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a b s t r a c t

A new impurity was detected and determined using gradient ion-pair UHPLC method with UV
detection in zolmitriptan (ZOL). Using MS, NMR and IR study the impurity was identified as
(4S,4′S)-4,4′-(2,2′-(4-(dimethylamino)butane-1,1-diyl)bis(3-(2-(dimethylamino) ethyl)-1H-indole-5,2-
diyl))bis(methylene)di(oxazolidin-2-one) (ZOL-dimer). The standard of ZOL-dimer was consequently
eywords:
olmitriptan
mpurity
dentification
reparation

prepared via organic synthesis followed by semipreparative HPLC purification. The UHPLC method was
optimized in order to selectively detect and quantify other known and unknown process-related impu-
rities and degradation products of ZOL as well. The presented method which was validated with respect
to linearity, accuracy, precision and selectivity has an advantage of a very quick UHPLC chromatographic
separation (less than 7 min including re-equilibration time) and therefore is highly suitable for routine
analysis of related substances and stability studies of ZOL.
. Introduction

Zolmitriptan, 4(S)-4-[3-(2-dimethylaminoethyl)-1H-5-indolyl-
ethyl]-1,3-oxazolan-2-one belongs to a group of medicines

nown as Serotonin 5-HT1D receptor agonist [1,2]. In liver,
olmitriptan (ZOL) is well absorbed and undergoes extensive
etabolism. Its major metabolites are 4(S)-4-[3-(2-methylamino-

thyl)-1H-5-indolyl-methyl]-1,3-oxazolan-2-one (N-desmethyl-
olmitriptan; impurity A in USP draft 2011) and (4S)-4-[3-[2-
dimethyloxidoamino)ethyl]-1H-indol-5-yl]methyl-2-oxazolidi-
on (zolmitriptan N-oxide) [3] and several HPLC methods for their
etermination have been reported. Quantification of ZOL in human
lasma using mass [4], coulometric [5] or fluorescence detection
6] was described as well.

LC methods were developed and reported for the determi-
ation of ZOL and its related substances known as (S)-4-(4-
minobenzyl)-1,3-oxazolidin-2-one (ZOL1), (2S)-2-amino-3-[3-(2-
imethylaminoethyl)-1H-5-indolyl]-propan-1-ol (ZOL2; impurity
in USP draft 2011), (S)-4-(4-hydrazinobenzyl)-1,3-oxazolidin-2-

ne (ZOL-hydrazine) and (4S)-4-[3-(2-aminoethyl)-1H-indol-5-yl
ethyl]-1,3-oxazolidon-2-one (ZOL-amine) (Fig. 1) [7,8]. Unfor-
unately the long analysis time (>20 min) and low separation
fficiency are ones of the disadvantages of reported methods
8]. The other unknown related impurity of ZOL in tablets
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was isolated using preparative chromatography and charac-
terized as 4-4-[3-[2-(dimethyloxidoamino) ethyl]-1H-indol-5-
yl] methyl-2-oxazolidinone by mass spectroscopy and NMR
[9].

This paper describes identification, preparation and determi-
nation of new impurity of ZOL ((4S,4′S)-4,4′-(2,2′-(4-(dimethyl-
amino)butane-1,1-diyl)bis(3-(2-(dimethylamino) ethyl)-1H-
indole-5,2-diyl))bis(methylene)di(oxazolidin-2-one); ZOL-dimer)
which was found in the drug substance using gradient ion-pair
UHPLC method with UV detection at 220 nm. The applicability of
the UHPLC method was successfully verified by analysis of several
batches of ZOL.

2. Experimental

2.1. Reagents and chemicals

Acetonitrile of HPLC gradient grade (J.T. Baker, USA) and water
purified on Milli-Q system (Millipore, USA) were used for prepa-
ration of sample and reference solutions and mobile phases. All
other chemicals used were of analytical grade or pure grade qual-
ity (Sigma–Aldrich, Czech Republic). Three different batches of ZOL
were obtained from Zentiva (Turkey). The standards of impurities

N-desmethylzolmitriptan, zolmitriptan N-oxide and ZOL-amine
were obtained from Matrix Laboratories Limited (India), ZOL1
and ZOL2 were supplied by Dr. Reddy’s Laboratories Limited
(India).

dx.doi.org/10.1016/j.jpba.2011.08.043
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:hplc@hplc.cz
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Fig. 1. Chemical structures of zolmitriptan and related substances.
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.2. Sample and standard preparation

The standard of ZOL (in house standard, purity 99.8%) was dis-
olved in sample solvent consisting of a mixture of mobile phase

and B in ratio 9:1 (v/v) to obtain the standard stock solution
concentration of 1.0 mg/ml). The system suitability test solu-
ion was prepared by spiking of ZOL standard stock solution by
-desmethylzolmitriptan to obtain concentration of 0.15% with

espect to ZOL. The reference solution was prepared by diluting
OL standard stock solution to obtain concentration of 1.5 �g/ml
concentration of 0.15% with respect to ZOL preparation solu-
ion). Preparation of ZOL-dimer impurity is described in Section
.

10 mg of ZOL sample was weighed into a 10 ml volumetric flask.
ample solvent (about 8 ml) was added and sample was dissolved
y sonication for 2 min in an ultrasonic bath UCC4 (TESON, Slo-
akia) to obtain ZOL preparation solution. After cooling to the
aboratory temperature, the flask was filled to the mark by sample
olvent.
.3. Chromatographic apparatus and conditions

All chromatographic experiments were carried out on an
cquity UPLC system with a photodiode array detector (all Waters,
USA). The system was controlled and acquired data processed by
the Empower software (Waters, USA).

Chromatographic separations were performed on an Ascentis
Express Phenyl-Hexyl column (100 mm × 3.0 mm, 2.7 �m; Supelco,
USA). The gradient elution employed solutions A and B as
mobile phase components. The solution A contained a mixture
of 20 mM potassium dihydrogenphopshate and 5 mM sodium 1-
hexansulfonate, pH adjusted to 2.0 using 5 M phosphoric acid,
solution B was acetonitrile. The flow rate of the mobile phase
was 0.8 ml/min and column temperature was maintained at 20 ◦C.
The gradient program was set as follows: time/% solution B: 0/10,
0.5/10, 4/20, 5/20, 5.5/10 with an equilibration time of 2 min. The
injection volume was 0.8 �l and analytes were monitored at a
wavelength of 220 nm.

2.4. LC–MS apparatus and conditions

High-resolution MS experiments were performed on a LTQ Orbi-
trap Hybrid Mass Spectrometer (Fisher Scientific, Waltham, USA)
coupled to an HPLC HTS PAL system (CTC Analytics, Switzerland).

LC separation was performed an a Kinetex C18, 150 mm × 4.60 mm,
2.6 �m (Phenomenex, USA) column using 0.3 ml/min flow rate,
consisting mobile phase 0.1% formic acid and acetonitrile (gradient
acetonitrile ranging from 10 to 100% for 20 min). For ionisation of
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Fig. 2. Positive ion mode ESI f

luted analytes ESI ion source operated in the positive mode (capil-
ary temperature 300 ◦C, source voltage 4 kV and tube lens voltage
10 V) was employed.

.5. Semipreparative apparatus and conditions

A semipreparative XBridge Prep C18 OBD column
100 mm × 19 mm, 5 �m; Waters, USA) was used for prepara-
ive purposes using a mobile phase consisting of aqueous solution
f 1.5% triethylamine–acetonitrile (67:33, v/v). Preparative HPLC
eparation and fraction collection was carried out on a Waters
utopurification system (System fluidics organiser, 2545 binary
radient module, 2767 sample manager, 515 HPLC pump and
487 dual-wavelength absorbance detector; Waters, USA). The
ow rate 20 ml/min was employed throughout the preparation.
he volume of solution injected into the semipreparative column
as 900 �l. In order to monitor UV signal of the effluent from

he semipreparative column the effluent was splitted in ratio
:1000 into the methanol flow from 515 HPLC pump which was
irected to UV detector. The fraction collection was triggered
y setting a minimal intensity threshold (MIT = 5000 �V for iso-

ation of unknown impurity from ZOL and MIT = 500,000 �V
or ZOL-dimer standard purification) of the UV signal at
00 nm.

.6. NMR, IR and other apparatus and conditions

Nuclear magnetic resonance (NMR) spectra were obtained using
Bruker Avance 500 (Bruker Biospin, Germany) at 500.13 MHz

1H). All NMR experiments were performed in dimethylsulfoxide at
98 K. At 500 MHz, standard 5 mm TBI (triple-broadband inverse)
robehead equipped with z-gradient coils was employed for all
easurements.

IR spectra were measured with the single-reflection ATR (ZnSe)

TIR spectrometer Nicolet Nexus (Thermo, USA). The spectra were
cquired by accumulation of 64 scans with 2 cm−1 resolution.

The other apparatus are described in text.
n mass spectra of ZOL-dimer.

3. Results and discussion

3.1. Identification of ZOL-dimer

An unknown impurity with relative retention time (RRT) 1.23
with respect to ZOL was detected in several batches of ZOL using
gradient ion-pair UHPLC method with UV detection. ZOL sam-
ple with the highest concentration (0.21%) of the impurity was
dissolved in water–acetonitrile mixture (1:1, v/v) to obtain concen-
tration of 100 mg/ml and the unknown impurity was isolated from
the solution by semipreparative HPLC. Fractions of the unknown
impurity from multiple semipreparative HPLC separations were
collected, combined and evaporated to dryness under vacuum at
50 ◦C. About 5 mg of relatively pure unknown impurity (chromato-
graphic purity of 95%) was obtained and used for its identification
by LC–MS and NMR studies.

LC–MS measurement revealed ions corresponding to the
unknown impurity, including protonated molecular ion [M+H]+

at m/z = 672.4236, double charged ion [M+2H]2+ at m/z 336.7153
and triple charged ion [M+3H]3+ at m/z = 224.8126 (Fig. 2). Use of
the high resolution MS in this measurement allowed determina-
tion of accurate monoisotopic mass 671.4159 and corresponding
elemental composition C38H53N7O4 of the unknown impurity.

Knowledge of ZOL synthesis served as another clue to molec-
ular structure of the unknown impurity. The last step of the ZOL
synthesis could be the Fischer indole synthesis (Fig. 3) of (S)-4-(4-
hydrazinylbenzyl)oxazolidin-2-one (II), obtained by in situ reduc-
tion of the corresponding amine I, with 4-(dimethylamino)butanal
diethyl acetal (III) under acidic conditions [10]. It is well
documented that 3-substituted indoles with no substitu-
tion at position 2 can react under various conditions with
both aromatic [11] and aliphatic aldehydes [12,13] provid-
ing the corresponding 2,2′-bis(indolyl) methanes. Since the
Fischer indole synthesis is done under acidic condition, 4-
(dimethylamino)butanal is formed in situ and can further react

with ZOL to provide (4S,4′S)-4,4′-(2,2′-(4-(dimethylamino)butane-
1,1-diyl)bis(3-(2-(dimethylamino)ethyl)-1H-indole-5,2-diyl))bis
(methylene)di(oxazolidin-2-one) (ZOL-dimer; Fig. 1). Analogous
impurity of rizatriptan has already been described [14]. The
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Fig. 3. Scheme of s

ationalisation given above clearly indicates that the ZOL-dimer
ould be a process related impurity, according to the Q3A classifi-

ation [15]. The structure of ZOL-dimer impurity is in agreement
ith measured accurate mass of unknown impurity RRT 1.23 and

ts MS spectra.
Identification of unknown impurity was verified by NMR study

f the isolated impurity. The assignment of NMR signals was per-
ormed for ZOL-dimer and the given structure was unambiguously
onfirmed: 1H NMR (500 MHz, DMSO) d (ppm): 10.63 (bs, 2H, 11,
8), 7.74 (bd, J = 7.9 Hz, 2H, 4, 44), 7.26–7.24 (m, 2H, 15, 35), 7.22
d, J = 8.2 Hz, 2H, 9, 32), 6.88 (dd, J = 8.2, 1.3 Hz, 2H, 8, 33), 4.45 (t,
= 7.3 Hz, 1H, 17), 4.23–4.12 (m, 2H, 2a, 47a), 4.06–3.95 (m, 4H, 2b,
, 43, 47b), 2.93–2.67 (m, 8H, 6a, 42a, 23, 38, 6b, 42b), 2.40–2.25
m, 4H, 24, 39), 2.25–2.17 (m, 2H, 20), 2.21 (s, 12H, 26, 37, 41, 48),
.17–2.09 (m, 2H, 18), 2.06 (s, 6H, 22, 36), 1.35 (pent, J = 7.3 Hz, 2H,
7); 13C NMR (500 MHz, DMSO) d (ppm): 158.62(5, 45), 136.68(12,
7), 134.39(10, 29), 128.04(14 or 30), 128.02(14 or 30), 125.98(7 or
4), 125.97(7 or 34), 122.09(8 or 33), 122.03(8 or 33), 118.28(15,
5), 110.76(9 or 32), 110.74(9 or 32), 108.21(13 or 31), 108.20(13
r 31), 67.97(2, 47), 60.28(24, 39), 58.52(20), 53.18(3, 43), 45.14(26,
7, 41, 48), 45.11(22, 36), 40.59(6 or 42), 40.56(6 or 42), 33.82(17),
1.34(18), 25.55(19), 22.26(23, 38).

.2. ZOL-dimer reference standard preparation and
haracterization

The procedure of preparation of ZOL-dimer was follow-
ng: 4-(dimethylamino)butanal diethyl acetal (1.0 g, 5.3 mM) was
dded to a stirred solution obtained by addition of concentrated
ydrochloric acid (10 ml) to a stirred slurry of ZOL (4.0 g, 13.9 mM)

n water (50 ml). The mixture was then heated to 70 ◦C for 48 h,
ooled to room temperature and diluted with water (100 ml).
he pH of the mixture was adjusted with a 20% aqueous solu-
ion of sodium hydroxide to 5 and the mixture was extracted
ith dichloromethane (2 × 50 ml). The combined extracts were
ashed with water, dried with anhydrous magnesium sulfate

nd evaporated to dryness. The residue was then pre-purified
y column chromatography (silica gel, ethyl acetate–ethanol–25%
queous ammonia 6:3:1) and the combined fractions contain-
ng the required product were evaporated to dryness, dissolved
n water–acetonitrile mixture (1:1, v/v) to obtain concentration
f 100 mg/ml and purified by semipreparative HPLC. The col-
ection parameters of the semipreparative HPLC method were
ptimized with respect to high concentration of ZOL-dimer in the
njected solution. The solution of crude sample was injected into
he semipreparative column and the fractions of ZOL-dimer were
epeatedly collected and combined. The combined fractions were
vaporated under vacuum at 50 ◦C to dryness to obtain pure solid
OL-dimer impurity reference standard (reddish substance, consis-
ence of honey).

The structure of ZOL-dimer reference standard was once again
erified by MS and NMR studies under the conditions mentioned

bove and obtained data were in agreement with the data mea-
ured for impurity isolated from ZOL sample. The qualitative
haracterization of ZOL-dimer impurity reference standard was
lso performed using IR and UV measurements (Fig. 4). Finally,
sis of zolmitriptan.

