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bstract

A fast and sensitive ultra performance liquid chromatography–tandem mass spectrometry (UPLC–MS/MS) method was developed for the
etermination and pharmacokinetic study of nimodipine in human plasma. With nitrendipine as the internal standard, sample pretreatment
nvolved one-step extraction with diethyl ether of 0.5 ml plasma. The separation was carried out on an ACQUITY UPLCTM BEH C18 column
50 mm × 2.1 mm, i.d., 1.7 �m) with water and acetonitrile (both containing 0.1% formic acid) as the mobile phase under gradient conditions at a
ow rate of 0.35 ml/min. The detection was performed on a triple quadrupole tandem mass spectrometer by multiple reaction monitoring (MRM)

2
ode via electrospray ionization (ESI) source. The standard curves were linear (r ≥ 0.99) over the concentration range of 0.20–100 ng/ml with a
imit of quantification (LLOQ) of 0.20 ng/ml. The intra- and inter-day precision (R.S.D.) values were below 14% and the accuracy (relative error
.E.) was ranged from –2.2% to 7.7% at all three quality control (QC) levels. The method herein described was superior to previous methods and

uccessfully applied to the pharmacokinetic study of nimodipine tablets in healthy male volunteers after oral administration.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Nimodipine is a dihydropyridine calcium channel blocker,
sed in the treatment of senile dementia and in the prophylaxis
f the vascular hemierania [1]. It is well absorbed in the gas-
rointestinal tract after oral administration, but it is subjected to
xtensive first-pass metabolism that results in very low plasma
oncentration (ng/ml levels), poor absolute bioavailability and
ignificant inter-individual variations [2]. Sensitive and specific
nalytical methods are needed for the determination of nimodip-
ne in human plasma.

A number of analytical techniques have been applied to
he quantification of nimodipine in biological fluids. Gas
hromatography (GC) methods with electron capture [3,4]

r nitrogen–phosphorus detection [5] were used to determine
imodipine in plasma which provided a lower limit of quan-
ification (LLOQ) of 5 ng/ml using 1 ml plasma. HPLC with

∗ Corresponding author. Tel.: +86 24 2398 6289; fax: +86 24 2398 6289.
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V detection [6–8] and electrochemical detection [9] had a
ensitivity of about 1 ng/ml, but these methods needed long
hromatographic run time (longer than 10 min). In the pub-
ished GC–MS method [10] combined with chiral stationary
hase HPLC for the separation and determination of nimodip-
ne enantiomers, although the sensitivity was improved (LLOQ
f 0.1 ng/ml), the analytical time was longer than 30 min which
as not suitable for the analysis of large number of biologi-

al samples. An LC–MS/MS method providing an LLOQ of
.5 ng/ml using 1 ml plasma sample was used for the quantifi-
ation of nimodipine enantiomers [11]. Some assays based on
iquid chromatography coupled with tandem mass spectrome-
ry (LC–MS/MS) [12,13] were also described for determining
imodipine in human plasma.

Recently, we published an ultra performance liquid
hromatography–tandem mass spectrometry (UPLC–MS/MS)
ethod [14] to determine amlodipine, which had a lower

LOQ (0.15 ng/ml) and a shorter run time (3.0 min per sample)
ompared with other LC–MS/MS methods. Nimodipine is

structural analogue of amlodipine. The high sensitivity
nd the fast analysis of UPLC–MS/MS may also benefit the

mailto:fameili@hotmail.com
dx.doi.org/10.1016/j.jpba.2007.10.035
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harmacokinetic and clinical studies of nimodipine where the
ample throughout and sensitivity is critical.

Here we present a fast, sensitive and selective method for
easuring nimodipine in plasma using UPLC–MS/MS care-

ully optimized based on the previous work [14]. The total run
ime of the method per sample was 2.5 min which is shorter
han those reported for nimodipine [11–13]. The LLOQ of
.2 ng/ml in plasma corresponded to an on-column sensitiv-
ty (the quantity of drug injected on the column per injection)
f 2.5 pg nimodipine, which was lower than those reported in
he literatures [12,13]. The present method has been proved
o be more efficient in analyzing large number of plasma
amples for pharmacokinetic study after therapeutic doses of
imodipine.

