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Abstract

Papaverine (1-(3,4-dimethoxybenzyl)-6,7-dimethoxyisoquinoline, PAP) is a member of the benzylisoquinoline sub-group of the opium
alkaloids. It has been widely used for treating diseases like pulmonary arterial embolism and renal or biliary colic. In this paper, a specific
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onjugate of mono-demethylated papaverine-O-carboxylmethyl ether (MDMPAP-O-CME) and bovine serum albumin (BSA) was sy
nd used as the complete antigen (PAP-BSA), with which we successfully obtained a high-titer anti-PAP polyclonal antibody

mmunization of rabbits. The anti-PAP pAb showed high affinity to papaverine with an affinity constant (Kaff) of 7.3× 107 L/mol. With this
ntibody, we established a sensitive immunochemical method for the determination of papaverine based on indirect competitive enz

mmunosorbent assay (ELISA). The optimal concentrations of the coated antigen (PAP-OVA) and purified pAb used in the ELISA w
.2�g/mL, respectively. The cross reactivity of other benzylisoquinoline derived substances, including 1-(3,4-dihydroxybenzyl)-7-
-methoxy-isoquinoline (6-methoxy-papaveroline, MPAPO), morphine (MP) and codeine (CD) were all lower than 1%. The line
f the calibration curve was 0.1–1000 ng/mL. Normal human serum samples were spiked with known amount of papaverine and
y the ELISA. Recoveries were between 102% and 105%. Papaverine content in a commercial papaverine hydrochloride injec
as also determined using the established ELISA. Compared with the results given by the control experiment of HPLC, the rec
LISA to detect injection samples were 102–110%. The limits of detection for synthetic serum samples and injection samples of
ydrochloride were 0.25 and 0.06 ng/mL, respectively.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Papaverine, together with morphine, narcotine, codeine,
hebaine and narceine, are the six opium alkaloids which
ccur naturally in the largest amounts. Papaverine was first

solated in opium in 1848 by Merck[1]. It presents in the
xtent of 0.5–1% in most varieties of opium. In 1909, Pictet
nd Gams accomplished the synthesis of papaverine and con-
rmed its molecular structure[1]. Since papaverine was ef-
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fective for anti-spasm, it was soon applied to serve in c
when necessary to relax the blood vessel and to smoo
muscle. Despite its medical practice, it has undesirable
effects, such as causing prolonged fall in arterial blood p
sure, when the intestinal tract is relaxed. Although papav
is not under international narcotics control as the other m
bers of opium alkaloids, such as morphine and codein
excessive use as medicament and the illegal use as food
tive have attracted the interests of many researchers to ex
the sensitive and reliable analytical methods for papave

So far, numerous methods have been developed to
late and determine the opium alkaloids in natural pla

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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biological samples and artificial products. Chromatographic
and other techniques were fully established, including Thin
layer chromatography (TLC)/High performance thin layer
chromatography (HPTLC)[2,3], Gas liquid chromatog-
raphy (GLC) [4], High performance liquid chromatogra-
phy (HPLC) [5–9], Gas chromatography–mass spectrome-
try (GC–MS)[10], Capillary electrophoresis (CE)[11–13],
electrochemistry[14], atomic spectrometer[15], spectropho-
tometry [16,17] and colorimetry[18]. TLC/HPTLC, GLC
and HPLC techniques have long been used in drug-abuse
screening programmes. TLC/HPTLC required minimal in-
strumentation, low cost, simple operation and less analysis
time. But GLC and HPLC are superior in terms of precision
and sensitivity. The limit of detection of HPLC can be as low
as 40 ng/mL[7]. The disadvantages of GLC and HPLC are
relatively high running costs and complicated instrumental
operation. Due to the unique pattern of mass fragment in-
tensities for each compound, LC/MS and GC/MS are often
regarded as the most sophisticated or powerful qualitative
tool currently in use; however, high demand of skilled oper-
ators and running costs limit their wide applications. Spec-
trophotometric methods are simple and applicable to a wide
range of concentrations; however, they lack the specificity to
distinguish between different opiate compounds.

Concerning of the biological activity of papaverine, we
thought immunoassay method based on the highly specific
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tection wavelength of UVD was set at 254 nm and 20�L
sample loop was used.

