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a b s t r a c t

An in vivo microdialysis sampling method coupled with ultra-performance liquid chromatography-
tandem mass spectrometry (UPLC-MS/MS) was employed for continuous simultaneous monitoring of
unbound baicalin in rat blood and brain. Microdialysis probes were inserted into the jugular vein and
brain cerebrospinal fluid (CSF) of Sprague-Dawley rats then, following administration of baicalin at doses
of 24 mg/kg via the candal vein, samples were collected every 20 min and injected directly into the UPLC-
MS/MS system. In vitro recoveries of the probes were 19.26% and 18.38%, while in vivo recoveries of the
probes were 15.0% and 17.52% for blood and brain, respectively. This improved method offers a rapid
quantitative procedure for the determination of baicalin with a retention time of only 1.6 min. The lower
limit of quantification (LLOQ) and the lower limit of detection (LLOD) based on a signal-to-noise ratio
of 5 were 2.37 and 0.1 ng/ml for anticoagulant citrate dextrose (ACD) solution, and 1.185 and 0.3 ng/ml
for artificial cerebrospinal fluid (aCSF), respectively. The pharmacokinetics results indicated that baicalin

could pass through the blood–brain barrier (BBB) and was detectable in brain dialysate. These in vivo
microdialysis-based measurements provide a technique for simple sampling and rapid sensitive analysis
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. Introduction

Baicalin (7-glucuronic acid-5,6-dihydroxy-flavone, structure
hown in Fig. 1), the predominant flavone glucuronide of the com-
only used traditional Chinese medicine (TCM) Scutellariae radix,

xhibits a variety of pharmacological effects such as anti-viral [1],
nti-inflammation [2], anti-oxidation [3,4] and anticancer activ-
ties [5–7]. Studies have also revealed that baicalin can act on
he dopamine system [8], influence cerebral function and also can
elieve fever by affecting the central nervous system (CNS) [9,10].

To quantify baicalin in biological samples, in addition to analyt-
cal methods based on HPLC with UV [11] and ECD [12], several
PLC-MS/MS methods have also been developed [13,14]. How-
ver, these measurements are hindered by low sensitivity, a long
etention time and low throughput. Now, a new sampling tech-

ique, in vivo microdialysis, combined with an advanced analytical
ethod based on UPLC-MS/MS for the simultaneous determination

f unbound baicalin in biological fluids with a higher sensitivity and
etter continuity has presently been developed. In addition, with

∗ Corresponding author. Tel.: +86 24 23986343; fax: +86 24 23911736.
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d and CSF and for further application in pharmacokinetic studies.
© 2008 Elsevier B.V. All rights reserved.

egard to the BBB permeability of baicalin, Tsai and Tsai reported it
ight not be able to cross [15], while Zhang et al. have disagreed
ith this [16]. In the present study, the new method was used to

tudy the penetration of baicalin from blood into the cerebrospinal
uid (CSF).

Microdialysis, an in vivo sampling technique that allows deter-
ination of unbound drug concentrations in blood and most

issues, is based on the passive diffusion of compounds down a
oncentration gradient across a semipermeable membrane with a
olecular mass cut-off ranging from 5000 to 50,000 Da. In contrast

o other biological samples, because the dialysis membrane is only
ermeable to small molecules and the analyte can be separated
rom enzymes by the dialysis membrane, microdialysis samples
eed no further clean-up and will not undergo further metabolism
fter collection. Moreover, this sampling method simplifies phar-
acokinetic studies by reducing the effect of biological volume

hanges compared with conventional biological fluid collection
ssay. Therefore, continuous sampling and simultaneous sampling

rom multiple sites is made possible by implanting more than one
robe in the same animal without affecting the pharmacokinetic
rofiles while allowing determination of concentration–time pro-
les involving a high number of samples over short time periods.
ill now this technique has been used successfully in the measure-

http://www.sciencedirect.com/science/journal/15700232
mailto:tangpharm@yahoo.com.cn
dx.doi.org/10.1016/j.jchromb.2008.09.005
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Fig. 1. Chemical structure of baicalin.

ent of neurotransmitters [17,18], and in drug pharmacokinetic and
harmacodynamic studies in animals [19] and humans avoiding
xposure of the brain tissue to the perfusion medium and, therefore,
inimizing tissue damage. The union of in vivo sampling with ana-

ytical chemistry has rapidly expanded the field of microdialysis as
ell as leading to the formation of several microdialysis companies

ncluding CMA microdialysis. In addition, when coupled to analyt-
cal systems such as mass spectrometry, microdialysis can be used
o obtain direct measurements of unbound drug concentrations in
he brain following a systemic injection in vivo [20].

