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Abstract

A biotin–avidin amplified enzyme-linked immunosorbent assay (BA-ELISA) method was developed and optimized for the determina-
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ion of a weakly estrogenic isoflavone daidzein in serum, urine andPuerariae radix. Specific polyclonal antibody was produced ag
aidzein by immunization of rabbits with a conjugate of 7-O-(carboxymethyl)-daidzein and bovine serum albumin (BSA). T
lonal antibody showed specific recognition of daidzein, while cross-reactivities to coumarin, 4-hydroxycoumarin, phenol, a
soflavones such as puerarin and rutin were all lower than 1%. The linear range of daidzein calibration curve was 0.1–100−1.
he detection limit was found to be 0.04 ng mL−1, and the intra-assay and inter-assay coefficients of variation were 7 and 16
pectively. Human serum and urine samples were spiked with known amounts of daidzein and measured by the established
ecoveries were between 91 and 107%. Daidzein inP. radix was determined by the BA-ELISA method and HPLC method, and
ontent of daidzein was determined to be 0.0219 and 0.0194%, respectively. The results indicated that there was a good ag
ween the two methods. The established method is very useful for monitoring daidzein in biological samples and traditiona
edicine.
2004 Elsevier B.V. All rights reserved.
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. Introduction:

Isoflavones are a widespread group of natural prod-
cts, and their biochemical and pharmacological properties
ave been studied and reported recently[1,2]. In particular,
aidzein, as a major isoflavone, has shown antigiardial ac-

ivity [3], antioxidant action and potential anti-diabetic prop-
rties[4,5]. Daidzein exists widely in soy foods, traditional
hinese medicines such asPuerariae radix, and human flu-
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ids. Therefore, the analysis of this compound is of pr
importance.

Traditionally, chromatographic methods combined w
other chemical analytical technologies have been appli
the analysis of daidzein in foods[6–8], traditional Chines
medicine[9–11], serum[12,13], and urine[12,14]. The com
mon disadvantage of these methods is the time-consu
sample pretreatment. For GC–MS detection, a tedious de
tization process is often required. Compared with GC–
HPLC requires fewer steps for sample preparation and
ysis, and demands less technician time and less expe
instrument, but shows less sensitivity and specificity. H
ever, both methods are not suitable for screening purp
in large quantities. Immunoassay is the method of choic
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large-scale studies of daidzein at lower levels, because it can
be applied directly to the analysis of complex samples and
enables high throughput.

P. radix is a commonly used Chinese herb, which exerts
sedative and antipyretic actions and is often used to treat in-
fluenza, wrist stiffness and headache[15]. P. radix and its
medical preparations are also used as clinical medicine to
treat coronary heart disease, myocardial infarction and hy-
pertension[16]. Daidzein is an important isoflavone inP.
radix. The determination of daidzein inP. radixwas not easy
because of the complexity of components in the derived ex-
tract. The application of immunoassay was expanded for the
direct analysis of daidzein in complex traditional Chinese
medicines because of its good specificity, sensitivity and high
throughput. The group of Bennetau–Pelissero has established
ELISA method for the analysis of daidzein in food stuffs and
human fluids. A daidzein–protein conjugate was synthesized
by introducing an ethylene carboxyl group at C2 carbon for
conjugating with BSA[17]. The detection limit is 10 ng mL−1

[18,19].
In this study, we established a biotin–avidin amplified

enzyme-linked immunosorbent assay (BA-ELISA) for deter-
mination of isoflavone daidzein in serum, urine andP. radix.
7-O-(Carboxymethyl)-daidzein was synthesized to prepare
the complete antigen and produce a specific polyclonal anti-
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Stock solutions of daidzein, puerarin, rutin, coumarin, 4-
hydroxycoumarin and phenol were prepared with dimethyl
sulfoxide (DMSO). The working solutions were made freshly
before use by diluting the stock solutions with 0.01 mol L−1

phosphate buffered saline (PBS).
The human urine was obtained from a healthy volun-

teer. The human serum was purchased from Beijing Biotinge
Biotech Co. (China). TheP. radixwas purchased from Ton-
grentang Pharmaceutical Group Co. (China).

Microwell plates were obtained from Nunc (Denmark)
and a Bio-Rad model 550 microplate reader (Tecan, Austria)
was used to measure the optical density of the ELISA re-
sults. A Cary UV–vis spectrometer (Varian, USA) was used
to measure the absorbance of the protein solution.