2.2. Materials and reagents

All chemicals used in HPLC were of HPLC grade. Pa-
paverine was purchased from Lancaster (England). Morphine
(MP) and codeine (CD) were obtained from Qinghai Phar-
maceuticals Co. Ltd. (China) and National Institute for the
Control of Pharmaceutical and Biological Products (China),
respectively. Other chemicals used in this study were of ana-
lytical reagent grade. Distilled demineralized water was used
throughout.

The coating buffer was 50 mmol/L sodium carbonate-
sodium bicarbonate (pH 9.6). The 0.01 mol/L phosphate
buffered saline (PBS) contained 8.0 g of NaCl, 2.9 g of
Na2HPO4·12H2O, 0.2 g of KH2PO4 and 0.2 g of KCl dis-
solved in 1 L distilled water (pH 7.2–7.4). The blocking
buffer was prepared by dissolving 5 g of skim milk powder
in 100 mL of 0.01 mol/L PBS. The washing solution con-
sisted of 500�L of Tween-20 in 1 L of 0.01 mol/L PBS. The
substrate stock solution was prepared by dissolving 6 mg
of 3,3′,5,5′-tetramethylbenzidine (TMB, Sigma) in 100 mL
of dimethyl sulfoxide (DMSO). The substrate buffer was
0.1 mol/L phosphate buffer (pH 6.0, PB).
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nteraction between the antigen and antibody could be a
itive tool to detect papaverine. The only existing immun
ay method for papaverine was reported by Yeremenko
19]. In their method, 3-amino papaverine was carboxyl
o as to conjugate BSA to produce complete antigen.
he obtained anti-papaverine pAb, they developed a s
hase enzyme immunoassay with the sensitivity of 1�g/mL.

n this paper, we synthesized a novel complete antige
apaverine based on the mono-demethylation on the b
ing of papaverine and subsequent conjugation to BSA.
ntigen was used to immunize the rabbits and produc
igh-titer pAb against papaverine. With this pAb, we es

ished a highly sensitive indirect competitive ELISA for
pecific determination of papaverine.

. Experimental

.1. Apparatus

The ELISA results were measured with Tecan Ge
icroplate Reader (Austria). The absorbance and refer
avelengths were set at 450 and 492 nm, respectively.
E UV–vis Spectrometer (Varian) was used to measur
bsorbance of the protein solution.

HPLC analysis was performed on HP 1100 system
lent Techonologies) with C18 column (Dikma Techonolo
ies Diamonsil, 5�, 150 mm× 4.6 mm). The mobile phas
onsisted of methanol–acetonitrile–H2O–glacial acetic aci
34:47:19:0.05, v/v) with a flow rate of 1.0 mL/min. The
.3. Preparation of standard solutions and sample
olutions

Standard solutions of papaverine and analogs used
LISA were prepared by dissolving 1 mg of papaverine,
D, papaverinol and 6-methoxypapaveroline (MPAPO
mL of 0.01 mol/L PBS and serially diluting to 2000, 2
0, 2, 0.2, 0.02 ng/mL, respectively. Papaverine standar

utions used in HPLC were diluted to 30, 20, 15, 12, 10,
, 1, 0.5 and 0.1�g/mL, accordingly.

Synthetic human serum samples were prepared by sp
0-fold diluted normal human serum with known amoun
mg/mL of papaverine to final concentrations of 100, 2
nd 0.8 ng/mL, respectively.

Injection samples of papaverine hydrochloride (Jian
eng Rui Pharmaceuticals Co. Ltd.) were diluted with w

o different concentration levels and measured by the
ented ELISA method and the reference HPLC method
pectively, for comparison.

.4. Synthetic way of the complete antigen

First, the papaverine was mono-demethylated by re
ng in 40% HBr for 15 min according to a previously meth
20] with minor revision. The mono-demethylated papa
ne (MDMPAP) was then activated by bromoacetic acid to
ain mono-demethylated papaverine-O-carboxylmethyl ethe
MDMPAP-O-CME). Finally, MDMPAP-O-CME was re
cted with BSA using 1-ethyl-3-(3-dimethyl-aminopropy
arbodiimide·HCl (EDC) andN-hydroxysuccinimide (NHS
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as the activated reagent to obtain the complete antigen of PAP-
BSA conjugate. The conjugation ratio of MDMPAP-O-CME
with BSA was measured by Coomassie Brilliant Blue spec-
trophotometric method[21]. The conjugate of MDMPAP-O-
CME with ovalbumin (PAP-OVA) was prepared in the same
way as the PAP-BSA.

