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Immuno-affinity solid-phase extraction
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Abstract

The measurement of trace organics such as drugs and pesticides at low concentration in biological and environmental
samples is a challenging analytical task. Despite recent advances in instrumentation most analysts regard sample preparation
as the rate-limiting step in the overall analytical method. In recent years there has been a lot of interest in immobilising
antibodies onto solid supports such as silica to provide highly selective solid-phase extraction. This paper reviews the use of
immuno-affinity for solid-phase extraction. It uses as examples extraction of chlortoluron and isoproturon from water and
morphine and clenbuterol in urine and plasma respectively. An extensive list of other examples is given. Optimisation
procedures are discussed in detail.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction human and environmental exposure to chemicals or
testing the safety and efficacy of new products.

The measurement of trace organics such as drugs, Many of these types of measurements use sophisti-
pesticides, food additives, and other environmental cated, modern instrumental separation methods such
contaminants at low concentration in a range of as high-performance liquid chromatography (HPLC),
complex matrices is a challenging analytical task. gas chromatography (GC) and capillary electropho-
Such measurements though are very important and resis (CE). Recent advances in instrumentation and
very large numbers of analyses are carried out. The the range of detectors available means that analytical
purpose of many of these analyses is to monitor scientists can measure and identify analytes at lower

and lower concentrations.
However despite the recent advances in instru-*Tel.: 144-1483-879-220; fax: 144-1483-300-374.
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theoretical plates, most analysts still regard sample closely related analytes. This can make quantitation
preparation as the rate limiting step in the overall of an individual analyte difficult although it is
analytical procedure when dealing with the complex undoubtedly an advantage when screening many
matrices mentioned earlier. Many different matrices samples, which turn out to be below action levels.
are encountered such as blood, plasma, serum, ELISA type methods are also better suited to mea-
erythrocytes, urine, tissue, saliva, hair, bone, air, surement in biological matrices such as blood and
water foods, soil, sediment etc. Sample preparation urine, rather than complex environmental matrices.
approaches include liquid–liquid extraction, solid- In the last few years there has been a lot of interest
phase extraction (SPE), protein precipitation, soxhlet in immobilising antibodies onto solid supports such
extraction, microwave digestion, supercritical fluid as silica to provide highly selective SPE. This has
extraction, filtration, homogenisation, dialysis, soni- been successfully utilised for pesticides and other
cation, and many others. Such steps may be the only trace organics in environmental samples [7,8] as well
sample preparation or quite often they are used in as for drugs, metabolites and endogenous compounds
combination with other methods. in biological fluid [9,10]. This approach uses the

In recent years SPE has become the method of specificity of antibodies along with the ability of
first choice for many applications [1]. A wide range HPLC and GC to separate structurally closely related
of phases is commercially available and the tech- analytes that might cross-react. In some examples
nique can be automated on a number commercial (see below) it has been possible to use immuno-
instruments both off-line and on-line. An idealised affinity chromatography as the only sample prepara-
SPE protocol involves trapping analyte on a solid- tion step necessary. In others the immuno-affinity
phase, washing off interferences less attracted to the chromatography has been used in combination with
sorbent, and then eluting analyte(s) leaving interfer- other sample preparation steps. In this laboratory
ences with greater attraction bound to the sorbent. attempts have been made to develop a generic
The challenge is thus to optimise choice of washing protocol optimised to allow processing of samples of
and elution solvent as well as solid-phase chemistry both drugs and pesticides in biological samples and
to match analyte properties. Other considerations environmental matrices respectively [7–11]. Much of
such as toxicity and disposal of solvents and sorbents the immuno-affinity work reviewed in this paper has
are also of concern, as well as cost. used antibodies already raised and used in traditional

Although it has undoubtedly grown in popularity antibody tests before investigating them as possible
SPE, certainly in earlier years, has suffered from immuno-extraction columns.
questions as to the batch-to-batch reproducibility of
phases. This has been mostly overcome with a better 1.1. Preparation of immuno-affinity columns
understanding of surface chemistry and the complex
interactions involved in analyte retention and elution. The key reagent for immuno-extraction is the
A further consideration in many laboratories is the antibody. A detailed description of antibody pro-
time involved in method development and the desire duction, purification and assessment is outside the
for essentially generic protocols. scope of this review but some general comments are

