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Abstract

A novel method of micro-plate magnetic chemiluminescence enzyme immunoassay (MMCLEIA) for the screening of 17�-
estradiol in water samples was proposed. It used the micro-plate magnetic separator designed by ourselves which can achieve
the high-throughput analysis without the samples pre-treatment and the sensitive chemiluminescence system of AMPPD-ALP
system. The method showed specific recognition of estrogen, without cross-reactions for three other major estrogenic compounds
(17�-estradiol (E2), estriol (E3), ethinyl (E2)) commonly found in water. The MMCLEIA was also especially suitable for the
large-scale samples processing. The working range for 17�-estradiol was 10–3000 pg/ml. The assay sensitivity was 5.4 pg/ml.
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. Introduction

Several estrogens in the environment have been sug-
ested to affect human and wildlife health (Colborn
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et al., 1996). For example, abnormal sexual devel
ment of animals (Guillette et al., 1994, 1995; Fry, 199)
and the decrease in the average numbers of h
spermatozoa (Auger et al., 1995) are widely reported
17�-Estradiol (E2: 1,3,5 (10)-estratriene-3,17�-diol),
has often been found in many aquatic environments
well-known to exhibit very potent estrogenic activ
for example, E2 concentration in the range of at l
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10–100 ppt induces vitellogenin production (Tanaka
et al., 2004). Therefore, the presence of E2 in the envi-
ronment water at ppt levels has become a concern to
the international organizations.

Estrogenic hormones analysis in water matrix are
usually performed with standard instrumental methods
like high-performance liquid chromatography (HPLC)
or gas chromatography coupled to mass spectrometry
(GC–MS). Both methods are labor intensive, expen-
sive and time consuming. For each analysis, sample
preparation and pre-concentration are necessary, and
well-trained personnel are required, as automation is
limited. The immunoassay methods, based on antibod-
ies such as radioimmunoassay (RIA) (Routledge et al.,
1998; Baronti et al., 2000; Casey et al., 2003), enzyme-
linked immunosorbed assay (ELISA) and fluorescence
immunoassay (FI) (Coille et al., 2002; Majima et al.,
2002) were developed for the detection of estrogenic
hormones in enviromental samples. But for those crude
biological samples which have high viscosity, high
turbulence, and direct analysis using immunoassay
methods without proper sample treatment is almost
impossible.Shelton and Karns (2001)reported that
immunomagnetic bead separation (IMS) techniques
using immunoactivated magnetic beads working as a
solid-phase suspension can enhance the possibility of
capturing the target agents. Only this IMS technique
provides a means for effective capture and concentra-
tion of the target agents. Several commercial magnetic
separators are also available to assist magnetic separa-
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cence enzyme immunoassay (MMCLEIA) method for
the direct processing of crudely biological samples.
The method was firstly applicated in the determina-
tion of estradiol in water samples. Compared with
the conventional chemiluminescence enzyme-linked
immunosorbed assay (CL-ELISA), this method has a
good correlation.

2. Materials and methods

2.1. Solutions and buffers

The immunomagnetic microbeads coated with anti-
fluorescein isothiocyanate (FITC) antibody (2.8�m
of the diameter 10 mg/ml), the solution of alkaline
phosphatase-labeled estradiol derivative (ALP-E2,
0.04�g/ml), the solution of FITC-labeled estradiol
monoclonal antibody (2.5�g/ml) and estradiol were
all obtained from Beijing Bio-Ekon Biotechnology
Co. Ltd. (Beijing, China). 4-Methoxy-4-(3-phos-
phatephenyl)-spiro-(1,2-dioxetane-3,2′-adamantane)
(AMPPD) was purchased from Diagnostic Products
Corporation (California, USA). Alkaline phos-
phatase (ALP) and bovine albumin (BSA) was from
Sigma-Aldrich (St. Louis, MO, USA).

The buffer PBS was 0.05 M phosphate buffer,
0.5% saline solution, pH 7.4. Washing solution was
PBS with 0.01% Tween-20 (PBST). 10X PBST is
PBST 10-fold concentrated. Coating buffer is 0.5 M
c nes-
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ion in different formats. But, they are usually us
o the tubes separation or only to 6-, 24-, 48-,
nd 384-well micro-plate separation. Nowdays, w

he development of immunoassay and biotechno
ariety of immunoassay instruments and micropl
ppeared, and were applicated widely in medical a
ations or in environmental monitoring. Therefo
n all-purpose micro-plate magnetic separator m
e needed in the practical application, and effec
ethodologies for rapid detection of the presenc
iological agents in biological samples are neces
o meet these demands, a novel micro-plate mag
eparator has been designed by our laboratory for d
creening of biological samples which can be app
le to many types of microplates, such as 12-,
0-, 48-, 72-, 96-, 384- and 1536-well, and so
sing beads-coated second antibody of serono sy
e developed a micro-plate magnetic chemilumin
arbonate–bicarbonate buffer, pH 9.6. Chemilumi
ence substrate solution was AMPPD solution.