2.5. Production and purification of anti-PAP pAb

Three New Zealand white rabbits in good health weighing
2–3 kg were raised and immunized according to the regular
methods with the dosages of 1, 0.5, 0.5 and 0.5 mg of PAP-
BSA on days 0, 10, 20 and 30, respectively. The blood of the
rabbits was collected through the jugular artery 10 days after
the final immunization. The blood cells were removed by cen-
trifuging to obtain the antiserum. The antiserum was purified
according to a modified caprylic acid–saturated ammonium
sulfate method[22].

2.6. ELISA procedure used for the determination of
papaverine

Aliquots of 100�L of coating solutions with certain
amount of PAP-OVA were added to the wells and incubated
for 16 h at 4◦C. Possible non-specific adsorption was pre-
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3. Results and discussion

3.1. Design of the complete antigen

As a small molecule, papaverine was not able to initiate
an immune response by itself. But it can be used as a hapten
to be conjugated to a large carrier protein to form a com-
plete antigen. An important principle for choosing the con-
jugated position of the hapten is to expose its characteristic
group to the largest extent. As for the papaverine molecule,
we thought the structure of 6,7-dimethoxyisoquinoline was
the characteristic group, which should be preserved in the
activation step. In Yeremenko’s method[19], the activa-
tion on 3-isoquinolinamine and conjugation of carboxylated
3-amino papaverine to BSA caused inadequate exposure of
the characteristic structure of papaverine. Thus, the sensitiv-
ity of the reported ELISA method was limited to 1�g/mL.
In our study, papaverine was first demethylated to MDM-
PAP so as to generate an active hydroxyl group on the benzyl
ring, which had the least influence on the characteristic group
of 6,7-dimethoxyisoquinoline. Then the phenolic hydroxyl of
MDMPAP was carboxylated to introduce a carbon chain with
carboxyl group on the end. Finally, the conjugation took place
between the amino group of BSA and the carboxyl group
of MDMPAP-O-CME (Scheme 1). The conjugation ratio of
MDMPAP-O-CME with BSA was found to be 17:1. Using
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ented by performing a subsequent incubation with aliq
f 250�L of the blocking buffer at 37◦C for 2 h. Then
ilutions of 100�L of diluted antiserum or purified an
AP pAb solutions were pipetted into the coated wells.

er incubating for 1 h at 37◦C, 100�L of goat anti-rabbi
gG–HRP solution (1:1000 diluted with 0.01 mol/L PBS) w
dded and incubated again for 1 h at 37◦C. Subsequentl
00�L of substrate solution (containing 30% H2O2:6 mg/mL
MB:PB = 1.5:10:1000) was added into the wells and the
yme reaction was developed in darkness for 15 min at r
emperature. The reaction was terminated by adding 5�L
f 2 mol/L H2SO4 to each well. The microtiter plates we
ealed during every incubation procedures to avoid eva
ion and washed three times after each incubation proce
ith the washing solution. Before the enzyme reaction
edure, the microtiter plates were washed twice with dist
ater in addition.
In the competitive ELISA, aliquots of 50�L of anti-PAP

Ab solutions at optimal concentration and 50�L of the stan
ard solutions of one of the competitive compounds w
ixed and pipetted into the coated wells, instead of a
entioned step of adding 100�L of diluted anti-PAP pAb

olutions.
The same competitive ELISA procedure was also use

uantitative detection of papaverine in injection sample
apaverine hydrochloride and synthetic human serum
les. The added amount of all the samples was the
s above standard solutions (i.e. 50�L). HPLC method wa
erformed to control the accuracy of competitive ELISA
uantitative detection of papaverine in the injection sam
his complete antigen, an antiserum with a satisfactory
s high as 1:50 000 (antiserum dilution corresponding to
f the maximum absorbance) was obtained.

.2. Purification and characterization of the anti-PAP
Ab

The protein concentrations of the antiserum and the
ed pAb solution were determined by ultraviolet spectro
ry and calculated based on the following equation[21]:

protein(mg/mL) = 1.45A280 nm− 0.74A260 nm

ffinity constant (Kaff) value represents the combined s
ility of Ag–Ab complex, which is a crucial parameter
stimating the quality of the anti-PAP pAb.Kaff could be de

ermined by ELISA based on the Law of Mass Action[23].
he amount of anti-PAP pAb bound to the coated ant
as represented as a sigmoidal curve of absorbance (A
us the logarithm of antibody concentration added to
ell (Fig. 1).
Kaff could be calculated by the following formula[23]:

aff = n − 1

2(n[Ab′]t − [Ab] t)
, n = [Ag] t

[Ag′]t
Ag] t and [Ag′]t are two different coated antigen concen
ions, while [Ab′]t and [Ab]t are the observed anti-PAP pA
oncentrations at A-50 (50% of the maximumAvalue) corre
ponding to the plates coated with [Ag′]t and [Ag]t. The affin-
ty constant of the anti-PAP pAb with PAP-OVA was found
e 7.3× 107 L/mol, which was high enough for the later u