Affinity chromatography utilises biological inter- relevant. Antibodies have been raised in a variety of
actions for the separation and detection of selected species but the most common approach is to use
analytes [2]. One of the most successful applications sheep, rabbits or mice. A compound capable of
of affinity chromatography has been the use of producing an immune response is known as an
antibodies as the selector ligand. Immuno-affinity antigen. As many of the compounds of interest,
chromatography has found use in both chromatog- particularly drugs and pesticides are of small molec-
raphy and detection systems [3,4]. ular mass (less than 1000) it is necessary to couple

Antibody methods particularly enzyme linked them to a carrier protein in order to illicit an immune
immunosorbent assays (ELISA) have become popu- response. The target analyte that is coupled to the
lar particularly for pesticides in water [5,6]. However carrier protein is known as the hapten. Samples of
their use has been limited by the fact that many the animal’s blood are taken and screened for the
antibodies are not specific, and cross-react with other presence of antibodies. It can take several months
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and even over a year before antibodies are produced.
If this is successful it is hoped that some of the
antibody will recognise the target analyte and not
only the whole complex. This does not always
happen and is one of the disadvantages of the
immuno-affinity approach.

This can be illustrated from an attempt to produce
a class specific antibody. In this laboratory anti-
bodies were successfully raised (separately) to both
the phenylurea herbicides chlortoluron and iso-
proturon. The antibodies were raised to a structural
analogue of each. However when further structural
analogues were synthesised with the aim of recognis-
ing the phenylurea group by bonding to the opposite
end of the molecules no antibodies were produced in
sheep, (see Fig. 1 for structures). It should be noted
that this attempt to achieve group recognition was
mostly overcome by using a mixture of the anti-
bodies, combined with their cross-reactivity to close-
ly related structure [11].

In the examples from this laboratory (currently
chlortoluron, isoproturon, clenbuterol and morphine)
antibodies have been raised for classical immuno-
assay use and have been assessed for that purpose.
They have in all cases proven suitable for subsequent
immuno-extraction.

Immuno-affinity columns are usually prepared on
silica, controlled pore glass, agarose or other soft
gels [12]. Support materials need to be easily acti-
vated to allow coupling, chemically and mechanical-
ly stable, hydrophilic to minimise non-specific inter-
actions and have a uniform particle size. Support
materials in common use are listed in Table 1.The Fig. 1. Structures, chlortoluron (a), chlortoluron hapten (b),

isoproturon (c), isoproturon hapten (d), candidate haptens forreactions used to couple the antibodies to the support
phenylurea group (e).usually involve reaction with the carboxyl or amino

groups on the antibodies. Supports are usually acti-
vated with reagents such as N,N-carbonyl possible is the aim. This means that further pre-
diimidazole, cyanogen bromide, N-hydroxy- concentration steps are often unnecessary. Extensive
succinimide and tresyl or tosyl chloride. In this recovery and pre-concentration experiments in this
laboratory glutaraldehyde activated silica or con- laboratory have shown that elution can be achieved
trolled pore glass has been the preferred approach in a one ml fraction, though slightly larger volumes
[13]. are common. Columns are conditioned with phos-

phate buffered saline (PBS) at neutral pH or in some
1.2. Optimisation of immuno-extraction reports water. Samples need to be applied at a pH

close to neutral, typically pH 5–8 [7–11].
Once an immuno-column has been prepared much The most suitable washing solvent has been PBS

effort has been devoted to optimising of washing and at pH 7. Once the clenbuterol, morphine, isoproturon
elution protocols. When using the columns in an or chlortoluron had been applied, in our studies, it
off-line SPE mode desorption in the smallest volume could be washed with at least 20 ml of PBS or water
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Table 1 hydrocarbons from river water, sludge and tissues.
Support materials for immuno-affinity The antibody had been raised to pyrene and desorp-
Type of support Supplier tion was achieved with 5 ml of acetonitrile–water