Generally, a better understanding of the pharmacokinetics of a
rug in blood or other target sites will promote the development
f improved therapy schedules, drug formulations or improve the
olecular structure of drugs meant to act in such areas, e.g. the CNS.

ased on pharmacokinetics, only drugs that are not protein bound
n biological fluids are effective for therapeutic applications. Now,
n in vitro study has indicated that the protein binding of baicalin
s about 90% [21]. In our study, microdialysis probes were simulta-
eously inserted into each anesthetized rat to allow biological fluid
ampling from the jugular vein and CSF after administration of a
ingle i.v. dose of baicalin. The analyte in the microdialysis samples
as determined using an UPLC-MS/MS system using electrospray

onization (ESI) to study the disposition of unbound baicalin in the
at blood and brain. The retention time of baicalin is 1.6 min, rep-
esenting a significant improvement over previous methods. This
ew method offers a simultaneous and useful sampling technique
sing microdialysis followed by a more rapid and sensitive detec-
ion method and is suitable for evaluating the BBB penetration of
ompounds in order to assist in brain-targeting research.

. Experimental

.1. Chemicals

Baicalin (98.5%) was purchased from Si Chuan Huatai Pharma-
eutical Co. Ltd. (Si Chuan, China). Chromatographic solvents and
eagents were obtained from Dikma (Richmond Hill, NY, USA). The
ialysis perfusate used was modified aCSF (2.7 mM KCl, 1.0 mM
gCl2, 1.2 mM CaCl2 and 145 mM NaCl) for brain and modified ACD

olution for blood (3.5 mM citric acid, 7.5 mM sodium citrate and
3.6 mM dextrose) [22].

Triple deionized water was obtained from a Barnstead
ASYpure® IIRF/UV ultrapure water system (Dubuque, Iowa, USA)
nd was passed through a 0.22 �m filter prior to use in all the
tudies.

.2. Animals

Adult male Sprague-Dawley rats (about 280 g) were obtained
rom the Laboratory Animal Center at Shenyang Pharmaceutical
niversity. These animals were specifically pathogen-free and

ere allowed to acclimatize to their environmentally controlled

uarters for at least 5 days with free access to food and water
efore the start of experimentation. The rats were initially anes-
hetized with urethane (1.5 g/kg, i.p.), and remained anesthetized
hroughout the experimental period. The caudal vein was exposed
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or drug administration, and the body temperature of the rats was
aintained at 37 ◦C with an infrared lamp.
All animal experiments were performed in strict accordance

ith the protocol approved by the Institutional Animal Care and
se Committee of Shenyang Pharmaceutical University.

.3. Microdialysis experiment

Blood and brain microdialysis systems consisted of a microdialy-
is syringe pump (S200, KD Scientific Company, USA), microdialysis
robes and a stereotaxic frame. The dialysis probes for blood
10 mm in length) and brain (3 mm in length) were U-shaped and

ade of hollow cellulose fiber (DM-22, 200 �m inner diameter and
20 �m outer diameter, EICOM Corp., Japan); these were used for
oth the in vitro and in vivo studies and had a molecular weight cut-
ff of 5000 Da. The perfusate was passed through a 0.22 �m nylon
lter before use.

