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a  b  s  t  r  a  c  t

A  new,  simple  and  enantioselective  normal-phase  liquid  chromatography–mass  spectrometry  method
was presented  for the  quantification  of clevudine  and  its  enantiomer  in  human  plasma.  A  C18  cartridge
was  used  in  this  method  to extract  the  enantiomers  in  200  �L plasma  followed  by  a chiral  separation  on
a cellulose-based  LC  column  with  mobile  phase  consisted  of hexane,  methanol  and  ethanol  (62:28:10,
eywords:
levudine
-FMAU
hiral separation
ormal-phase HPLC

V/V/V).  The  eluate  was  directed  to a mass  spectrometry  through  an  electrospray  ionization  interface.  A
transition  of  m/z  261.0  to m/z  126.8  was  used  for monitoring  of  clevudine  and  its enantiomer.  This  method
showed  good  linearity  (R  > 0.997),  precision  (<9.6%)  and accuracy  (within  95.48–105.9%)  within  a range
of  10–1000  ng/mL  for the  enantiomers  and  has  been  applied  to  the pharmacokinetics  study  of clevudine
capsules  in  human  plasma.
harmacokinetics

. Introduction

Clevudine [1-(2-Deoxy-2-fluoro-beta-l-arabinofuranosyl)
hymine, l-FMAU, shown in Fig. 1] is a pyrimidine nucleoside
nalog with potent anti-hepatitis B virus (HBV) activity [1] under
linical trials. It has an enantiomer, d-FMAU [1-(2-Deoxy-2-
uoro-beta-d-arabinofuranosyl) thymine], which showed severe
eurologic toxicity in Phase I trials [2]. Therefore, it is important
o make sure if there is any biotransformation of clevudine to
-FMAU in vivo after drug administration.

So far, only a few methods [3,4] have been reported on determi-
ation of l-FMAU and/or d-FMAU in biological matrix. Furthermore,
tereoselective analysis of drug candidates in biological matrix
emains a challenge during drug development. It can be carried
ut in two steps as reported in several literatures [5,6]. Firstly,

 non-chiral column was utilized to quantify the total amount of
he enantiomers; then a chiral column was applied to separate the
nantiomers. The process was laborious and time consuming.

In the present study, a sensitive and reliable LC–MS/MS method
or the simultaneous determination of l-FMAU and d-FMAU in
uman plasma has been developed and validated. This method

emonstrated acceptable sensitivity, precision and accuracy. After
een extracted by SPE, plasma samples were injected onto a chi-
al column for separation and then quantified by MS/MS  detection.

∗ Corresponding author. Tel.: +86 2151320729; fax: +86 2151320729.
E-mail address: ge qinghua@hotmail.com (Q. Ge).
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oi:10.1016/j.jchromb.2011.12.020
Crown Copyright ©  2012 Published by Elsevier B.V. All rights reserved.

LLOQ of 10 ng/mL was  achieved using only 200 �L of plasma. To
the best our knowledge, it is the first method for enantioselective
determination of FMAU in human plasma.

2. Experimental

2.1. Reagents and chemicals

Clevudine (99.64%) and d-FMAU (99%) were provided by Buk-
wang Pharm. Co. Ltd. (Korea). Zidovudine, used as internal standard
(ISTD), was  obtained from Desano Co. (Shanghai, China). HPLC
grade hexane and methanol were purchased from Sigma–Aldrich
Co. (St. Louis, USA). HPLC grade ethanol was bought from Han-Bang
Co. (Anhui, China). Trifluoroacetic acid and formic acid were of ana-
lytical grade. Purified water, bought from Wahaha Co. (Hangzhou,
China), was  used throughout the study.

2.2. Preparation of standard solution

Stock solutions of l-FMAU, d-FMAU and ISTD at 500 �g/mL were
prepared in methanol separately. A mixed solution of l-FMAU and
d-FMAU was  prepared in methanol at 25 �g/mL. Other standard

solutions for calibration and QC samples were prepared by serial
dilution with 50% methanol from the mixed solution. Standard
working solution of ISTD at 2 �g/mL was  prepared in water from
its stock solution.

ghts reserved.
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Fig. 1. Molecular structure of clevudine.

