
A
i

X
a

b

c

a

A
R
A
A

K
P
P
P
R
H

1

l
c
b
v
a
i
i
w
2
u
a
s
l
a
p

m
i

o

1
d

Journal of Chromatography B, 878 (2010) 3297–3302

Contents lists available at ScienceDirect

Journal of Chromatography B

journa l homepage: www.e lsev ier .com/ locate /chromb

HPLC-UV method for the determination of puerarin in rat plasma after
ntravenous administration of PEGylated puerarin conjugate

inyi Liuc, Hongying Zhib, Feng Dub, Zuguang Yea,c,∗, Naijie Wangb, Wenjie Qinb, Jianrong Lia,∗∗

Institute of Chinese Materia Medica, China Academy of Chinese Medical Sciences, Beijing 100700, China
National Engineering Research Center for R&D of TCM Multi-ingredient Drugs, Beijing Zhongyan Tongrentang Chinese Medicine R&D Co., Ltd., Beijing 100075, China
Department of Chinese Medicinal Prescription, China Pharmaceutical University, Nanjing 2111198, China

r t i c l e i n f o

rticle history:
eceived 25 June 2010
ccepted 14 October 2010
vailable online 21 October 2010

a b s t r a c t

A sensitive and reproducible HPLC method for quantitative determination of puerarin (PUE) in rat plasma
was developed and validated using 4-hydroxybenzaldehyde as an internal standard. The separation of
PUE was performed on a CAPCELL PAK C18 column by gradient elution with 0.2% aqueous phosphoric
acid and acetonitrile as the mobile phase. The method was validated and found to be linear in the range of
eywords:
EGylated puerarin
uerarin
harmacokinetics
at plasma
PLC-UV

80–12,000 ng/mL. The limit of quantification was 80 ng/mL based on 100 �L of plasma. The variations for
intra- and inter-day precision were less than 8.3%, and the accuracy values were between 98% and 105.2%.
The extraction recoveries were more than 85%. The method was successfully applied in the comparative
study of pharmacokinetics of PEGylated puerarin (PEG-PUE) versus PUE in rats. Compared with PUE,
PEG-PUE showed a 5.2-fold increase in half-life of PUE and a 4.7-fold increase in mean residence time. In
addition, this method was also successfully applied to determine the low plasma concentration of PUE

E in v
regenerated from PEG-PU

. Introduction

Puerarin (PUE), a naturally occurring isoflavone C-glycoside iso-
ated from the root of Pueraria lobata (Willd.) Ohwi. Research on the
linical application of PUE injection in recent years shows that PUE,
eing a vasodilator, is found effective to treat a variety of cardio-
ascular diseases, such as coronary heart disease, cardiac infarction,
rteriosclerosis and arrhythmia [1]. However, PUE barely dissolves
n aqueous solution. 50% propanediol are often used for solubiliz-
ng PUE in the preparing process of PUE injection [2]. Moreover, it

as also reported that the elimination half-life of PUE in rat was
0 ± 8 min, and the cumulative excretion rate of unchanged PUE in
rine and feces was 45.33% in 24 h [3,4]. Because of the unfavor-
ble properties of PUE, it is very necessary to develop an effective
trategy to improve its water solubility and extend biologic half-
ife of drug. One good approach to overcome these problems is the
ttachment of PUE to water-soluble polymers, namely PEGylated

uerarin (PEG-PUE).

PEG-PUE was designed as one of new highly water-soluble poly-
eric prodrugs. Recent reports in the scientific literature have

ndicated that these newly developed polymeric prodrugs exhib-
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ited promise for controlled delivery of prototype drugs, and they
could also protect drugs from metabolic deactivation and preserve
their pharmacological activities during circulation [5,6]. Thus, the
biological half-life of prototype drugs was greatly prolonged by
PEG modification. Moreover, PEG is not only water-soluble and
biodegradable, but also nontoxic. Based on the theory mentioned
above, all these desirable characteristics of PEGylation may over-
come the poor aqueous solubility and short half-life of PUE by PEG
conjugation.