.2. Micro-plate magnetic separator

The magnetic separator was designed to m
ultiple wells standard flat microplates and tis

ultural plates. It can be applicable to all sorts
he same size flat-microplates, as shown inFig. 1.
ne-piece permanent magnetic (with the dimens
f 105 mm× 148 mm× 8.5 mm), obtained by con
ecting two pieces of neodymium–iron–bo
ermanent magnet (with the dimensions
05 mm× 74 mm× 8.5 mm) was placed betwe

he two iron plates of same size. Then, the two fra
length: 148 mm; high: 28 mm) made of alumin
lloy were put on both sides of the one-piece perma
agnetic, so as to control the micro-plate.
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Fig. 1. A principle of magnetic micro-plate separation using the self-designed micro-plate magnetic separator. The separator can be also used
384-well or more-well micro-plate.

The key component in the micro-plate magnetic
separator is the magnetic force. The magnetic force
was measured through magnetic-field measurer; the
results showed that in the middle parts of the magnetic
separator, the magnetic force density distribution is
nearly constant with the magnetic induction of 2500 T.
During the magnetic separation, the antibody-coated
magnetic beads are attracted by the magnets to the
bottom of each well. Unwanted materials from the
sample are removed from the wells and the remain-
ing magnetic particles are then suspended for further
analysis. The micro-plate separator can be applica-
ble to all sorts of microplates of same size, such as
6-, 40-, 72-, 96-, 384-, 1536-well, and so on. There-
fore, by using the all-purpose micro-plate separator,

we can also achieve the high-throughput analysis,
especially in the screening of large-scale biological
samples.

2.3. Instrumental

A chemiluminescence micro-plate reader (Luminis
light LP-5000 device from Microtec Nition Co., Japan)
was used in this work. Programmed assay allows the
incubation of samples and the enzyme substrate being
added. After the enzymatic reaction, the micro-plate
can be directly placed into the LP-5000 for the
chemiluminescence measuring. Data acquisition and
treatment were performed with LP-5000 software
running under Windows 98. Selected flat-bottom
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Fig. 2. Schematic illustration of the proposed chemiluminescence
magnetic enzyme immunoassay.

microplates, such as white 96-well microplates, were
from Sumitomo Bakelite Co. Ltd., Japan.

2.4. Experimental methods

The working schematical of the MMCLEIA is pre-
sented inFig. 2. Each micro-plate must be pre-coated
with 100�l of 0.05 M PBS buffer containing 1%
BSA per well and stored at 4◦C overnight prior to
the assays. The coating solution is discarded before
the plate assays. In each reactions, 20�l E2 standard
solutions or water samples and 20�l diluted enzyme-
labeled E2 and 20�l diluted FITC-labeled anti-E2
antibody in 50 mM PBS buffer containing 0.1% NaN3
were added and incubated for 30 min at 37◦C. After
the competitive reaction, 20�l anti-FITC-labeled mag-
netic micropheres were added and incubated with gen-
tle shaking for another 5 min, and the magnetic plate

separator was inserted under the plate for bead sep-
aration (2 min). Antibody-coated beads and any spe-
cific captured materials were collected. During the
washing steps, by placing the micro-plate into mag-
netic separator inside a holding frame, the supernatant
was discarded after which the frame with magnet and
micro-plate were gently tapped against tissue paper
to remove all fluid. Five times were performed with
400�l of washing solution containing 0.01% Tween-
20. Then, 50�l chemiluminescence substrate solution
was added and incubated for 30 min at 37◦C, and the
emitted photons were measured. The role of Tween-
20 in the washing buffer was crucial in immunoas-
says due to its property to unfold proteins, enabling
antigens and antibodies to interact, thus, increas-
ing enzyme effectiveness and decreasing background
signal.

2.5. CL-ELISA development

An optimized CL-ELISA procedure was performed.
In brief, the wells of the microtiter plates were coated
with 150�l of anti-estradiol antibody (2.75�g/ml) in
a phosphate-buffered saline (pH 7.4). The plates were
allowed to stand sealed at 4◦C for 15 h. Then, the
antibody solution was removed and the plates were
post-coated with 300�l of 1% BSA in PBS buffer
for 1 h at room temperature. After washing three times
with 400�l of PBST buffer solution, 50�l E2 standard
solutions or water samples and 50�l diluted enzyme-
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hen, 50�l chemiluminescence substrate solution
dded and incubated for 30 min at 37◦C, and the emit

ed photons were measured.

