining benzimidazole fungi-

ides in crops. Some resreachers have found GC coupled to mass
pectrometery useful for confirmation of the presence of benzim-
dazole residues. However, GC–MS procedures usually require
erivatisation of residues to induce volatility and allow the gen-
ration of suitable MS spectra for confirmatory analysis and, as
result, have been largely been replaced by LC–MS/MS. Quan-

itative GC methods have been developed by some researchers
o determine the presence of benzimidazole fungicides in crops.
afuente et al. [192] determined TBZ residues in fruit by direct
C using nitrogen–phosphorous detection (NPD) and electron

apture detection (ECD). Separation was carried out on a wide-
ore capillary column (10 m × 0.53 mm) with a silicone-bonded
hase. NPD was found to be more sensitive than ECD. The
OD of the method was 10 �g/kg. Oishi et al. [203] simi-

arly determined TBZ (without derivatisation) by GC–NPD. The
eparation was carried out on a fused silica capillary column
25 m × 0.2 mm), giving a LOD of 10 �g/kg. However, most GC
ethods for determination of benzimidazoles include derivati-

ation steps, where more polar amino or hydroxyl groups are
eacted with suitable alkylating/acylating reagents. An overview
f these derivatisation procedures is outlined in Fig. 12 and
able 8. Some researchers hydrolysed the carbamate functional
roup to form an amino functionality prior to reaction with
he alkylating/acylating reagent. Alternatively, residues may be
erivatised directly without hydrolysis. A wide range of alky-
ating and acylating reagents have been used to derivatise ben-
imidazoles, these are summarised in Table 8. These allow the
ntroduction of functional groups ranging from simple methyl
sters to more complex pentafluorobenzyl groups.

Jacob et al. [236] confirmed the photolysis products
f TBZ residues by GC–MS after derivatisation with
is(trimethylsilyl)acetamide. They later applied the same
ethod to confirm the structures of urinary metabolites of CAM
106,237]. VandenHeuvel et al. [238] developed an on-column
ethylation procedure for confirmation of CAM residues by
C–MS–EI (electron impact mass spectrometry) in SIM mode.
esidues were dissolved in 0.125 M triethylammonium hydrox-
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ig. 11. Chromatogram of a blank milk sample spiked with a mixture of the ant
rom reference [178], with permission from Elsevier, Copyright (2002)).

de in methanol just prior to injecting into the GC–MS system.
hey later applied this method for TBZ and 5-OH-TBZ [239].
hey used a column with a polysulfone stationary phase because

ts background bleed and adsorption characteristics were more
esirable than others tested. Tanaka and Fujimoto [188] deter-

ined the methyl derivative of TBZ by GC with flame ionisation

etection (FID). Derivatives were prepared by reacting with
imethylformamide and dimethyl acetal in acetonitrile (120 ◦C,
0 min). The procedure was used to determine TBZ residues

b
1
b
m

ntics at 1 �g/l and with the internal standard mebendazole at 10 �g/l (reprinted

n fruit with a limit of detection of 100 �g/kg. Nose et al.
190] acylated TBZ by reaction with pentafluorobenzyl-bromide
FB-Br (120 ◦C, 30 min) before determination by GC–ECD
nd confirmation by GC–MS–EI in full scan mode. Physalo
erivatised BEN residues with acetic anhydride (100 ◦C, 30 min)

efore determination by capillary GC-NPD [197]. The LOD was
0 �g/kg. GC–ECD was also evaluated for determining residues
ut was 10 times less sensitive. Bardalaye and Wheeler later
odified this procedure and applied it to the determination of
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Fig. 12. Overview of derivatisation procedures used in the preparation of benzimidazole derivatives for gas chromatography. The R1 functional group remains
unchanged if residues are not hydrolysed prior to alkylation/acylation. The structures for the R5 functional group are listed in Table 8 (reprinted from reference [102]
with permission from AOAC International, Copyright (1991)).

Table 8
Summary of derivatisation reagents, reaction conditions and functional group modifications

Derivatisation reagent Residues Conditions R5 Ref.