To study the pharmacokinetics of PEG-PUE, two groups of pro-
totype drugs should be considered: PUE which remains attached to
the polymeric carrier and free PUE which has been released from
the conjugate. Methods for investigating the pharmacokinetics of
PEGylated prodrugs in previous research were usually adopted to
determine the total remaining prototype drugs via hydrolysis of
PEGylated prodrugs during sample preparation [7–9]. In general,
only free prototype drugs are thought to be pharmacologically
active, and prototype drugs remaining in the PEGylated prodrugs
could not exert medicinal functions until they were released in vivo.
Thus, these methods have misinterpreted the actual metabolic pro-
cesses of active prototype drugs regenerated from their prodrugs.
We therefore have developed a non-disruptive and simple determi-

nation method for revealing the regeneration kinetics of PUE after
intravenous administration of PEG-PUE. Moreover, the method has
also been successfully applied to the determination of PUE regener-
ated from PEG-PUE in vitro stability of the conjugate in rat plasma.
In addition, the test method has more simple preliminary treat-

dx.doi.org/10.1016/j.jchromb.2010.10.011
http://www.sciencedirect.com/science/journal/15700232
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ent to the plasma sample than published assay [10] and could
lso provide an economic alternative to published LC–MS method
11] for LC–MS instrument is not available in some laboratories
ue to the costs associated with acquisition and maintenance of
his expensive equipment.

. Experimental

.1. Materials and reagents

Methoxy PEG carboxymethyl with an average molecular weight
f 4700 was obtained from Beijing Kaizheng Biotech Development
o., Ltd. (Beijing, China). PEG-PUE with a drug load of 4.1% was
ynthesized in our laboratory. The route and experiments for syn-
hesis of PEG-PUE were reported in our previous research [12].
PLC grade acetonitrile and methanol were purchased from Fisher

Fair lawn, NJ, USA). PUE injection was purchased from Shandong
angming Pharmaceutical Stock Co., Ltd. (Dongming, China). 4-
ydroxybenzaldehyde (Internal standard, IS) was obtained from
inopharm Chemical Reagent Beijing Co., Ltd. (Beijing, China).
ll other reagents were analytical grade and obtained through
ommercial sources. Super-pure water was obtained following dis-
illation in glass and passage through a Milli-Q® system (Millpore,
SA) and was used to prepare all solutions.

.2. Liquid chromatographic conditions

The chromatographic separation was performed on a CAPCELL
AK C18 column (250 mm × 4.6 mm, 5.0 �m, Japan) at a column
emperature of 40 ◦C. The mobile phase consisted of (A) 0.2% aque-
us phosphoric acid and (B) acetonitrile using a gradient elution of
2.8% B at 0–6 min, 12.8–40% B at 6–7 min, 40–60% B at 7–12 min,
0–50% B at 12–13 min, 50–12.8% B at 13–14 min, and the re-
quilibration time of gradient elution was 3 min. The flow rate was
.0 mL/min. Detection was performed at 250 nm.

.3. Standard and working solutions

Individual stock solutions of PUE (1.2 mg/mL) and IS (7.5 �g/mL)
ere prepared by accurately weighing the required amounts into

eparate volumetric flasks and dissolving in methanol. The calibra-
ion standard for PUE was prepared by spiking 4.95 mL of blank rat
lasma with 50 �L of PUE stock solution. The resulting plasma stan-
ard had a concentration of 12,000 ng/mL. Further dilutions were
ade from this stock with blank plasma to afford plasma standards

n the range of 80–12,000 ng/mL.