.3. Preparation of calibration standards and quality control
amples

Calibration standards and quality control samples were pre-
ared daily by spiking 10 �L of the appropriate standard solutions
o 200 �L blank human plasma. Six calibration standards of l-FMAU
nd d-FMAU were prepared at 10, 50, 100, 200, 500 and 1000 ng/mL.
he lower limit of quantification (LLOQ), low QC (LQC), middle
C (MQC) and high QC (HQC) were prepared at 10, 25, 200 and
00 ng/mL, respectively.

.4. Instrumentation

The chromatographic system consisted of a Shimadzu (Japan)
CL 10AVP controller, a LC 10ADvp pump, a SILHTC autosampler
nd a CTO10Avp column oven. An API 3000 Triple-quadrupole tan-
em mass spectrometer (MDS Sciex, Foster City, CA, USA), equipped
ith a Turbo Ionspray® interface, was used as detector. The analyt-

cal data was processed by Analyst software (Version 1.4.1).

.5. LC–MS/MS conditions

The chromatographic separation was performed on a Daicel
Osaka, Japan) Chrialcel OJ-H column (250 mm × 4.6 mm,  5 �m par-
icle size). The column temperature was maintained at 30 ◦C. The

obile phase consisted of hexane, ethanol, methanol and trifluo-
oacetic (62:28:10:0.02, V/V/V/V). The mobile phase was delivered
t flow rate of 0.6 mL/min, and 0.17 mL/min of the elution was  split

nto the mass spectrometry.

A Turbo Ionspray® interface operated in positive mode with
on spray voltage set at 5000 V was used as ionization source. The
ommon parameters, viz., nebulizer gas, curtain gas and collision

Fig. 2. Parent (A) and product (
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gas were set at 15, 13 and 6 L/min, respectively. Declusting poten-
tial (DP) and collision energy (CE) for enantiomers of FMAU and
IS were 27, 21 and 18, 15 V, respectively. Detection of the ions
was performed in the multiple reaction monitoring (MRM) modes,
monitoring the transition of the m/z 261.0 precursor ions to the m/z
126.8 product ions for FMAU enantiomers and m/z 267.9 precursor
ions to the m/z 127.0 product ions for ISTD. The product ion spec-
trometry of FMAU is shown in Fig. 2. Quadrupoles Q1 and Q3 were
set on unit resolution.

2.6. Sample preparation

To an aliquot of 200 �L plasma, ISTD working solution (2 �g/mL,
200 �L) was added and mixed briefly for about 10 s. Then the
mixture was  loaded onto a C18 cartridge (200 mg/2.5 mL,  Dalian,
China), which had been pre-conditioned with 0.5 mL  of methanol
followed by 0.5 mL  water. Then the cartridge was  washed with
0.5 mL  of 0.1% formic acid solution followed by 0.5 mL of 10%
methanol solution. Subsequently, l-FMAU, d-FMAU and ISTD were
eluted by 0.5 mL  of methanol. The eluate was  evaporated to dry-
ness under nitrogen at 50 ◦C. The residue was  dissolved in 200 �L of
mobile phase, and a 10 �L aliquot was injected into the LC–MS/MS
system.

2.7. Method validation

2.7.1. Specificity and matrix effects
According to the FDA guideline [7],  the specificity of the method

was evaluated by analyzing human plasma samples from six dif-
ferent sources to investigate the potential interferences at the peak
region for analytes and ISTD.

A post-column analyte infusion method was  used to judge the
matrix effects. A solution containing l-FMAU, d-FMAU and ISTD
at 100 ng/mL was  continuously infused into the MS/MS  at flow
rate of 10 �L/min to get constant mass response. The blank plasma
extract was injected to the LC–MS/MS system and the changes of
mass responses at corresponding peak regions were monitored to
evaluate matrix effects.

2.7.2. Linearity
The calibration curves (analyte peak area/ISTD peak area for

Y-axis and analyte concentration for X-axis) were obtained based
upon the least square linear regression fit (y = ax + b) and a weight-
ing factor of 1/x. The accuracy of calibration standards was  required

to be within 100 ± 15% of the nominal concentration, except at
LLOQ, which was  required to be within 100 ± 20%.