(70:30) [15]. An anti-methyltestosterone column wasAvidGel and AvidGel CPG Bioprobe
BioGel /Affi-Gel BioRad used to extract metabolites of metandione and
Fractogel EM Separatins stanozolol with a desorption solvent comprising 3 ml
HEMA–AFC Alltech of 60% methanol in water. This procedure incorpo-
Reactigel Pierce

rated a wash step with 15% methanol in water ratherSepharose /Superose /Sephacryl Pharmacia
than the PBS favoured in many methods [16]. AnTrisacryl /Ultrogel IBF

TSK Gerl Toyopearl TosoHaas anti-salbutamol column was used for extraction of
Emphaze Pierce beta-2-agonists. Desorption of the immuno-affinity
HiPAC ChromatoChem column used 80% ethanol in pH 4 acetate buffer
POROS Perseptive

[17]. For the immuno-extraction of morphine and itsProtein-Pak Affinity Packings Waters
glucuronide metabolites 10 ml of 10% pH 2 glycineUltraaffinity–EP Bodman
buffer in methanol was used [18].

The stability of antibodies does vary, as exem-
without any elution of analyte. A very similar elution plified in a method to determine ochratoxin A in
solvent was used in all cases, low pH and PBS in coffee. In this procedure the immuno-affinity column
approximately equal concentration with ethanol or was eluted using pure methanol [19]. A procedure to
methanol [7–10]. This generic protocol decreases the extract zearalone from corn extracts also used pure
time needed for future method development. A methanol for desorption [20]. The immuno-extrac-
typical scheme is shown in Fig. 2. Such a protocol tion of bufuralol from plasma used 95% methanol in
does assume that the analyte will be essentially pH 5 ammonium acetate buffer [21]. Several other
irreversibly bound during loading and washing steps. procedures used 2% acetic acid in water as elution
For elution a completely different solvent is used, solvent without adding organic modifier, for example
but the mildest conditions possible are used in order for on-line measurement of LSD [22], and fluoro-
to allow regeneration of the column for processing quinolones [23]. This solvent was also used for a
further samples. method using an anti-benzodiazepine column to

A similar protocol (using 70% methanol for screen combinatorial libraries [24]. The determina-
desorption) has been developed for desorption of tion of Aflatoxin M(1) in milk used a monoclonal
triazines [14]. A similar procedure was also de- antibody column and an elution solvent of just 10%
veloped for the selective extraction of polyaromatic methanol in water [25].

In the case of the two phenylurea herbicides [7,8]
up to 1 l of water containing low concentration could
be passed through the immuno-column without
breakthrough of analyte. This could still be quantita-
tively recovered in a single 1 ml fraction, exemplify-
ing the pre-concentration that can be achieved.

Column capacity has been assessed in terms of
analyte mass breakthrough. This has varied from
antibody to antibody. It should be noted that such
figures are only a guide, as describing a volume of
antibody does not account for dilution that will occur
during purification of antiserum. An estimate of
column capacity for four immuno-affinity columns
when first prepared is shown in Table 2. Limited
column capacity is not particularly a disadvantage

Fig. 2. Typical immuno-extraction scheme. for trace analysis as the mass for each analyte in
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Table 2 in ELISA format there is some retention of the other
Capacity of immuno-affinity columns phenylureas. In terms of a class specific antibody
Immuno-column Capacity (ng) Ref. fraction 13 (the second elution fraction) shows a

significant level of all phenylureas except metox-Chlortoluron 500 [7]
Isoproturon 200 [8] uron. It has been suggested [26], that it is the
Clenbuterol 300 [10] capacity of the immuno-sorbent that is exceeded at a
Morphine 45 [9] lower mass by closely related species. Although

cross-reactivity arises through serendipity rather than
design (see earlier) it can be extremely useful for

Table 1 is easily within the range of modern methods extracting a group of compounds which are then
of analysis. subsequently separated and measured by chromatog-