HPLC was performed on an HP G1311A Quat Pump
System equipped with an HP G1315 diode array detec-
tor and an HP G1328A manual injector (Hewlett Packard,
USA). Ultrasound-assisted extractions were performed with
a Transsonic SB3200 apparatus (50 KHz, 120 W, Binengxin,
China). Avanti J-25 high-speed refrigerated centrifuge (Beck-
man, USA) was used for centrifugation. Methanol was HPLC
grade, and redistilled water was used.

2.2. Preparation of complete antigen
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ody against daidzein. A high titer of antiserum was obtai
nd a BA-ELISA was established for sensitive and spe
etermination of daidzein. Compared with reported EL
ethods[18–20], the present method has higher sensiti
or the determination of daidzein inP. radix, little matrix ef-

ect was observed in this study. At the same time, an H
ethod was established to determine daidzein inP. radix.
he results indicated that there is good agreement bet

he two methods.

. Experimental

.1. Materials and instrumentation

Daidzein was purchased from Lancaster Chemical
USA). Puerarin and rutin were obtained from Ch
ational Institute of the Control of Pharmaceutical
iological Products. Coumarin and 4-hydroxycoum
ere purchased from Tianjin Tiantai Chemical

China). Phenol and ethyl bromoacetate were obta
rom Beijing Chemical Co. (China). Bovine serum al
in (BSA), N-hydroxy-succinimide (NHS), 1-ethyl-3-(
imethyl-aminopropyl)-carbodiimide HCl (EDC), Freun
omplete adjuvant (FCA), Freund’s incomplete adjuv
FIC), ovalbumin (OVA) and 3,3′,5,5′-tetramethybenzidin
TMB) were purchased from Sigma Chemical
USA). Horseradish peroxidase (HRP)-conjugated
nti-rabbit IgG, biotinylated goat anti-rabbit IgG a
vidin–HRP were obtained from Beijing Biotinge Biote
o. (China).
.2.1. Synthesis of 7-O-(carboxymethyl)-daidzein
Potassium iodide (60 mg, 0.36 mmol) and 3% (w/v) aq

us potassium hydroxide (0.8 mL) were added to a s
ion of daidzein [I] (100 mg, 0.39 mmol) in acetane (3 m
ndN,N-dimethylfromanide (1.5 mL) mixed with ethyl br
oacetate (90�L). The reaction was left to proceed in t
ark for 24 h at room temperature. After extraction from
queous phase with ethyl acetate, the crude ester was
atographed on silica gel with 100:5 chloroform–metha
he ester [II] (35 mg, 0.1 mmol) was treated with sod
ydroxide (2 mol L−1, 0.5 mL) in methanol (5 mL) for 2 h
he mixture was acidified to pH 5.5 with glacial acetic a
iluted with water (10 mL) and extracted with ethyl acet
he organic layer, dried over sodium sulfate, was red

o dryness under vacuum. The residue (26 mg) was h
III]. The structural formulas of the synthesized derivati
re given inFig. 1.

.2.2. Preparation of daidzein–BSA conjugate
The hapten (7 mg) was dissolved in DMSO (1 mL),

HS (3.5 mg) and EDC (5.9 mg) were subsequently ad
his solution (A) was stirred for 2 h at room temperat
SA solution was prepared by dissolving 45 mg of B
olution in 4 mL of 0.1 mol L−1 NaHCO3 (pH adjusted
o 7.0). To this solution, solution A was added slowly
roplets under stirring. The reaction was performed fo
nd the obtained solution was dialyzed against 0.01 mo−1

BS at 4◦C for 24 h. After 6 changes of the PBS, the
ution was dialyzed against pure water for 48 h with
hanges of water. Finally, the solution was lyophilized
he white crystal obtained was stored at−20◦C [21]. The
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Fig. 1. Synthesis of the complete antigen of daidzein.

molar ratio of daidzein–BSA conjugate was determined by
MALDI MS.

The daidzein–OVA conjugate was prepared in the same
way as the daidzein–BSA.