.3.1. Stereotaxic surgery and probe implantation
At the beginning of experiment, heads of the male Sprague-

awley rats were shaved before placing them in a stereotaxic
pparatus (RWD Life Science Co. Ltd., Shenzhen, China). A midline
ncision of approximately 2 cm was made parallel to the sagittal
uture. The bregma was located and used as the reference point
or positioning the microdialysis probe. A microdialysis probe was
tereotaxically inserted through a cranial burr hole made by a den-
al drill to a depth of 3.1 mm, using the following coordinates, in
elation to the bregma: 1.5 mm lateral, 0.9 mm posterior, and the
robe was attached to the skull with dental cement [23]. The blood
icrodialysis probe was positioned within the jugular vein toward

he right atrium and, at the same time, two probes were perfused
ith ACD solution and aCSF separately, at a flow rate of 3 �l/min,
sing the S200 microdialysis syringe pump for both delivery of the
erfusion solution and sample collection.

.3.2. Drug administration and collection of biological samples
Drug administration in each group was performed following the

uccessful implantation of the microdialysis probe and stabilization
or 2 h with aCSF and ACD solution being perfused. Six animals were
sed in the experiment and baicalin (24 mg/kg) was given i.v. via
he caudal vein. CSF and blood dialysate samples were collected at
ntervals of 20 min for 7 h, transferred to small polypropylene tubes
nd analyzed by UPLC-MS/MS within 48 h.

.4. Microdialysis probe calibration

The concentrations of the drug in the dialysate reflect the con-
entrations in the (extracellular) fluid around the semipermeable
art of the probe. However, as the dialysis procedure is not per-
ormed under equilibrium conditions, the concentration in the
ialysate will be different from that in the periprobe fluid. The
erm “recovery” is used to describe this relationship. Microdialysis
robe recovery was calibrated by triplicate measurements of in vitro
ecovery (Rin vitro), in vitro delivery (Din vitro) and in vivo recovery
Rin vivo), in vivo delivery (Din vivo). In vivo recovery was calculated
ccording to (R/D)in vitro = (R/D)in vivo [24].

.4.1. In vitro recovery and delivery
The recovery for the microdialysis probe was determined in

itro by the no net flux method (NNF) [25,26]. In this experi-

ent, the microdialysis probe was immersed in aCSF at 37 ◦C

ontaining baicalin (53 ng/ml) as the dialysis medium and per-
used at 3 �l/min with aCSF containing different concentrations
f baicalin (1.06, 10.6, 31.8, 106, 212 and 318 ng/ml, Cp). Micro-
ialysis samples (Cd, 60 �l) were collected for each concentration
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weekly and the working solutions were diluted with aCSF or ACD
ig. 2. In vitro no net flux determination of the recovery of baicalin from ACD (A)
olution and aCSF (B). The slope of the regression line is an estimate of recovery.

n = 5) of perfusion solution. The concentration difference between
he microdialysate samples and the perfusion solution (Cd − Cp)
as plotted against the concentration in the perfusion solution

Cp). The recovery was determined from the slope of the lin-
ar regression (Rin vitro = −slope × 100), while the abscissa intercept
epresented the concentration in the medium outside the probe.
he point of NNF (CNNF) represents a steady-state at which there is
o net concentration change across the dialysis membrane, which
eans that the analyte concentration in the extracellular space

f the surrounding tissue is supposed to be equal to the concen-
ration in the perfused dialysate fluid. Therefore, the CNNF value
s determined as the Cp value where Cp − Cd = 0 and estimates
he mean medium concentration of the compound, as shown in
ig. 2.

The in vitro recovery of blood dialysis was obtained in a similar
anner to the determination of the in vitro recovery of brain dial-

sis. The concentration of baicalin in the vial of dialysis medium
as 106 ng/ml, and the six perfusates contained different concen-

rations of baicalin (2.65, 21.2, 53, 212, 318 and 424 ng/ml).

.4.2. In vivo recovery
The in vitro simulated experiment cannot actually represent the

n vivo recovery, and in vitro microdialysis is simply to confirm that
he diffusion of baicalin from one side of the membrane to the other
ide is equal. In order to calculate the exact baicalin concentration
n the dialysate, a retrodialysis method was performed to determine
he in vivo recovery of baicalin. Three blank rats were prepared and

icrodialysis probes were implanted as described above and blank
CSF was perfused through the probes at 3 �l/min and stabilized
or 1 h. After that, the perfusate (Cp) was changed to three aCSF
olutions containing baicalin 4.24, 84.8 and 424 ng/ml in turn and
ialysates (Cd) were collected every 20 min on five occasions for
ach concentration. The in vivo recovery was calculated from the

ormula R = (1 − Cd/Cp) × 100%.