. Experimental

.1. Chemicals and reagents

Reference standards of nimodipine (99.2% of purity), and
itrendipine (internal standard, I.S., 99.4% purity) (Fig. 1) were
urchased from the National Institute for Control of Pharmaceu-
ical and Biological Products (Beijing, PR China). Acetonitrile,

ethanol and formic acid (HPLC grade) were purchased from
ikma (Richmond Hill, NY, USA). Sodium hydroxide and
iethyl ether of analytical grade were purchased from Yuwang
Chemical Reagent Plant, Shandong, China). Water was purified
y redistillation and filtered through a 0.22 �m membrane filter
efore use.

.2. Apparatus and operating conditions

.2.1. Liquid chromatographic conditions
The analysis was carried out on an ACQUITYTM UPLC

ystem (Waters Corp., Milford, MA, USA) with cooling
utosampler and column oven. An ACQUITY UPLCTM BEH
18 column (50 mm × 2.1 mm, 1.7 �m; Waters Corp., Milford,
A, USA) was employed for separation with the column tem-

erature maintained at 40 ◦C. The chromatographic separation
as achieved with gradient elution using a mobile phase com-
osed of water and acetonitrile each containing 0.1% (v/v)
ormic acid. The gradient elution started at 50% acetonitrile,
amped linearly to 90% acetonitrile in 1.6 min, was maintained

t 90% for 0.2 min and then returned to the initial percentage.
he flow rate was set at 0.35 ml/min. The autosampler temper-
ture was kept at 4 ◦C and 5 �l of sample solution was injected
ith partial loop mode.

Fig. 1. Structures of nimodipine (A) and nitrendipine (B).

e
c
p
i
s
1
s
i
u
g
o
o

iomedical Analysis 46 (2008) 557–562

.2.2. Mass spectrometric conditions
A triple quadrupole tandem mass spectrometer (Micromass®

uattro microTM API mass spectrometer, Waters Corp., Milford,
A, USA) with an electrospray ionization (ESI) interface was

mployed for analyte detection. The ESI source was operated
n positive ionization mode with optimal operation parameters
s follows: capillary voltage 3.0 kV, cone voltage 23 kV, source
emperature 110 ◦C and desolvation temperature 400 ◦C. Nitro-
en was used as the desolvation and cone gas with a flow rate
f 400 and 50 l/h, respectively. Argon was used as the collision
as at a pressure of 2.91 × 10−3 mbar. The quantification was
erformed using multiple reaction monitoring (MRM) of the
ransitions of m/z 419 → 343 for nimodipine and m/z 361 → 315
or nitrendipine (I.S.), respectively, with a scan time of 0.05 s
er transition. All data were collected in centroid mode and pro-
essed using MassLynxTM NT 4.0 software with a QuanLynxTM

rogram (Waters Corp., Milford, MA, USA).

.3. Preparation of standards and quality control samples

Primary stock solution of nimodipine was prepared by dis-
olving the accurately weighed reference standard of nimodipine
n methanol to yield concentration of 200 �g/ml. Working stan-
ard solutions of nimodipine in the concentration range of
–500 ng/ml were prepared by dilution of the stock solution
ith water–methanol (50:50, v/v). The stock solution of I.S.
as prepared by dissolving appropriate amounts of nitrendipine

n methanol to give a concentration of 50 �g/ml. An I.S. working
olution of 200 ng/ml was obtained by diluting the stock solu-
ion of nitrendipine with water–methanol (50:50, v/v). All the
olutions were stored at 4 ◦C and brought to room temperature
efore use. Calibration standards were prepared daily by spiking
00 �l of the appropriate working standard solutions to 500 �l of
he blank plasma giving concentrations of 0.20, 0.50, 1.00, 5.00,
0.0, 50.0 and 100 ng/ml. QC samples, which were used in the
alidation and during the pharmacokinetic study, were prepared
t the beginning of the experiment by independent dilution at
hree levels of plasma concentration: 0.50, 20.0 and 80.0 ng/ml
nd stored at −20 ◦C after preparation. The standards and qual-
ty controls were extracted on each analysis day along with the
nknown samples.