2.3. Production and purification of the polyclonal
antibody

Three New Zealand white rabbits (2–3 kg) were used
for the immunization[21]. For each rabbit, a total of four
injections of 4 mg of daidzein–BSA conjugate in Freund’s
adjuvant were performed at days 0, 11, 22, 33 before final
bleeding at day 45. The first injection of 1.5 mg of the antigen
was emulsified with FCA. The later three booster injections
were emulsified with FIC and contained 0.5, 1 and 1 mg of the
antigen, respectively. The titer of antiserum was determined
with ELISA using daidzein–OVA coated onto the microplate.

The obtained antibody was purified according to a modi-
fied caprylic acid-saturated ammonium sulfate (SAS) method
[22]. To 2 ml of antiserum diluted with 6 mL of acetate
buffer (0.06 mol L−1, pH 4.8), 200�L of caprylic acid was
added dropwise under gentle stirring. The formed turbid so-
lution was slowly stirred for 30 min and then centrifuged at
12,000 rpm for 30 min at room temperature. The precipitates
were discarded and 0.1 mol L−1 PBS was added to the super-
n ed to
p
s was
a s al-
l for
3 pre-
c .

The solution was dialyzed against 0.01 mol L−1 PBS until no
sulfate ion could be detected in the dialysis solution and then
stored at−20◦C.

2.4. Titration level determination of antiserum and
purified antibody

The daidzein–OVA conjugate was absorbed in the wells
of polystyrene microtiter strips. The wells were coated
overnight at 4◦C with 100�L daidzein–OVA conjugate at
different concentrations in carbonate buffer (0.05 mol L−1,
pH 9.6). After being washed three times with 350�L PBST
(0.01 mol L−1 PBS containing 0.05% (v/v) Tween 20), the
wells were blocked with 200�L of 5% (v/v) non-fat milk
powder in 0.01 mol L−1 PBS for 2 h at 37◦C. After being
washed three times with PBST, the wells were incubated with
100�L of 10-fold serially diluted antiserum or purified an-
tibodies for 1 h at 37◦C. Then the wells were washed three
times and 100�L of 1:1000 diluted HRP-conjugated goat
anti-rabbit IgG were added and incubated for 1 h at 37◦C.
After being washed three times with PBST and twice with
pure water, the wells were filled with 100�L of 60�g mL−1

TMB in DMSO dissolved in citrate phosphate buffer (pH
6.0) containing 450 ppm of H2O2. After reaction for 15 min
at room temperature, 50�L of 2 mol L−1 H2SO4 was added
t ll was
d m.

2
s

sti-
g rin,
4 iter
p
a tions
( e
c -
l
T
d in-
c hed
t s
a s
w of
a

spik-
i nt of
d con-
t

2

P nol
atant at a volume ratio of 1:10. The solution was adjust
H 7.4 with 1.0 mol L−1 NaOH and cooled to 4◦C. To this
olution, SAS (pH adjusted to 7.4) of the same volume
dded dropwise under stirring. The obtained solution wa

owed to stand for 2 h and then centrifuged at 12,000 rpm
0 min at 4◦C. The supernatant was discarded and the
ipitates were dissolved in 2 mL 0.01 mol L−1 PBS (pH 7.4)
o stop the enzyme reaction. The absorbance of each we
etermined with the Bio-Rad microplate reader at 450 n

.5. Specificity tests and determination of daidzein in
erum and urine by BA-ELISA

The specificity of the polyclonal antibody was inve
ated by testing with daidzein, puerarin, rutin, couma
-hydroxycoumarin and phenol. The wells of microt
lates were coated with 100�L of 1.0 mg L−1 daidzein–OVA
nd blocked in the same way as above. Standard solu
0–100,000 mg L−1, 50�L per well) of one of the competitiv
ompounds were added together with 50�L of the 1:5000 di
uted purified antibody solution and incubated for 1 h at 37◦C.
hen the wells were washed three times and 100�L of 1:1000
iluted biotinylated goat anti-rabbit IgG were added and
ubated for 1 h at 37◦C. Subsequently the wells were was
hree times and 100�L of the 1:200 diluted avidin–HRP wa
dded and incubated for 45 min at 37◦C. The following step
ere similar to those of the titration level determination
ntiserum (Section 2.4).

The recoveries of the assay were determined by
ng human serum and urine samples with known amou
aidzein and comparing with the spiked standard diluent

rols.