ZOL dimer impurity reference standard was quantitatively char-
acterized for pharmaceutical use. The potency of the standard
was calculated based on the values obtained from determination
of impurities (organic, inorganic, water and residual solvents) by
applying the principle of mass balance. The potency of ZOL dimer
impurity was >98%.

3.3. Optimization of UHPLC method

The composition and gradient profile of the mobile phase was
optimized to achieve the retention factor of ZOL k ≥ 3.0, symmetry
factor AS ≤ 1.5 and resolution between N-desmethylzolmitriptan
and ZOL RS ≥ 2.0. The dead volume of column used was determined
using injection of sodium nitrate. These chromatographic data were
calculated in agreement with European Pharmacopoeia (Ph. Eur.)
[16]. Separation of ZOL and its impurities was tested by varying
proportions of acetonitrile or methanol and ion-pair buffer type
(sodium 1-octanesulfonate and sodium 1-decanesuflonate) in the
mobile phase. All the experiments were performed with 20 mM
phosphate buffer and pH mobile phase adjusted to 2.0 as these
values found to be optimal. Acceptable resolution was achieved
with gradient elution and acetonitrile as the organic modifier using
flow rate 0.8 ml/min at temperature of 20 ◦C. The chromatogram of
separation of ZOL and impurities measured by the optimized UHPLC
method is shown in Fig. 5.

3.4. Validation of UHPLC method

The method was partially validated according to ICH Q2(R1)
guideline [17].

3.4.1. System suitability
The system suitability test was performed before each run to

assure that the analytical method can be used within the employed
UHPLC system with a satisfactory performance. Repeatability of
injections expressed as relative standard deviation (RSD %) of
peak area of N-desmethylzolmitriptan and resolution between N-
desmethylzolmitriptan and ZOL for the five consecutive injections
of a system suitability test solution were limited to ≤1.0% and
RS ≥ 2.0 respectively. For all the measurements performed during
the validation, the resolution more than 3.0 and RSD of peak areas
≤0.4% was achieved.

3.4.2. Limit of detection (LOD), limit of quantification (LOQ) and
linearity

LOD and LOQ were calculated for ZOL-dimer based on signal-
to-noise ratio (S/N). The baseline noise was measured in a blank
experiment in the region of retention time of ZOL-dimer using chro-
matographic software. The LOD (S/N = 3) and LOQ (S/N = 10) were
found to be 0.057 �g/ml and 0.173 �g/ml, respectively.

A set of six ZOL-dimer and ZOL solutions at the concentra-
tion range from LOQ to 200% of the general specification limit

(LOQ – 3.0 �g/ml) was prepared. The calibration curves were con-
structed by plotting the peak area of the given analyte against its
concentration and the calibration equations were calculated using
linear regression analysis. It showed slope 71,154, y-intercept 83.5
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Table 1
The content of ZOL-dimer impurity in different API batches.

Samples (Zentiva, Turkey) Content (%) Relative
standard
deviation (%)

Batch 01 0.09 1.4
Batch 02 0.06 1.1
Fig. 4. IR and UV spectra of ZOL-dimer (UV spectra we

nd correlation coefficient (R) of 0.9991 for ZOL-dimer and slope
22,272, y-intercept 590.65 and R = 0.9994 for ZOL. The calculated
arameters of calibration curves indicate a satisfactory linearity.
he linearity of the calibration curves was investigated using other
tatistical test like the quality coefficient QC [18]. The linearity of
alibration model considered as valid if the quality coefficient QC
ulfils the criterion QC < 5%. The calculated value of QC was 2.0% for
OL-dimer and 1.9 for ZOL.

The correction response factor (CRF) of ZOL-dimer with respect
o ZOL at 220 nm was obtained from slope ratio of the appropriate
alibration curves. CRF of ZOL-dimer was 1.72.

.4.3. Precision, accuracy and determination in commercial
reparations

The precision of ZOL-dimer was evaluated by analysis of six
ndependent preparations of the same homogenous sample under
he prescribed conditions. Table 1 shows the results of content of
OL-dimer in four batches of API.
Accuracy of the ZOL-dimer was evaluated in triplicate at three
oncentration levels (0.5, 1.5 and 3.0 �g/ml) in ZOL. The average
otal recovery of ZOL-dimer was 103.9% with RSD of 3.4%. The deter-

ined contents (cd) were compared with the expected ones (ce)

ig. 5. (A) The separation of spiked related substances of ZOL under method con-
itions on an Ascentis Express Phenyl-Hexyl column (100 mm × 3.0 mm, 2.7 �m;
upelco, USA). The retention factor of ZOL was k = 4.54, symmetry factor AS = 1.36 and
esolution between ZOL and N-desmethylzolmitriptan RS = 4.56. (B) UHPLC analysis
f blank (sample solvent).
Batch 03 0.09 0.8
Batch 04 0.08 1.5

using linear regression. The regression equation (significance level
P = 0.95) was cd = (0.034 ± 0.284) + (1.012 ± 0.163)ce and R = 0.9998.
The first and second constants were not statistically different from
zero and one, respectively. It can be concluded that the analyti-
cal method gives accurate results for determination of ZOL-dimer
impurity in ZOL API.

3.4.4. Selectivity
The method selectivity was established using UHPLC analysis

of blank (sample solvent) and samples spiked with impurities. No
interfering coeluting peaks in sample solvent were observed (Fig. 5)
which demonstrated the selectivity of UHPLC method.

4. Conclusion

The new related compound of ZOL was detected using
highly selective UHPLC method and identified by means of
LC–MS and NMR studies. The impurity is generated in the last
step of the ZOL synthesis by the Fischer indole synthesis and
was identified as (4S,4′S)-4,4′-(2,2′-(4-(dimethylamino)butane-
1,1-diyl)bis(3-(2-(dimethylamino) ethyl)-1H-indole-5,2-diyl))
bis(methylene)di(oxazolidin-2-one) (ZOL-dimer). The analytical
standard of ZOL-dimer was prepared and fully characterized. The
quick and efficient UHPLC method for the measurement of ZOL and
related impurities has been described. The method has obvious
advantages over those previously reported such as very short
analysis time and high separation efficiency.
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M. Douša et al. / Journal of Pharmaceu

[4] Z. Zhang, F. Xu, J.Y. Tian, W. Li, G. Mao, Quantification of zolmitriptan in
plasma by high-performance liquid chromatography–electrospray ionization
mass spectrometry, J. Chromatogr. B 813 (2004) 227–233.

[5] E.M. Clement, M. Franklin, Simultaneous measurement of zolmitriptan and
its major metabolites N-desmethylzolmitriptan and zolmitriptan N-oxide in
human plasma by high-performance liquid chromatography with coulometric
detection, J. Chromatogr. B 766 (2002) 339–343.

[6] J. Chen, X.G. Jiang, W.M. Jiang, N. Mei, X.L. Gao, Q.Z. Zhang, High-
performance liquid chromatographic analysis of zolmitriptan in human
plasma using fluorescence detection, J. Pharm. Biomed. Anal. 35 (2004)
639–645.

[7] E.K.S. Vijayakumar, M.A. Samel, S.B. Bhalekar, S.M. Pakhale, A new stability
indicating HPLC method for related substances in zolmitriptan, Ind. J. Pharm.
Sci. 72 (2010) 119–122.

[8] B.M. Rao, M.K. Srinivasu, G. Sridhar, P.R. Kumar, L.B. Chandrasekhar, A. Islam,

A stability indicating LC method for zolmitriptan, J. Pharm. Biomed. Anal. 39
(2005) 503–509.

[9] A. Miglani, P. Kumar, B. Negi, H.D. Gautam, Isolation and characterization of the
zolmitriptan unknown impurity by chromatographic and mass spectroscopy,
Anal. Chem. 9 (2010) 12–16.

[
[

nd Biomedical Analysis 58 (2012) 1–6

10] A.D. Robertson, A.P. Hill, R.C. Glen, G.R. Martin, US Patent 5,466,699 (1995).
11] K. Dittmann, U. Pindur, Darstellung und NMR-spektroskopie Charakterisierung

von 2,2′-Bis(methylindolyl)-aryl-methanen, Arch. Pharm. 318 (1985) 340–350.
12] B.P. Bandgar, S.V. Bettigeri, N.S. Joshi, Hexamethylenetetraamine-bromine cat-

alyzed rapid and efficient synthesis of bis(indolyl)methanes, Monatsh. Chem.
135 (2004) 1265–1273.

13] M. Chakrabarty, N. Ghosh, R. Basak, Y. Harigaya, A facile and efficient synthe-
sis of 2,2-bis(3′/2′-indolyl)ethylamines and three bisindolic natural products,
Synth. Commun. 34 (2004) 421–434.

14] T.J. Sunder Raj, C. Bharathi, M.S. Kumar, J. Prabahar, P.N. Kumar, H.K. Sharma, K.
Parikh, Identification, isolation and characterization of process-related impu-
rities in Rizatriptan benzoate, J. Pharm. Biomed. Anal. 49 (2009) 156–162.

15] ICH Harmonised Tripartite Guidelines Q3A(R2) Impurities in New Drug Sub-
stances, 2006.

16] European Pharmacopoeia, 6th ed., Council of Europe, Strasbourg, 2009, pp.

4407–4413.

17] ICH Q2(R1), Validation of Analytical Procedures, Step 4 version, 2005.
18] J. Van Loco, M. Elskens, Ch. Croux, H. Beernaert, Linearity of calibration curves:

use and misuse of the correlation coefficient, Accredit. Qual. Assur. 7 (2002)
281–285.



F
f

R
W
M
a

b

c

d

C
e

a

A
R
R
A
A

K
V
C
C
X
P

1

c
i
i
c
p
I
a
b
s
C
i

0
d

Journal of Pharmaceutical and Biomedical Analysis 58 (2012) 7–11

Contents lists available at SciVerse ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

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

ingerprinting of sildenafil citrate and tadalafil tablets in pharmaceutical
ormulations via X-ray fluorescence (XRF) spectrometry

afael S. Ortiza,b, Kristiane C. Mariottib, Nicolas V. Schwabc, Guilherme P. Sabinc,
erickson F.C. Rochad, Eustáquio V.R. de Castroe, Renata P. Limbergerb, Paulo Mayorgab,
aria Izabel M.S. Buenoc, Wanderson Romãoe,∗

Rio Grande do Sul Technical and Scientifical Division, Brazilian Federal Police, 90160-093 Porto Alegre, RS, Brazil
Department of Pharmacy, Federal University of Rio Grande do Sul, 90610-000 Porto Alegre, RS, Brazil
Institute of Chemistry, State University of Campinas, 13084-971 Campinas, SP, Brazil
National Institute of Metrology, Standardization and Industrial Quality, Directorate of Industrial and Scientific Metrology, Division of Chemical Metrology, 25250-020 Duque de
axias, Rio de Janeiro, RJ, Brazil
Department of Chemistry, Federal University of Espírito Santo, 29075-910 Vitória, ES, Brazil

r t i c l e i n f o

rticle history:
eceived 6 July 2011
eceived in revised form 5 September 2011
ccepted 5 September 2011
vailable online 22 September 2011

eywords:
iagra
ialis
ounterfeiting

a b s t r a c t

The production of counterfeited drugs is a criminal problem that carries serious risks to public health in
the worldwide. In Brazil, Viagra® and Cialis® are the most counterfeit medicines, being used to inhibit
the phosphodiesterase type 5 (PDE-5), treating thus, problems related to erectile dysfunction. X-ray
fluorescence (XRF) is a suitable technique to control the quality of new pharmaceutical formulations and
distinguish between authentic and counterfeit tablets. XRF has advantageous features like multielemental
capability, good detectivity, high precision, short analysis times, and is nondestructive, which makes it
suitable to be extended to a great variety of samples. In this work, the inorganic fingerprinting chemical of
forty-one commercial samples (Viagra®, Cialis®, Lazar®, Libiden®, Maxfil®, Plenovit®, Potent 75®, Rigix®,
V-50®, Vimax® and Pramil®) and fifty-six counterfeit samples (Viagra and Cialis) were obtained from
RF
CA

XRF data. XRF presented an excellent analytical methodology for semi-quantitative determination of
active ingredient (in case of sildenafil citrate that presents S in its structure) and excipients such as
calcium phosphate, titanium oxide and iron oxide (P, Ca, Ti and Fe). The matrix data were allied to
chemometric methods (Principal Component Analysis and Hierarchical Cluster Analysis) to classify the
tablets investigated between authentic and counterfeit, grouping the samples into of seven groups: A, B,
C, D and E (counterfeit group) and F and G (authentic group).
. Introduction

The production of counterfeit drugs is a criminal problem that
arries serious risks to public health in the worldwide. Recent stud-
es suggest that a significant growth of counterfeiting processes
n the last decade may be associated with easier access, by the
ounterfeiters, the technologies needed to copy pharmaceutical
roducts genuine [1]. Moreover, the marketing supplied by the

nternet allows the buying of any drug without prescription, easily
nd anonymously, in fraudulent sites [2,3]. In an attempt to com-
at this phenomenon, the WHO created in 2006 a global coalition of

takeholders called IMPACT (International Medical Products Anti-
ounterfeiting Taskforce). The IMPACT has been active in forging

nternational collaboration, finding global solutions to combat this

∗ Corresponding author. Tel.: +55 27 3335 2043.
E-mail address: wandersonromao@gmail.com (W. Romão).

731-7085/$ – see front matter. Crown Copyright © 2011 Published by Elsevier B.V. All ri
oi:10.1016/j.jpba.2011.09.005
Crown Copyright © 2011 Published by Elsevier B.V. All rights reserved.

challenge and in raising awareness of the dangers of counterfeit
medical products [4].

By definition, counterfeit medicines are drugs that have “been
deliberately and fraudulently mislabeled with respect to identity
and/or source” [5]. All kinds of medicines are counterfeited [6–9],
but the illegal market of most successful is related to three approved
phosphodiesterase type 5 (PDE-5) inhibitors for treating erectile
dysfunction, sildenafil citrate (Viagra®,1 Pfizer), tadalafil (Cialis®,
Eli Lilly), and vardenafil (Levitra®, Bayer). These medicines have
led to an explosion in counterfeit versions of these drugs [10]. PDE-
5 inhibitors are prime target for counterfeiting due to the high cost
and the embarrassment associated with the underlying condition

leading people and becoming the Internet as main source in buying
these medicines [10].

1 The symbol ® will be used only in reference to the original medicines.

ghts reserved.

dx.doi.org/10.1016/j.jpba.2011.09.005
http://www.sciencedirect.com/science/journal/07317085
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dx.doi.org/10.1016/j.jpba.2011.09.005
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Table 1
Description of numbers of samples and register of seizures for authentic and counterfeit samples and elemental concentrations of S, Ca, Ti and Fe obtained from XRF data.