.4. Plasma sample preparation

To prevent the photodegradation of nimodipine, the whole
xperiment, including standard and QC preparation, plasma
ollecting, sample preparation and instrumental analysis, was
erformed under dim light. A 100-�l aliquot of I.S. work-
ng solution (200 ng/ml) and 200 �l 1 mol/l sodium hydroxide
olution were added to 500 �l of collected plasma sample in
0-ml glass tubes and the mixture was vortexed for 30 s. The
ample was extracted with 3 ml of diethyl ether by vortex mix-
ng for 1 min and centrifugation at 3500 × g for 10 min. The

pper organic layer was then transferred into another clean
lass tube and evaporated to dryness under a gentle stream
f nitrogen at 40 ◦C. The residue was reconstituted in 200 �l
f acetonitrile–water (70:30, v/v), followed by vortexing and
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entrifugation at 4000 × g for 10 min. The supernatant was trans-
erred into 700-�l glass vials, and an aliquot of 5 �l was injected
nto the LC–MS/MS system.

.5. Method validation

The method was validated for selectivity, linearity, accuracy,
recision, extract recovery and stability according to the FDA
uideline [15] for validation of bioanalytical methods. Vali-
ation runs were conducted on three consecutive days. Each
alidation run consisted of two sets of calibration standards and
ix replicates of QC plasma samples at three concentrations.
he peak area ratios of nimodipine to I.S. of QC samples were

nterpolated from the calibration curve on the same day to give
he concentrations of nimodipine. The results from QC plasma
amples in three runs were used to evaluate the precision and
ccuracy of the method developed.

The selectivity of this method was investigated by prepar-
ng and analyzing six individual human blank plasma samples
ith corresponding plasma samples spiked with nimodipine and
itrendipine and plasma samples after oral administration of
imodipine tablet.

The linearity was determined in the range of 0.20–100 ng/ml
y plotting the peak area ratio of nimodipine to I.S versus the
ominal concentration of nimodipine in plasma. The calibration
urves were constructed by weighted (1/x2) least squares lin-
ar regression. The precision and accuracy were determined by
epeated analysis of six replicates at each QC level (LLOQ, low,
id and high levels) on three different days. The precision was

efined as relative standard deviation (R.S.D.) and the accuracy
as expressed as relative error (R.E.). The extraction recovery of
imodipine at three QC concentrations was determined by com-
aring the peak area of extracted samples spiked with known
mount of the analytes with that of spiked post-extraction at
orresponding concentrations.

Stability experiments were performed to evaluate the stabil-
ty of nimodipine in plasma samples under different temperature
nd timing conditions. Five aliquots of QC plasma samples of
ow, mid and high concentrations were subjected to the follow-
ng conditions: three freeze (−20 ◦C)–thaw (room temperature)

ycles, storage at −20 ◦C for 30 days. Short-term stability was
ssessed by analyzing QC plasma samples kept at room tem-
erature for 10 h that exceeded the routine preparation time of
amples. Post-preparative stability was assessed by analyzing

i
s
[
r

Fig. 2. Full-scan product-ion mass spectra of [M +
iomedical Analysis 46 (2008) 557–562 559

he extracted QC samples kept in the autosampler at 4 ◦C for
4 h.

.6. Pharmacokinetic study

The pharmacokinetic study was approved by the local Ethics
ommittee and carried out in the hospital. All volunteers
ave their signed informed consent to participate in the study
ccording to the principles of the Declaration of Helsinki.
ne nimodipine tablet (containing 60 mg nimodipine each) was

dministered to each healthy male volunteer after 12 h fasting.
lood samples were collected before and at 0.25, 0.50, 0.75, 1.0,
.5, 2.0, 3.0, 4.0, 5.0, 6.0, 8.0 and 10.0 h post-dosing. Plasma was
eparated by centrifugation and stored at −20 ◦C until analyzed.