B) ion spectrum of FMAU.
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.7.3. Accuracy and precision
The precision and accuracy of the method were evaluated by

nalysis of three separate batches of human plasma samples. Each
atch consisted of one set of calibration standards of six levels and
ix replicates of QC samples at each LQC, MQC  and HQC levels.
he accuracy and precision were required to be within 100 ± 15%
f the nominal value and 15% relative standard deviation (RSD),
espectively, for LQC, MQC  and HQC samples.

.7.4. Stability
The stability of l-FMAU, d-FMAU and ISTD in plasma was  inves-

igated under a variety of storage and process conditions. Stability
valuations were performed against freshly prepared standard
urves. The short-term, long-term stability, freeze–thaw stability,
nd post-preparative stability were determined, respectively.

.8. Application

Pharmacokinetics of clevudine capsules in healthy Chinese vol-
nteers was investigated at a single oral dose of 90 mg.  Blood
amples were collected in heparinized tubes at 0, 0.25, 0.5, 0.75,
, 1.5, 2, 4, 8, 12, 16, 24, and 48 h after drug administration. Plasma
amples were separated by centrifugation and stored at −20 ◦C until
ssayed.

. Results and discussion

.1. Compatibility of normal phase and MS

The normal-phase liquid chromatography systems (e.g., mixture
f alcohol and hexane) are generally considered as not compati-
le with ESI or APCI ionization techniques due to potential hazard
nd poor ionizability [8,9]. During method development, enhancing
he polar organic-phase proportion in mobile phase was  adopted
o reduce the risk of the potential hazard and enhance ionization
f the analyte. Under the optimized condition, neither explosion
or relevant phenomenon happened. Meanwhile, good ionization
fficiency was  achieved without post-column addition of polar sol-
ents.

The two main ionization sources, APCI and ESI, were compared
uring method development, and ESI was chosen for its better ion-

zation efficiency. Under ESI mode, the mass response of FMAU in
cidic mobile phase was much higher (about one order of magni-
ude) than that in neutral mobile phase. Formic acid, acetic acid
nd TFA were investigated, respectively, and TFA was the best acid
dditives because of higher mass response and better peak shape.

.2. Chiral separation

Because d-FMAU and l-FMAU shared the same ion transition
hannel, baseline resolution of the two isomers on column was  nec-
ssary. A Daicel Chrialcel® OJ-H column, operated in normal phase,
as selected for chiral separation. The chromatographic conditions,

specially the mobile composition were optimized through sev-
ral trials to achieve good resolution and symmetric peak shape.
he retention of the analyte on polysaccharide CPS became shorter
hen the polarity of mobile phase was increased. Ethanol is gen-

rally recommended as polar content, however, in this method a
ixture of ethanol and methanol was used, because it can get good
eparation, suitable system pressure and run time. A more impor-
ant reason is that this mixture can be compatible with MS/MS. TFA
as used as acid additive to improve separation and peak symme-

ry.
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3.3. Sample preparation

Compared with conventional columns, chiral separation
columns were susceptible to biological matrix, which may  reduce
column efficacy or even damage columns. Therefore, plasma sam-
ple preparation was another key process in this method. It was
difficult to extract clevudine from plasma by liquid–liquid extrac-
tion because of its insolubility in organic solvents (e.g., ether,
hexane). Protein precipitation method was not effective for remov-
ing residual matrix components, so solid phase extraction method
was an optimum choice. In order to remove more matrix compo-
nents and improve extraction recovery, 0.1% formic acid solution
was chosen to wash the SPE columns, instead of pure water. 0.1%
formic acid and 10% methanol solution in this method can remove
more matrix components with less analytes loss. No significant
damages or changes were observed on the chiral column after more
than one hundred samples have been injected.

3.4. Method validation

3.4.1. Specificity and matrix effects
Typical chromatographs are shown in Fig. 3. Retention times of

d-FMAU, l-FMAU and ISTD were 9.7 min, 10.9 min, and 11.1 min,
respectively. Resolution value between d-FMAU and l-FMAU was
2.5. No interference peaks were observed for d-FMAU, l-FMAU and
ISTD from any of six lots of blank human plasma.