Number of
samples

Register of
seizure

S (�g g−1) Ca (�g g−1) Ti (�g g−1) Fe (�g g−1)

Authentic Viagra® 4 – 7555 ± 222 18,703 ± 1165 1020 ± 1896 10 ± 20

Counterfeit Viagra

6 I 5300 ± 925 16,908 ± 2138 1032 ± 1220 110 ± 7
10 II 28,806 ± 1064 26,186 ± 1375 189 ± 232 99 ± 69

1 III – – – –
1 IV – – – –

Authentic Cialis® 4 – – – 1512 ± 510 1003 ± 148

Counterfeit Cialis
10 V 31,767 ± 8787 31,295 ± 5373 1459 ± 1138 75 ± 79
10 VI 10,693 ± 11,500 40,820 ± 3039 834 ± 588 107 ± 40
18 I 26,073 ± 6622 41,126 ± 12,390 253 ± 533 99 ± 93

Lazar® 3 – 3663 ± 2619 12,457 ± 10,817 2736 ± 2707 –
Potent 75® 2 – 7120 ± 57 7365 ± 1009 3875 ± 1873 –
Vimax® 3 – 7793 ± 1545 17,030 ± 2313 2813 ± 1344 –
Maxfil® 3 – 7717 ± 457 15,697 ± 361 933 ± 846 57 ± 6
Rigix® 2 – 6540 ± 382 16,360 ± 1032 170 ± 240 20 ± 28
Plenovit® 6 – 8702 ± 4787 18,128 ± 13,449 1577 ± 818 30 ± 48

® 84 ± 3
,840 ±
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Pramil 10 – 15,3
V-50® 3 – 11
Libiden® 1 –

In Brazil, Viagra® and Cialis® are the most counterfeited
edicines [11]. Routinely, seizures of suspected counterfeit drugs

re forwarded to the Brazilian Federal Police (PF) for forensic anal-
sis. The database of the PF shows that from January 2007 to
eptember 2010 371 reports were issued involving counterfeit
rugs and of these, 295 (80%) included counterfeit Cialis® and
iagra® samples.

To control the quality of new pharmaceutical formulations and
istinguish between authentic and counterfeit tablets, the develop-
ent of powerful analytical tools is necessary. Analytical methods

ave been reported in Viagra® and Cialis® tablets analyses such
s chromatography [12–15] and voltammetry [16,17]. For forensic
nalyzes, these methods are disadvantage, requiring a high time-
onsuming and extensive sample preparation.

X-ray fluorescence (XRF) is a suitable technique for charac-
erization of the presence of metals [18,19]. This technique has
dvantageous features like multielemental capability, good detec-
ivity, high precision, short analysis times, and is nondestructive,
hich makes it suitable to be extended to a great variety of sam-
les. Thus, XRF presents an excellent analytical methodology for
etermination of active ingredient (in case of sildenafil citrate that
resents sulfur, S, in its structure), excipients and covering agents
s calcium phosphate, titanium oxide and iron oxide (P, Ca, Ti and
e) that can be detected directly by XRF on the surface of pharma-
eutical formulations.

XRF allied to chemometrics has been applied to the study of
omplex samples [18]. In this article, the inorganic fingerprint-
ng chemical of several commercial samples (Viagra®, Cialis®,
azar®, Libiden®, Maxfil®, Plenovit®, Potent 75®, Rigix®, V-50®,
imax® and Pramil®) and counterfeit samples (Viagra® and Cialis®)
ere obtained from XRF data and allied to chemometric methods

CA (Principal Component Analysis) and HCA (Hierarchical Cluster
nalysis) to classify the tablets investigated between authentic and
ounterfeit.

. Multivariate analysis

Multivariate methods consider the correlation among many
ariables simultaneously, allowing the extraction and visualiza-
ion of a much larger amount of information [19]. In PCA [20–22],
he dataset (matrix X) composed by samples (rows) and variables

columns) is decomposed in two new sets, named scores and load-
ngs. Scores and loadings have information about samples and
ariables, respectively, and analyzing both information together,
he matrix X is visualized in a smaller dimension (named principal
853 4890 ± 1438 2569 ± 1897 69 ± 47
151 337 ± 83 2990 ± 784 27 ± 23
630 460 3670 –

components). The purpose of PCA is data reduction, facilitating an
exploratory analysis.

Cluster analysis is a method for dividing a group of objects into
classes so that similar objects are in the same class. As in PCA,
the groups are not known prior to the mathematical analysis and
no assumptions are made about the distribution of the variables.
Cluster analysis searches for objects which are close to each other
in the variable space. The distance, d, between two points in n-
dimensional space with coordinates (x1, x2, . . ., xn) and (y1, y2, . . .,
yn) is usually taken as the Euclidean distance defined by Eq. (1):

d =
√

(x1 − y1)2 + (x2 − y2)2 + (x3 − y3)2 + · · · + (xn − yn)2 (1)

As in PCA, a decision has to be made as to whether or not the
data are standardized. Standardizing the data will mean that all the
variables are measured on a common scale so that one variable does
not dominate the other.

There are a number of methods for searching clusters. One
method starts by considering each object as forming a ‘cluster’ of
size one, and compares the distances between these clusters. The
two points which are closest to each other are joined to form a new
cluster. The distances between the clusters are again compared and
the two nearest clusters combined. This procedure is repeated and,
if continued indefinitely, will group all the points together. There
are a variety of ways of computing the distance between two clus-
ters which contain more than one member. The simplest concept is
to take the distance between two clusters as the distance between
nearest neighbors. This is called the single linkage method and was
used in this work.

3. Methods and materials

Eight authentic samples of Viagra® and Cialis® containing 50 mg
of sildenafil (4) and 20 mg of tadalafil (4), respectively, were
supplied by Pfizer Ltda and Eil Lilly do Brasil Ltda Laboratories.
Thirty-three tablets containing sildenafil citrate and/or tadalafil as
active ingredient of several trademarks and fifty-six counterfeit
samples were provided by the PF and analyzed via XRF. Informa-
tion about numbers of samples analyzed, register of seizures (for
counterfeit samples) and elemental concentrations of S, Ca, Ti and
Fe are shown in Table 1.
3.1. X-ray fluorescence

The ED-XRF experiments were performed using an X-ray
spectrometer Shimadzu®, model EDX 700 (Kyoto, Japan). The
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ig. 1. ED-XRF spectra of (a) authentic Viagra® , and counterfeit Viagra samples with
ifferent register of seizures: (b) I, (c) II, (d) III and IV.

easurements were performed under air, with a beam collimation
f 3 mm, 25% of detector dead time, with the current automati-
ally adjusted during spectrum acquisition to keep the detector
ead time of 25%. The Shimadzu EDX 700 also presents the fol-

owing characteristics: (1) a Rh X-ray generator, with tube voltage
anging from 5 to 50 kV, and tube current from 1 to 1000 �A; (2) a
emiconductor detector, Si(Li), with detection area of 10 mm2 and
esolution of <155 eV.

For spectral acquisition, sildenafil and tadalafil tablets were
rushed using a mortar and placed into XRF cells on MylarTM film
3 �m thickness). The measurement time was 250 s. In all cases the
pectra were recorded from 0 to 40 keV, with an energy step of
.02 keV, resulting in 2048 points for each spectrum.

.2. Chemometric analysis

For XRF, the spectral data were mean centered. Then, to classify
he tablets between authentic and counterfeit after XRF fingerprint-
ng, PCA and HCA were applied to the XRF data using the software
irouette v. 3.11 and Matlab using PLS Toolbox, version 4.21 from
igenvector Technologies. The entire spectra were used in PCA and
CA analysis (0–40 keV), resulting in 2048 points (variables) and
7 samples.

. Results

A set of 22 samples of Viagra® classified between authentic (4)
nd counterfeit (18, corresponding to seizures termed of I, II, III
nd IV, Table 1) were selected by PF and analyzed via ED-XRF.
ig. 1a shows the combined ED-XRF spectra for the 4 authentic
iagra® samples. All spectra show the presence of K� character-

stic lines for P (1.98 keV), S (3.30 keV), Ca (3.62 keV), Ti (4.48 keV)
nd Fe (6.38 keV) and K� characteristic lines for Ca (4.00 keV) and
i (4.90 keV). The S line observed is due the presence of S atom
n the structure of active ingredient, sildenafil citrate. Other ele-

ents such as P, Ca and Ti correspond to excipients such as calcium
hosphate dibasic (CaHPO4) and titanium dioxide (TiO2). The Fe is
sed as covering agent. The region of a high intensity line is related
o the Compton (Rh K� (19.20 keV), Rh K� (21.56 keV) lines) and
ayleigh (Rh K� (20.16 keV) and Rh K� (22.74 keV) lines) effects.

hese Compton (incoherent scatter) and Rayleigh (coherent scat-
er) effects contribute significantly to perform quantitative organic
D-XRF analysis, being associated with light elements (C, H, O,
mong others) [18,19] that are not visualized in ED-XRF spectra
Fig. 2. ED-XRF spectra of (a) authentic Cialis® , and counterfeit Cialis samples with
different register of seizures: (b) V, (c) VI, and (d) I.

such as excipients organics that are hipromellose, lactose, triacetin
and microcrystalline cellulose. This scattering region can provide
powerful information for qualitative or even quantitative determi-
nations of light elements when treated with chemometric analysis
[18,19].

Fig. 1b and c shows two sets of combined ED-XRF spectra for the
counterfeit Viagra® samples (seizures I and II). Generally, for the
seizure I (with exception of one sample, Fig. 1b), a lower S concen-
tration (active ingredient) is observed when compared with the
authentic Viagra® samples, see Fig. 1b and Table 1. In relation to
excipients, the main change is observed for Fe concentration. For
the seizure II, a much higher S concentration is detected (about
400% higher than the standard). Different to both cases, the seizures
III and IV show no K� or K� characteristic lines, presenting thus,
probably an organic composition predominant as mentioned pre-
viously.

Authentic and counterfeit Cialis® samples were also analyzed by
XRF (Fig. 2a–d). The XRF spectrum obtained for authentic Cialis®

samples shows the presence of K� and K� characteristic lines
only for Ti (K� = 4.48 keV and K� = 4.90 keV); and Fe (K� = 6.38 keV
and K� = 7.02 keV) elements, corresponding to TiO2 and Fe2O3,
respectively. This result is specific and completely different to
the result observed for Viagra® samples. Therefore, the samples
can be easily classified and distinguished between Viagra® and
Cialis® using the XRF technique. It is also important to mention
that the elemental composition of the tadalafil is formed basically
by light elements (CHNO), being therefore, organic composition
is directly associated to scattering region (18–25 keV). Counterfeit
Cialis samples obtained from different seizures (V, VI and I) were
also analyzed, Fig. 2b–d. In contrast to results obtained for authentic
Cialis® samples, Fig. 2a, all counterfeit samples show a compo-
sition quite similar to XRF results for authentic Viagra® samples,
Fig. 1a. Among the set of counterfeit Cialis® samples, the sildenafil
citrate concentration in all cases is much higher than the normal
levels found for authentic Viagra® (the concentration reaches lev-
els higher than 400%). These values increase in following order:
seizure V > seizure I > seizure VI > authentic Viagra®, Fig. 2b–d.
For the Ca, Ti and Fe concentrations, the respective order is
observed: seizure I > seizure VI > seizure V > authentic Viagra® (for
Ca); seizure V > authentic Viagra® > seizure VI > seizure I (for Ti);
and seizure VI > seizure I > seizure V > authentic Viagra® (for Fe), see

Table 1. Therefore, with the exception of Ti, the elemental concen-
tration referent to counterfeit Cialis samples is always higher in all
cases.
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The PC1 × PC3 scores plot was also investigated. New subgroups
are observed from groups C, F and G according to the PC3 region
(responsible for ca. 2.6% of total variance). This separation is mainly
0 R.S. Ortiz et al. / Journal of Pharmaceut

Other commercial samples containing sildenafil citrate were
lso analyzed by ED-XRF: Lazar®, Potent 75®, Vimax®, Maxfil®,
igix®, Plenovit®, Pramil®, V-50® and Libiden®. All these medicines
re not approved by the National Health Surveillance Agency,
nvisa, and cannot be legally commercialized in Brazilian market as

ypical PDE-5 inhibitors for treating of erectile dysfunction. ED-XRF
pectra for these commercial samples are shown in supplementary
aterial.
To clarify the discussion, we compare the XRF results obtained

rom these commercial samples to the data observed for authen-
ic Viagra® samples. Generally, for the Lazar®, Potent 75® and
imax® samples, the XRF results show a lower S and Ca concen-

rations (for S ranges from 3663 ± 2619 to 7793 ± 1545 �g g−1; and
or Ca ranges from 7365 ± 1009 to 17,030 ± 2313 �g g−1, respec-
ively) and a higher concentration of Ti (ranges from 2736 ± 2707
o 3875 ± 1873 �g g−1), Table 1. For Maxfil® and Rigix® sam-
les, a lower elemental concentration (with exception of Fe) is
bserved. For Plenovit® samples, close concentration levels are
bserved ([S] = 8702 ± 4787 �g g−1; [Ca] = 18,128 ± 13,449 �g g−1;
nd [Ti] = 1577 ± 818 �g g−1); however, this result shows a high
tandard deviation, probably due to poor quality control in
ndustrial manufacturing process, Table 1. In contrast with all com-

ercial samples, the Pramil®, V-50® and Libiden® samples show a
igher S and Ti concentration, Table 1.

For quantitative analysis of S, Ca, Ti and Fe elements, the fun-
amental parameter method (FP method) has been used. Because
he sample composition is known, the results allow theoretical
alculation of intensities of generated fluorescent X-rays using
he measuring conditions and physical constants from FP. The FP

ethod utilizes these characteristics in a reverse manner, that is, it
ries to obtain the composition from the actually measured inten-
ities [18,23–26]. Also, it is well known that sample preparation
s the source of the largest errors of XRF analyzes. Low standard
eviations (SD) (<10 �g g−1, for example) are reached when the
article size is mainly controlled [18,27,28]. Herein, tablets dis-
layed heterogeneous composition, where changes in the weight
100–500 mg), mixture time and particle size contributed to high
D values observed (<14,000 �g g−1), Table 1. However, the ED-XRF
echnique requires less effort for sample preparation, providing
igh composition information, a fast and cheap analysis (in ca. 100 s
spectrum is acquired). These features make ED-XRF as an attrac-

ive technique for quality control of pharmaceutical formulations.

