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Abstract

A novel, direct noncompetitive flow injection enzyme immunoassay for
o-fetoprotein (AFP) was developed by enhanced chemiluminescence detec-
tion. The method was based on off-line incubation of AFP and horseradish
peroxidase (HRP)-labeled anti-AFP, and then trapping of the unbound
enzyme conjugate by an immunoaffinity column filled with AFP-modified
Sepharose. The immunocomplex formed in incubation passed through the
column and then was directly detected by a postcolumn chemiluminescence
technique. The optimal conditions for the immunoassay procedure and
chemiluminescence detection were established. Ata 1:10 dilution of enzyme
conjugate solution, the linear range for chemiluminescence detection of AFP
was from 2.0 to 75 ng/mL with a correlation coefficient of 0.993 and a coef-
ficient of variation of 2.67% at 30 ng/mL. The detection limit was 0.5 ng/mL.
This method was flexible, sensitive, and rapid. The immunoaffinity col-
umn of 200 pL could be repeatedly used 100 times without a single decrease.
The whole assay time including the preincubation step was only 30 min for
one sample.

Index Entries: Flow injection analysis; enzyme immunoassay; noncom-
petitive immunoassay; immunoaffinity; o-fetoprotein; horseradish peroxi-
dase; chemiluminescence.
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Introduction

o-Fetoprotein (AFP), as an oncofetal glycoprotein, has been well
known as a tumor marker. The concentration of serum AFP in healthy
adultsis typically in the range of 4-13 ng/mL, but it could attain 10 ug/mL
or more in patients with liver cancer (1). The increased AFP level has been
considered an early indication of hepatocellular carcinoma (2), liver
metastasis from gastric cancer (3), lung cancer (4), premature rupture of the
membranes in preterm patients (5), and nasopharyngeal carcinoma (6).
Recently, it has been found that AFP is associated with tumor cell growth
and may serve as an important target of tumor therapy (7). Thus, the detec-
tion of AFP plays an important role in the initial diagnostic evaluation as
well as in the follow-up examination during therapy. It is necessary to
develop a highly sensitive and selective rapid determination method of
AFP in serum or other biofluids.

Numerousimmunologic methods for determination of AFP havebeen
exploited owing to the high specificity of immunoreaction (8-12). Among
the various immunoassay formats, the most common is the enzyme-linked
immunosorbent assay (ELISA). Sandwich ELISA is usually performed in
microtiter plates, which involves a washing and separation step to remove
the free antibody from the bound antibody. Rapid and easy operations are
attractive in the field of clinical immunoassay especially for tumor mark-
ers. Various techniques have been adopted for determination of AFP, such
as liquid-phase binding assay (1,13), micellar electrokinetic capillary chro-
matography (14), and flow injection amperometric enzyme immunoassay
(15), to overcome the limitations of conventional approaches. Flow injec-
tion immunoassay (FIIA) has been shown to be useful for improving cum-
bersome, time-consuming, and labor-intensive traditional immunoassay
(16,17), and it has been applied in many assays, such as food, pharmaceu-
tical, environmental, and clinical (15,18-21), owing to the small volume
required, reduced handling of samples, good reproducibility, and easy
automatization for high sample throughput. In the present work, we devel-
oped a novel flow injection chemiluminescent enzyme immunoassay
method for AFP using an immunoaffinity column filled with AFP-modi-
fied Sepharose and a noncompetitive immunoassay mechanism.

The noncompetitive immunoassay technique, compared to competi-
tiveimmunoassay and sandwich ELISA, not only offers a higher sensitivity
and precision, but also is convenient and less susceptible to interfering
factors. It has been extensively adopted in flow injection enzyme immuno-
assay (EIA) (17,22-25). Its sensitivity depends on not only the sensitivity of
the enzyme label and the extent of nonspecific interactions, but also on the
method of detection (17). Enzymes such as horseradish peroxidase (HRP)
and alkaline phosphatase have been used widely as labels in EIA (26).
HRP, which catalyzes the luminescent luminol oxidation in the presence of
hydrogen peroxide (H,O,), is one of the most commonly used enzymes in
chemiluminescence for antibody and antigen labeling. To detect HRP at a
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very low level, an enhanced luminol chemiluminescence detection method
has been widely used in HRP-labeled EIA (27). Several compounds, such
as phenol derivatives (28), carbon dioxide (29), fluorescein (30), and
phenylboronic acid (31), have been used to enhance the intensity of the
light emitted during the course of the peroxidase-catalyzed luminol oxida-
tion. The p-iodophenol (PIP)-enhanced chemiluminescence systemhas also
been used for the study of real-time antigen—antibody interaction (32) and
immunoassay for dichlorprop methyl ester (33) and DDT 1,1,1-trichloro-
2,2-bis (p-chlorophenyl ethane) (34).