.4. Sample preparation

To 100 �L of plasma sample was added 40 �L of IS solution.
ollowing the addition of 1.0 mL of methanol, the sample was
ortex-mixed for 5 min and then centrifuged at 15,000 rpm for
min. The resultant supernatant was evaporated to dryness in a
ater bath at 40 ◦C under the protection of nitrogen. The dried

esidue was reconstituted in 80 �L of the mixture of PG-acetate
uffer (1 M) (50:50, v/v) (pH 4.8) and vortex-mixed for 1 min. After
entrifugation at 5500 rpm for 5 min, the supernatant was trans-
erred to an autosampler vial, and a 60 �L aliquot of the sample
as injected into HPLC system.

.5. Method validation
.5.1. Selectivity
The selectivity of the method was tested by comparing the chro-

atograms of blank plasma controls from six rats with that of
lasma spiked with PUE and IS.
878 (2010) 3297–3302

2.5.2. Linearity
The linearity of the method was evaluated by calibration

curves in the range of 80–12,000 ng/mL. Calibration curves were
constructed by plotting peak area ratios of PUE to IS against con-
centration with a weight of 1/�2.

2.5.3. Accuracy, precision and extraction recovery
The intra- and inter-day accuracy and precision were investi-

gated by determining QC samples at three different concentrations
(80, 800, and 8000 ng/mL) over three consecutive days. QC sam-
ples of three different concentrations were tested in six replicates
and calculated with calibration curves obtained daily. Accuracy was
expressed as percentage value (% accuracy = [detected concentra-
tion/nominal concentration] × 100%). The precision was estimated
as percentage relative standard deviation (RSD). For acceptable
intra- and inter-day values, accuracy should be within 85–115%
and RSD values should be ≤15% over the calibration range, except
at the LOQ, where accuracy should be between 80% and 120% and
RSD should not exceed 20%.

The extraction recovery of PUE were determined at three con-
centrations levels by comparing the analyte peak areas of six
extracted QC samples with those obtained from direct injection
of standard solutions prepared at the same concentrations of six
replicates. The recovery of IS was determined similarly.

2.5.4. Stability
The stability of QC samples was also investigated at three con-

centration levels, including (a) stability of the extracted samples
at room temperature for 24 h, (b) stability after three freeze–thaw
cycles with the frozen temperature of −20 ◦C and thawing tem-
perature of 25 ◦C and (c) stability of plasma samples at −20 ◦C for
20 days. Thereafter, samples were analyzed and the resulted values
for these samples were then compared with those of the respective
freshly prepared QC samples.

2.6. Application of the method

2.6.1. Inhibition of the degradation of PEG-PUE in vitro
In order to accurately evaluate the release of PUE from PEG-PUE

in rat plasma, an analytical problem associated with the hydroly-
sis of PEG-PUE in vitro should be minimized as little as possible,
for a small degradation of the conjugate in vitro could significantly
overestimate the actual PUE concentrations regenerated from the
conjugate in vivo. A previous work and some pertinent literature
on the in vitro stability of PEG-PUE showed that the conjugate was
more stable when acetic acid was added to the samples [6]. There-
fore, the in vitro stability of PEG-PUE in the plasma was studied in
the presence and absence of acetic acid. Blank plasma was spiked
with 12% acetic acid solution (5:1, v/v) or water (control). A PEG-
PUE aqueous solution was then added to plasma to produce a final
concentration of 8.2 �g/mL (PUE equivalent).

To determine the stability of the samples during sample prepa-
ration and analysis, a set of spiked samples were prepared at room
temperature (25 ◦C) and analyzed for their content of released PUE
without any storage. Further, to determine the stability of the
samples during storage, additional sets of samples were stored
at −80 ◦C, and aliquots were analyzed at 7, 14 and 21 days after
storage. All determinations were conducted in triplicates.

2.6.2. In vitro release of PUE from PEG-PUE in rat plasma
For hydrolysis in plasma, an in vitro study in rat plasma at
37 ◦C was carried out. Rat plasma containing PEG-PUE with a con-
centration of 8.2 �g/mL (PUE equivalent) was incubated at 37 ◦C
in a reciprocating water bath. At scheduled times, plasma sam-
ples (100 �L) were transferred to a silanized microcentrifuge tube
containing 20 �L of 12% acetic acid solution to prevent PEG-PUE
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ydrolysis in vitro, and then followed the above mentioned sample
reparation procedure.