.1. Chemometry

ED-XRF data were subjected to chemometric treatment via PCA
nd HCA, Figs. 3 and 4. Both were used to statistically evaluate the
erformance of ED-XRF spectra in classifying of sildenafil citrate
nd tadalafil samples for quality control purposes. Fig. 3a and b
hows PC1 × PC2 scores and loading plots, where the 2 first PCs
ccount for ca. 94% of the total variance. In PC1 × PC2 scores plot,
n general, a separation into two large groups is observed corre-
ponding to counterfeit samples (groups A, B, C and D, PC1 < 0; and
roup E, PC1 > 0) and commercial samples (groups F and G; PC1 > 0)
ccording to the PC1 region, Fig. 3a. This separation is mainly due
o Ca and Ti variables, where they have a significant influence for
C1 loading, as shown in Fig. 3b. The groups A, B and C are related
o counterfeit Cialis samples corresponding to seizures VI, I and
, respectively. Generally, they display a higher Ca and S concen-

rations observed among all samples analyzed. The groups D and E
re related to counterfeit Viagra samples corresponding to seizures
and II and III and IV, respectively. The group E (seizures III and IV)

s the uniquely placed in PC1 > 0 region. It is due to the fact of com-
osition being predominantly organic. For other groups (PC1 > 0)
elated to commercial samples, the group F corresponds to authen-
ic Viagra®, Maxfil®, Vimax®, Plenovit® and Rigix® samples and the
Fig. 3. PC1 × PC2 (a) scores and (b) loading plot for ED-XRF data.

group G to authentic Cialis®, Pramil®, Lazar®, V-50®, Libiden® and
Potent 75® samples.
Fig. 4. HCA plot for ED-XRF data.
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ue to the contribution of another variable, Fe, which has significant
nfluence for PC3 loading (see supplementary material).

Fig. 4 shows the results of the HCA chemometric method for ED-
RF data used. As can be observed, although the HCA was carried
ut using all the data, the results obtained were similar to those
rom the PCA: counterfeit samples were classified in groups A, B, C,

and E and the commercial samples in groups F and G.

. Conclusion

ED-XRF data provide relatively simple and fast screening tools
n forensic investigations to characterize and classify between
uthentic samples (formulation commercials of sildenafil citrate
nd tadalafil) and counterfeit Cialis and Viagra samples. The
norganic fingerprinting chemical of several commercial samples
Viagra®, Cialis®, Lazar®, Libiden®, Maxfil®, Plenovit®, Potent 75®,
igix®, V-50®, Vimax® and Pramil®) and counterfeit samples (Via-
ra and Cialis) were obtained from XRF data. Thus, XRF presented an
xcellent analytical methodology for semi-quantitative determina-
ion of active ingredient (in case of sildenafil citrate that presents
in its structure) and excipients such as calcium phosphate, tita-
ium oxide and iron oxide (P, Ca, Ti and Fe). Among the counterfeit
amples, the most samples (54) presented sildenafil citrate as an
ctive ingredient. Some counterfeit Viagra samples (seizure II) and
ll counterfeit Cialis samples showed a higher S concentration than
ormally observed for authentic samples ([S] = 7555 ± 222 �g g−1).
mong the commercial samples investigated, the Lazar® and
ramil® showed a lower and higher S concentration (3663 ± 2619
nd 15,384 ± 3853 �g g−1), respectively.

Generally, Principal Component Analysis and Hierarchical Clus-
er Analysis applied to XRF data classified samples into seven
roups: A, B, C, D and E (counterfeit) and F and G (authentic). The
ariables responsible for separation are mainly related to Ca and Ti
lements.
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a b s t r a c t

The purpose of this study was to prepare a propyl gallate (PrG) molecular imprinted polymer as a cartridge
stuffing material to isolate antiplatelet active ingredients. A macroporous polymer was synthesized uti-
lizing ethylene glycol dimethacrylate (EDMA) as the crosslinking agent, PrG as the template molecule and
4-vinylpyridine (4-Vpy) as the functional monomer. Subsequently, PrG was removed by washing with
methanol–glacial acetic acid (9:1, v/v). The molecular imprinted polymer recognized an active ingredi-
ent, protocatechuic acid, from a crude extract of the Chinese herbal medicine, Radix Salviae Miltiorrhizae
eywords:
ropyl gallate
olecular imprinted polymer
n-line extraction
C/MS/MS
ntiplatelet ingredient

(Danshen), using an on-line column switching solid phase extraction process. Pharmacological experi-
ments showed that protocatechuic acid inhibits arachidonic acid (10 mg/kg) induced aggregation of rat
platelets in vivo. This study provides an example of an application of separation-analysis technique for
screening potentially bioactive compounds.

© 2011 Elsevier B.V. All rights reserved.

ecognition

. Introduction

Historically, traditional Chinese medicines have been used to
reat thrombosis with the aim of activating the blood and elim-
nating stasis. An abnormal increase in the number of platelets

ithin one’s blood is associated with many cardiovascular dis-
ases; therefore, many traditional Chinese medicines are selected
or their antiplatelet activity to prevent blood clotting [1]. Danshen
s one of the most common herbs and has been used to treat coro-
ary heart disease and angina. It can inhibit thrombus formation,
revent platelet aggregation, significantly decrease serum lipid lev-
ls, and improve the hemorheological index [2,3]. The extensive
linical use of this herb prompted our selection of it for screen-
ng.

Between the 1970s and 1980s, a gallic acid ester derivative was
solated from the herbal medicine Radix Paeoniae as well as a mod-
fied structure compound named Radix Paeoniae 801 (P. Radix 801)
r propyl gallate (PrG). Chinese State Food and Drug Administration
SFDA) approved P. Radix 801 for injection (trade name Beibingzhi)
o prevent and treat cerebral thrombosis and coronary heart dis-

ase in 2003 [4]. PrG is a commonly used synthetic antioxidant in
rocessed food, cosmetics and food packaging to prevent rancidity
nd spoilage. It is also approved as a preservative and stabilizer for

∗ Corresponding author. Tel.: +86 591 83570397; fax: +86 591 22861027.
E-mail address: huj@fjtcm.edu.cn (J. Hu).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.010
medicinal preparations by the US Food and Drug Administration [5]
and as an additive by the European Union and many other countries.
The PrG daily intake recommended by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) is 0–1.4 mg/kg and the max-
imum level recommended in foodstuffs is 200 mg/kg [6]. PrG acts
to prohibit platelet conglomeration and is a stimulant of platelet
granule release, which limits adverse drug reactions that can result
in hemorrhage. Unfortunately, PrG has to be given by injection to
avoid hepatic first-pass metabolism. Our work focuses on screen-
ing for ingredients that display similar antiplatelet activity to PrG
and could be given orally.

Molecular imprinting is a technique that is used to introduce
molecular recognition sites for a specific analyte into a synthetic
polymer, which can then be used for the selective separation or con-
centration of target molecules [7–9]. Molecular imprinted polymer
(MIP) can be used for screening natural products for analogues with
similar bioactivities in the hope of finding new drug candidates.
This technique has been investigated in other research projects by
several scholars [10,11].

The column switching consisted of an extraction module and an
analysis module combined in a single automated process [12,13].
A column switching solid phase extraction (CS-SPE) method was
used to screen Danshen. The prepared herbal sample was intro-
duced into the SPE cartridge, which was packed with PrG–MIP [14],

to pre-concentrate the analytes and remove the sample matrix.
The analogues of PrG trapped on the MIP were then eluted with
methanol–glacial acetic acid (9:1, v/v), which flows into the analy-
sis module and was identified as protocatechuic acid (PcA) by liquid

dx.doi.org/10.1016/j.jpba.2011.09.010
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:huj@fjtcm.edu.cn
dx.doi.org/10.1016/j.jpba.2011.09.010


M. Huang et al. / Journal of Pharmaceutical an

c
p
i

2

2

I
f
C
4
n
2
n
C
a
w
u
M
2
a
Q
u
n
E
O
I
Y
S
b

2

l
S
f
i
A
u
M
P
m
a
t

M
a
f
fi
w
U

Fig. 1. Schematic diagram of on-line CS-SPE-LC/MS/MS device.

hromatography–tandem mass spectrometry (LC/MS/MS). The rat
latelet aggregation induced by arachidonic acid (AA), PcA exhib-

ted obvious activities.

. Experimental

.1. Apparatus

A model TU-1800 UV spectrometer was made by Pgeneral
nstrument Co., Ltd. (Bejing, China). A model LC-10Atvp high per-
ormance liquid chromatography system was made by Shimadzu
orporation (Kyoto, Japan). The empty stainless steel cartridge (i.d.
.6 mm × 50 mm) was made by Dalian Replete Science and Tech-
ology Co., Ltd (Dalian, China). One Diamonsil C18 column (i.d.
50 mm × 4.6 mm, 5 �m sizes, 100 A) was made by Dikma Tech-
ologies Inc. (Guangzhou, China). Cartridge filled with MIP and
18 column were used for coupling on-line with SPE separation
nd analysis driven by two binary gradient pumps and single six-
ay valve (Fig. 1). The solutions in all experiments were analyzed
sing an LC/MS/MS made by Waters Technologies Corp. (Milford,
A, USA). A separation module equipped with a model Alliance

695 photodiode array detector was used for detection, along with
mass spectrometer equipped with an ESI probe and a model
uattro MicroTM tandem quadrupole analyzer. Data were collected
sing Masslynx 4.0. Morphological characteristics of the MIP and a
on-imprinted polymer (NIP) were observed using a model XL30
SEM-TMP scanning electron microscope made by Philips Electron
ptics (Eindhoven, The Netherlands). A model NS3A-02 nanoscope

IIa atomic force microscope made by Veeco Instruments Inc. (New
ork, NY, USA) was used to study the ultrastructure. A model CAM-
IZER XT digital imaging particle size and shape analyzer was made
y Retsch Technology GmbH (Haan, Germany).

.2. Materials and chemicals

4-Vinyl pyridine (4-Vpy) and ethylene glycol dimethacry-
ate (EDMA) were purchased from Fluka Chemical Corp. (Buchs,
witzerland), and azobisisobutyronitrile (AIBN) was purchased
rom Sigma–Aldrich Corp. (Louis, MO, USA). Before use these chem-
cals were purified as follows: 4-Vpy was distilled under vacuum,
IBN was recrystallized from ethanol, and activated carbon was
sed to remove additives from EDMA. PrG was provided by FuJian
inDong Rejuvenation Pharmaceutical Co. Ltd. (Fuzhou, China).

ropyl gallate injection was produced by Shandong Weifang Phar-
aceutical Co. Ltd. (CH20050720, Weifang, China). Protocatechuic

cid (PcA) reference material (99.21% purity) was purchased from
he Nanjing TCM Institute of Chinese Materia (Nanjing, China).

Methanol and acetonitrile were HPLC grade purchased from
erck Group (Darmstadt, Germany). Glacial acetic acid, ethyl

cetate, chloroform, and acetone were analytical grade purchased

rom Sinopharm Chemical Reagent Co. Ltd (Shanghai, China). Puri-
ed water (18.2 m� and TOC ≤50 ppb) used throughout the study
as obtained using a Milli-Q® purification system (Bedford, MA,
SA).
d Biomedical Analysis 58 (2012) 12–18 13

Danshen slice was produced by Anwei Haixin Chinese Herbal
Slices Co. Ltd (Bozhou, China). Crushed Danshen powders (100
mashes) were extracted twice with 85% EtOH under reflux for
30 min. After being filtered, the filtrates combined and then con-
centrated to 1 g/mL of Danshen and stored in a refrigerator (2–8 ◦C).
The stock solution (1 mL) was diluted in a 100 mL volumetric flask
with acetonitrile to 0.01 g/mL. The sample solutions were filtered
through a 0.45 �m membrane before being submitted to LC/MS/MS.

2.3. Animals

Male clean grade Wistar rats (200 ± 20 g, Slack Shanghai Lab-
oratory Animal Co. Ltd, Shanghai, China) were used for the
animal model experiment. The rats were housed in an environ-
mentally controlled room at a temperature of 22 ± 1 ◦C, relative
humidity 65–70%, air ventilation 12–18 times h, 12-h light/dark
cycle of 150–300 lux, and food and water ad libitum. The ani-
mal studies were approved by the Fujian Institute of Traditional
Chinese Medicine Animal Ethics Committee (Fuzhou, China).
The experimental procedures followed the Guidelines for Ani-
mal Experimentation of Fujian University of Traditional Chinese
Medicine (Fuzhou, China).

2.4. Preparation of the imprinted polymer

The mimic template (PrG, 94.4 mg, 0.46 mmol) was dissolved
in 4.72 mL porogenous solvent (ethyl acetate) in a 10 mL tube fit-
ted with a screw cap. The functional monomer (4-Vpy, 192 �L)
was added and the mixture sonicated for 5 min. Then the cross-
linking agent (EDMA, 2.0 mL) and the initiator (AIBN, 35.46 mg)
were added, and the solution degassed with oxygen-free nitrogen
for 5 min before sealing. The tube was then placed in a 60 ◦C water
bath for 24 h to complete the polymerization. The MIP was then
mechanically ground and sieved using acetone to achieve particle
sizes within an appropriate size range for the evaluations. The par-
ticulates were dried at 60 ◦C for 24 h under vacuum and stored in
desiccators before use. NIP was prepared in an identical manner to
the MIP but without the template.

2.5. Preparation of the MIP cartridges

An aliquot of methanol (2 mL) was added to an empty stainless
steel cartridge connected to a vacuum pump. The cartridge was
then partially filled with MIP or NIP (0.4 g) and placed under vac-
uum for 30 s before adding further MIP or NIP, and this procedure
was repeated until the cartridge was filled. The templates were then
removed from the cartridge by washing with methanol–glacial
acetic acid (9:1, v/v) at a flow rate of less than 0.5 mL/min.

2.6. Morphological characterization of polymer

The morphological characteristics of MIP and NIP were observed
with a scanning electron microscope (SEM) [15]. A thin slice of MIP
or NIP was placed on a 300-mesh Au grid coated with a lacy carbon
film and exposed to a beam of electrons. Any blemishes encoun-
tered on the surface altered the fraction of electrons diffracted and
this was used to identify holes. Atomic force microscopy (AFM) can
be used to probe material ultrastructure, and in this project it was
used to measure the sizes of holes on the MIP or NIP [16]. A particle

size and shape analyzer (PSSA) was used to accurately characterize
particle size and shape by image analysis. This provides a better
understanding of how the size and shape of polymer particles can
affect the various properties of solid phase extraction [17].
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.7. Performance evaluation of the polymers

The binding efficiency of the polymer toward PrG was assessed
n the batch rebinding experiments. Briefly, 30 mg of each polymer
rG–MIP and NIP were placed in an eppendorf tube containing a
nown concentration of PrG (12.6 �g/mL) in 1 mL of porogenous
olvent, and the mixture was then mechanically shaken at room
emperature for 4 h. Subsequently, the polymers were centrifuged,
nd the concentration of the substrate remaining in the solution
as determined by UV absorption spectrum at 296 nm to calculate

he binding efficiency of polymer.
The polymer particles were packed into a MIP cartridge. Ace-

onitrile was used as the eluent with a flow rate of 0.2 mL/min. PrG,
allic acid, and ferulic acid were applied at a range of concentra-
ions from 100 �g/mL to 300 �g/mL. HPLC was used to determine
he retention times that the gallic acid, ferulic acid and PrG were
dsorbed onto the MIP and NIP columns in order to calculate the
apacity factor (k′) and imprinted factor (IF) [18].