The aim of the present work was to develop an easily automated,
simple, and rapid noncompetitive FIIA for AFP by PIP-enhanced luminol-
H,0,-HRP chemiluminescence. This developed assay for AFP is much
faster than a conventional ELISA. The entire assay time including the pre-
incubation step for one sample is only 30 min. It can be satisfactorily used
to determine AFP in human serum.

Materials and Methods

Reagents and Standard Solutions

HRP (EC 1.11.1.7; RZ > 3.0, >250 U/mg) was purchased from Sigma
(St. Louis, MO) and used as received. AFP-EIA kits, including a series of
AFP standard solutions with different concentrations from 0 to 1000 ng/mL
and a bottle of HRP-labeled anti-AFP solution, were purchased from
Everlong. CNBr-activated Sepharose™ 6MBwas purchased from Amersham
Pharmacia Biotech AB (Uppsala, Sweden). Luminol (5'-amino-2,3-dihydro-
phthalazine-1,4-dione, >95%) was purchased from Shanxi Normal Univer-
sity (Xian, China). PIP (>99.9%) was purchased from Weihai Newera
Chemical (Weihai, China). All other reagents were of analytical reagent
grade and used without further purification.

Luminol stock solution (0.01M) was prepared with 0.1M NaOH solu-
tion. PIP stock solution (0.01M) was prepared by dissolving 0.1103 g of PIP
in 5 mL of dimethyl sulfoxide and then diluting with water to 50 mL and
kept in the dark. H,O, solution was prepared by appropriate dilution of a
30% solution (Shanghai Chemical, Shanghai, China) with water daily.
The working solution was prepared with 0.1 M Tris-HCI buffer solution
(pH 8.5). Double distilled water was used in all experiments.

Preparation of Immunoaffinity Columns

The following buffers were used to prepare antigen-modified Sepharose
for preparation of immunoaffinity column: coupling buffer (0.1M NaHCO, /
0.5M NaCl, pH 8.0), washing buffer (0.1M CH,COONa-CH,COOH/0. 5M
NaCl, pH 4.5; and 0.1M Tris-HC1/0.5M NaCl, pH 8.0),and blockmg buffer
(0.IMNaHCO,/0.2M glycine, pH 8.5). Preparation was performed accord-
ingto instruction’s provided by Amersham Pharmacia Biotech AB. Freeze-
dried powder of CNBr-activated Sepharose 6MB (0.1 g) was suspended in
1 mM HCI. The swollen Sepharose was then washed with 1 mM HCl on a
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Fig. 1. Schematic diagram of chemiluminescent noncompetitive FIIA system:
P, peristaltic pump; V, eight-way valve; C, immunoaffinity column; PMT, photomul-
tiplier; D, detector; PC, computer.

sintered glass filter for 15 min. After it was further washed with the cou-
pling buffer, 300 uL of 1000 ng/mL AFP was added to the Sepharose gel.
The mixture was incubated for 24 h at 4°C and then mixed with the blocking
buffer for another 24 h at 4°C. Finally, it was washed with pH 4.5 and 8.0
washing solutions for three cycles and filled a glassy tube to about 200 uL
(1.6 mm id and 100 mm length). After use, the filled AFP-modified gel was
regenerated by passing a solutionof 0.1M glycine-HCl (pH 2.2) through the
column and equilibrated with 0.1M phosphate-buffered saline (PBS)
(pH 7.0). When not in use, the columns were stored in 0.1M pH 7.0 PBS
at 4°C.

Instrumentation

The immunoaffinity column was connected to a flow system as illus-
trated in Fig. 1. Two peristaltic pumps of Luminescence Analyzer (IFFM-
D; Remex Electronic, Xi’an, China) were used to deliver flow streams.
Polytetrafluoroethylene tubing (0.8 mm id) was used to connect all compo-
nents in the flow system. A colorless spiral glass tubing (10 cm length and
2.0 mm id) was used as the flow cell. Chemiluminescence substrates were
mixed with a Y-shaped element and reacted with the immunocomplex
from a merging flow outside of the affinity column. The chemilumines-
cence emission was detected by a photomultiplier tube (PMT) placed near
the flow cell and was recorded with a computer via an A/D convert card.
PBS (0.1M, pH 7.0) was used as the carrier.