MTBSTFA MBC, TBZ, 5-OH-TBZ,
ABZ-NH2-SO2, FBZ, MBZ,
OFZ

110 ◦C, 2 h [102,213,241]

BSA in pyridine CAM, TBZ 60 ◦C, 30 min [106,236,237]

PFB-Br + K2CO3 TBZ, TCB, ABZ, FBZ, OFZ,
MBZ, FLU, OXI, MBC

100 ◦C, 3 h or 60 ◦C, 3 h [134,186,240]

PFB-CO-Cl + Na2CO3 (TBZ) TBZ 120 ◦C, 30 min or 100 ◦C, 45 min [134,187,190]

PFB-CO-Cl + Na2CO3 (other benzimidazoles) No reaction [134]
CH3-I TBZ, TCB, ABZ, FBZ, OFZ,

MBZ, FLU, OXI
60 ◦C, 30 min —CH3 [134]

Trimethylphenylammonium
hydroxide in methanol

CAM, TBZ, 5-OH-TBZ On-column methylation —CH3 [102,238,239]

DMA-DMF TBZ 120 ◦C, 40 min —CH3 [188]
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BZ in fruits [187]. Tjan and Janssen [186] determined TBZ and
BC in fruit using GC–ECD after derivatisation with PFB-Br.

he procedure was also applicable to BEN, which was converted
o MBC during the extraction and clean-up procedure. The LOQ
f the method was 50 �g/kg. Tjan and Janssen also developed
confirmatory procedure using GC–MS–EI. Cline et al. [240]

ater modified this procedure and applied it to determine MBC
n fruit treated with BEN. The LOD of the method was 10 �g/kg.

Marti et al. [134] developed GC methods to confirm the pres-
nce of eight benzimidazole residues in animal tissue, while
valuating a range of derivatisation procedures used for sub-
tances with amino functional groups. They found that acylation
ith PFB-Br and methylation with methyl iodide gave satisfac-

ory results. Derivatised extracts were determined by GC–NPD
nd GC–ECD; GC–NPD chromatograms were found to con-
ain less matrix interference than GC–ECD chromatograms.
owever, derivatives were found to decompose during injec-

ion and chromatography because of the high temperature used,
aking quantitative determination difficult. The main advan-

ages of these derivatives could be seen with GC–MS–EI and
C–MS–positive ion chemical ionisation (PICI) determina-

ion where particularly useful structural information was pro-
ided for confirmatory analysis. Electron impact spectra of
he methyl derivatives produced fewer ions than the pentafluo-
obenzyl derivatives. Positive ion chemical ionisation provided

similar number of ions suitable for confirmatory analysis,
hile negative ion chemical ionisation produced only one or

wo ions for most residues. Wilson et al. [102] used capil-
ary GC–MS–EI in SIM mode for confirmation of benzimida-
ole residues in tissue. Residues were derivatised in a two-step
rocedure, firstly involving hydrolysis with 2N HCl (110 ◦C,
h) to convert the carbamate group to an amino function-
lity. Hydrolysed residues were reacted with N-methyl-N-(t-
utyldimethylsilyl)trifluoroacetamide (MTBSTFA), converting
he primary and secondary amines to a silyl amine. In the case of
-OH-TBZ, the phenol functional group was converted to a silyl
ther. The method was not applicable to CAM, which was alter-
atively derivatised using flash alkylation in the GC injection
ort (260 ◦C) after injection in triethylammonium hydroxide in
ethanol. Markus and Sherma [241] developed a method for

onfirmation of ABZ-NH2-SO2 in tissue based on this derivati-
ation procedure, with determination by GC–MS–EI. Balizs and
rbach [242] determined TBZ and ABZ residues in tissue using
apillary GC with high-resolution mass spectrometry (HRMS),
fter derivatisation with PFB-Br. Anastassiades and Schwack
ater applied a similar GC–MS procedure for confirmation of
enzimidazole fungicides in crops after SFE [213].