As in the determination of in vivo brain dialysis recovery, the
lood microdialysis probe was inserted into the rat jugular vein
nder anesthesia with three baicalin concentration levels in the
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erfusate (i.e. 6.36, 127.2 and 636 ng/ml) for the calculation of the
n vivo recovery of blood dialysis.

.5. Stability of baicalin in the perfusate

The degradation of labile compounds in biological fluids can
ield misleading results from in vitro studies. In order to obtain
alidated methods to stabilize baicalin in biological fluids, studies
n baicalin stability and its stabilization were carried out in vitro
n this study. The stability of baicalin in microdialysis samples col-
ected from CSF and blood was assessed by determining the baicalin
oncentration after 4, 8, 24 and 48 h storage at 4 ◦C in a refrigerator
nd also at ambient temperature.

.6. Ultra-performance liquid chromatography-tandem mass
pectrometry

A Waters ACQUITYTM ultra-performance liquid chromato-
raphic system (Waters Corp., Milford, MA, USA), equipped with

binary pump system coupled to an ACQUITYTM TQD triple
uadrupole tandem mass spectrometer (Waters Corp., Manchester,
K) with an electrospray ionization source was used. Chromato-
raphic separation was performed at 35 ◦C using an Acquity BEH
18 column (50 mm × 2.1 mm i.d., 1.7 �m; Waters Corp., Milford,
SA). The following gradient was used: solvent A, acetonitrile; sol-
ent B, 0.1% formic acid. The gradient elution was: 0 min, 10% A;
–0.9 min, linear from 10% to 40% A; 0.9–1.4 min, linear from 40% to
0% A; 1.4–2.5 min, holding at 60% A for 1.1 min and then an imme-
iate reduction to 10% A at 2.5 min; 2.5–3.2 min, initial conditions
i.e. 10% A) for equilibration of the column. The flow rate was kept
onstant at 0.2 ml/min during the analysis and the sample volume
njected was 5 �l.

The mass spectrometer was optimized prior to the analysis by
ost-column infusion of 500 ng/ml of analytes with the flow rate
et at 10 �l/min. Multiple reaction monitoring conditions for each
ompound were then developed. The multiple reaction monitoring
MRM) analyses were performed by passing molecular ions through
he first quadrupole and collision dissociating the molecular ions in
he second quadrupole (collision cell). A selected product ion, based
n intensity and structural characteristics, was isolated by the
hird quadrupole and detected with the photomultiplier. The MRM
ransitions of m/z 447.1/271.0 for baicalin were monitored. The sen-
itivity was optimized for charged compounds by varying the cone
oltage and collision energy. The parameters were: capillary volt-
ge, 3 kV; cone voltage, 40 V; extractor, 3 V; RF lens voltage, 0.1 V;
ource temperature, 120 ◦C; desolvation temperature, 350 ◦C; cone
as flow rate, 50 l/h; desolvation gas flow rate, 400 l/h; collision
nergy, 25 eV. The resolutions of the first and second quadrupoles
ere 14.5/14.5 and 14.0/14.0 (HM/LM), respectively. Dry nitrogen

≥99.5%) was used as the desolvation and nebulization gas, and
rgon (>99.999%) was used as the collision gas.

All data were acquired and processed using MassLynx v.4.1 soft-
are (Waters Corp., Milford, MA, USA). This approach provided a

ensitive and selective analysis that is unique for individual ana-
ytes.

.7. Quantification and method validation

Baicalin standard was dissolved in methanol at a concentration
f 212 �g/ml as a stock solution. This stock solution was prepared
o appropriate concentrations daily. The calibration graph was gen-
rated from the MRM of increasing amounts of baicalin standard
olution. Calibration curves were constructed by the external stan-
ard method and were established based on the peak area (baicalin)
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Table 1
In vivo microdialysate recoveries of baicalin from rat blood and brain (n = 5)

Concentration (ng/ml) Recovery (%)

In rat blood
6.36 16.34 ± 2.64
127.2 13.85 ± 0.71
636.0 14.80 ± 0.49

Average 15.00 ± 1.26

In rat brain
4.24 18.96 ± 1.93
84.80 16.73 ± 1.73
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ersus concentration by using weighted (w = 1/c2) linear regres-
ion analysis. For quantification, the concentrations in test samples
ere obtained from this calibration line.