The maximum plasma concentrations (Cmax) and their
imes (Tmax) were noted directly from the measured data.
he elimination rate constant (ke) was calculated by lin-
ar regression of the terminal points of the semi-log plot
f plasma concentration against time. Elimination half-life
t1/2) was calculated using the formula t1/2 = 0.693/ke. The
rea under the plasma concentration–time curve (AUC0–t) to
he last measurable plasma concentration (Ct) was calculated
y the linear trapezoidal rule. The area under the plasma
oncentration–time curve to time infinity (AUC0–∞) was cal-
ulated as: AUC0–∞ = AUC0–t + Ct/ke.

. Results and discussion

.1. UPLC–MS/MS optimization

In our previous study [14] where nimodipine was employed
s the I.S. the UPLC–MS/MS conditions were established for the
etermination of amlodipine. In this work, UPLC–MS/MS oper-
tion parameters were carefully optimized for the determination
f nimodipine based on the previous study. A standard solution
f nimodipine and nitrendipine was directly infused along with
he mobile phase into the mass spectrometer with ESI as the
onization source. And the mass spectrometer was tuned in both
ositive and negative ionization modes for optimum response
f nimodipine. It was found that the signal intensity of positive

on was higher than negative ion. In the precursor ion full-scan
pectra, the most abundant ions were protonated molecules
M + H]+ m/z 419 and 361 for nimodipine and nitrendipine,
espectively. Parameters such as desolvation temperature, ESI

H]+ of nimodipine (A) and nitrendipine (B).
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Fig. 3. Representive MRM chromatograms of nimodipine (peak 2, channel 2)
and nitrendipine (peak 1, channel 1) in human plasma samples. (A) A blank
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ource temperature, capillary and cone voltage, flow rate of
esolvation gas and cone gas were optimized to obtained highest
ntensity of protonated molecule of nimodipine. The product-
on scan spectra showed high abundance fragment ions at m/z
43 and 315 for nimodipine and nitrendipine, respectively. The
roduct-ion spectra of these compounds are shown in Fig. 2.
he collision gas pressure and collision energy of collision-

nduced decomposition (CID) were optimized for maximum
esponse of the fragmentation of m/z 343 for nimodipine.
he ion transitions of m/z 419 → 343 for nimodipine and m/z
61 → 315 for nitrendipine were chosen for MRM.

In the literature [12] atmospheric pressure chemical ioniza-
ion (APCI) could offer higher sensitivity and better linearity for
imodipine than ESI. In our study, however, ESI provided better
ensitivity and a wider linear range for the analyte. This could
e due to a low flow rate (0.35 ml/min) used with the UPLC
olumn of small particles and narrow internal diameter, which
uits the ESI source better.

The chromatographic conditions were modified to obtain
igh sensitivity and sample throughput. The separation and ion-
zation of nimodipine and nitrendipine were affected by the
omposition of mobile phase. The mobile phase system of
cetonitrile–water same as in the determination of amlodipine in
uman plasma was used. In the previous study 0.3% formic acid
as employed to enhance detection sensitivity. In the nimodip-

ne case it was found that 0.1% formic acid in the mobile phase
as optimum for the ionization and detection of analyte. Again,
radient elution was performed on UPLC column to push the
peed of analysis, provide a better peak shape and extend the
olumn life.

In the analysis of biological sample the MS system was eas-
ly contaminated. In order to avoid the contamination of earlier
luted endogenous components of the sample matrix onto the
S system a switch technique was developed. The first 0.7-min

luate was switched away from the MS detector, and the eluate
rom 0.7 to 1.6 min was allowed to enter into the MS system and
e recorded. Two channels were used for recording the response,
hannel 1 for nimodipine with a retention time of 1.31 min, and
hannel 2 for the I.S. with a retention time of 1.20 min. Under
he current chromatographic conditions, both nimodipine and
.S. were rapidly eluted and the total run time was just 2.5 min
er sample, which was less than the values in the literatures
12,13]. As shown in Fig. 3, the very narrow chromatographic
eaks with a peak width about 5 s, produced by UPLC resulted
n an increase in the chromatographic efficiency and sensitiv-
ty. Both high sample throughput and high sensitivity met the
equirement for pharmacokinetic study.

