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ENZYME IMMUNOASSAY WITH ELECTROCHEMICAL
DETECTION IN FLOW SYSTEMS

William R. Heineman and H. Brian Halsall

Department of Chemistry
University of Cincinnati
Cincinnati, Ohio 45221-0172, U.S.A.

SUMMARY

The selectivity of an antigen/antibody reaction combined with the chemical am plification
feature of an enzyme label enables high specificity and low detection levels to be achieved by
enzyme immunoassays. Electrochemical enzyme immunoassay is based on antigen labeled with
an enzyme that catalyzes the production of an electroactive product. Hydrodynamic electro-
chemical techniques such as liquid chromatography and flow injection analysis with electro-
chemical detection have proved to be very effective for the rapid determination of the
enzyme-generated product in enzyme immunoassays.

Heterogeneous enzyme imm unoassays in which antibody is adsorbed on the walls of poly-
styrene cuvettes have been developed. Alkaline phosphatase, which catalyzes the conversion of
electroinactive phenylphosphate to phenol, is the enzyme label. The rate of phenol production
is  measured by either liquid chromatography/electrochemistry or flow injection
analysis/electrochemistry with a thin-layer carbon paste electrode at +0.87V vs. the Ag/AgCl
reference electrode. An example is an assay for digoxin, a cardiac glycoside used to treat
chronic heart disease. The assay has a detection limit of 50 pg/mL and exhibits good correla-
tion with radicimmunoassay on patient serum samples over the therapeutic range of 0.8-2.0
ng/mL. Assays have also been developed for orosomucoid and rabbit imm unoglobulin G.

Homogeneous enzyme immunoassays are based on a reduction in catalytic activity of
enzyme-labeled drug when bound to antibody. The enzyme label glucose-6-phosphate dehydro-
genase, which catalyzes the conversion of NAD* to NADH, has been used. The drug is quanti-
tated by measuring the rate of NADH production by liquid chromatography/electrochemistry.
Good results have been obtained for clinical samples of serum from patients on drug mainten-
ance for both phenytoin, an antiepileptic drug, and digoxin over their therapeutic ranges.

The heterogeneous enzyme immunoassay with electrochemical detection has several
advantages. The detection limit, as demonstrated for digoxin and IgG, is typically in the low
picogram-per-milliliter range and is a function of the antigen-antibody binding constant rather
than the ability to detect phenol. Consequently, even lower limits should be attainable.
Because the sample is rinsed out of the reagent tubes before adding substrate, problems with
interferences from electroactive constituents in the sample and possible fouling of the
electrode by the adsorption of protein films are eliminated. The main advantage of a homo-
geneous immunoassay is the absence of a step for separating the antibody-bound antigen from
the free antigen. This usually translates into a simpler, faster assay procedure. However,
homogeneous assays are usually restricted to higher detection levels than are heterogeneous
assays and are more susceptible to interferences from other sample constituents that would
otherwise be removed in a separation step.
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1 INTRODUCTION

A problem of paramount importance to analytical chemistry is selectivity, particularly at
low detection limits where potential interferents might be present at substantially higher
concentrations than the analyte(s) of interest. An extraordinarily selective reagent is the anti-
body, Ab. As a part of the immune defense system in animals, antibodies with high specificity
can be synthesized by an organism in reasonable quantity within weeks of injecting a foreign

species called an antigen, Ag (1).

Immunoassay is based on the use of an antibody as a selective chemical reagent for an
antigen (molecular weight > ca. 1,500) or a hapten (molecular weight < ca. 1,500) analyte. The
predominant immunoassay has been radioimmunoassay (RIA), which is based on the detection of
a radioactive label. RIA has had a dramatic impact on the clinical laboratory as a result of the
ease with which assays can be conducted by automated equipment at low concentration due to
the very low detection limits of radioactivity. Minimal sample preparation is required due to
antibody selectivity. A significant advantage of RIA is the absence of interfering radioactivity
in clinical samples. However, the desire to avoid the inconveniences of handling radioactivity
has stimulated the development of non-isotopic immunoassays that are based on other labeling
strategies. Thus far, the most successful of these are the enzyme and the fluorescent labels.

The excellent detection limits that can be achieved on small sample volumes with modern
electrochemical techniques such as liquid chromatography with electrochemical detection
(LCEC) and flow injection analysis with electrochemical detection (FIAEC) have stimulated the
development of electrochemical immunoassay. Immunoassays based on electrochemical detec-
tion can be implemented in numerous ways depending on label type, assay format and
electrochemical technique (2).