.8. On-line separation and identification of the herbal extract

An aliquot of the Danshen stock solution (100 �L) was intro-
uced into the MIP cartridge. During the extraction, acetonitrile
as used as the mobile phase at a flow rate of 0.2 mL/min. The

ompounds adsorbed on the MIP cartridge were then eluted using
ethanol–glacial acetic acid (9:1, v/v). The six-way value was then

witched to the analysis mode, and any analogues of PrG remaining
n the MIP cartridge were identified by LC/MS/MS. These exper-
mental protocols were used to determine whether a compound
mprinted on the MIP.

.9. Inhibition of rat platelet aggregation by PcA in vivo

Eighty Wistar rats were randomly divided into eight groups of
0 rats each, which included the normal control or acute blood
tasis model groups [19]. The rats in all groups were intragastri-
ally administered or injected with various drugs through the tail
ein for 3 days. On the first day, animals in the positive control
roups or drug group received a single injection of 30 mg/kg PrG,
spirin at 10 mg/kg or 10 mg/kg PcA intragastric administration and
hose in the normal control group received the same volume of
saline solution. On the second day, drug administration to the
odel group of rats occurred after they had received two intraperi-

oneal injections, which were four hours apart, of 0.1% epinephrine
ydrochloride (0.8 mL/kg). There was a 2-h interval between the
wo injections of epinephrine hydrochloride, during which time
he rats were forced to swim in ice water for 5 min to set up acute
lood stasis. Sodium pentobarbital (30 mg/kg) was used to anes-
hetize the rats after the last injection on the third day and fasting
lood samples were collected from their abdominal aorta within
5 min.

Platelet aggregation was determined by turbidimetry [20].
lood (9.0 mL) was collected into a plastic syringe containing 1.0 mL
f 3.8% sodium citrate. The blood was then transferred into a test
ube, the tube capped and mixed by gentle inversion. The volume of
lood collected can be adjusted depending on the number of tests
o be performed, but the blood:anticoagulant ratio must be main-
ained at 9:1. The anticoagulated blood was centrifuged (100 × g,
0 min) and the platelet rich plasma (PRP) carefully removed using
plastic pipette while avoiding red cell contamination. The PRP was

ransferred to a plastic container, which was capped and stored at
oom temperature. The remaining blood sample was centrifuged

gain (1500 × g, 20 min) and the platelet poor plasma (PPP) trans-
erred to a plastic container with a plastic pipette, and the container
apped and stored at room temperature. A platelet count was per-
ormed and the PRP adjusted to 200,000 ± 50,000 per �L platelets
d Biomedical Analysis 58 (2012) 12–18

with the PPP as required. An aliquot of PRP was transferred to a
small glass cuvette, which was maintained at body temperature
(37 ◦C). This was constantly stirred for 5 min and an aggregation
agent added to clump the platelets together and measure their
aggregation ratio.

3. Results and discussion

3.1. Optimization of polymerization conditions

MIP with a high degree of cross-linking is hard and macroporous
with a large loading capacity. The effect of imprinted polymers
is also strongly dependent on polymerization conditions such as
temperature and time as well as the concentrations of the reac-
tants. In this research, a thermopolymerization procedure was
employed at 60 ◦C for 24 h to ensure the formation of highly cross-
linked MIP [21]. We investigated how the monomer, cross-linker,
initiator and porogenous solvent affected polymerization under
different conditions. Because of its polarity, PrG is not soluble in
common MIP preparation solvents such as acetonitrile, chloroform,
dichloromethane and toluene. It is soluble in ethyl acetate and
acetone and in some strong polar or universal solvents such as
N,N-dimethylformamide (DMF), tetrahydrofuran (THF) or dimethyl
sulfoxide (DMSO).

Methacrylic acid (MAA), acrylic acid (AA), acrylic amide (AM),
and 4-Vpy are the most common monomers used in MIP produc-
tion. In preliminary experiments, the above four were tested for
use as the monomer to prepare polymers, PMAA, PAA, PAM, P4-Vpy,
at 60 ◦C for 24 h. PMAA and PAA synthesized in ethyl acetate, were
loose, soft or crisp; whereas PAM and P4-Vpy were opaque and hard.
During the decantation step, the amount of PMAA and PAA parti-
cles lost was considerably more than that of PAM or P4-Vpy, which
may have resulted from the greater swelling of PMAA and PAA. 4-
Vpy was preferred over AM because it had beneficial electrostatic
interactions between the acidic and basic functions of the template
molecule and the monomer.

When a strong polar solvent, such as DMF or THF, was used
as the porogenous solvent and TRIM was used as the cross-linking
agent, it led to a polymer structure that lacked rigidity. A more suit-
able hardness could be achieved using a medium polar or universal
solvent, such as ethyl acetate, acetone, or DMSO. If the PrG was dis-
solved in acetone or DMSO, the load capacity of the synthesized
MIP was smaller.

For this research, ethyl acetate was used as the porogenous sol-
vent, EDMA was used as the cross-linking agent, and 4-Vpy was
used as the functional monomer. Under these conditions, the syn-
thetic MIP had excellent hardness, a high degree of cross-linking,
and a large binding capacity. The effect of the amount of template
on the MIP characteristics was investigated using various propor-
tions of PrG. At low proportions of template, the extraction ability
of the resulting polymers was low, and increasing the amount of
template molecule increased the efficiency of the prepared MIP.
However, the polymer obtained appeared to be nonspecific. The
optimal mole ratio of template:functional monomer:cross-linking
agent was 1:4:20, and the best ratio of porogenous solvent to the
monomer was 3:4 (v/v).

These rebinding experiments were repeated three times for
both the imprinted and nonimprinted polymers using different
concentrations of PrG (0.3–1 mmol). The NIP was used as a control
to determine the nonspecific binding. The amount of PrG bound
to the polymers was calculated by subtracting the amount of free

substrate from the initial absorbance as ((AT − AMIP)/AT) × 100%. To
compare the imprinting effect, we define the specific adsorption
values as �A = ANIP − AMIP, where AMIP and ANIP are the absorbance
values of bound template on the MIP and NIP, respectively. The



M. Huang et al. / Journal of Pharmaceutical and Biomedical Analysis 58 (2012) 12–18 15

Table 1
The optimization of the synthesis conditions of the imprinted polymer.

Polymer Templat Porogenous solvent Crosslinking agent Binding efficiency Mole
ratioa

Remarks

PrG mg DMF ml Ethyl
acetate ml

Acetone ml DMSO ml EDMA ml TRIM ml AT ANIP AMIP
AT−AMIP

AT
× 100%

MIP1 70.7 1.87 1.26 0.529 0.483 0.472 10.78 1:4:20 Crisp
MIP2 70.7 1.87 1.26 0.529 0.421 0.253 52.17 1:4:20 Optimizationb

MIP3 70.7 1.87 1.26 0.529 0.512 0.509 3.78 1:4:20 Better rigidity
MIP4 70.7 1.87 1.26 0.529 0.476 0.425 19.66 1:4:20 Better rigidity
MIP5 212.2 1.87 1.92 0.529 0.499 0.490 7.37 1:4:6 Loose soft
MIP6 212.2 1.87 1.92 0.529 0.511 0.502 5.10 1:4:6 Loose soft
MIP7 212.2 1.87 1.92 0.529 0.483 0.477 9.83 1:4:6 Spongy
MIP8 212.2 1.87 1.92 0.529 0.466 0.463 12.48 1:4:6 Loose soft
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a 4-Vpy as functional monomer, template:functional monomer:cross-linking age
b Better rigidity and larger load capacity.

mount of PrG bound to the optimum polymers, MIP2 and NIP2,
as 17.5 �g/g and 5.2 �g/g, respectively. The imprinting efficiency

n MIP was obviously higher than that on NIP. The optimization
onditions for the synthesis of the polymer are listed in Table 1.

.2. Morphological characterization

The surfaces of both MIP and NIP particles were studied by SEM.
ompared with NIP, MIP displayed a rougher and more porous sur-

ace (Fig. 2). The sectional profile of the polymer was obtained
rom AFM images. The average holes on NIP were 1.462 �m in
iameter with a 1.092 �m horizontal distance, a 27.044 �m ver-
ical distance, and are at an angle of 1.419◦. The cavities remaining
fter the removal of the MIP template were 5.724 �m in diameter.
he corresponding cross-sectional data for MIP showed a horizon-
al distance of 3.343 �m, a vertical distance of 178.04 �m, and an
ngle of 3.049◦ (Fig. 3). The cavities were larger on the MIP surface
han the ones on the NIP.

The MIP was crushed, mechanically ground, sieved (400 mesh),
nd dispersed in acetone to deliver polymer particle sizes in the
ange of 20–60 �m to fill the cartridge. The size and shape of
he polymer particles largely affected the column pressure. The
deal particle is approximately 30 �m with a nearly spherical shape
0.95–1.0 sphericity degree). PSSA results showed the PrG MIP par-
icles ranged from 20 to 40 �m in diameter and had an average
phericity degree of 0.869 (Fig. 4). This technique was successfully
pplied to accurately control the size distribution and shape of the
IP filler.
.3. Selectivity and recognition performance of PrG MIP

The goal of this study was to prepare a polymer that in the
olid phase would retain and resolve the antiplatelet aggregation

Fig. 2. SEM micrographs ×30,0
ingredients from the crude extract of Danshen. The substrate selec-
tivity of the PrG–MIP and NIP was studied with PrG, gallic acid and
ferulic acid (200 �g/mL in acetonitrile). All three compounds are
inhibitors of platelet aggregation, and their structures are shown
in Fig. 5. Their capacity factors (k′) and imprinted factors (IF) were
utilized to evaluate the molecular selectivity of each polymer.

The choice of the type of eluent is very critical for the bind-
ing and recognition of the properties of the MIP. A polar solvent
weakens the noncovalent specific interactions between the tem-
plate and the polymer matrix, and it reduces the affinity and
selectivity of the MIP for its template. The cartridge was packed
with MIP and NIP (0.35–0.40 g) to prepare the MIP–SPE column.
HPLC was used to determine the retention time for the adsorp-
tion of gallic acid, ferulic acid and PrG on the column. Using
acetonitrile as the eluent at a 0.2 mL/min flow rate, the retention
time for PrG was 36 min with the MIP cartridge while chang-
ing the cartridge filler to NIP reduced the retention time by only
5 min. Gallic acid and PrG have exactly the same nuclear par-
ent structure (benzoic acid), and the PrG–MIP exhibited a high
affinity for gallic acid and its retention time was 45 min. In con-
trast, the structure of ferulic acid is reasonably different from PrG
with regard to its nuclear parent (cinnamic acid) and the num-
ber and position of substituent groups attached to the benzene
ring. Consequently, the retention time for ferulic acid was only
11 min with the MIP cartridge.

In Table 2, k′ values and IF values of the analytes injected on the
columns packed with imprinted polymer are listed. The PrG–MIP
exhibited a high affinity for PrG itself and its structural analogue,

gallic acid. However, it did not retain other structurally unrelated
compounds, such as ferulic acid. In addition, all of the examined
molecules were retained longer on the MIP than on the NIP, sug-
gesting that the adsorbents of larger imprinted effects could be

00: (A) NIP and (B) MIP.
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Fig. 3. AFM images and section analysis data: (A) NIP and (B) MIP.
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Table 2
Retention of substrates on imprinted polymer cartridge.

Compounds Retention

Retention
time (min)

Dead time
(min)

Capacity
factor

Imprinted
factor

tR, NIP tR, MIP t0 KNIP
′ K MIP

′ IF

PrG 5 36 2.0 1.5 17 11.33
Fig. 4. MIP particle sizes distribute histogram.

chieved by preparation of imprinted polymers. The k′ was cal-
ulated from the equation k′ = (tR − t0)/t0, where tR is the retention
ime for a sample and t0 is the time to elute the void marker ace-

one [22]. IF was defined as the ratio of the k′ value of one molecule
n a MIP column to that on its corresponding NIP calculated as fol-
ows: IF = kMIP

′/kNIP
′. These compounds were in the following order:

FPrG > IFgallic acid > IFferulic acid.

HO
OH

OH

OO
CH3

HO
OH

OO H

Gallic aciPrG 

Fig. 5. Structures of three comp
Gallic acid 15 45 6.5 21.5 3.31
Ferulic acid 7.5 11 2.75 4.5 1.64

3.4. Separation and identification of the PrG analogues in
Danshen extract

In Fig. 6, an aliquot of the prepared Danshen stock solution
with an injection sample volume of 20 �L was analyzed by HPLC
at 260 nm using a mobile phase of methanol:water:acetic acid
(15:84:1, v/v) at a flow rate of 1.0 mL/min (Fig. 6A). Another
aliquot of the stock solution (100 �L) was introduced into the
MIP–SPE extract cartridge with a mobile phase of acetonitrile at
0.2 mL/min for more than 40 min. The compounds adsorbed on the

MIP were then eluted using methanol–glacial acetic acid (9:1, v/v)
at 0.2 mL/min for 5 min. At the same time, the six-way value was
switched to analysis mode, and the analogue of PrG remaining in

OH O
OH

O

HO

Ferulic acid d 

ounds of phenolic acids.
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ig. 6. LC and MS graphs: (A) chromatogram of Radix Salviae Miltiorrhizae sample
olution, (B) chromatogram of remaining component after MIP-SPE; (C) full scan
ass spectra of PcA; (D) daughter scan mass spectra of PcA.

he MIP cartridge was introduced into the LC system. The mobile
hase was changed to methanol:water:acetic acid (15:84:1, v/v)
t a flow rate of 1.0 mL/min, and the fractions corresponding to
he chromatographic peaks were collected (Fig. 6B). They were fur-
her identified by MS/MS as the peaks corresponding to the PrG
nalogue. The MS analysis is shown in Fig. 6C; a deprotonated
olecular ion [M−H]− of m/z 153 was observed. To identify this

omponent, the molecular ion at m/z 153 was selected for a daugh-
er ion scan using collision energy of 30 eV. The sharp signals at m/z
37, 109, and 81 matched the fragmentation pattern of PcA (Fig. 6D)
23].

PcA was found to have a stronger binding capacity to specific
ites, and it resided for a longer retention time on the MIP (44 min)
han PrG (36 min) or on the NIP (9 min). The affinity for PcA was
igher shown by its calculated IF value of 5.3. Their retention char-
cteristics are compared in Fig. 7A and B. To avoid a false positive
esult, it is necessary to utilize a pharmacology experiment to con-
rm the compound potency.

.5. Aggregation test of rat platelet in vivo

Platelet aggregometry is used in routine platelet aggregation
tudies for evaluating qualitative platelet disorders. It measures
he change of light transmission in PRP due to the aggregation of

latelets in response to various agonists. PRP is usually cloudy and
ecomes clearer as platelets clump in response to reagents such as
denosine diphosphate (ADP), arachidonic acid (AA), epinephrine,
nd collagen. The results are typically reported as percent

able 3
cA inhibits on rats platelet aggregation-induced by AA.