Noncompetitive FIIA

A diagram of the noncompetitive EIA is shown in Fig. 2. HRP-labeled
anti-AFP solution was first diluted with 0.1M PBS (pH 7.0) at different
dilutions. Fifty microliters of HRP-anti-AFP solution was then mixed with
50 uL of AFP standard solution. After an incubation time of 25 min at room
temperature, the mixture was injected into the flow system at a flow rate of
0.1mL/min. AFP-modified Sepharose filled in the immunoaffinity column
was used to trap the unbound enzyme conjugate, whereas the immuno-
complex passed through the column and was collected in a 0.5-mL vessel.
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Fig. 2. Schematic diagram of noncompetitive EIA procedure for AFP. CL, chemilu-
minescence.

The collection was injected by the valve as a merging flow to react with the
chemiluminescence substrates. The generated signal was detected by PMT.

Results and Discussion

Optimization of Chemiluminescence Detection System

FIIA performance dependsnot only on theimmunoreagents and assay
procedure, but also on the characteristics of the substrates. Chemilumines-
cence emission intensity is sensitive to a variety of environmental factors
such as temperature, solvent, ionic strength, pH, and other species present
in the system. Our work examined the effects of the concentrations of
luminol, H,0,, and PIP; pH value and kind of chemiluminescence detection
buffer solution; and flow rate on chemiluminescence intensity. The results
showed that the optimal concentrations of luminol, H,O,, and PIP were
5.0x10*M, 1.0 x 10°M, and 4.0 x 10~*M, respectively. These results corre-
spond with those reported previously (33). Tris-HCl buffer (0.1M, pH 8.5)
was selected as the chemiluminescence detection solution. The carrier flow
rate was selected at 0.9 mL/min.

Optimization of Immunoassay Procedure

The performance evaluation of the immunoassay system included
the optimization of preincubation time for the immunoreaction
between analyte AFP and enzyme conjugate, the working concentration of
HRP-anti-AFP, and the residence time of the reaction mixture in the
immunoaffinity column.

The effect of preincubation time on the immunoreaction between
10ng/mL of AFP and enzyme conjugate ata dilution of 1:10 on the response
is shown in Fig. 3. With an increasing preincubation time, the chemilumi-
nescence signal increased and reached a maximum value after a preincu-
bation time of 25 min. Ninety percent of the binding occurred within 25 min
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Fig. 3. Effect of preincubation time on chemiluminescence (CL) intensity at concen-
tration of 10 ng/mL of AFP with 1:10 dilution of enzyme conjugate.

at room temperature (27°C); thus, a preincubation time of 25 min was cho-
sen for AFP detection throughout the experiment.

The anti-AFP working concentration should be selected to give a com-
promise between a good sensitivity and a wide assay range. The optimal
dilution of HRP-anti-AFP was established by using different diluted anti-
AFP solutions (the volume ratios of 1:5,1:10, 1:15, and 1:20 for HRP-labeled
anti-AFP solution provided in the AFP-EIA kits to 0.1M PBS, pH 7.0) as the
working solutions in AFP immunoassay to examine the signal change with
anincreasing AFP concentration; the results are shown in Fig. 4. The signal
change was defined as (I_- 1) /I, in which I  is the blank signal obtained in
the absence of AFP analyte, and I is the 51gnal obtained in the presence of
the analyte antigen. In the AFP concentration range of 1.0-20 ng/mL, a
dilution of 1:10 gave the best sensitivity and the widest linear range,
whereas the linear ranges at 1:15 and 1:20 were narrower. The immunoas-
say at all three dilutions gave a detection limit of 0.5 ng/mL. At a dilution
of 1:5, the signal change showed a small slope, indicating a low sensitivity.
This phenomenon was possibly owing to the fact that the amount of
unbound HRP-anti-AFP exceeded the trapping ability of the immuno-
affinity column at high enzyme conjugate concentration. At low enzyme
conjugate concentrations such as those at 1:15 and 1:20 dilutions, most of
the labeled antibody reacted with the antigen to form immunocomplex at
low antigen concentrations. The immune immobilization of the enzyme
conjugate by the immunoaffinity column showed a smaller effect on the
chemiluminescence intensity when the mixture passed through the col-
umn, which resulted in a narrow linear range. Thus, the HRP-anti-AFP
solution with a dilution of 1:10 was selected as the working solution.
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Fig. 4. Effect of dilution of enzyme conjugate on response signals on increasing AFP
concentration at preincubation time of 25 min.