.6. Determination of daidzein in P. radix by BA-ELISA

P. radixwas ground into powder and dried for 4 h at 50◦C.
. radixpowder (10 g) was extracted with 300 ml metha
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in ultrasonic bath for 30 min. The supernatant liquid was sep-
arated from the solid phase by centrifugation for 10 min at a
speed of 10,000 rpm. The solution was quantitatively trans-
ferred into a flask and evaporated under vaccum, and 1.239 g
extract was obtained.P. radixextract (25 mg) was dissolved
in 10 mL methanol, then it was diluted to a suitable concen-
tration with 0.01 mol L−1 pH 7.4 PBS for determination by
BA-ELISA.

2.7. Determination of daidzein in P. radix by HPLC

Satisfactory separation and determination of daidzein
was obtained with a Diamonsil C18 (150 × 4.6 mm, i.d.
5�m, Dikma, Beijing, China) connected with ZORBAX
Ext-C18 guard column (12.5× 2.1 mm, 4-Pack) at 25◦C
eluted at a flow rate of 0.5 mL min−1. The mobile phase
was 50:50 (v/v) methanol:1% acetic acid. Absorbance was
monitored at 250 nm. Each solution (20�L) was injected for
analysis.

3. Results and discussion

3.1. Daidzein–BSA derivative

re-
s in to
f (III)
p oup)
r com-
p the
d rage
m ulted
i

3

oat-
i dif-
f ra-
t was
f as
t iven
a and
p 000,
r the
f was
1

)
n as
b tter
b se-
l nts.

rder
t and
6 tion

Fig. 2. Chequerboard titration results of the antiserum. The microtiter plate
was coated with 100�L of daidzein–OVA at different concentrations (20,
50, 100, 500, 1000, 5000, and 10,000 ng mL−1) in 50 mmol L−1 pH 9.6
carbonate buffer. For each concentration level of the coated antigen, the
antiserum was 10-fold serially diluted and added to the well. The titer was
determined as the antiserum dilution corresponding to 50% of the maximum
absorbance.

time of biotin and avidin was selected to be 45 min because
of the best sensitivity.

3.3. Analytical performance of BA-ELISA

3.3.1. Calibration graph
The logit-log algorithm was used to establish the linear

regression[23]. The linear range was found to be between
0.1 and 1000 ng mL−1. The equation was ln[A/(A0 − A)] =
2.968− 1.095 logCdaid (R2 = 0.9899,n = 5) (A, absorption
value;A0, the most absorption value;Cdaid, concentrations
of daidzein). The detection limit was 0.04 ng mL−1 [24]. The
intra-assay and inter-assay coefficients of variation were 7
and 16%, respectively. The coefficients of variation were ac-
ceptable for ELISA method.

3.3.2. Specificity
To investigate the specificity of this antibody, three

isoflavones (daidzein, puerarin, and rutin), two coumarins
(coumarin and 4-hydrocoumarin), and phenol were used.
The dose–response curves of the selected compounds are
shown inFig. 3. This clearly shows that with the increas-
ing of the concentration of the competitive compounds,
the antibody–antigen reaction was inhibited by the hapten
(daidzein), while the other compounds had little influence
o thod
[ re all
l such
a
h zein
b n 100
t n is
m be a
s

Since daidzein is not capable of initiating an immune
ponse itself, it needs to be conjugated with a prote
orm a complete antigen. Covalent attachment of hapten
roceeded via the amino groups of lysine (�-amino gr
esidues present in the BSA and yielded a very stable
ound. MALDI MS enabled rapid characterization of
aidzein-BSA derivative. The difference between ave
olecular weight of the conjugate and standard BSA res

n a mean hapten density of 9.8 per mole BSA.

.2. Optimization of immunoassays

The optimal concentration for daidzein–OVA as the c
ng ligand was determined by coating daidzein–OVA in
erent concentrations.Fig. 2showed the chequerboard tit
ion results for the antiserum. The optimal concentration
ound to be 1�g mL−1. Based on the definition of titer
he antiserum dilution required to bind 50% of a small, g
mount of labeled antigen, the titers of the antiserum
urified antibody were found to be 1:20,000 and 1:30,
espectively. The dilution of purified antibody used in
ollowing study was 1:10,000, and the concentration
.81�g mL−1.