2 ENZYME LABEL CATALYZING PRODUCTION OF ELECTROACTIVE PRODUCT

One strategy for electrochemical immunoassay is based on labeling the antigen with an
enzyme that catalyzes the production of an electrochemically detectable product. Enzyme
immunoassays rely on the antibody for specificity and the enzyme label for sensitivity through
chemical amplification. Immunoassays are commonly categorized as heterogeneous, in which
antibody-bound antigen is separated from free antigen at some point in the procedure, or
homogeneous, which has no such separation step.

2.1 Heterogeneous Enzyme Immunoassays

Several heterogeneous enzyme immunoassays with electrochemical detection have been
demonstrated. These are based on the Enzyme Linked Imm unosorbent Assay (ELISA) technique
in which antibody is typically immobilized on the walls of small volume (ca. 500 LL) plastic
cuvettes . The general procedure is outlined in Figure 1 for the determination of antigen, (Ag),
which will represent the analyte in this and other examples.

Reagent cuvettes are first prepared by attaching specific antibody to the inside walls by
passive adsorption or covalent bonding. The cuvettes are then rinsed with a non-ionic
surfactant such as Tween 20 to cover any exposed surface between antibody molecules.
Reagent cuvettes of this type can be prepared in advance and stored. Enzyme- labeled antigen
(Ag*) and samples or standards containing Ag are then added to the tubes for competitive
equilibration with the antibody (see competitive assay scheme in Figure 1). Equilibration may
take several minutes or hours, depending on the analyte and the configuration of the reaction
used. Adequate results may be obtainable before equilibrium is reached. In the competition
between Ag and Ag* for a limited number of antibody binding sites, a greater concentration of
Ag in the sample results in less Ag* being bound to adsorbed Ab. Unbound Agand Ag* are then
rinsed from the tubes and substrate (S) is added. At a fixed time, sample is withdrawn and
analyzed for the electroactive product (P). In a typical standard plot of current from the
electrochemical measurement of P vs. concentration of Ag standard, the electrochemical
signal diminishes with increasing Ag concentration since less Ag* is able to interact with Ab
and hence is rinsed out of the cuvette.

An enzyme immunoassay of this type has been demonstrated for digoxin (3), a stimulant
commonly used for the treatment of chronic heart disease. The therapeutic range is both low
and very narrow (0.8 to 2.0 ng/mL in blood). Lower concentrations are not efficacious, whereas
higher concentrations are toxic. Alkaline phosphatase, which catalyzes the hydrolysis of the
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Figure 2. Schematic diagram of instrumentation for FIAEC and LCEC.

phenyl phosphate ester to phenol and phosphate, is used as the enzyme label. The
enzyme-generated phenol is easily detectable by either FIAEC or LCEC whereas phenyl phos-
phate is electroinactive and hence noninterfering (3,4). A schematic diagram of the instru-
mentation for these two methods is shown in Figure 2. In both cases, injected sample (typically
201L) flows through a thin-layer electrochemical cell where phenol is oxidized at a
carbon-paste working electrode at +870mV vs. Ag/AgCl. Although FIAEC has a higher sample
throughput, a lower detection limit can be achieved by LCEC in which phenol is separated from
the capacitance peak accompanying injection by retention on a short C-18 reversed phase
column. A detection limit of 50 pg/mL has been achieved for digoxin, which is well below the
therapeutic range for the drug and illustrates the low detection level capability of the
technique. Results of analyses on patient samples are in good agreement with results by an
accepted radioimmunoassay procedure. Assays have also been developed for aj-acid
glycoprotein (5) and IgG, detection limit of 5 ng/mL (6).

The sandwich immunoassay is another widely-used assay format. This assay derives its
name from the fact that the analyte is "sandwiched" between two different antibodies, one of
which is enzyme-labeled. It can only be applied to molecules that are sufficiently large to bind
to two antibodies simultaneously and have an appropriate topographical distribution of epitopes
(antigenic determinants). As shown in Figure 1 (schematic for sandwich assay), Ab specific for
analyte Ag is first adsorbed on the cuvette walls. A sample containing analyte Ag is then added
to the cuvette, and Ag in the sample binds with Ab on the cuvette walls. The amount of Ag
bound is measured by adding a second antibody also specific for Ag that has been labeled with
enzyme (Ab*). After incubation, unbound Ab* is rinsed from the cell and subs trate added. The
rate of formation of P is proportional to the amount of Ab* bound to the walls which is
proportional to the concentration of Ag in the sample. A sandwich assay has been demonstrated
for IgG in which alkaline phosphatase is the enzyme label and the rate of phenol production is
measured by LCEC (6). A detection limit of 10 pg/mL was achieved.