1008 J. Yan et al. / Talanta 66 (2005) 1005–1011

Scheme 1. Synthetic strategy of the complete antigen of papaverine.

in immunoassay method. Also from the serially diluting anti-
PAP pAb curves at different coated antigen concentrations,
the optimal concentrations of the coated antigen and the pu-
rified anti-PAP pAb for the ELISA use were determined to
be 5 and 1.2�g/mL, respectively.

3.3. Specificity tests of anti-PAP pAb used in ELISA

The cross-reactivity is an important parameter, when us-
ing ELISA method to detect real samples of opium and poppy
plant. The alkaloids of the poppy plant are the same as those
of opium. The relative proportions of the different alkaloids
vary greatly in different kinds of opium and poppy plant,
which is usually 8–19% of morphine, 1–4% of codeine, and
0.5–1% of papaverine. Because of their massive proportions,
morphine and codeine were examined for the cross reactivity
with the anti-PAP pAb, so as to prove the feasibility of deter-
mination of papaverine in real samples using ELISA method.

The cross-reactivity of other structural analogs of papaverine,
such as papaverinol and 6-methoxypapaveroline (MPAPO)
was also tested (Fig. 2). The papaverinol and MPAPO used
for the test were both synthesized by ourselves, according to
the previous methods reported by Hermann et al.[24] and
Brossi and Teitel[20].

It could be clearly seen fromFig. 3that with the increase
of the concentrations of the competitive compounds, the im-
munoreaction between the antibody and antigen was signif-
icantly inhibited by papaverinol, while the other three alka-
loids had little influence on the reaction. The cross reactivity
of papaverinol with papaverine was 31% based on the 50%
displacement method[25]. As for the other three compounds
of MPAPO, morphine and codeine, cross reactivities were
all lower than 1%, which meant they would have little inter-
ference on the immunoassy of PAP. Regarding of the com-
mon part of the structures of PAP and papaverinol, it might
be concluded by our experimental results that the structure
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Fig. 1. Titration curves of serially diluted purified antibody at different concentration of coated antigen. The primary concentration of anti-PAP pAb (C0
pAb)

was 0.72 mg/mL. The concentrations of coated antigen (PAP-OVA) were 20, 10, 5, 2, 1 and 0.5�g/mL (100�L for each well). Purified pAb was five-folds
serially diluted at each concentration of coated antigen.

of 6,7-dimethoxyisoquinoline was the particular and critical
group that caused the specific discrimination of the anti-PAP
pAb. And this was most probably the reason why our anti-
PAP pAb showed better performance in the later application
compared to Yeremenko’s method.

3.4. Application of the ELISA to synthetic human serum
samples and injection samples of papaverine
hydrochloride

The calibration curve of the indirect competitive ELISA
method was established based on logit–log algorithm. The

linear range was found to be 0.1–1000 ng/mL with the re-
gression equation of ln(A/(A0 −A)) = 1.489− 1.340 logcPAP
(R= 0.991,n= 5). The limit of detection was found to be
0.06 ng/mL (defined as three times of the standard deviation
of the blank).

When applying this method to human serum samples, 1:40
dilution of the serum samples with 0.01 mol/L PBS was nec-
essary prior to addition to the well to prevent the matrix in-
fluence. The recovery results were shown inTable 1. The
limit of detection was found to be 0.25 ng/mL for the syn-
thetic human serum samples and the within-assay coefficient
of variation was less than 13%.

ds used
Fig. 2. Structures of the compoun
 in the determination of cross reactivity.
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Fig. 3. Cross-reactivity test results of several benzylisoquinoline derivatives
based on the competitive ELISA. The concentration of coated antigen of
PAP-OVA was 5�g/mL. The concentrations of the competitive compounds
of papaverine, papaverinol, 6-methoxypapaveroline (MPAPO), morphine
and codeine were 1000, 100, 10, 1, 0.1, 0.01 ng/mL in each well, respec-
tively. The concentration of limited anti-PAP pAb was 1.2�g/mL in each
well.