The 0.8% (v/v) gelatin in 0.01 mol L−1 PBS and 5% (v/v
on-fat milk powder in mol L−1 PBS were compared
locking solutions. The milk powder in PBS showed be
locking effect because of its lower blank value, so it was

ected as the blocking solution in the following experime
The reaction time of biotin and avidin was tested in o

o improve the sensitivity. The reaction time of 20, 30, 45,
0 min were investigated, respectively. Finally, the reac
n the reaction. According to the 50% replacement me
25], the cross reactions of the other five compounds we
ower than 1%. For the analysis of most actual samples
s human serum and urine samples, andP. radix, puerarin
as just little disturbance for the determination of daid
ecause the concentation of puerarin is always less tha

imes of that of daidzein. If the concentration of puerari
ore than 100 times of that of daidzein, puerarin would

ignificant interferent.
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Fig. 3. Dose–response curves of the selected compounds based on BA-
ELISA.

Table 1
Recovery of daidzein in the serum and urine samples by the biotin–avidin
amplified enzyme-linked immunosorbent assay

Daidzein (pg per well) Recovery (%)a

Serum samples Urine samples

20 107± 6 104± 7
200 97± 4 102± 3

2000 91± 7 96 ± 5
a The recovery has been determined by spiking daidzein in human serum

samples and healthy human serum samples and comparing with spiked stan-
dard dilution controls. The data were expressed as mean± S.D. of 10 ex-
periments.

Table 2
Analysis of daidzein inP. radix extract by the biotin–avidin amplified
enzyme-linked immunosorbent assay

Dilution Determined valuea

(ng mL−1)
Contentb (%) Average

contenta (%)

1:100 42.3± 2.4 0.0219± 0.0012
1:1000 4.16± 0.12 0.0215± 0.0006 0.0219
1:10000 0.43± 0.03 0.0222± 0.0015

a The data was expressed as mean± S.D. of 10 experiments.
b The content was that of daidzein inP. radix.

3.3.3. Determination of daidzein in serum, urine and P.
radix

For the serum samples, a 1:40 dilution with 0.01 mol L−1

pH 7.4 PBS was necessary prior to addition to the well to
obtain quantitative recoveries. The urine samples were also
diluted 10-fold with PBS in order to eliminate matrix effect.
The recovery results are shown inTable 1.

Daidzein in P. radix extract was also determined by
this established biotin–avidin amplified enzyme-linked im-
munosorbent assay.P. radix extract (25 mg) was dissolved
in 10 mL methanol, and it was diluted to suitable concentra-
tion with 0.01 mol L−1 pH 7.4 PBS. The results are shown in
Table 2.

3.4. Correlation with HPLC method

An HPLC method was applied as a reference method to
determine daidzein inP. radix. The equation wasY=−52.996
+ 14.655X(R2 = 0.99988,n = 3), and the linear range was
between 0.575 to 57.4�g mL−1. The detection limit was
17 ng mL−1. The content of daidzein inP. radix by HPLC
method was found to be 0.0194%. For daidzein analysis in
P. radix, the value (0.0219± 0.0011%) by BA-ELISA was
similar with the value (0.0194± 0.0005%) by HPLC. Relate
recovery (%) = [(content found with BA-ELISA)/(content
found with HPLC)]× 100% = 113%.

Compared with the HPLC method, the BA-ELISA method
has lower detection limit (0.04 ng mL−1), and it offered the
advantages of high sample turn over, small sample volume
and the potential to be developed into test kits.

4. Conclusions

The described BA-ELISA was applied for the analysis
of daidzein in serum, urine, andP. radix. It is more sensitive
than reported ELISA methods[18–20], with a detection limit
of 0.04 ng mL−1. The precision and accuracy showed satis-
factory performance. For analysis of daidzein in serum and
u ation
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an,
rine, the recoveries were satisfactory. For the determin
f daidzein inP. radix, the result obtained by the BA-ELIS
ethod had good agreement to that obtained by the H

eference method. It showed that the specificity was exce
ecause little matrix effect was observed during the an
is of daidzein in complex traditional Chinese medicine
onclusion, the presented BA-ELISA method is useful
he analysis of daidzein in biological samples and traditi
hinese medicine, especially for high throughput scree

t also provides a useful alternative to conventional chrom
raphic methods for daidzein analysis.

cknowledgements

The authors are grateful for the financial support prov
y 985 Foundation of Traditional Chinese Medicine M
rnization of Peking University.

eferences

[1] K. Yanagihara, A. Ito, T. Toge, M. Numoto, Cancer Res. 53 (19
5815.