.6.3. Pharmacokinetic study
The animal experiment was approved by the Animal Ethics Com-

ittee at the Institute of Chinese Materia Medica, China Academy of
hinese Medical Sciences. Male Sprague–Dawley rats (230–250 g)
ere used and supplied by Beijing Laboratory Animal Center (Bei-

ing, China). The rats were housed in standard cages and allowed
ree movement and access to food and water during the whole
xperiment.

The dosing solution of the conjugate PEG-PUE was dissolved in
hysiological saline to produce a concentration of 5 mg/mL (PUE
quivalent). The dosing solution of prototype drug PUE (5 mg/mL)
as prepared by dilution of PUE injection with proper physiolog-

cal saline. A single 20 mg/kg (PUE equivalent) dose of either PUE
r PEG-PUE was administered into the tail veins of rats under mild
ther anesthesia. At designated time points after dosing, blood sam-
les (0.4 mL) were collected from the retro-orbital plexus of rats
nder light ether anesthesia into microcentrifuge tubes containing
eparin as anti-coagulant at 0, 5, 15, 30, 45, 60, 90, 120, 180, 240,
00 min post-dosing. Plasma samples (100 �L) were spiked with
0 �L of 12% acetic acid and processed as described above. All the
amples were stored at −80 ◦C until analysis within a week.

. Results and discussion

.1. Method development

The method for eliminating interference from endogenous sub-
tance is a prerequisite for a successful HPLC-UV analysis of
nalytes in biological fluids, especially in the case of rat plasma
amples obtained by protein precipitate method. In this study,
e optimized the HPLC condition for the separation of PUE and

S by using a gradient solvent system consisted of (12.8–60%)
cetonitrile/0.2% phosphoric acid (87.2–40%). In spite of this, chro-
atographic behaviors of PUE and IS under this gradient elution
ere not very satisfactory. Such problems as split peak for PUE

nd leading peak for IS emerged. Feasibility of various mixture of
olvents such as acetonitrile and water as a solution to dissolve
he plasma samples were tested to improve peak shape, however,
UE still appeared split peak resulting from solvent effect. The peak
hape yielded greatly improvement for both PUE and IS by replac-
ng acetonitrile with propylene glycol. Ultimately the mixture of
G-acetate buffer (1 M) (50:50, v/v) (pH 4.8) was selected as a solu-
ion to dissolve the plasma samples, resulting in improved peaks
or both PUE and IS, which may be relevant to reducing the solvent
ffect of acetonitrile with strong eluting power. Moreover, the mix-
ure of PG-acetate buffer (1 M) (50:50, v/v) (pH 4.8) could also be
sed as a quenching solution to inhibit the degradation of PEG-PUE

n our previous research [6].
An appropriate internal standard is needed for accurate quan-

itative analysis of analytes in biological fluids. In this study,
e chose 4-hydroxybenzaldehyde as the internal standard. 4-
ydroxybenzaldehyde is a stable chemical raw material which is
idely used and easily commercially available, and it displayed a

imilar solubility to solvent extraction and adsorbent function to
artridge, compared with those of PUE. Both compounds contain
p-hydroxybenzene ring system, and show maximum absorp-

ion at the wavelength of around 250 nm [10,13]. In addition,
he retention times and extraction recoveries for PUE and 4-

ydroxybenzaldehyde were very close, and the resolution between
he peak of PUE and 4-hydroxybenzaldehyde was also good. Based
n these observations, 4-hydroxybenzaldehyde was employed as
he internal standard for quantitative analysis of PUE in rat plasma
Fig. 1).
878 (2010) 3297–3302 3299

3.2. Selectivity

There was no significant chromatographic interference around
the retention times of PUE and IS in drug-free specimens. Further-
more, we found that this optimal HPLC system could also provide
good chromatographic profiles of PEG-PUE and IS in rat plasma
(Fig. 2). The retention times of PUE, IS and PEG-PUE were approxi-
mately 6.9, 8.8 and 12.8 min, respectively.