.6. Water samples

The enviromental sea-water samples were colle
rom four different sites of Bohai Sea, near Ti
in, China. 17�-Estradiol was then injected into the
nvironmental-water samples in different concen

ions as indicator. All crude samples were analy
sing the MMCLEIA without any pre-treatment, a
etermined by the CL-ELISA after reducing the ma
ffects.
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3. Results and discussion

3.1. Chemiluminescent system for ALP

ALP has been widely used as the lable enzyme
in EIA and it is generally assayed spectrophotomet-
rically using p-nitrophenylphosphate or spectrofluo-
rimetrically with umbelliferyl phosphate as substrate
(Maeda et al., 1991). With the application of chemilu-
minescent assay methods in immunoassay, some CL
substrates for ALP have been developed. Cortisol-
21-phosphate (Lin et al., 1997) and phenacyl phos-
phate (Sasamoto et al., 1995a,b) as substrates and
lucigenin as CL reagent were also used. To date,
one of the most optimal chemiluminescence substrates
for ALP is 4-methoxy-4-(3-phosphatephenyl)-spiro-
(1,2-dioxetane-3,2′-adamantane) (AMPPD), reported
by Beck and Kosterhave (1990). In the presence of
excess AMPPD, the light intensity is a function of
enzyme, and therefore, allows for directly measuring
the quantity of the enzyme.

The overall kinetics of light emmission is shown
in Fig. 3. At the beginning of reaction, CL intensity
increased gradually; after 30 min, the light intensity
reached plateau. That was because the overall kinet-
ics of the light emission was a two-step process. In
the first step, when AMPPD was in excess, dephos-
phorylation proceeds at a constant rate depending on
enzyme concentration producing AMP−D. The anion
having a half-life between 2 and 30 min depending on
t -
p wly

F em.

decomposing AMP−D, a delay preceding the steady-
state chemiluminescence was showed. After 30 min,
the chemiluminescent intensity has reached a steady
state. Therefore, we selected 30-min incubation time
as an endpoint detection time.

3.2. Optimization of MMCLEIA reaction

Some experimental parameters (incubation time, the
ratio of Ag versus Ab, the concentration of Tween-20)
were studied with two aims: (1) to improve immunoas-
say sensitivity, and (2) to study immunoassay perfor-
mance under the optimal conditions. These experi-
ments were carried out using the proposed method
described above.

3.2.1. Effect of incubation volume
In this system, the quantity of magnetic beads

was crucial for the chemiluminescence intensity. Only
when beads were in the condition of monolayer dis-
persion in the well, the chemiluminescence intensity
would be saturated; this was because the beads were
attracted in the bottom of the well. Therefore, we stud-
ied the effect of volume of magnetic beads solutions on
chemiluminescence intensity. The experiments showed
(data not shown) that the chemiluminescence intensity
increased with larger volume of the solution containing
magnetic beads in the range of 1–20�l, while the inten-
sity decreased after the volume of 20�l. Therefore, the
20�l of magnetic beads were selected as optimal con-
d
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he environment (Bronstein et al., 1990) then decom
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ig. 3. Kinetic curve of AMPPD-ALP chemiluminescence syst
itions.
In immunoassay reaction, variform immunoco

lex of (Ag)m–(Ab)n can be obtained according
he ratio of antigen versus antibody. So we used
hessboard method to optimize the immunoassay
ion. Concerned the limit of detection, it increased
ncreasing the volume of antibody and ALP-labe
ntigen, whereas the signal reached a plateau after�l
f antibody. When the volume of enzyme-labeled a
en is too large, it is difficult to discern the zero a

he least concentration of the linear. Finally, the 2�l
ntibody and 20�l ALP-labeled antigen were chos

n the proposed method.