The heterogeneous enzyme immunoassay with electrochemical detection has several
advantageous features. The detection limit, as demonstrated for digoxin and IgG, is typically in
the low pg/mL range, and was a function of the antigen-antibody binding constant, rather than
the ability to detect phenol by LCEC. Consequently, even lower limits should be attainable.
Since the sample is rinsed out of the reagent tubes before adding substrate, problems with
interferences by electroactive constituents in the sample and possible fouling of the electrode
by the adsorption of protein films are eliminated. These concepts were demonstrated with the
simple instrumentation for FIAEC and LCEC shown in Figure 2. Automation of many steps in
the procedure and the treatment of data is needed for its ready application to the routine
analysis of many samples.
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Figure 3. General reaction scheme for homogeneous enzyme immunoassay.
2.2 Homogeneous Enzyme Immunoassay

Immunoassays of the homogeneous type rely on a change in the intensity of the label
signal that occurs when Ag* binds with Ab to form Ab-Ag*. The general equilibrium scheme
for a homogeneous immunoassay is shown in Figure 3. The ability to distinguish between Ag*
and Ab:Ag* enables the immunoassay to be done without a separation step.

When the label is an enzyme, then the immunoassay relies on a reduction in the rate of
enzyme catalysis occurring when the antibody binds to the enzyme-labeled antigen. This
enables free Ag* to be distinguished from Ab:Ag* on the basis of the rate of production of
product. ~As shown in the equilibrium scheme in Figure 3 Ag* catalyzes, for example, the
reduction of NAD* to NADH, whereas the catalytic activity of Ab:Ag* is substantially
diminished as a consequence of steric hindrance and limited substrate access. Since a larger
concentration of Ag results in more Ag* being in the unbound and, consequently, more active
form, a calibration plot can be based on the rate of NADH formation versus Ag concentration.
An assay of this type is called an Enzyme Multiplied Immunoassay Technique (EMITTM) and is
commonly used with spectrophotometric detection of NADH (7).

Phenytoin, an antiepileptic drug, has been used as an initial test system for developing
enzyme immunoassays with amperometric detection of NADH (8). The phenytoin is labeled
with glucose-6-phosphate dehydrogenase, which catalyzes the reduction of NAD* to NADH.
This immunoassay scheme is amenable to the electrochemical detection of NADH by LCEGC.
The concentration of NADH is monitored by oxidation at 0.75 V vs Ag/AgCl at a glassy carbon
electrode in a flow-through thin layer cell. Antibody and proteins in the sample are removed by
a reversed-phase C-18 liquid chromatography precolumn to prevent adsorption on the electrode
and consequent fouling. Immunoassays are performed in a timed sequence of mixing fixed
amounts of antibody, enzyme-labeled phenytoin, and enzyme substrate with each standard and
unknown phenytoin sample. A standard curve can be constructed from the rate of NADH
formation versus phenytoin concentration. Assays of serum samples from patients on phenytoin
treatment gave results that were in good agreement with a standard spectrophotometric proce-
dure at therapeutic levels (10-20 pg/mL).

Enzyme labels of this type can take advantage of enzyme amplification as a means of
achieving a low detection limit. In this particular system NADH is generated so rapidly that
samples must be diluted ca. 100-fold immediately prior to injection into the flow system for the
optimum detection of NADH. This suggests that the electrochemical technique should be
extendable to the determination of species at concentrations in the low ng/mL range, as has
been demonstrated with digoxin (9).
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The main advantage of a homogeneous immunoassay, compared to the heterogeneous
assay, is the absence of a step for separating the antibody-bound antigen from the free antigen.
This usually translates into a simpler assay procedure. However, homogeneous assays are
usually restricted to higher detection levels than heterogeneous assays and are more susceptible
to interferences from other sample constituents which would otherwise be removed in a
separation step.
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