3.3. Linearity and limit of quantification

The calibration model was selected based on the analysis of
the data by linear regression with intercepts and (1/�2) weight-
ing factor. Representative linear equation for PUE in plasma was
y = 0.83512� + 0.02489 in the range of 80–12,000 ng/mL. Each stan-
dard point in every calibration curve was back calculated using its
own equation. The non-zero standards showed less than 20% devi-
ation at the 80 ng/mL concentration and less than 15% deviation at
all other concentration levels. The coefficients of determination for
PUE in plasma were ≥0.997. The value of LOQ was 80 ng/mL for PUE
in rat plasma, based on 100 �L of plasma.

3.4. Accuracy, precision and extraction recovery

The results of the accuracy and precision are shown in Table 1.
The intra- and inter-day accuracy for PUE at 80, 800 and 8000 ng/mL
levels in rat plasma fell in the ranges of 101.0–105.2% and
98–103.8%, and the intra- and inter-day precision (RSD) were in
the ranges of 2.9–6.6% and 5.1–8.3%, respectively. These data indi-
cated that the repeatability, intermediate precision, and bias values
of the assay were within the acceptance limits of ±20% at LOQ and
±15% at other concentration levels.

The mean extraction recoveries for PUE in plasma were
86.1 ± 1.7% at 80 ng/mL, 87.0 ± 3.4% at 800 ng/mL, and 88.9 ± 2.6%
at 8000 ng/mL. The mean recovery for IS in plasma was 90.4 ± 3.5%.

3.5. Stability

PUE was found to be stable after three freeze–thaw cycles in
plasma. It was also proved that PUE could be stable in the rat plasma
at room temperature for at least 24 h and at −20 ◦C for 20 days.
Table 2 lists the mean recoveries for PUE at each concentration, and
ranged from 95.1 ± 3.5% to 99.3 ± 4.4%. Based on the above method-
ological study of PUE in rat plasma, it was expected that the present
method would be applicable to pharmacokinetic study of PUE in rat
plasma.

3.6. Application of the method

3.6.1. Inhibition of degradation of PEG-PUE in vitro
When acetic acid was added to spiked samples and samples

were prepared at room temperature and analyzed without any
storage. There were no significant degradation of PEG-PUE in the
first 4 h, then it showed a slight ascendant trend in the next 5 h,
ultimately 5.4 ± 0.3‰ PUE was released from PEG-PUE at 9 h. Inter-
estingly, in the presence of acetic acid, only 8.5 ± 0.2‰ PUE was
released from PEG-PUE stored at −80 ◦C during a three-decade
study period. However, when acetic acid was not added to the sam-

ples, more than 75% of PEG-PUE was recovered as PUE after 9 h of
incubation at room temperature. These data indicate that the addi-
tion of acetic acid not only prevents hydrolysis during the storage
(Fig. 3), but is also necessary for the stability of PEG-PUE during
sample preparation.
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Fig. 1. Chemical structures
.6.2. In vitro release of PUE from PEG-PUE in rat plasma
The method was applied to investigate the in vitro release

xtent and rate of PUE from PEG-PUE in rat plasma. The release
ercentage-time profile of PUE in rat plasma was shown in Fig. 4.

ig. 2. HPLC-UV chromatograms of (a) a pre-dosing plasma sample, (b) a blank plasm
ntravenous administration of PUE and (d) a plasma sample after an intravenous admi
EG-PUE (tR = 12.8 min).
-PUE (a), PUE (b) and IS (c).
Using Sigma plot 10.0, an optimal mathematical model for the
release kinetics of PUE was established. By using this equation, the
calculated half-life of the released PUE from PEG-PUE in rat plasma
was 152.7 min. The results could provide some evidence that PEG-

a spiked with PUE (1.6 �g/mL) and IS (7.5 �g/mL), (c) a plasma sample after an
nistration of PEG-PUE. Peak 1, PUE (tR = 6.9 min); Peak 2, IS (tR = 8.8 min); Peak 3,
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Table 1
Intra- and inter-day accuracy and precision of the method for the determination of PUE in rat plasma (n = 6).