.2.2. Effect of incubation time
It has been reported from other laborato

Ballesteros et al., 1997; Botchkareva et al., 20
ascon et al., 1997a,b; Weller et al., 1992) that on a
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Fig. 4. Influence of the length of the competitive step on MMCLEIA
immunoassay. The analyte and antibody were incubated at different
times (between 5 and 90 min).

competitive ELISA, the time given to the immunore-
agents to interact may have a direct effect on the sen-
sitivity of the immunoassay. For this reason, we varied
the length of competitive step from 5 to 90 min for
assessing the effect of incubation time on micro-plate
magnetic chemiluminescence enzyme immunoassay.
Fig. 4 showed the variation of the assay performance
[IC50 (the E2 concentration causing 50% inhibition of
RLUmax), RLUmax and RLUmax/IC50] as a function
of the incubation time. The RLUmax increased with
the longer incubation time in the range of 5–30 min.
After 30 min, the RLUmax did not change evidently.
This means that the immunoassay between antibody
and antigen reached an equilibrium. Under these con-
ditions, no significant differences were observed for
the IC50 values. The variation of the RLUmax/IC50
ratio as a function of the incubation time was also
showed. It was observed that the greater RLUmax/IC50
was encountered at the 30-min incubation time. There-
fore, a competitive of 30 min was set.

3.2.3. Effect of the concentration of Tween-20
Tween-20 is a non-ionic surfactant commonly used

in ELISA to reduce non-specific interactions (Oubina
et al., 1999); their influence on assay performance
(IC50, RLUmax and RLUmax/IC50) was examined in
the proposed methods. Tween-20 concentrations higher
than 0.01% reduced RLUmax, whereas IC50 increased
with lower Tween-20 concentrations. The reason of
R nti-
b
v e

Fig. 5. Effect of Tween-20 on MMCLEIA immunoassay. Tween-20
was added into antibody using serial dilutions of Tween-20 (from
0.05 to 1‰).

concentrations of the Tween-20. 0.01% Tween-20 was
selected as the optimal concentration.

3.3. Non-specific adsorption

The 96-well microplates made of polystyrene have
high adsorption affinity feature; therefore, we blocked
the plate using PBS buffer containing 1% BSA before
using them. Now, the effect of non-specific adsorp-
tion of micro-plate on micro-plate magnetic chemilu-
minescence enzyme immunoassay was also studied.
The different concentrations of estradiol were used
to study the effect of non-specific micro-plate on the
proposed method. As shown inTable 1, when the solu-
tions containing magnetic beads were not added in
the immunoassay procedure, the CL intensity is not
changed with the change of E2 concentration, while
the CL intensity of the solutions containing added
magnetic beads decreased with the increase of E2

Table 1
Studies of non-specific adsorption

E2 concentration
(pg/ml)

CL intensity (5 s
integrated) in the
absence of the
solution containing
magnetic beads

CL intensity (5 s
integrated) of the
solution containing
magnetic beads added

0 1240 16425
50 1571 12316

150 1713.5 10376

1

LUmax being reduced was considerably that the a
ody was inhibited by the Tween-20.Fig. 5showed the
ariation of the RLUmax/IC50 ratio as a function of th
300 1411.5 7705.5
000 1406 3746
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Fig. 6. Calibration graphs of micro-plate magnetic chemilumines-
cence enzyme immunoassay (MMCLEIM) for estradiol.

concentration. Therefore, non-specific adsorption of
micro-plate had no effect on the determination of E2
in the proposed method.

3.4. Calibration and sensitivity

Under the optimal conditions, dose–response curves
obtained with the chemiluminescence detection of
enzyme activity are presented inFig. 6. The linear
range is 10–3000 pg/ml. The detection limit, defined as
the minimal dose that can be distinguished from zero,
the minimum detected concentration (mean− 2 S.D.
of zero standard, 10 replicates) of E2 was 5.4 pg/ml.

3.5. Precision

The importance of the precision has often been
stressed (Grabowska et al., 2002; Ito et al., 2000)
using ELISA methods for the quantitative analysis.
The precision, or rather the uncertainty of measure-
ments is often coming from the assay procedures: (A)
the pipetting procedures of analyte, labeled antigen,
antibody and chemiluminescence substrate solutions;
and (B) the noise in the detection unit and the chemi-
luminescence intensity inherent to the wells of the
plate.

The intra-assay precision of the analytical method
was evaluated by analyzing five times inside a plate,
three samples spiked with 17�-estradiol at different

Table 2
Precision of micro-plate CL magnetic enzyme immunoassay

Spiked amount (pg/ml)

15 250 1000

Replicatea 5 5 5
Days 3 3 3
Nb 15 15 15
Mean 16.2 257 982
% CV (intra-assay) 6.0 10.1 8.2
% CV (inter-assay) 11.4 9.0 15.5

a Samples were analyzed using 5-well replicates during three con-
secutive days.

b Total number of analyses.

concentration levels. Similarly, these samples were
analyzed on three different days using the same proto-
col to obtain the inter-assay precision.Table 2showed
the results obtained from these experiments, and it can
be observed that the intra- and inter-assay coefficients
of variation were in all cases below 15%.