Groups Platelet aggaregation ratio (%)

Normal rats

R(5 min) Rmax

Control 45.43 ± 2.57 47.05 ± 1.
Asprin 35.68 ± 3.95� 40.75 ± 3.
P. Radix 801 11.92 ± 5.06�� 0.27 ± 1.
PcA 6.96 ± 4.72�� 5.03 ± 5.

alues are expressed as mean ± SEM, n = 10.
P ≤ 0.05 vs. normal control.
�P ≤ 0.01 vs. normal control.
P ≤ 0.05 vs. model control.
** P ≤ 0.01 vs. model control.
Fig. 7. Retention behavior of PrG (A) and PcA (B) in NIP and MIP cartridge.

aggregation, the 5-min aggregation ratio (R5 min) and the maximum
aggregation ratio (Rmax).

The rats of normal control and acute blood stasis model groups
were tested for anticoagulation activities by a bioassay against AA
induced aggregation of platelets in vivo. The statistical analysis
of the data confirmed a sharp decline in the maximum aggrega-
tion ratio of platelets in rats intragastrically treated with 10 mg/kg
of PcA. In comparison with normal control and pharmacological
model groups, there were significant differences, but there were no

differences in comparison with the positive control (Table 3). The
results show that PcA inhibits platelet aggregation and possesses a
similar effect to PrG.

Model rats

R(5 min) Rmax

65 51.8 ± 3.54 53.77 ± 2.81
65� 28.83 ± 7.87** 29.75 ± 6.89**

43�� 16.11 ± 8.12** 30.68 ± 4.42**

25�� 4.78 ± 3.56** 5.58 ± 4.52**
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Similar to aspirin, PrG is a potent inhibitor of cycloxygenase
COX) and blocks the metabolism of AA to Thromboxane A2 (TXA2)
hrough the COX pathway, which inhibits platelet aggregation [24].
n this paper, compared with two positive controls, aspirin and PrG,
cA was detected as an inhibitor of AA-induced platelet aggrega-
ion. H.S. Yun-Choi et al. have also isolated PcA from a different
erbal medicine, and its antiplatelet adhesion action was described
25].

PrG is one compound of a class of phenolic acids whose
olecules contain benzoic acid nuclear parent. Liu et al. studied

ineteen phenolic acid compounds and their structure–activity
elationship with anticoagulation activities. They concluded that
any phenolic acids exhibit obvious activity. The monohydrox-

benzoic acid was the active site of this type of molecule,
nd o-3-phenolic acids manifested stronger activities than those
f o-2-phenolic acids [26]. PcA is an o-2-phenolic acid was
dentified by PrG–MIP from Danshen. PcA and PrG have the
ame structural nuclear parent, but differ in the number and
osition of their substituent groups attached to the benzene
ing.

The phytochemical analysis of Danshen has revealed the pres-
nce of tanshinones and depside acids [27]. Among these, many
ompounds may have the inhibitory effect on platelets. Some stud-
es have shown that salvianolic acid B and tanshinone IIA inhibit
rimary hemostasis and many pathways associated with platelet
ctivation and aggregation [28,29]. The present work showed that
cA could inhibit platelet aggregation induced by AA. This may
e one of the mechanisms for the prevention of atherosclerosis
ecause antiplatelet function contributes to cardiovascular disease.
hese results illustrate that various components in Danshen can
nhibit platelet aggregation through different activation pathways,
nd thus, there is likely not one simple explanation for its biological
ffects.

. Conclusion

In this study, an efficient method was developed for screen-
ng the target analogues of PrG–MIP in Danshen by using
S–SPE–HPLC–MS–MS. A component was successfully identi-
ed based on retention time and MS spectra when compared
ith the authentic compound and the data in the literature.

he pharmacology experiment confirmed that it is effective
gainst platelet aggregation. This method is a straightforward
nd convenient method that requires only a very simple
rude extract preparation procedure; thus, it would be a valu-
ble tool for screening bioactive substances in other herbal
edicines.
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a b s t r a c t

Ginseng is an important herbal resource worldwide, and the adulteration or falsification of cultivation age
has been a serious problem in the commercial market. In this study, ginseng (Panax ginseng) roots, which
were cultivated for 2–6 years under GAP standard guidelines, were analyzed by NMR-based metabolomic
techniques using two solvents. At first, ginseng root samples were extracted with 50% methanol, and
analyzed by NMR with D2O as the NMR dissolution solvent. The 2-, 3-, 4-, and 5/6-year-old ginseng
root samples were separated in PLS-DA-derived score plots. However, 5- and 6-year-old ginseng roots
were not separated by the solvent system. Therefore, various solvents were tested to differentiate the
5- and 6-year-old ginseng root samples, and 100% methanol-d4 was chosen as the direct extraction and
MR
etabolomics
MR solvent

NMR dissolution solvent. In the PLS model using data from the 100% methanol-d4 solvent, 5- and 6-year-
old ginseng roots were clearly separated, and the model was validated using internal and external data
sets. The obtained RMSEE and RMSEP values suggested that the PLS model has strong predictability for
discriminating the age of 5- and 6-years-old ginseng roots. The present study suggests that the age of
ginseng could be successfully predicted using two solvents, and the developed method in this study can
be used as a standard protocol for discriminating and predicting the ages of ginseng root samples.
. Introduction

The roots of Panax ginseng C.A.Meyer (Araliaceae) have been
sed as a traditional medicinal herb worldwide. P. ginseng
oots have been reported to include amino acids, fatty acids,
arbohydrates, alkaloids, triterpene saponins, polysaccharides,
esquiterpenes, polyacetlyenes, peptidoglycans, minor elements,
itamins, and phenolic compounds [1,2]. The major biochemical
nd pharmacological activities of P. ginseng have been attributed to
riterpene saponins such as ginsenosides [3], and it was reported
hat the content of ginsenosides in root and root-hair increases with
ncreasing age of P. ginseng from one to five years [4]. P. ginseng
oots exhibit a wide variety of pharmacological effects, such as car-
iovascular control of blood pressure [5], increasing learning [6],
ncreasing cognitive performance [7], antiaging [8], antioxidative
9], anticancer [10,11], and immunestimulating activities [12].

∗ Corresponding author. Tel.: +82 2 820 5605; fax: +82 2 812 3921.
E-mail address: hykychoi@cau.ac.kr (H.-K. Choi).

1 These authors contributed equally to this work.

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.016
© 2011 Elsevier B.V. All rights reserved.

In recent years, the adulteration of ginseng cultivation age has
been a major problem in ginseng commercial markets, because the
5- and 6-year-old ginseng root price is 30 and 60% higher than
that of 4-year-old ginseng root [13], which has encouraged adul-
teration or falsification practices. However, the differentiation of
ginseng according to cultivation age is mainly performed by visual
inspection, such as morphological characteristics of the head part of
ginseng and the number of branched roots. Therefore such differen-
tiation has been rather subjective and relies on a few experts in the
field. Nowadays, metabolomics techniques combining spectromet-
ric methods and multivariate statistical analysis such as principal
component analysis (PCA), partial least squares discriminant anal-
ysis (PLS-DA), hierarchical cluster analysis (HCA), and partial least
squares projections to latent structures (PLS) [14]. Those multi-
variate statistical analysis techniques coupled with NMR analysis
using various extraction protocols were used for metabolic pro-
filing and characterization of various types of plants, foods, and
tissues [15–18].
There are a few previous reports regarding fingerprinting or
metabolic profiling of ginseng by various analytical methods, such
as nuclear magnetic resonance spectroscopy (NMR), 2D J-resolved
NMR, UPLC-qTOF-MS, and GCxGC-TOF-MS [19–24]. However, there

dx.doi.org/10.1016/j.jpba.2011.09.016
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:hykychoi@cau.ac.kr
dx.doi.org/10.1016/j.jpba.2011.09.016
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re no reports regarding the metabolic differentiation and pre-
iction of cultivation age using ginseng samples cultivated under
tandardized protocols or guidelines. Most of the previous fin-
erprinting analysis or metabolic profiling studies of ginseng
as performed using ginseng roots purchased or obtained from

ommercial markets [20,21,24,25]. Thus, metabolic profiling and
evelopment of a cultivation age prediction model for ginseng
ultivated under standard conditions is very crucial for detect-
ng and preventing adulteration or falsification. In this study, we
ultivated ginseng root samples in a restricted and controlled
rea according to standardized cultivation protocols, and then the
inseng samples were analyzed by two-dimensional NMR-based
etabolomics techniques using various solvents to develop a dif-

erentiation method for ginseng cultivation age.

. Experimental

.1. Solvents and chemicals

First-grade methanol, D2O [99.9%, containing 0.05% 3-
trimethylsilyl)-propionic-2,2,3,3-d4 acid sodium salt (TSP) as
n internal standard], acetone-d6 [99.9%, containing 0.1% (v/v)
etramethylsilane (TMS)], acetonitrile-d3 [99.8%, containing 0.05%
v/v) TMS], pyridine-d5 [99.5%, containing 0.03% (v/v) TMS],
nd DMSO–d6 [99.9%, containing 1% (v/v) TMS] were purchased
rom Sigma (St. Louis, MO). Methanol-d4 [99.8%], and methanol-d4
99.8%, containing 0.05% (v/v) TMS] were obtained from Cambridge
sotope Laboratories (Andover, MA) and NaOD was purchased from
ortec (Paris, France).

.2. Sample preparation

P. ginseng roots were cultivated in the field of National Insti-
ute of Crop Science (Suwon, Republic of Korea) located in latitude
7◦15′N, longitude 127◦00′E, altitude 24 m, according to the proto-
ol of ‘ginseng GAP standard cultivation guide’ [26] developed by
he Rural Development Administration, Republic of Korea. Two-,
hree-, four-, five-, and six-year-old ginseng roots were harvested
n 2006. Harvested P. ginseng root samples were washed with tap

ater and then the ginseng root hair (fine root tails) was discarded
rom the body; only the body parts were prepared for NMR anal-
sis. All parts of the 2-year-old ginseng samples were used for the
xperiment, because there was no difference between the ginseng
oot body and hair due to their small size. Voucher specimens
ere deposited at CAUG (20070521-200705120) at the College

f Pharmacy, Chung-Ang University, Republic of Korea. To inves-
igate the individual variability of ginseng samples, 20 different
oot samples per age of ginseng root were individually freeze-
ried (DRC-1000, FDU-2100, EYELA, Tokyo, Japan), ground to a fine
owder in a pestle and mortar, and then stored at −70 ◦C until
nalysis.

.3. NMR measurement

For NMR analysis, 100 mg of ground ginseng root sample were
ransferred into a centrifuge tube. Five milliliters of 50% methanol
water:methanol = 50:50,v/v) were added to the ginseng root sam-
les in test tubes, vortexed for 1 min and sonicated for 1 min,
nd then the materials were centrifuged at 500 × g for 10 min.
he supernatants were transferred separately into a 50-mL round-
ottomed flask to dry in a rotary vacuum evaporator. The extraction
rocedure was repeated twice.
As a buffering agent, KH2PO4 was added to D2O to final con-
entration of 0.1 M and the pH of the D2O was adjusted to 6.0 by
he addition of 1 N NaOD solution. One milliliter of pH-adjusted
2O solution was added to the 50-mL round-bottomed flask to
d Biomedical Analysis 58 (2012) 19–26

dissolve the dried aqueous extract. The dissolved solutions were
transferred to NMR tubes (Norell, Landisville, NJ) for NMR mea-
surements. To select the solvent system for differentiation of 5- and
6-year-old ginseng, various NMR solvent systems were used. For
50% MeOD NMR solvent extraction, 20 mg of 5- and 6-year-old gin-
seng root samples were transferred into microtubes (Axygen, Inc.,
MCT-175-C, CA). Three hundred and thirty microliters of KH2PO4
buffer in D2O (with 0.05% TSP) and 330 �L of methanol-d4 were
added to the tube, vortexed for 1 min and sonicated for 15 min.
The tubes were centrifuged at 14,000 × g for 10 min. The extract
was transferred into microtubes then centrifuged at 14,000 × g for
3 min. The supernatants were transferred to a 5-mm NMR tube.
To select suitable NMR solvent among acetone-d6, acetonitrile-d3,
pyridine-d5, D2O-d4, DMSO-d6, and 100% methanol-d4 for direct
extraction and NMR measurement, 10 mg of 5- and 6-year-old gin-
seng root samples were transferred into microtubes. Then 0.65 mL
of each of the 6 solvents was added to the ginseng root sam-
ples in the microtube, which were then vortexed and sonicated
for 1 min. The samples were centrifuged at 500 × g for 15 min and
the supernatants were transferred into 5-mm NMR tubes for NMR
measurements.

All spectral data were obtained on a Bruker Avance 600 NMR
spectrometer (Bruker, Germany). For 1D 1H NMR spectra, 128 scans
were recorded with 65,536 data points over a spectral width of
10,776.9 Hz using the zgcppr pulse sequence employing a relax-
ation delay of 1.0 s at a temperature of 298 K. TSP (0.05%, w/v)
was used as in internal standard for D2O, while TMS (0.05%,
v/v) was used for acetone-d6, acetonitrile-d3, pyridine-d5, D2O,
DMSO-d6, and methanol-d4. 2D 1H–1H correlation spectroscopy
(COSY) spectra were acquired with a 1.4 s relaxation delay, 32
scans, and a 5681.8 Hz spectral width in both dimensions. In
addition 2D 1H–13C heteronuclear single quantum correlation
(HSQC) spectra were obtained with a 2.0 s relaxation delay, 32
scans, and 5,896.2 Hz spectral width in F2 and 30,864.2 Hz in
F1.

Two dimensional J-resolved 1H NMR spectra were recorded at
298 K on a 600-MHz Varian spectrometer (VnmrJ 2.2, CA). The spec-
tra were collected using the following pulse sequence: [relaxation
delay–90◦–t1–180◦–t1–acquire for time t2] where the relaxation
delay was 1.4 sec and t1 was incremented with increasing delay.
Data were acquired in F2 using 16 FIDs per increment that were
collected into 8192 data points, using a spectral width of 6009 Hz
in F2 (chemical shift axis) and 30 Hz in F1 (spin–spin coupling con-
stant axis). Datasets were zero-filled to 1024 data points in F1 and
the spectra were tilted by 45◦ to provide orthogonality and sub-
sequently symmetrized about the F1 axis. Following a magnitude
calculation, the spectra were displayed as both contour plots and
skyline projections.

2.4. Data analysis

In the aqueous extraction, the spectral 1H NMR region from
ı = 0.52 to ı = 10.00 was segmented into regions with widths of
0.04 ppm (giving 230 integrated regions) using AMIX software
(version 3.7, Bruker Biospin Co., MA). The regions from ı = 4.60
to ı = 4.90 were excluded from the analysis due to the presence
of the signal from residual water in aqueous extracts. In the
case of methanol-d4 extracts, one-dimensional 1H NMR spectra
were imported into AMIX software (version 3.7, Bruker Biospin
Co., MA) for spectral binning. The spectral 1H NMR region from
ı = 0.52 to ı = 10.00 was divided into 0.04 ppm bins (giving 234 inte-
grated regions). The two regions of ı = 3.25–3.33 and 4.80–4.90 ppm

were excluded from the analysis because of the residual signals
of methanol and water. The remaining regions were normalized
to the whole spectrum for principal component analysis (PCA),
partial least squares discriminant analysis (PLS-DA), hierarchical
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Table 1
Assignments of 1D and 2D NMR spectral peaks obtained from 2- to 6-year-old P. gin-
seng root samples analyzed by D2O as an NMR dissolution solvent after 50% methanol
extraction. s: singlet, d: doublet, t: triplet, m: multiplet, dd: doublet of doublet.