The accuracy and precision of the method were assessed by
etermining quality control (QC) samples using six replicate prepa-
ations of microdialysis samples at three concentration levels on
hree separate days. The specificity for baicalin was also evaluated
n blank samples collected by microdialysis from CSF and blood in
ats that did not receive baicalin.

In addition, the microdialysis samples in the present study were
nalyzed without prior sample purification except for high-speed
efrigerated centrifugation at 20,000 rpm to avoid blocking because
f the extremely fine channel of the UPLC.

.8. Pharmacokinetics and data analysis

Baicalin microdialysate concentrations (Cd) were converted
o unbound concentrations (Cu) as follows: Cu = Cd/Rin vivo. Phar-

acokinetic calculations were performed on each individual set
f animal data using the pharmacokinetic calculation software
AS (drug and statistics) version 2.0 (Mathematical Pharmacol-
gy Professional Committee of China, Shanghai, China) by the
tatistical moment method. The results are represented as the
ean ± standard deviation of the mean and the main pharmacoki-

etic parameters of the baicalin are listed in Table 4.

. Results and discussion

.1. Microdialysis

During the in vitro experiments, the concentration differ-
nce of baicalin between microdialysate samples and perfusion
olution (Cd − Cp) was plotted against the concentration in the
erfusion solution (Cp), shown in Fig. 2. The linear regres-
ion functions were: Cd − Cp = −0.1926Cp + 21.884, r = 0.9992 and
d − Cp = −0.1838Cp + 8.5676, r = 0.9990, therefore the in vitro recov-
ry of baicalin was 19.26% in ACD solution and 18.38% in aCSF,
etermined from the slope of the linear regression, while the
bscissa intercept concentration (baicalin in the medium outside
he probe) was 113.6 and 46.61 ng/ml for ACD solution and aCSF,
espectively, following in vitro microdialysis This was in agreement
ith the true concentrations of baicalin in the dialysis medium

106 ng/ml in ACD solution and 53 ng/ml in aCSF). This result
ndicated that the baicalin probe recovery (from the surrounding

edium to perfusate) was similar to the probe delivery (from the
erfusate to the surrounding medium), i.e. (R/D)in vitro = 1, and con-
equently the determination of the in vivo recovery by retrodialysis
as reasonable. In a separate study, the average in vivo recoveries
f baicalin were 15.0 ± 1.26% and 17.52 ± 1.25% for blood and brain,
espectively (Table 1). Hence, the actual concentration of baicalin
n rat blood and CSF could be corrected by the average recovery
f 15.0% and 17.52%, respectively. No difference in recovery val-
es for the same region was observed after the addition of baicalin
ith different concentrations to the perfusate, indicating that the

ecoveries from the microdialysis probes in rat blood and brain are
ndependent of the concentration for these experiments, and that
etrodialysis can provide in vivo recovery values if the surrounding
edium properties, perfusion flow rate and temperature are well

ontrolled.

Because of the inverse relationship between the sampling fre-

uency and the sample volume, microdialysis experiments usually
roduce a multitude of samples with very low volumes. Increas-

ng the microdialysis flow rate will produce larger volumes, but
he samples will be more dilute, and the experiments give an aver-

o
R
i
t
t

424.0 16.87 ± 3.07

Average 17.52 ± 1.25

ge concentration over the sampling interval, so that the higher
he sampling frequency, the greater the temporal resolution of the
xperiment. After thorough consideration of the recovery and sam-
le volume collected, we chose 3 �l/min as the perfusion rate, and
0 min as the sampling interval in the in vivo microdialysis experi-
ent after drug administration.