3.6. Accuracy

Known amounts of 17�-estradiol were added to
water samples and the samples were analyzed by the
micro-plate magetic CL immunoassay. The average of
recoveries was between 95 and 105%, as shown in
Table 3.

3.7. Specificity

Specifity of the immunoreaction should be con-
sidered as the most important factor in the immuno-
logical analysis. Of course, the specificity of the
immunoassay was dependent on the antibody’s speci-
ficity, but the immunoassay format can affect the
specificity of the reaction. The cross-reactivity of the
17�-estradiol was evaluated using several endocrine-
disrupting compounds (Table 4). The E2 concentration,
causing 50% inhibition (IC50), was used to calculate the

Table 3
Accuracy of the micro-plate CL magnetic enzyme immunoassay

S %)

2

piked amount (pg/ml) Mean (pg/ml) Recovery (

0 ND –
250 251.5 100.6
500 521 104.2
000 1974 98.7
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Table 4
Cross-reactivity with some related compounds for 17�-estradiol

Chemicals Structure Cross-reactivity (%)

R1 R2 CL-ELISA MMCLEIA

17�-Estradiol
(E2)

OH H 100 100

Estrone (E1) O H 0.9 0.02
Estriol (E3) OH OH 0.08 <0.01
Ethinyl (E2) C CH H 0.3 <0.01

cross-reactivity according to the equation:

Cross reactivity (%)

= Concentration of E2 at IC50

Concentration of cross-reactant at IC50

Table 4showed the cross-reactivity of the anti-E2
monoclonal antibody with the structurally related com-
pounds of the E2; the cross reactivities with the related
compounds were less than 1%. Therefore, the effect of
cross-reactivity would not be serious.

3.8. Preliminary analysis of environmental-water
sample

The applicability of the tests developed to eco-
logical monitoring was checked in experiments with
real-water samples and compared with CL-ELISA sys-
tem. Some articles (Meulenberg et al., 1995; Gascon
et al., 1997a,b) have emphasized the difficulties
encountered with some complex matrices when using
the ELISA techniques to detect real environmental
samples. Oubina et al. (Weller et al., 1992) reported
that adding the buffer solution (10X PBS) to the sam-
ples would reduce the matrix effects. Therefore, the
sea-water samples were buffered using 10X PBS in the
CL-ELISA immunoassay.

Natural sea-water collected from water sources in
Bohai Sea (near Tianjin, China) were spiked with
1 ag-

Table 5
Concentration of 17�-estradiol in spiked water samples, measured
by CL-ELISA and MMCLEIA methods

Samples Spiked
17�-estradiol
(pg/ml)

CL-ELISA
(pg/ml)

Micro-plate magnetic
CL immunoassay
(pg/ml)

S1 0 ND ND
50 76.8 80

S2 0 ND ND
100 89.5 107

S3 0 ND ND
500 506.0 524.6

S4 0 ND ND
2000 1564 2018.9

Correlation between both techniques for 17�-estradiol was defined
by the following equation:y= 1.30x− 46.5,r2 = 0.995, S1–S4: water
samples from different sites of Bohai Sea (near Tianjin, China).

netic CL immunoassay and CL-ELISA separately.
Table 5showed that by using the micro-plate mag-
netic CL immunoassays, the matrix effect was reduced
and it can be directly detected by the crude biologi-
cal samples. The correlation with the CL-ELISA was
good.

4. Conclusion

With the magnetic separator designed by us,
a micro-plate magnetic chemiluminescence enzyme
immunoassay for the determination of estradiol in
water samples was reported. The proposed method
has some advantages: (a) High-throughput and all-
purpose, self-made magnetic separator can be applica-
ble to many sorts of flat-microplates of the same size,
such as 48-, 96-, 384-, 1536-well, and so on. (b) Direct
sample processing and screening from crude environ-
mental water. In this study of E2 in water samples
using immune-activated magnetic beads as a solid-
phase suspension, the capture efficiency of the target
analyte on the solid phase could be improved, and
these beads can be actively separated from the sam-
ple medium after the agent capture for further analy-
sis. Therefore, using the immuno-magnetic separation
will reduce the medium interference. In addition, this
method can shorten the reaction time. (c) Low cost.
The reagent amounts used including antibody, enzyme-
labeled antigen in the present method were lower than
7�-estradiol and analyzed using micro-plate m
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that of the conventional CL-ELISA, especially the
anti-E2 antibody amounts used was only 1/7 times than
that of CL-ELISA method which can greatly reduce the
cost.
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