[2] D.H. Kim, K.U. Yu, E.A. Bae, M.J. Han, Biol. Pharm. Bull. 2
(1998) 628.

[3] I.A. Khan, M.A. Avery, C.L. Burandt, D.K. Goins, J.R. Mikell, T.
Nash, A. Azadegan, L.A. Walker, J. Nat. Prod. 63 (2000) 1414

[4] A. Arora, M.G. Nair, G.M. Strasburg, Arch. Biochem. Biophys. 3
(1998) 133.

[5] K. Vedavanam, S. Srijayanta, J. O’Reilly, A. Raman, H. Wisem
Phytother. Res. 13 (1999) 601.



626 J.-T. He et al. / Talanta 65 (2005) 621–626

[6] K. Mitani, S. Narimatsu, H. Kataoka, J. Chromatogr. A 986 (2003)
169.

[7] L.S. Hutabarat, M. Mulholland, H. Greenfield, J. Chromatogr. A 795
(1998) 377.

[8] M. Morton, O. Arisaka, A. Miyake, B. Evans, Environ. Toxicol.
Pharmacol. 7 (1999) 221.

[9] J.T. He, Z.H. Shi, M.P. Zhao, W.B. Chang, Chin. J. Anal. Chem. 32
(2004) 519.

[10] Y.H. Cao, C.G. Lou, X. Zhang, Q.C. Chu, Y.Z. Fang, J.N. Ye, Anal.
Chim. Acta. 452 (2002) 123.

[11] L. Krenn, I. Unterrieder, R. Ruprechter, J. Chromatogr. B 777 (2002)
123.

[12] A.A. Franke, L.J. Custer, L.R. Wilkens, L.L. Marchand, A.M.Y. No-
mura, M.T. Goodman, L.N. Kolonel, J. Chromatogr. B 777 (2002)
45.

[13] S.M. Yang, X. Zhou, Y. Xu, J. Liq. Chromatogr. Relat. Technol. 27
(2004) 481.

[14] A.A. Franke, L.J. Custer, J. Chromatogr. B 662 (1994) 47.
[15] Editor committee of Jiangsu New Medical College, Encyclopedia

of Traditional Chinese Medicine, Shanghai Science and Technology
Press, Shanghai, 1995, p. 2307.

[16] H. Yue, X. Hu, Z. Zhong, X. Yi, J. He, Z. Zhi, Chin. J. Comb. Chin.
Med. West. Med. 16 (1996) 382.

[17] C.L. Houerou, C.B. Pelissero, V. Lamothe, F.L. Menn, P. Babin, B.
Bennetau, Tetrahedron 56 (2000) 295.

[18] C.B. Pelissero, B.A. Schnebelen, V. Lamothe, P. Sauvant, J.L. Sagne,
M.A. Verbruggen, J. Mathey, O. Lavialle, Food Chem. 82 (2003)
645.

[19] C.B. Pelissero, C.L. Houerou, V. Lamothe, F.L. Menn, P.
Babin, B. Bennetau, J. Agric. Food Chem. 48 (2000)
305.

[20] P.I. Creeke, A.P. Wilkinson, H.A. Lee, M.R.A. Morgan, K.R. Price,
M.J.C. Rhodes, Food Agric. Immunol. 10 (1998) 325.

[21] M.P. Zhao, Y.Z. Li, Z.Q. Guo, X.X. Zhang, W.B. Chang, Talanta 57
(2002) 1205.

[22] D. Tang, Y.C. Wang, W.B. Chang, Y.X. Ci, Z.Q. Guo, Chin. J. Anal.
Chem. 27 (1999) 899.

[23] L.G. Yang, S.X. Hu, P.H. Wei, A.Z. Guo, Enzyme Immunoassay
Technique, Nanjing University Press, Nanjing, 1998.

[24] L.G. Yang, S.X. Hu, P.H. Wei, A.Z. Guo, Enzyme Immunoassay
Technique, Nanjing University Press, Nanjing, 1998.

[25] J.J. Pratt, Clin. Chem. 24 (1978) 1869.