Conc. (ng/mL) Intra-day (n = 6) Inter-day (n = 3)

Accuracy (%) RSD (%) Accuracy (%) RSD (%)

80 105.2 6.6 101.7 8.3
800 101.0 4.9 98.0 6.5

8000 102.0 2.9 103.8 5.1

Table 2
Stability of PUE in rat plasma.

Stability (% remained) Spiked concentration (ng/mL)

80 800 8000

Post-preparative samples for 24 h 95.9 ± 3.2 96.2 ± 2.1 99.3 ± 4.4
Plasma samples after 3 freeze–thaw cycles 95.1 ± 3.5 96.0 ± 3.2 95.7 ± 2.8
Plasma samples stored at −20 ◦C for 20 days 95.6 ± 3.3 96.1 ± 3.8 96.2 ± 1.7

F
t

P
i

3

a

Fig. 5. The plasma concentration-time profiles of PUE after single intravenous
administration of PUE (broken line) or PEG-PUE (real line) to rats at a dose of
20 mg/kg (PUE equivalent) (n = 7).

Table 3
Pharmacokinetic parameters of PUE and PEG-PUE.
ig. 3. Time course for in vitro prodrug hydrolysis in fresh (real line) or acetic acid
reated (broken line) rat plasma at 25 ◦C (n = 3).

UE extended half-life of PUE and increased the acting time of drug
n vivo.
.6.3. Pharmacokinetic study
The developed assay was applied to a pharmacokinetic study

fter intravenous administration of either PEG-PUE or PUE to rats

Fig. 4. In vitro release of PUE from PEG-PUE in rat plasma at 37 ◦C (n = 3).
Compound T1/2 (min) MRT (min) K10 (min−1)

PUE 26.9 15.7 0.073
PEG-PUE 139.3 73.6 0.029

at a dose of 5 mg/kg (PUE equivalent). A two-compartment model
was proposed and validated through DAS 2.1 program. The mean
plasma concentration-time profiles of PUE following intravenous
administration of PEG-PUE or PUE were shown in Fig. 5, and
pharmacokinetic parameters calculated from the data were sum-
marized in Table 3. Plasma level of PUE declined rapidly, with a
half-life of 26.9 min, which was consistent with the result of Gou et
al. [3], whereas PEG-PUE showed a 5.2-fold increase in half-life of
PUE and a 4.7-fold increase in mean residence time. These results
suggested that the PEG-PUE could provide prolonged plasma level
of PUE, resulting in substantial improvement in plasma exposure
for better access of PUE to remote targets. However, The plasma
concentration of PUE was relatively low, for the released PUE from
PEG-PUE was eliminated very quickly in the metabolic process.
4. Conclusion

A sensitive and reproducible HPLC-UV method was developed
and validated for the quantitative determination of PUE regener-
ated from its prodrug in rat plasma. Additionally, the relatively
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ow concentration of regenerated PUE in the presence of much
igher concentration of the prodrug in vivo requires special sample
reparation and storage methods, which prevent the degradation
f PEG-PUE in vitro. Both of these challenges were resolved by the
ethod reported here. This reliable method had been successfully

pplied in the comparative study of pharmacokinetics of PEG-PUE
ersus PUE in rats. Pharmacokinetic experiments revealed that
EG-PUE provided longer circulating life of PUE than PUE injec-
ion. It is probably due to a slow release from target tissue where
he polymer-drug conjugate acts as a reservoir where PEG-PUE is
lowly hydrolyzed. Further study on drug efficacy and safety of
EG-PUE was under way to evaluate whether the improved half-
ife and sustained release of PUE were sufficient for the treatment
f cardiovascular diseases.
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