0.7. Summary on detection systems

At present most methods for the determination of benzimida-
ole residues in biological matrices using HPLC with UV and/or
uoresence detection. HPLC-UV is a more universal detection

ystem but fluoresence is generally more selective and in some
ases more sensitive. In the last 10 years, LC–MS(–MS) has
ound more widespread application in benzimidazole residue
nalysis offering more sensitive detection and increased con-
togr. B 845 (2007) 1–37 33

dence in reporting results. In the future, with an increasing
emand to include additional residues in methods there should
e an increase in the number of LC–MS/MS methods. Such
ethods can offer the ability to include additional residues in
ethods and offer improved limits of detection. In particular,
hen testing for low levels of residues, such as those that may
ccur in milk due to unapproved used of licensed veterinary
rugs, LC–MS/MS is the technique of choice. Alternatively,
PLC coupled to UV and fluorescence detection in series may
ffer a low cost alternative to LC–MS/MS, and may be partic-
larly effective for independently confirming the presence of
RL substances in food.
It is important to emphasise the need for rapid methods to

etect the presence of residues in food prior to its entry into the
arketplace. There have been considerable developments in the

rea of immunochemical screening methods. No antibody has
een developed yet that shows cross-reactivity to the complete
ange of benzimidazole residues. Future work in this area should
oncentrate on exploring the cross-reactivity of antibodies to
mportant residues and improvement of cross-reactivity through
enetic engineering of antibodies. The application immuno-
iosensor assays has been explored in a limited study in serum.
owever, future work should investigate the application of this

echnique to allow more sensitive detection of residues and
educe non-specific binding effects.

1. Conclusions

There has been intensive research in the last decade into
eveloping methods for the determination of benzimidazole
esidues in food. At present, methodology for the determination
f benzimidazoles in crops would appear to be fit for purpose.
owever, methodology for determination of benzimidazole

esidues in foods of animal origin needs improvement. This
s not a reflection on the quality of the research that has been
ublished but of the difficult challenge faced, owing to the
xtensive metabolism of these molecules.

The authors of this paper have carefully considered these
roblems and have come up with the following recommenda-
ions:

There is a need to develop multi-residue methodology that
will allow the determination of the complete range of benz-
imidazole veterinary drug residues in foods of animal origin.
Sample preparation techniques need to be developed to allow
simultaneous extraction of polar residues such as TBZ and
non-polar residues such as TCB.
These methods may require the application of more selective
detection such as LC–MS/MS or a combination of HPLC-
UV-fluoresence or through the application of a combination
of more specific analytical methods.
An alternative approach might be to include a rational sci-
entific selection of benzimidazole residues according to their

occurrence/persistence in the tissues of treated animals. How-
ever, in the event that a drug residue is found the presence of
other marker residues of the drug should be checked. The dis-
advantage of such an approach is that it would necessitate the
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validation of alternative residue methods for confirming the
marker residues of each drug.
The need for rational selection of residues particularly applies
when testing for benzimidazole residues in milk. In the case
of TBZ and TCB the most prevalent and persistent residues
in milk are the sulfate conjugate of 5-OH-TBZ and TCB-
SO2, respectively. This would indicate that hydrolysis steps
should be included to allow the effective determination of
TBZ residues in milk. To monitor for the unapproved use of
TCB in dairy animals, TCB-SO2 in milk would be the most
appropriate residue to select.
One problem encountered when selecting residues for a
method is that the most prevalent/persistent residue is not
always clearly identifiable. This is the case with benzimida-
zole veterinary drugs, where the residue is often expressed as
the sum of marker residues. The marker residues of ABZ may
be expressed as the hydrolysed/oxidised residues and FBZ as
the sum of oxidised residues. In the case of TCB, residues are
expressed as the sum of residues, which may be derivatised to
form keto-TCB. It is not clear whether keto-TCB is a metabo-
lite or an artifact of derivatisation. In the interest of food safety,
it would be more appropriate if residues were expressed as the
individual metabolites to allow rational selection of marker
residue(s) for analysis.
Another problem faced, is that current validation criteria for
testing of foods of animal origin, as outlined in Commission
Decision 2002/657/EC, are not appropriate for all approved
benzimidazoles because MRLs are often expressed as the sum
of marker residues. This indicates that determination of CC�
and CC� is not always appropriate. This is a particular prob-
lem for MBZ and FLU because no method is available that
allows the determination of total marker residues.
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