Limited availability of antiserum for some ana- raphy, which is of course well suited to that task. In
lytes is the main criterion hence the attempts to order to maximise the class of compounds that could
re-use columns as many times as possible. Columns be trapped we reported a procedure based on mixing
have been used up to at least 50 times even for both a chlortoluron and an isoproturon column
processing biological samples both in the off-line together in a single column [27]. Other examples
and on-line mode [26]. include triazines, phenylureas and polyaromatic hy-

drocarbons [28–30].
1.3. Specificity of binding

The specificity of analyte antigen binding has been 2. Applications
demonstrated a number of times. This is best illus-
trated when using the anti-clenbuterol and anti-mor- The growing popularity of immuno-affinity solid-
phine columns to demonstrate the recovery of each phase extraction is shown by the increased literature
analyte on the column composing the antibody to the in this area. A wide range of applications of solid-
other [9,10]. Immuno-affinity columns can retain phase immuno-affinity extraction has been de-
analytes structurally closely related to the target veloped, both on-line and off-line. The most com-
compound via cross-reactivity. It should be noted mon analytes are the phenylurea and triazine her-
that the cross-reactivity observed in classical im- bicides and growth promoters. Table 4 shows some
munoassay does not necessarily mimic that seen examples of immuno-affinity methods described
when using the same antibody in immuno-affinity recently. This includes both on-line and off-line
mode. Table 3 shows the cross-reactivity of our procedures. It can be seen that pesticides in water
isoproturon and chlortoluron antibodies to other and drugs (both therapeutic and recreational)in bio-
phenylureas, as tested in the ELISA format [5,6]. logical samples are the most common examples.
Fig. 3a and b show the recovery of various phenyl- Other applications include steroids and other endog-
ureas from the anti-isoproturon and anti-chlortoluron enous compounds, toxins and environmental pollu-
columns. Despite the fact that these (particularly tants. Matrices include water, soil, sludge, food,
chlortoluron antibodies) showed little cross-reactivity drinks, crops, plasma, urine and tissue Further exam-

ples are given in a recent review article [4].
Two examples of the clean traces that can beTable 3

Cross-reactivity of antibodies to other phenylureas, shown in obtained for immuno-extraction are shown in Figs. 4
ELISA assay and 5. Fig. 4 shows the clean up obtained from
Compound Anti-chlortoluron Anti-isoproturon immuno-extraction of chlortoluron from river water.

A 10 ml sample was spiked with chlortoluron at 30Chlortoluron 100 0.2
ng/ml. The immuno-column was washed with 5 mlIsoproturon 47 100

Chlorbromuron 71 0.1 of PBS and then eluted with 1 ml of 50% ethanol in
Metoxuron 8.8 0.1 pH 2 PBS. No further clean up was carried out.
Chlorsulphuron 1.3 0 HPLC was on ODS with UV detection. Full details
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Fig. 3. (a) Cross-reactivity of isoproturon immuno-affinity column to other phenylureas. Fraction 15sample loading, fractions 2-115PBS
wash, fractions 12–145elution fractions. All fractions are 1 ml. One ml of 100 ng/ml of each phenylurea added. (b) Cross-reactivity of
chlortoluron immuno-affinity column to other phenylureas. Fraction 15sample loading, fractions 2–115PBS wash, fractions 12–145elution
fractions. All fractions are 1 ml. One ml of 500 ng/ml of each phenylurea added.
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Table 4
Some examples of methods using immuno-affinity extraction

Analyte(s) Matrix Ref.

Aflatoxins Nuts [31]
Aflatoxins Milk [25]
Algal toxins Shellfish [32]
Anabolic steroids Urine, faeces [33]
Anabolic steroids Urine [16]
Atrazine Water [34]
Atrazine Water [35]
Bufuralol Plasma [21]
Carbendazim Water [36]
Chlortoluron Water [7]
Clenbuterol Plasma [10]
Clenbuterol, salbutamol Urine [17]
Corticosteroids Liver, milk, urine, faeces [37]
Corticosteroids Urine [38]
Dexamethasone Urine [39]
Dexamethasone, Betamethasone Urine [40]
Fluoroquinones Liver [23]
Floroqinolones Milk [41]
Isoproturon Water [8]
LeukotrieneE-4 Urine [42]
LSD Urine [22]
LSD Urine [43]

Fig. 4. HPLC traces obtained from immuno-extraction of chlor-
Morphine Urine [9]

toluron from river water. Column Bondaclone C , eluent 70%18Morphine, and metabolites Blood [18]
methanol, detection UV at 244 nm. Chlortoluron retention time 5

Mycotoxins Cereals [44]
min.