Matrix components, which are not observed in the LC–MS/MS
chromatography, can have a detrimental effect on the analysis
[10]. The post-column infusion method identified chromatographic
regions most likely to experience matrix effects. The results showed
that FMAU and ISTD were separated from matrix window, their
mass responses nearly constant at corresponding peak regions
(shown in Fig. 4), so the influence of matrix was negligible.

3.4.2. Linearity
The linearity was  evaluated based on the average of six

calibrators analyzed in three batches. Typical equations were
y = 0.000768x − 0.00135 and y = 0.000772x  + 0.00146 for l-FMAU
and d-FMAU, respectively. Acceptable linearity was achieved in
the range of 10–1000 ng/mL for both analyte. The coefficients of
determination (r) for l-FMAU and d-FMAU were greater than 0.997
in all validated batches. Lower limit of quantification (LLOQ) was
10 ng/mL and the lower limit of detection (LLOD) was  5 ng/mL with
S/N no less than 3.

3.4.3. Precision and accuracy
The precision of l-FMAU was  less than 9.6% RSD and the accuracy

was within the range of 95.48–104.4% over the three concentra-
tion levels evaluated in all the three batches (Table 1). Similarly,
the precision and accuracy for d-FMAU were within 9.6% RSD and
95.62–105.9% (Table 1), respectively. The inter-batch precision and
accuracy of QC samples at different levels are also shown in Table 1.
These results indicated that excellent precision and accuracy can
be achieved for this assay. The accuracy and precision of l-FMAU at
LLOQ was  103.4 and 13.5%, while 102.0% and 9.6% for d-FMAU.

3.4.4. Stability
No stability issue was observed from those experiments
described in Section 2.7.4. The results of stability test are shown
in Table 2, which indicated that l-FMAU and d-FMAU were stable
in plasma at room temperature for 6 h, at −20 ◦C for 90 days, after
three freeze–thaw cycles, at 2–8 ◦C for 24 h post process.
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Fig. 3. Typical chromatograms: (A) l-FMAU, d-FMAU and IS standard solution (500 ng/mL); (B) plasma sample spiked with l-FMAU, d-FMAU and IS at the LLOQ (10 ng/mL)
(C)  drug free plasma; (D) plasma sample post dose 4 h from subject 28#.

3

o
e

.5. Internal standard
A good internal standard should offset the deviations through-
ut the methods, including sample preparation, chromatographic
lution and mass spectrometric detection. Stable isotopes of the
analytes are usually the best candidates. However, isotope inter-

nal standards are not always available easily. Some compounds
were investigated and Zidovudine, a commercially available and
structurally similar compound, was chosen. The validation results
indicated that ISTD offset most deviations in the process.
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Fig. 4. Matrix effects influence on the mass spectrometry response of FMAU (A) and AZT (B).

Table  1
Precision and accuracy of quality control samples of l-FMAU and d-FMAU.

Nominal concentration (ng/mL) Batch l-FMAU d-FMAU

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

Intra-day variation (six replicates at each concentration)

800
1 105.2 6.2 104.4 4.7
2  95.62 3.8 96.14 2.9
3 99.75 4.0 100.9 3.5

200
1  101.1 7.0 106.8 2.6
2 95.73 5.1 95.48 4.5
3  96.33 5.8 98.91 6.5

25
1  104.3 5.1 102.9 9.6
2 105.9  4.9 101.9 5.3
3  97.27 9.0 97.05 5.7

Inter-day variation (Eighteen replicates at each concentration)
800 100.2 6.1 100.5 5.0
200  97.73 6.2 100.4 6.6

25  102.5 7.1 100.6 7.3

3

p
c
i

T
S

.6. Application
The validated method was applied to analyze plasma sam-
les from three subjects after oral administration of 90 mg
levudine capsules. This method was sensitive enough to mon-
tor the plasma concentration of l-FMAU up to 48 h. The

able 2
tability of quality control samples of l-FMAU and d-FMAU.