The ideal I.S. in LC–MS analysis is the compound that has
tructure, chromatographic and mass spectrometric behavior
imilar to the analyte. Based on our previous work [14], amlodip-
ne would be an internal standard of choice since a very good
hromatographic separation between nimodipine and amlodip-
ne was obtained. However, it was found that nitrendipine is
ore stable than amlodipine under the experimental conditions.
lthough the resolution between nimodipine and nitrendipine
as smaller than that with amlodipine, the high selectivity of
RM in which only required ion reactions were monitored guar-

w
t
F
w

f 0.20 ng/ml and I.S. (200 ng/ml); (C) plasma sample from a volunteer 1.5 h
fter oral administration of nimodipine. The retention times for nimodipine and
.S. were 1.31 and 1.20 min, respectively.

nteed the reliability of the detection. Nitrendipine was chosen
s the I.S. not only by virtue of its similarity in chromatographic
ehavior, mass spectrometric response and extraction recovery
o nimodipine but also for its relative stability.

.2. Method validation

Comparing the chromatograms of six batches of blank plasma

ith the spiked plasma demonstrated a good selectivity of

he method. The representative chromatograms are shown in
ig. 3A–C. All plasma lots were found to be free of interferences
ith the compounds of interest.
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Table 1
Precision and accuracy for the determination of nimodipine in human plasma
(intra-day: n = 6; inter-day: n = 6 series per day, 3 days)

Concentrations (ng/ml) R.S.D. (%) R.E. (%)

Added Found (mean ± S.D.) Intra-day Inter-day

0.20 0.21 ± 0.02 7.0 12 4.8
0.50 0.49 ± 0.04 7.2 10 −2.2
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Table 2
Stability of nimodipine in plasma samples (n = 5)

Nominal concentration
(ng/ml; n = 5)

Concentration found
(ng/ml; mean ± S.D.)

R.S.D.
(%)

R.E.
(%)

Three freeze–thaw cycles
0.50 0.49 ± 0.04 8.2 −1.9

20.0 20.6 ± 1.4 6.6 3.2
80.0 83.1 ± 4.5 5.4 3.9

Long term (−20 ◦C for 30 days)
0.50 0.47 ± 0.02 4.9 −6.0

20.0 22.2 ± 0.3 1.3 11
80.0 85.9 ± 2.8 3.3 7.3

Short term (room temperature for 10 h)
0.50 0.49 ± 0.03 6.4 2.0

20.0 19.9 ± 0.7 3.5 −0.7
80.0 80.7 ± 2.3 2.9 0.9

Post-preparative (4 ◦C for 24 h)
0.50 0.51 ± 0.04 7.8 2.1

2
8

f
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p
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p
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5
curve from 0 h to infinity (AUC0–∞) was 53.7 ± 20.2 ng h/ml,
the half-life of drug elimination at the terminal phase (t1/2) was
2.45 ± 0.47 h. These parameters were in accordance with those
reported in the literature [12].
0.0 20.4 ± 1.5 5.6 14 1.8
0.0 86.1 ± 4.2 3.1 11 7.7

The evaluation of matrix effect from the influence of
oeluting components on analyte ionization is needed for an
C–MS/MS method. The effect of the plasma matrix on ioniza-

ion efficiency was expressed as the ratio of the mean peak area
f analytes spiked after extraction to that of the neat standard
olutions dried directly and reconstituted with mobile phase.
ll the ratios were between 85% and 115% indicating no sig-
ificant matrix effect for nimodipine and nitrendipine in this
ethod.
The linear regression of the peak area ratios versus concentra-

ions was fitted over the concentration range of 0.20–100 ng/ml
or nimodipine in human plasma. A typical regression equation
or the calibration curve was: y = 9.500 × 10−2x + 8.117 × 10−3,
= 0.9948, where y is the peak area ratio of nimodipine to I.S.,
nd x is the concentration of nimodipine in plasma.