Ochratoxin A Coffee [19]
Ochratoxin A Beer [45]
Ochratoxin A Wheat [46] immuno-column. It was washed with 15 ml of PBS
PAHs Water, sludge, tissue [15]

and eluted with 1 ml of 40% ethanol in pH 4 PBS.PAHs Urine [47]
No further sample preparation was carried out. ItS-phenylmercapturic acid Urine [48]

Phenylureas, triazines Water, soil [28] should be emphasised that much of the blank signal
Phenylureas, triazines Waters, sediments [30] arises from the direct injection of the immuno-col-
Phenylureas, triazines Water, soil, sludge [26] umn elution buffer which is processed directly. Full
Phenylureas Potatoes, carrots, peas [27]

details are in Ref. [9].Phenylureas Foods [49]
Another example of the performance of immuno-TCDD Serum [50]

TCDD Milk [51] extraction columns showed their ability to extract the
Tetradotoxin Urine [52] environmentally important polyaromatic hydrocarbon
TXB1, TXB2 Urine [53] class from water using an anti-pyrene antiserum. The
Tetracylines, Sulphathiazole Honey [54]

same paper [26] describes the extraction of polarTriazines Water [55]
metabolites along with atrazine using a mixed bedTriazines, phenylureas Water, fruit juice [56]

Triazines Plants [57] immuno-sorbent, as well as describing phenylurea
Zearalenone Food [58] immuno-extraction.
Zearalenone Corn [20] As mentioned earlier the extraction of drugs from

biological fluids is the other main area. Morphine,
morphine 3-glucuronide and morphine 6-glucuronide

are in Ref. [7]. Fig. 5 shows the clean up obtained were extracted from whole blood on an immuno-
with immuno-extraction of morphine from urine. column consisting of a mixture of the three anti-
HPLC was used with electrochemical detection. bodies [18]. The column capacity was approximately
Urine was diluted in PBS pH 7, applied to the 250 ng per ml of column for each. Columns could be
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Fig. 5. HPLC traces obtained from immuno-extraction of morphine from urine. Column Hypersil CPS, eluent 13% acetonitrile in pH 2.5
phosphate (0.065 M) containing 1.5 mM sodium lauryl sulphate. Detection ECD at 10.45 V.

reused 20 times. The method has been used to screen sample processing it has been used advantageously
overdose cases. Several other examples are shown in in combination with other approaches. In the analysis
Table 4. of plant materials for phenylureas on a mixed

Although there are many examples where the immuno-affinity column it was necessary to use this
selectivity of immuno-affinity provides sufficiently approach in combination with clean up an anion-
clean chromatograms to obviate the need for further exchange or gel filtration column [27]. Also common
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is the use of traditional SPE or liquid–liquid ex- ditions used in traditional SPE or liquid–liquid
traction before application to the immuno-affinity extraction.
column. When using an immuno-column to process A further development is the use of molecular
clenbuterol from plasma [10] better reproducibility imprinted polymers as antibody mimics [59–64].
was obtained when using a simple protein precipi- These to-date have not been as specific as biological
tation step with acetonitrile. There was no interfer- antibodies. They are however much easier to syn-
ence with the HPLC trace in the clenbuterol region. thesise and consequently much less expensive. As
This suggests that non-specific interaction of plasma protocols become available procedures based on MIP
proteins with the immuno-sorbent was interfering extraction are expected to increase.
with analyte binding. Immuno-affinity clean up has
also been used in combination with supercritical fluid
extraction (SFE). Triazines and polar metabolites, References
and polyaromatic hydrocarbons were immuno-ex-
tracted from soils and soot after initial SFE [29].
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