.2. Mass spectrometry and liquid chromatography

In this assay, an analyte can be identified by both its reten-
ion time and molecular weight. Also, triple quadrupole MS allows
pecific product ions to be monitored. The MRM scan function
rovides an additional dimension of structurally specific filter-

ng for individual analytes. As a result, the signal-to-noise ratio
f an total ion chromatographic (TIC) peak using the MRM scan
ode is significantly higher than that obtained using the SIM

selected ion monitoring) scan mode. Overall, the liquid chro-
atography tandem mass spectrometry (LC-MS/MS) techniques

rovide a direct, structurally specific measurement of individual
omponents with high sensitivity. In addition, LC-MS/MS sys-
ems have minimal baseline drift and can be equilibrated very
apidly.

The positive ion scans of standard solutions of baicalin formed
he protonated molecular ions (M+H)+ at m/z 447.1. Low-energy
ollision tandem mass spectrometric analysis using a collision ener-
ies of 25 eV resulted in the formation of a high abundance of
roduct ions for baicalin at m/z 271.0 which was formed by the

oss of the glucuronic acid moiety from [M+H]+ ion. Under the CID-
S/MS analysis used, the transition of 447.1 → 271.0 was selected

or optimal monitoring of baicalin. The ion dissociation pathways
nd MS/MS spectra are presented in Fig. 3. A cone voltage of 40 V
rovided a sufficient response under the selected chromatographic
onditions, and no further increase in the response was found when
he cone voltage was increased further.

Because of the competition of electrospray ionization between
he analytes of interest, LC separation before MS detection proved
o be indispensable to prevent sensitivity loss. The mobile phase
H had a significant effect on the retention time of baicalin, with

onger retention times being obtained at lower pH values due to
he addition of 0.1% formic acid. However, the acid mobile phase is
elpful for analysis in ESI positive mode of the compounds of inter-
st. Indeed, the acid pH promotes the protonation of the analyte
olecules. In this study, our mobile phase yielded retention times

f only about 1.6 min which would allow a high sample throughput.

epresentative chromatograms of baicalin in dialysis are shown

n Fig. 4. Isocratic and linear organic gradient elution were both
ested, however, a step gradient of the organic content was found
o produce the sharpest peaks with the greatest intensity. The use
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Fig. 3. MS/MS spectra

f small particles of stationary phase allowed UPLC to improve
oth peak capacity (due to higher efficiency) and speed of analysis
due to higher linear velocities) without compromising resolution.
evertheless, the column with sub-2 �m particles was more easily
locked and, therefore, gradient elution was also used to increase
he column life [27].
.3. Method validation

The lower limit of quantification (LLOQ) was 2.37 and
.185 ng/ml, and the lower limit of detection (LLOD), based on a
aicalin signal-to-noise ratio of 5, was 0.1 and 0.3 ng/ml in ACD

c
s

R
t

ig. 4. Typical chromatograms of (A) blank blood dialysate from the microdialysis probe
efore drug administration; (C) ACD solution spiked with baicalin (21.2 ng/ml); (D) aCSF so
at blood 100 min post-baicalin administration (24 mg/ml, i.v.); (F) brain dialysate sample
ansitions for baicalin.

olution and aCSF, respectively. Typical equations of the calibration
urves were as follows—ACD solution: y = 139.4x + 8.743, r = 0.9986;
CSF: y = 68.83x + 21.25, r = 0.9969. Where y represents the baicalin
eak area and x represents the concentration of baicalin. The feasi-
ility of quantification of the low concentrations of baicalin in rat
SF and blood during this 7 h collection period after i.v. adminis-
ration is due to the high sensitivity of the assay. Representative

hromatograms of blank dialysate and rat dialysis samples are pre-
ented in Fig. 4.