Compound 1H a 13C b Assignment c

Amino acids
Valine 0.98 (d, J = 7.0) n.d.d H-8

1.02 (d, J = 7.0) n.d. H-7
Threonine1 1.34 (d, J = 6.5) 22.50 H-8
Alanine2 1.46 (d, J = 7.2) 20.37 H-6
Arginine3 1.61–1.76 (m) 26.91 H-7

1.87–1.96 (m) 30.15 H-6
3.26 (t, J = 6.9) 43.23 H-8

Proline 1.99–2.09 (m) n.d. n.d.
Glutamate5 2.10–2.17 (m) n.d. H-6

2.34–2.37 (m) 36.25 H-7
Glutamine 2.45 (m) 33.57 n.d.
Aspartate9 2.82 (dd, J = 17.1, 3.7) 39.40 n.d.
Asparagine10 2.84–2.88 (m) 37.64 H-6

2.94–2.97 (m) 37.09 H-6
Choline 3.18 (s) 56.53 H-5, 6, 7
Tyrosine 6.89–6.91 (m) n.d. H-2, 6

7.19–7.20 (m) n.d. H-3, 5
Tryptophan 7.21–7.25 (m) n.d. H-9

7.54 (d, J = 8.0) n.d. H-6
7.74 (d, J = 7.9) n.d. H-7

Phenylalanine 7.34 (d, J = 7.6) n.d. H-2, 6
7.37–7.40 (m) n.d. H-4
7.41–7.44 (m) n.d. H-5, 3

Organic acids
Acetate4 1.90 (s) n.d. H-4
Glutarate6 2.30 (t, J = 7.4) n.d. n.d.
Pyruvate7 2.38 (s) n.d. H-6
Malate8 2.40 (dd, J = 15.5, 9.9) 45.30 H-5

2.70 (dd, J = 15.5, 3.1) n.d. H-5
4.30 (dd, J = 9.9, 3.1) n.d. H-2

2-Oxoglutarate11 3.02 (t, J = 7.4) n.d. n.d.
Fumarate 6.52 (s) n.d. n.d.
Formate 8.42 (s) n.d. H-2

Sugars
Glucose12 3.45–3.48 (m) 78.57 H-6

3.56 (dd, J = 9.9, 3.8) 73.86 H-3
3.72–3.91 (m) 62.89 H-11, 6
5.22 (d, J = 3.8) 94.98 H-2

Sucrose13 3.47 (t, J = 9.6) 71.97 H-10
3.56 (dd, J = 10.0, 3.9) 73.65 H-12
3.66 (s) 64.04 H-13
3.76 (t, J = 9.5) 75.38 H-11
3.79–3.91 (m) 63.04 H-17, 19
4.05 (t, J = 8.6) 76.67 H-4
4.22 (d, J = 8.8) 78.67 H-3
5.42 (d, J = 3.9) 95.20 H-7

Xylose 3.38 (t, J = 9.4) n.d. H-4
4.54 (d, J = 8.1) n.d. H-2
5.18 (d, J = 3.9) n.d. H-2

1−13 Compounds confirmed by 2D J-resolved NMR.
a 1H NMR chemical shift (ı), peak multiplicity, and J value (Hz) data from 1H NMR

and 2D J-resolved NMR.
b 13 1 13
S.-O. Yang et al. / Journal of Pharmaceut

luster analysis (HCA), and partial least squares projections to latent
tructures (PLS). PCA, PLS-DA, HCA and PLS were performed with
IMCA-P software (version 12.0, Umetrics, Umeå, Sweden).

For the analysis of PLS-derived relationship between observed
nd estimated age of the 2–6-year-old ginseng root samples using
0% methanol as an extraction and 100% D2O as NMR dissolution
olvent, 1H NMR spectral data were collected from 14 samples
f ginseng root at each cultivation age (70 total samples). We
xcluded one outlier based on Hotelling’s T2 in preliminary PCA
f 15 samples of ginseng root at each cultivation age, and the
LS-DA was thus performed using 14 samples for each cultivation
ge group. Among those samples, the training set included ran-
omly selected 11 individual samples, and rests of the 3 samples
f 2–6-year-old ginseng root were used as the test set for external
alidation.

To select suitable NMR solvent among acetone-d6, acetonitrile-
3, pyridine-d5, D2O-d4, DMSO-d6, and 100% methanol-d4 as direct
xtraction and NMR measurement solvents for differentiation
etween 5- and 6-year-old ginseng root samples, 3 individual sam-
les were analyzed in all solvent systems except 50% methanol-d4
ystem (19 ginseng root samples). In case of DMSO-d6 condition,
0 ginseng root samples were further analyzed to confirm the sep-
ration.

For further study to differentiate 5- and 6-year-old ginseng sam-
les using 100% methanol-d4 solvent, 40 ginseng root samples (20

ndividual samples each of 5- and 6-year-old ginseng), were ana-
yzed. Ten outliers (5 outliers in each cultivation age) were deleted
ased on Hotelling’s T2 in preliminary PCA from the 5- and 6-year-
ld ginseng roots, respectively. Thus, 30 samples (15 individual
amples each of 5- and 6-year-old ginseng) were analyzed in further
tudies. Among those, randomly selected 12 samples were used for
nternal validation, whereas rests of the 3 samples were used for
xternal validation in each cultivation age.

. Results and discussion

.1. 1H NMR spectra and assignment of the peaks in ginseng root
amples

The signal overlap was an obstacle to identifying individual
etabolites in complex samples from 1H NMR spectra. This prob-

em could be solved by using 2D J-resolved spectra. Spectral data of
-resolved NMR provided supplementary information and a split-
ing pattern for each signal with the accurate coupling constant.
n addition, the 2D NMR techniques including 1H–1H COSY and
H–13C HSQC can be useful for peak assignment.

Figs. 1, S1 and S2 showed the representative 1H NMR spec-
rum (Fig. 1a), 2D J-resolved spectra (Fig. 1b and c), 1H–1H COSY
Fig. S1), and 1H–13C HSQC (Fig. S2) spectrum of the 50% methanol
xtract of 6-year-old ginseng root samples measured with D2O. As
escribed in Table 1, the following signals were assigned based
n comparisons with the chemical shifts of standard compounds
sing the Chenomx NMR suite software (version 5.1, Chenomx,

nc., Edmonton, Canada). 2D J-resolved data, 1H–1H COSY and
H–13C HSQC signal matches were obtained by referencing 1H–13C
hemical shifts in the Madison Metabolomics Consortium Database
MMCD, http://mmcd.nmrfam.wisc.edu/) and Human Metabolome
atabase (HMDB, http://www.hmdb.ca/). As shown in Table 1,

he amino acids such as valine, threonine, alanine, arginine, pro-
ine, glutamate, glutamine, aspartate, asparagine, choline, tyrosine,
ryptophan, and phenylalanine were assigned in the ginseng root

amples. Organic acids such as acetate, glutarate, pyruvate, malate,
-oxoglutarate, fumarate, and formate were also identified. In the
ugar region (3–6 ppm), glucose, sucrose, and xylose were detected
n the 1H NMR and 2D NMR spectra.
C chemical shift (ı) data from H– C HSQC.
c Assignment from COSY.
d n.d. not detected.

3.2. PLS-DA, HCA, and PLS of ginseng root samples using multiple
solvent systems

PLS-DA extends a regression of PCA and uses class informa-
tion to maximize the separation between groups of observations.
This frequently used classification method is categorical (categories
described with dummy variables) and expresses the class mem-
bership of the statistical units [14,27]. In this study, PLS-DA was
performed using the 1H NMR data of the 50% methanol extract

of ginseng root. The data were mean-centered and scaled to unit
variance (UV) by the SIMCA-P 12.0 software.

We excluded one outlier in the preliminary PCA of 15 samples
of ginseng root at each cultivation age, and the PLS-DA was thus

http://mmcd.nmrfam.wisc.edu/
http://www.hmdb.ca/
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erformed using 14 samples for each cultivation age group. As
hown in Fig. 2a, there was a separation of PLS-DA-derived score
lots between the 2-, 3-, 4-, 5-, and 6-year-old ginseng root sam-
les, whereas the separation between 5- and 6-year-old samples

ig. 1. Representative 1H NMR spectrum (a) and 2D J-resolved NMR spectra of 0–3 ppm
issolution solvent after 50% methanol extraction. 1: threonine, 2: alanine, 3: arginine, 4: ac
1: oxoglutarate, 12: glucose, 13: sucrose.
d Biomedical Analysis 58 (2012) 19–26
was not clear in the score plots. In addition, the 2-, 3-, 4-, and 5/6-
year-old ginseng root samples were clustered respectively in the
HCA-derived dendrogram, whereas 5- and 6-year-old samples did
not show separate clustering each other independently (Fig. 2b).

(b), 3–6 ppm (c) of 6-year-old ginseng root sample analyzed with D2O as an NMR
etate, 5: glutamate, 6: glutarate, 7: pyruvate, 8: malate, 9: aspartate, 10: asparagine,
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to the ginseng cultivation age. The levels of aspartate and glutarate
were significantly (p < 0.05 in all cases) higher in 2- year-old gin-
seng root, and glutamate, glutamine and glucose were significantly
higher in 3-year-old samples. In addition, relatively higher levels of

Table 2
The VIP values of the major metabolites for the separation of 2- to 6-year-old P.
ginseng root samples in the PLS-DA derived score plots.

1H NMR chemical shift (ı) Compound VIP value

2.82 Aspartate 1.60
3.18 Choline 1.48
2.70 Malate 1.22
5.18 Xylose 1.21
1.02 Valine 1.19
2.10 Glutamate 1.19
2.46 Glutamine 1.13
2.86 Asparagine 1.12
2.38 Pyruvate 1.11
1.46 Alanine 1.11
2.06 Proline 1.10
7.74 Tryptophan 1.08
5.22 Glucose 1.02
8.42 Formate 0.98
6.90 Tyrosine 0.96
1.34 Threonine 0.95
2.30 Glutarate 0.95
Fig. 1.

Fig. S3 (supplementary material) shows the PLS-derived rela-
ionship between observed and estimated age of the 2- to
-year-old ginseng root samples using the total 1H NMR spectra
f the training set. 1H NMR spectral data were collected from 14
amples of ginseng root at each cultivation age (70 total samples).
mong those samples, the training set included 11 individual sam-
les of 2–6-year-old ginseng root, and three random samples were
sed as the test set for external validation. The differences between
ctual and predicted ages of ginseng were calculated and expressed
s root mean square error of estimation (RMSEE). In the PLS train-
ng set model, the RMSEE value of 0.35 corresponded to 4.20 month
stimation value in each cultivation age from 2–6-year-old gin-
eng root. As shown in Fig. S3, there was no clear separation of 5-
nd 6-year-old ginseng samples (dotted box). Based on this result,
new PLS model was developed using 2-, 3-, 4-, and 5/6-year-

ld ginseng samples (Fig. 3a). In the model, the 5- and 6-year old
inseng samples were grouped together. The RMSEE was 0.19, cor-
esponding to 2.30 month estimation value for each cultivation age.
he RMSEE of the PLS model made with 2- to 6-year-old samples
as higher than that made after combining the 5- and 6-year-old

amples.
To verify the PLS training set model made with estimation val-

es, the test set model was assessed by choosing three random
amples in each cultivation age group from the 2-, 3-, 4-, and 5/6-
ear-old ginseng root samples. The ability of the model to predict
he cultivation ages of ginseng roots was subsequently tested by
sing the external test set in the resulting PLS model to yield the
oot mean square error of prediction (RMSEP). The test set was cre-
ted by importing data set into the training set. RMSEP value of 0.20
orresponded to 2.40 month in each cultivation age (Fig. 3b). Fig. 3a
nd b showed good PLS model was built in training and test sets

nd the predictive ability of PLS model was investigated. Therefore,
iven ginseng samples of ages, these results provided basic infor-
ation that can be used for separation of ginseng root samples of

-, 3-, 4, and 5/6 years old by using the PLS model as shown in Fig. 3.
inued)

Table 2 shows the PLS-DA-derived VIP values of the major com-
pounds contributing to the separation of each ginseng root sample
in the PLS-DA model. The metabolites with VIP values over 0.7,
such as valine, threonine, alanine, arginine, acetate, proline, gluta-
mate, glutarate, glutamine, pyruvate, malate, aspartate, asparagine,
choline, 2-oxoglutarate, sucrose, glucose, xylose, tyrosine, trypto-
phan, and formate, were selected for further comparison by ANOVA.

Table 3 shows the relative levels of each metabolite according
5.42 Sucrose 0.91
1.90 Acetate 0.78
3.02 2-Oxoglutarate 0.72
3.26 Arginine 0.71
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ig. 2. PLS-DA-derived score plot (a) and HCA dendrogram (b) of 2–6-year-old gin
xtraction. (a) (�): 2-year-old ginseng, (•): 3-year-old ginseng, (�): 4-year-old ginsen
inseng, c: 4-year-old ginseng, d: 5-year-old ginseng, e: 6-year-old ginseng.
cetate, sucrose, tyrosine, tryptophan, and formate were observed
n 5- and 6-year-old ginseng samples. On the other hand, levels
f acetate in 2-year-old ginseng and of valine, threonine, alanine,
roline, pyruvate, malate, and xylose in 3-year-old ginseng samples

able 3
elative levels of selected metabolites based on VIP values in 2- to 6-year-old P. ginseng r
ith Duncan’s post hoc test (p < 0.05). Data are mean values, and the error values represe
) in the same row represents significant difference at p < 0.05.