The lower limit of quantification for nimodipine was
.20 ng/ml corresponded to an on-column sensitivity of 2.5 pg,
hich was lower than those reported in literatures [12,13]. The
igh sensitivity could be attributed to the extra resolution and
eak sharpness produced by the UPLC chromatographic system
nd the improved ionization efficiency of the MS system.

The intra-day precision (R.S.D.) for QC samples of 0.50,
0.0 and 80.0 ng/ml was 7.2%, 5.6% and 3.1% and that
f inter-day analysis was 10%, 14% and 11%, respectively
ith accuracy (R.E.) within −2.2% to 7.7% (Table 1). All

hese data were within acceptable range and the precision and
ccuracy of the present method were adequate for the determi-
ation of nimodipine in human plasma from pharmacokinetic
tudy.

Liquid–liquid extraction was applied to extract the analytes.
he extraction recoveries of nimodipine from human plasma
C samples were 89.2 ± 3.9%, 90.3 ± 2.2% and 91.3 ± 3.1%

t concentration levels of 0.50, 20.0 and 80.0 ng/ml, respec-
ively, and the mean extraction recovery of nitrendipine
as 87.4 ± 2.5%. Several extraction solvents such as diethyl

ther–dichloromethane, n-hexane-diethyl ether and diethyl ether
ere investigated, and it was found that diethyl ether extracted

he analyte more efficiently. Moreover, the boiling point of
iethyl ether is lower, it was evaporated to dryness more quickly.
his extraction procedure was more convenient and offered
igher recovery for nimodipine compared with those reported
n literatures [12,13].
The mean relative errors of nimodipine concentration mea-
ured in QC samples being subjected to certain conditions are
hown in Table 2. The results indicated the stability of nimodip-
ne in plasma stored at room temperature for 10 h, at −20 ◦C

F
i
v

0.0 21.9 ± 1.0 4.4 9.6
0.0 83.6 ± 7.9 9.4 4.6

or 30 days and during the three freeze–thaw cycles, and in the
repared samples at 4 ◦C for 24 h.

.3. Application to a pharmacokinetic study

This validated UPLC–MS/MS method was applied to a
harmacokinetic study of nimodipine in healthy volunteers fol-
owing a single oral administration. The profile of the mean
lasma concentration–time is shown in Fig. 4. The maximum
lasma concentration (Cmax) was 12.7 ± 9.0 ng/ml, the time
f maximum plasma concentration (Tmax) was 1.59 ± 0.63 h,
he area under the plasma concentration–time curve from 0 h
o the time of last measurable concentration (AUC0–t) was
0.5 ± 19.8 ng h/ml, area under the plasma concentration–time
ig. 4. Mean plasma concentration–time profile of nimodipine after oral admin-
stration of nimodipine tablet (containing 60 mg nimodipine) to 18 healthy
olunteers (each point represents mean ± S.D.).
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. Conclusion

A fast and sensitive UPLC–MS/MS method for quantification
f nimodipine in human plasma was developed and validated.
ompared with the published methods, the sharp peaks (high
fficiency), short run time and reduced ion suppression pro-
uced by using special UPLC column are of particular advantage
hen coupled to electrospray mass spectrometer. An LLOQ of
.2 ng/ml in plasma corresponding to an on-column sensitivity
f 2.5 pg nimodipine was achieved. The time for instrumental
etermination of one sample was only 2.5 min and more than
00 plasma samples could be assayed daily, which make the
ethod attractive particularly in high-throughput bioanalysis

f nimodipine. The method was proved superior in sensitivity
nd speed to previously reported methods and was successfully
pplied to the pharmacokinetic study of nimodipine tablets in
ealthy volunteers.
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