Nominal concentration (ng/mL) l-FMAU 

Accuracy (%) 

Short-term stability (6 h at room temperature)
800 105.9 

200  108.5 

25  102.9 

Long-term stability (90 d at −20 ◦C)
800 104.7 

200  103.2 

25  105.8 

Freeze-thaw stability
800 107.2 

200  107.4 

25  93.34 

Post-preparative stability (24 h at 2–8 ◦C)
800 97.34 

200 100.9  

25 106.2  
mean plasma concentration–time profile of l-FMAU is shown
in Fig. 5. No d-FMAU, above limit of detection, was  detected

in all tested samples, while the mean maximum plasma con-
centration of l-FMAU was  384.7 ng/mL. It showed that no
biotransformation of l-FMAU to d-FMAU occurred in human
body.

d-FMAU

RSD (% n = 3) Accuracy (%) RSD (% n = 3)

6.3 104.1 5.1
7.4 106.2 8.0

10.1 99.80 5.5

8.8 103.2 6.2
6.0 102.1 5.5
5.0 104.6 6

5.5 105.2 4.2
3.0 106.1 2.3
8.0 98.21 6.0

2.2 99.80 3.1
2.2 102.1 2.5
3.6 104.2 2.4
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Fig. 5. Mean plasma concentration–time profile of l-FMAU after single oral dose of
9

4

m
q

0 mg clevudine.

. Conclusions
A normal phase liquid chromatography coupled with tandem
ass spectrometry assay was validated for chiral separation and

uantification of l-FMAU and d-FMAU in human plasma. This
[
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method was  successfully applied to analyze plasma sample from
pharmacokinetics study of l-FMAU.

Acknowledgements

The present research was support by “National Scientific and
Technological Major Special Project – “Major Creation of new
drugs”” (sub-project No. 2009ZX09310). The authors are grateful
to Prof. Xuelin Li from Zhongshan Hospital (Shanghai, China) for
providing samples of clinical trial.

References

[1] P. Marcellin, H. Mommeja-Marin, S.L. Sacks, G.K. Lau, et al., Hepatology 40
(2004) 140.

[2] J.L. Abbruzzese, S. Schmidt, M.N. Raber, J.K. Levy, A.M. Castellanos, S.S. Legha,
I.H.  Krakoff, Invest. New Drugs 7 (1989) 195.

[3]  J.D. Wright, T. Ma,  C.K. Chu, F.D. Boudinot, Pharm. Res. 12 (1995) 1350.
[4] J.R. Bading, A.H. Shahinian, A. Vail, P. Bathija, G.W. Koszalka, et al., Nucl. Med.

Biol.  31 (2004) 407.
[5] Z.M. Du, Y. Kang, X.Y. Chen, Yao Xue Xue Bao 35 (2000) 909.
[6] X.Y. Zhong, D.F. Chen., J. Chromatogr. B: Anal. Technol. Biomed. Life Sci. 721

(1999) 67.
[7] Guidance for Industry, Bioanalytical Method Validation, US Department of

Health and Human Service, Food and Drug Administration, Center for Drug

Evaluation and Research, 2001, May.

[8] K. Liu, X.Y. Chen, Bioanalysis 1 (2009) 561.
[9] R. Kostiainen, T.J. Kauppila, J. Chromatogr. A 1216 (2009) 685.
10] E.A. Van, K. Lanckmans, S. Sarre, I. Smolders, Y. Michotte, J. Chromatogr. B Anal.

Technol. Biomed. Life Sci. 877 (1999) 2198.


	Normal-phase liquid chromatography coupled with electrospray ionization mass spectrometry for chiral separation and quanti...
	1 Introduction
	2 Experimental
	2.1 Reagents and chemicals
	2.2 Preparation of standard solution
	2.3 Preparation of calibration standards and quality control samples
	2.4 Instrumentation
	2.5 LC–MS/MS conditions
	2.6 Sample preparation
	2.7 Method validation
	2.7.1 Specificity and matrix effects
	2.7.2 Linearity
	2.7.3 Accuracy and precision
	2.7.4 Stability

	2.8 Application

	3 Results and discussion
	3.1 Compatibility of normal phase and MS
	3.2 Chiral separation
	3.3 Sample preparation
	3.4 Method validation
	3.4.1 Specificity and matrix effects
	3.4.2 Linearity
	3.4.3 Precision and accuracy
	3.4.4 Stability

	3.5 Internal standard
	3.6 Application

	4 Conclusions
	Acknowledgements
	References