Table 1
Recoveries of papaverine in synthetic human serum samples by the indirect
competitive ELISA method

Spiked amount of PAP in
each well (ng/well)

Recoverya (%) R.S.D.b (%)

5 105 6
1 102 7
0.1 104 13
0.04 98.7 11

a The recovery was determined by spiking normal human serum samples
with known amount of PAP and comparing with standard controls. The data
was expressed as mean of six experiments.

b The R.S.D. result was obtained by six experiments.

No significant matrix influence was observed, when
applying this method to injection samples of papaverine
hydrochloride. Papaverine hydrochloride injections were
diluted at ratios of 1:3× 105, 1:1.5× 106 and 1:1.5× 107

to be determined by the ELISA method. HPLC method
was performed as the control method to provide the refer-
ence concentration of the papaverine hydrochloride injec-

tion sample. The calibration equation for HPLC method
wasA(mAu) = 23.35 + 162.49cPAP (R= 0.9999,n= 3), with
the linear range of 0.1–30�g/mL and limit of detection of
0.05�g/mL (defined as three times of the S/N). The refer-
ence concentration of papaverine hydrochloride injection was
28.7 mg/mL as determined. In comparison with this value,
the recovery results given by ELISA were between 102%
and 110% (Table 2). The limit of detection for the papaver-
ine hydrochloride injection samples by the ELISA method
was found to be 0.06 ng/mL. The within-assay coefficients
of variation were less than 2% and 13% for HPLC method
and ELISA method, respectively.

Obviously, the established ELISA method is more sensi-
tive than the existing chromatographic methods, whose de-
tection limits for papaverine were 40 ng/mL (by HPLC)[7]
and 0.4 ng/mL (by GC–MS)[10]. Furthermore, the merits of
high specificity, simplicity, small sample amount and poten-
tiality to be developed into portable test kits make the ELISA
a very powerful tool to detecting papaverine at low concen-
tration levels.

In Yeremenko’s method, the antibody was immobilzed on
the solid phase. Papaverine in the sample and the peroxidase-
labeled papaverine were allowed to compete for the limited
quantities of antibody. One drawback of this type of ELISA
was partial loss of the Fab section of the antibody (fragment
for antigen binding), which might have been used for ad-
s ant
w our
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Table 2
Recoveries of papaverine in the injection samples of papaverine hydrochlori

Total diluting folds of
PAP hydrochloride
injection in each well

Measured concentrationa

(ng/mL)
R.S.D

6× 105 52.8 10
3× 106 9.9 12
3× 107 0.98 8

a The measured concentration was the results determined by the establish
b The R.S.D. result was obtained by six experiments.
c The calculated concentration of papaverine hydrochloride injection corre uting folds.
d The recovery was determined by comparison of the ELISA results of the P he original

concentration of PAP in the injection was found to be 28.7 mg/mL based on
orption on the microplate. This would lead to signific
eakening of the binding ability of antigen–antibody. In
resent ELISA, the adsorbing problem of the Fab sec
f the antibody was successfully resolved by substitutio
oating PAP-OVA onto the plate, following with the step
apaverine in the sample under study competing with co
omplete antigen for limited quantities of free antibod
hus, by employing a new strategy for the synthesis o
omplete antigen and modification of the ELISA proced
he developed ELISA achieved a great improvement in
itivity compared to the existing method (limit of detect
�g/mL) [19].
In addition, the low cross reactivity with other opium

aloids, including morphine and codeine, offered a un
etermination method for papaverine in nature plant wit

nterference.

de by the indirect competitive ELISA method

.b (%) Calculated concentration
of PAP hydrochloride
injectionc (mg/mL)

Recoveryd (%)

31.7 110
29.8 104
29.4 102

ed ELISA method. Each point was measured in six times.

sponds to the measured concentration by ELISA multiplied by the dil
AP hydrochloride injection with the reference results given by HPLC. T
the HPLC analysis.
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4. Conclusion

Considering its advantages of low cost, rapidness, sensi-
tivity and no need for complex pre-treatment steps, the pre-
sented ELISA seems to be a very promising technique for a
large scale of studies, such as survey on patients under treat-
ment of papaverine hydrochloride, which is useful for mon-
itoring the personal discrimination between treatments and
guiding physicians to adjust the dosage for different individ-
uals. Overall, it can be a practical alternative for monitoring
papaverine in biological fluids and a number of other related
samples.
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