As shown in Table 2, the overall mean precision, as defined by the
.S.D., ranged from 1.8% to 8.1%. Analytical accuracy, expressed as
he RE, varied from −6.13% to 8.73%. Thus, the intra- and inter-assay

before drug administration; (B) blank brain dialysate from the microdialysis probe
lution spiked with baicalin (6.36 ng/ml); (E) blood dialysate sample collected from
collected from rat CSF 100 min post-baicalin administration (24 mg/ml, i.v.).
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Table 2
Precision and accuracy of the determination of baicalin in dialysis samples

ACD solution aCSF

1 2 3 1 2 3

Inter-day
Added C (ng/ml) 4.24 50.88 424 4.24 21.2 318
Found C (ng/ml) 4.61 48.37 442 3.98 20.7 327
R.S.D. (%) 3.8 7.5 5.5 8.1 2.9 3.6
Accuracy RE (%) 8.73 −4.93 4.23 −6.13 −2.36 2.83

Intra-day
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Added C (ng/ml) 4.24 50.88 424 4.24 21.2 318
Found C (ng/ml) 4.49 49.23 415 4.56 23.0 340
R.S.D. (%) 4.4 6.8 3.1 2.8 3.0 1.8
Accuracy RE (%) 5.90 −3.24 −2.12 7.55 8.49 6.92

ccuracy and precision were found to be acceptable for the analysis
f dialysis samples in support of pharmacokinetic studies.

.4. Matrix effect

A drawback of the use of ESI coupled with microdialysis is its
ensitivity to matrix effects when the microdialysis samples are
nalyzed directly by UPLC-MS/MS without prior sample purifica-
ion since the microdialysate contained a reasonable amount of
on-volatile salts, which generate high background noise and sup-
ress the ionization of analytes resulting in considerable reductions

n sensitivity. Recently, some papers have described the use of water
r water/ethanol as a perfusion medium instead of aCSF to reduce
he salt content in the ion source and to avoid the need for sam-
le clean-up [28]. Also, different groups have applied the column
witching technique, which is an elegant solution for desalting dial-
sis samples [29].

In our study, to exclude interferences from the inorganic
alts in the samples, firstly, a chromatographic separation was
ccomplished by using gradient elution and with a mobile phase
ontaining less organic solvent during the initial part of the chro-
atographic run, i.e. 10% A (acetonitrile). This resulted in early

lution of the inorganic salts and prolongation of the retention
ime of baicalin to about 1.6 min for desalting, although this reten-
ion time is already much shorter than that obtained by previously
eveloped HPLC-UV and HPLC-MS/MS methods. Secondly, due to
he 1.6 min retention time, the use of a divert valve that guides the
PLC eluent to waste during the first 1.35 min of a chromatographic

un prevented salts from entering the ion source. This approach
esulted in minimal ion suppression which is typically observed
uring electrospray ionization, and reduced potential ion source
ontamination. As good routine practice, our UPLC-MS/MS system
as cleaned up weekly by pumping the H2O/ACN solution with
.1% formic acid for 30 min and this system clean-up procedure
ffectively reduced the chemical noise level in MS detection.
.5. Baicalin stability in the dialysate

It was found that the degradation of baicalin was pH- and
emperature-dependent and the oxidation–reduction reaction
nvolving phenoxyl radicals is the major degradation pathway for

n
t
m
s
p

able 3
tability of baicalin in dialysate at 50 ng/ml under different conditions

onditions Baicalin concentration (

0 h 4 h 8 h

5 ◦C 100 95.25 93.3
◦C in refrigerator 100 95.89 95.3
5 ◦C with 0.04% EDTA-Na2 and 0.02% l-cysteine (w/v) added 100 98.02 102.3
ig. 5. Mean unbound concentration–time profiles of baicalin in rat blood and CSF
fter baicalin i.v. administration (24 mg/kg, i.v.).

aicalin in biological samples [30]. As shown in Table 3, either at 4 ◦C
r at ambient temperature, the concentration of baicalin decreased
ramatically over 8 h, especially in aCSF, probably because of the
atalytic effect of high concentrations of metal ions in the per-
usate. To avoid baicalin degradation, EDTA-Na2 (0.04%, w/v) and
-cysteine (0.02%, w/v) were added to both the aCSF and ACD solu-
ions. Then no significant degradation of analytes in ACD solution or
CSF was observed after 48 h at 4 ◦C in a refrigerator. Thus, modified
CSF and ACD solution were used as perfusates during the experi-
ents, and the determination of baicalin in microdialysis samples

ould be accomplished in 48 h.