The residence time of the reaction mixture in the immunoaffinity
column depended on the flow rate of the mixture through the column.
We wished to determine the binding efficiency of the unbound enzyme
conjugate to the immobilized AFP on the gel surface. Partial removal of
the unbound enzyme conjugate from the mixture owing to a short resi-
dence time or high flow rate resulted in a high background chemilumines-
cence signal. However, the complete capture of the unbound enzyme
conjugate required a long time, which was disadvantageous to practical
application of this method. At the same time, the column capacity also
played an important role in the capture of unbound enzyme conjugate.
To improve the trapping ability of this column, 1000 ng/mL of AFP was
used to prepare the column. Figure 5 shows the dependence of chemilumi-
nescence intensity on flow rate. At a flow rate of 0 mL/min, the stream of
the mixture was retained in the column for 30 min, giving a minimum
chemiluminescence intensity. At a flow rate of 0.1 mL/min, the capture of
unbound enzyme conjugate could reach 70% of that at 0 mL/min. Consid-
ering the practical application, 0.1 mL/min was selected for injection
immunoassay of AFP.

Noncompetitive FIIA for AFP

The AFP standard solutions of different concentrations were mixed
with a 1:10 diluted HRP-anti-AFP solution to perform the preincubation
step. As shown in Fig. 6, the linear range for chemiluminescence detection
of AFP was from 2.0 to 75 ng/mL with a correlation coefficient of 0.993.
Using this standard curve, the coefficients of variation (CVs) for five deter-
minations of AFP at 30 and 2.0 ng/mL were 2.67 and 7.04%, respectively.
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Fig. 5. Effect of flow rate of immunomixture through immunoaffinity column at 1:10
dilution of enzyme conjugate and 25-min preincubation time. CL, chemiluminescence.
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Fig. 6. AFP calibration curve at 1:10 dilution of enzyme conjugate. CL, chemiluminescence.

This method was flexible and rapid. The entire assay time including the
preincubation step was only 30 min for one sample.

It also can be seen from the calibration plot shown in Fig. 6 that the
detected antigen bound most of HRP-anti-AFP in the preincubation solu-
tion when the AFP concentration was as high as 120 ng/mL. The detection
of AFP at concentrations higher than 75 ng/mL required a dilution of
sample or higher concentration of HRP-anti-AFP used in the preincubation
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solution. The latter needed to obtain a new calibration curve at the HRP-
anti-AFP concentration higher than that at a 1:10 dilution.

Accuracy and Clinical Application

The accuracy of the AFP determination was examined by comparing
the results obtained from this method and immunoradiometric (IRMA).
In both techniques, the AFP contents in two sera were quantified using a
related calibration plot for three replicates at each concentration. The mean
AFP concentrations in two serum samples determined with IRMA were
37.03 and 74.07 ng /mL, respectively. This method gave values of 34.72 and
68.22ng/mL, respectively. Therelative errors of the two methods were 6.24
and 7.90%, respectively; thus, they were in good agreement.

Stability of Immunoaffinity Columns

The stability of the immunoaffinity columns was assessed by intra-
and interassay CVs. The intraassay CV was the difference among three
determinations of one sample on the same column. The interassay CV was
the difference among the measurements of one same sample on three dif-
ferent columns. The intra- and interassay CVs obtained at an AFP concen-
tration of 6.0 ng/mL were 2.7 and 10% respectively. The column could be
reused at least 100 times before the signals reached 90% of the preliminary
one. These results demonstrated that the affinity column possessed good
stability and that the preparation of affinity columns from the same immo-
bilization batch possessed good reproducibility.

Conclusion

A new noncompetitive FIIA for AFP by postcolumn enhanced chemi-
luminescence detection was described. In this postcolumn mode, the free
antibody molecules after the preincubation procedure were separated with
an immunoaffinity column, and the immunocomplexes flowed through
the column to catalyze the chemiluminescence reaction of luminol and
were detected with a chemiluminescence analytical system. In comparison
with the conventional immunoassay approaches, which are performed in
microtiter plates or other solid matrix, this proposed method is more flex-
ible and rapid. It shortens the analysis time to 30 min. Although the detec-
tion limit obtained with the present system is not as low as 0.07 ng/mL, as
found by Della Ciana et al. (15), the immunoassay format is quicker, sim-
pler, and more easily automated, and, thus, the system can be further
developed for practical clinical detection of serum AFP level.
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