.6. Comparison between UPLC-MS/MS and HPLC-MS/MS

Ultra-performance liquid chromatography (UPLC) is a newly
eveloped instrument offering a high power of separation and
hort analysis time. It involves available reverse phase chromato-
raphic media with a 1.7 �m particle size along with a liquid system
hat can operate such columns at much higher pressures. In this
ork, the other previous assay study was improved and, in par-

icular, a higher sensitivity and better chromatographic efficiency
ere obtained with the UPLC-MS/MS methods compared with the
PLC-MS/MS analysis. As a whole, the major advantages of such
PLC-based method include improved resolution within a shorter

etention time, higher analytical sensitivity and more rapid equi-
ibration. Consequently, this method was successfully applied to
he baicalin quantification. Considering the need to extend the
imits of quantification to lower and lower levels in shorter and
horter times, it is critical to conduct optimization investigations,
nd the performance of both chromatographic and mass spec-
ral components of the LC–MS systems becomes more and more
ritical. The goal of increasing overall performance of these tech-
iques can be further enhanced by reducing constraints imposed by

he chromatographic separation [31]. It was found from the chro-

atograms that the hybrid particles used in UPLC columns often
howed unique selectivity when compared with conventional HPLC
ackings [32].

%) in ACD Baicalin concentration (%) in aCSF

24 h 48 h 0 h 4 h 8 h 24 h 48 h

4 87.75 85.27 100 67.26 30.37 18.44 6.32
1 90.17 88.09 100 80.22 57.16 40.53 20.60
5 97.26 98.98 100 101.38 99.35 96.36 96.12
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Table 4
Pharmacokinetic parameters of free baicalin in rat blood and CSF after 24 mg/kg, i.v.
administration (n = 6)

Parameters In blood In CSF

Tmax (min) 30 30
Cmax (�g/l) 1250.835 ± 624.001 344.235 ± 71.406
t1/2 (min) 57.269 ± 30.631 39.032 ± 10.378
AUC0−t (�g min/l) 138468.088 ± 51110.57 44959.629 ± 7960.363
AUC0−∞ (�g min/l) 140470.326 ± 51078.119 45933.796 ± 7986.546
AUMC0−t 9446719.99 ± 1879092.213 3869561.119 ± 965933.327
AUMC0−∞ 10421913.81 ± 2058557.344 4324597.93 ± 954498.403
MRT0−t (min) 72.321 ± 16.546 85.456 ± 8.854
M
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RT0−∞ (min) 78.782 ± 18.769 93.735 ± 7.137
L (l/(min kg)) 0.188 ± 0.063 0.534 ± 0.103
(l/kg) 16.981 ± 12.499 30.396 ± 10.685

.7. Method application

The time–concentration curves of baicalin at dosages of
4 mg/kg in rat blood and brain are illustrated in Fig. 5 and the
arameters obtained are shown in Table 4. The lag-time before peak
ime (Tmax) might be due to the dead volume between the sam-
ling site and the point of dialysate collection. Based on these data,

t was concluded that baicalin can cross the BBB and distribute into
he CSF quickly and reach its peak concentration of 344 �g/l about
0 min after the i.v. administration of 24 mg/kg. Such a conclusion
upports the previous results of baicalin affecting cerebral function
nd also rouses interest in the further study of baicalin from S. radix
ith regard to its effects on learning and memory functions.

. Conclusion

A serial sampling technique, microdialysis, and a rapid and
ensitive ultra-performance liquid chromatography-tandem mass
pectrometry (UPLC-MS/MS) method for the determination of
aicalin in rat brain and blood was developed. This method has
he advantages of producing less tissue damage, a lower animal
equirement, no biological fluid loss and no endogenous interfer-
nce, combined with sufficient sensitivity for the measurement of

nbound baicalin in the microdialysates. This model will be use-
ul for performing pharmaceutical studies of baicalin at multiple
ites in one animal. In addition, the UPLC-MS/MS was also used to
dentify the BBB penetration of baicalin and to help understand the
actors that determine its distribution into brain after a single i.v.

[

[
[

[
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dministration. The results obtained show that baicalin can cross
he BBB and be detected in rat CSF.
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