Compound Cultivation age

2 3

Valine 0.38 ± 0.02a 0.24 ± 0.007c

Threonine 0.14 ± 0.008a 0.11 ± 0.005c

Alanine 0.090 ± 0.004a 0.061 ± 0.003c

Arginine 2.59 ± 0.1a 2.91 ± 0.07b

Acetate 0.78 ± 0.05a 0.93 ± 0.03b

Proline 0.14 ± 0.005a 0.11 ± 0.002c

Glutamate 0.41 ± 0.01a 0.46 ± 0.02c

Glutarate 0.056 ± 0.003a 0.031 ± 0.003c

Pyruvate 0.42 ± 0.03a 0.29 ± 0.009d

Malate 1.50 ± 0.03a 1.12 ± 0.02c

Choline 0.062 ± 0.003a 0.034 ± 0.003c

Aspartate 0.13 ± 0.004a 0.087 ± 0.005b

Asparagine 0.045 ± 0.005a 0.021 ± 0.007b

2-Oxoglutarate 0.048 ± 0.003a 0.034 ± 0.004b

Glutamine 0.18 ± 0.009a 0.24 ± 0.01c

Sucrose 18.26 ± 0.3a 18.21 ± 0.2a

Glucose 0.15 ± 0.01a 0.20 ± 0.01b

Xylose 0.10 ± 0.006a 0.071 ± 0.003b

Tyrosine 0.010 ± 0.001a 0.010 ± 0.002a

Tryptophan 0.012 ± 0.001a 0.013 ± 0.002a

Formate 0.010 ± 0.0002a 0.010 ± 0.0004a
oot samples analyzed with D2O as an NMR dissolution solvent after 50% methanol
: 5-year-old ginseng, (�): 6-year-old ginseng, (b) a: 2-year-old ginseng, b: 3-year-old
were relatively lower than those in other samples. The relatively
higher level of acetate in 5-year-old ginseng might be related to
increased production of ginsenosides in 5- and 6-year-old ginseng
roots. On the other hand, the metabolites related to glycolysis and

oot samples. ANOVA was performed to compare and assess statistical significance
nt standard error of mean (SEM) values (n = 14). Each superscript letter (a, b, c, and

4 5 6

0.33 ± 0.02b 0.39 ± 0.02a 0.33 ± 0.01b

0.15 ± 0.007ab 0.17 ± 0.007b 0.15 ± 0.005ab

0.078 ± 0.003b 0.090 ± 0.004a 0.084 ± 0.002ab

2.73 ± 0.08ab 2.88 ± 0.08b 2.89 ± 0.09b

0.93 ± 0.03b 0.97 ± 0.03b 0.96 ± 0.03b

0.13 ± 0.004a 0.12 ± 0.005ab 0.12 ± 0.002b

0.39 ± 0.01ab 0.37 ± 0.02b 0.37 ± 0.01b

0.036 ± 0.002bc 0.044 ± 0.007b 0.030 ± 0.002c

0.33 ± 0.01cd 0.35 ± 0.007bc 0.38 ± 0.009ab

1.35 ± 0.05b 1.27 ± 0.02b 1.47 ± 0.03a

0.065 ± 0.004a 0.046 ± 0.003b 0.042 ± 0.004bc

0.073 ± 0.003c 0.080 ± 0.003bc 0.083 ± 0.003bc

0.023 ± 0.005b 0.027 ± 0.004b 0.030 ± 0.005ab

0.031 ± 0.002b 0.044 ± 0.007ab 0.033 ± 0.003b

0.14 ± 0.008b 0.15 ± 0.009ab 0.15 ± 0.01ab

19.14 ± 0.1b 19.51 ± 0.2b 19.26 ± 0.2b

0.13 ± 0.01a 0.13 ± 0.007a 0.15 ± 0.007a

0.094 ± 0.005a 0.094 ± 0.005a 0.088 ± 0.003a

0.010 ± 0.001a 0.014 ± 0.001b 0.017 ± 0.002b

0.012 ± 0.001a 0.018 ± 0.001b 0.021 ± 0.001b

0.010 ± 0.001a 0.011 ± 0.001b 0.011 ± 0.001b
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that the PLS model in this study has good fitness and predictive
abilities. The RMSEE value of 0.22 corresponded to 2.60 months,
and the RMSEP value of 0.14 was corresponded to 1.71 months. It
was known that R2Y-intercept should not exceed 0.3–0.4 and that

Table 4
PLS model parameters derived from the data of 5- and 6-year-old ginseng root
samples analyzed by 100% methanol-d4 solvent system. The total number of PLS
components was three.

PLS parameters Values

R2Y 0.83
Q2Y 0.71
et (a) and test set (b) analyzed with D2O as an NMR dissolution solvent after 50%
ethanol extraction.

he tricarboxylic acid cycle, such as pyruvate, 2-oxoglutarate, and
alate were found at higher levels in 2-year-old ginseng roots. In

ddition, the relatively higher levels of tyrosine and tryptophan in
- and 6-year-old ginseng roots could be related to the production
f phenylpropanoid or flavonoids in those samples.

For separation of 5- and 6-year-old ginseng samples, PCA
as performed using 1H NMR data obtained with various

xtraction and NMR measuring solvents such as acetone-d6,
cetonitrile-d3, pyridine-d5, D2O-d4, DMSO-d6, 100% methanol-
4, and 50% methanol-d4. For analysis, six solvent conditions
acetone-d6, acetonitrile-d3, pyridine-d5, D2O-d4, DMSO-d6, and
00% methanol-d4) were used as the direct extraction and NMR
easuring solvent systems. We performed PCA using 3 individual

amples in all solvent systems except 50% methanol-d4 system. In
ase of 50% methanol-d4 system, data from 19 ginseng root sam-
les each from 5- and 6-year-old ginseng roots were used for PCA,
ince the 50% methanol-d4 system has been widely used in analysis
f natural herbs and plants [15,21,28,29].

Among the solvent conditions, five solvent systems of acetone-
6, acetonitrile-d3, pyridine-d5, D2O-d4, and 50% methanol-d4 could
ot separate 5- and 6-year-old ginseng root body samples in PCA-
erived score plots (Supplementary Fig. S4a–d and g). There was
separation between 5- and 6-year-old ginseng root samples in
MSO-d6 when 3 samples each from 5- and 6-year-old ginseng

oots were analyzed (Fig. S4e), but there was no separation between
amples when the increased number of samples (20 samples each
rom 5- and 6-year-old ginseng roots) were analyzed (Fig. S4h).
owever, 5- and 6-year-old ginseng root body samples were sep-
rated when 100% methanol-d4 was used for the extraction and
s the NMR measuring solvent in the preliminary experiment as
hown in Supplementary Fig. S4f. Therefore, further analysis was
erformed using 40 ginseng root samples (20 samples in each culti-

ation age), and it was confirmed that there was a clear separation
etween 5- and 6- year-old ginseng root samples. In the case of
00% methanol-d4 extraction conditions, PCA was performed to
Fig. 4. PLS-derived score plots of the 100% methanol-d4 extracts for 5- and 6-year-
old ginseng root samples (�): 5-year-old ginseng, (�): 6-year-old ginseng).

detect and delete outlier samples before PLS model development
(data not shown). Ten outliers (5 outliers in each cultivation age)
were deleted from the 5- and 6-year-old ginseng roots, respectively.
Thus, 30 samples were analyzed in further studies.

PLS models were developed from 1H NMR spectral data of 30
ginseng root samples (15 individual samples each of 5- and 6-year-
old ginseng) using 100% methanol-d4 solvent system. Among those
samples, randomly selected 12 samples in each age were used for
internal validation, whereas rests of the 3 samples were used as a
test set for external validation. The differences between actual and
predicted ages of ginseng were calculated and expressed as RMSEE.
The ability of the model to predict the cultivation ages of ginseng
roots was subsequently tested by using an external test set in the
resulting PLS model to yield RMSEP. We used the 1H NMR spec-
tral data as the independent variable and the cultivation ages (5-
and 6-year-old) of the ginseng roots as the Y-variable. Prior to PLS
modeling, each score vector was pareto scaled, because pareto scal-
ing showed a better separation of samples than the other scaling
methods in preliminary experiment. As shown in Fig. 4, there was
a clear separation between 5- and 6-year-old ginseng root sam-
ples in the PLS-derived score plots. A permutation test was then
performed with 50 permutations as a cross validation to verify the
model. Permutation testing has been used to evaluate the statis-
tical significance of the estimated predictive power of models by
comparing R2Y and Q2Y values from the original model with these
values for a reordered model that, was newly created whenever
Y-data was permutated at random.

Generally, R2Y – which describes how well the data in the train-
ing set are mathematically reproduced - varies between 0 and 1,
where 1 indicates a model with a perfect fit. Q2Y values of >0.5
and >0.9 are considered indicative of good and excellent predictive
abilities, respectively [14]. As shown in Table 4, R2Y and Q2Y values
were 0.83 and 0.71, respectively, in this PLS model, which meant
RMSEE 0.22
RMSEP 0.14
R2Y intercept 0.27
Q2Y intercept −0.35
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2Y-intercept should not exceed 0.05 [14]. The R2Y intercept and
2Y intercept values were 0.27 and −0.35, respectively, in the PLS
odel. Thus, the PLS model in this study was validated since the

2Y-intercept and Q2Y-intercept values were lower than the above
entioned criteria for validation.

. Conclusions

In this study, we differentiated ginseng roots of various cultiva-
ion ages using 1D and 2D NMR-based metabolomics techniques
ith two step solvent systems. We used ginseng root samples cul-

ivated according to standard cultivation guidelines, while most of
he previous research has been performed using purchased ginseng
oot samples from commercial markets or farms. Through PLS-DA
odel obtained by 50% methanol and D2O as an extraction and

issolution solvent for NMR analysis, 2-, 3-, 4-, and 5/6-year-old
inseng root samples were differentiated, and the relative levels of
3 compounds in each sample were investigated. Then, the 100%
ethanol-d4 as a direct extraction and dissolution solvent for NMR

nalysis was employed and the PLS model built in this study suc-
essfully differentiate the 5- and 6-year-old ginseng root samples.
n conclusion, we succeeded in discriminating 2–6-year-old gin-
eng root samples using two step solvents. There seem to be large
mpacts of the geographical area and ginseng root growing con-
itions on the final chemical composition of the ginseng extracts.
owever, we focused on the Korean ginseng roots cultivated by

tandard cultivation protocols as a basic standard. For the commer-
ial application of the methodology in the study, diverse samples
rom various origins with different ages should be collected and
rediction model should be built using the method in this study.
hese results suggest that the methods in this study can be used as a
tandard protocol for the differentiation of ginseng roots according
o cultivation age.
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a b s t r a c t

A simple and rapid capillary zone electrophoretic method was developed for determining dimethyl sul-
fate a possible human carcinogen and mutagen and chloroacetyl chloride a potential genotoxic agent at
trace levels in pharmaceutical drug substances by indirect photometric detection. A systematic screen-
ing of various anionic probes was performed to obtain the best separation conditions and sensitivity.
High sensitivities with low quantification and detection levels were achieved for dimethylsulfate and
eywords:
imethyl sulfate
hloroacetyl chloride
enotoxic
apillary electrophoresis and validation

chloroacetyl chloride using a background electrolyte (BGE) containing 5 mM pyridine dicarboxylic acid
as the probe ion. The method is specific, precise and accurate for the two genotoxins. The optimized
method was validated for specificity, precision, linearity, accuracy and stability in solution. Calibration
curves were linear (R > 0.999) for both dimethylsulfate and chloroacetyl chloride in the range LOQ – 300%
of nominal concentrations. The CE method was effectively implemented for estimating dimethylsulfate
and chloroacetyl chloride in two different active pharmaceutical ingredients (APIs).
. Introduction

Dimethyl sulfate (DMS) is widely used in the pharmaceutical
nd chemical industries as a reagent for the methylation of phenols,
mines and thiols. Compared to other methylating agents DMS is
referred by the industry because of its low cost and high reactivity.
MS can affect the base-specific cleavage of guanine in DNA by

upturing the imidazole rings present in guanine [1]. This process
an be used to determine base sequencing, cleavage on the DNA
hain and other applications.

DMS is classified as a Class 2 carcinogen by International
gency for Research on Cancer [2] and is mutagenic, poisonous,
orrosive, environmentally hazardous and volatile (presenting an
nhalation hazard). DMS is absorbed through the skin, mucous

embranes, and gastrointestinal tract. Delayed toxicity allows
otentially fatal exposures to occur prior to development of any
arning symptoms [3]. DMS has been tested for carcinogenicity

n rats by inhalation, subcutaneous and intravenous injection,

nd following prenatal exposure. It produced local sarcomas and
umours of the nervous system [2]. DMS, in our case is used as a

ethylating agent in one of the manufacturing steps of an active

∗ Corresponding author at: Analytical Development, Aptuit Laurus Private Limited,
urkapally, Shameerpet, Hyderabad, Andhra Pradesh 500078, India.
el.: +91 40 230413531; fax: +91 40 23045438.
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pharmaceutical ingredient (API-1). With concerns rising due to the
known genotoxicity of DMS, it is necessary to demonstrate that
the levels of DMS are within acceptable limits in API-1 through a
suitable analytical method. Based on the daily dosage, a limit of
50 ppm of DMS was considered in API-1 applying the threshold of
toxicological concern (TTC) concept.

Chloroacetyl chloride (CAC) is bifunctional; the acyl chloride
easily forms esters and amides, while the other end of the molecule
is able to form other linkages, e.g. with amines. CAC is a known
reagent for acylation [4] and as a two carbon building block for
cyclization reactions [5]. In our application it has been used for
acylation followed by cyclization in an intermediate synthesis of
API-2. Although there is limited information available on the car-
cinogenicity and genotoxicity of CAC, it can be categorized as a
structural alert for genotoxic potential (Class 3 category as per
Muller classification [10]). CAC decomposes on heating produc-
ing toxic and corrosive fumes including phosgene and hydrogen
chloride. A suitable analytical method should be developed to
demonstrate that CAC is within acceptable limits of not more than
75 ppm in API-2. This limit was arrived at, by considering the max-
imum daily dosage of API-2 and TTC.

The current ICH guidelines describe a general concept of qual-
ification of impurities in active substances (ICH Q3A (R) [6]) and

medicinal products (ICH Q3B (R2) [7]). These guidelines however
do not adequately address the concern for genotoxic impurities
in drug substances and drug products. A Guideline on the Lim-
its of Genotoxic Impurities [8] was subsequently issued by the

dx.doi.org/10.1016/j.jpba.2011.09.019
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ommittee for Medicinal Products (CHMP) to overcome the short
omings of the ICH Q3A and Q3B guidelines. The CHMP guideline
rovides a general framework and practical risk based approach
o deal with genotoxic impurities in drug substances. As per this
uideline, the genotoxic impurities with sufficient evidence for a
hreshold-related mechanism should be addressed using methods
utlined in ICH Q3C (R3) for Class 2 solvents. For genotoxic impuri-
ies without sufficient evidence for a threshold-related mechanism,
he guideline proposes a policy of controlling levels to “as low as
easonably practicable” (ALARP principle). The CHMP guideline and
more recent draft guidance document on limits of genotoxic and

arcinogenic impurities [9] issued by the US Food and Drug Admin-
stration recommend that an exposure level of 1.5 �g per person
er day for each genotoxic impurity can be considered an accept-
ble qualification threshold. Any impurity found at a level below
his threshold generally should not need further safety qualifica-
ion for genotoxicity and carcinogenicity concerns. The acceptable
isk is defined as an additional cancer risk of not greater than 1
n 100,000 based on a lifetime’s exposure to a genotoxic impu-
ity. This approach is applied to impurities in the absence of data
rom carcinogenicity long-term studies or data providing evidence
or a threshold mechanism of genotoxicity and is defined by the
hreshold of toxicological concern (TTC) considering an exposure
f 1.5 �g/day lifetime intake of a genotoxic impurity being associ-
ted with an acceptable risk [10]. However the CHMP opines that
he genotoxic impurity limits can also vary based on differing peri-
ds of exposure, while a 10-fold lower values are recommended
or high potency carcinogens such as N-nitrosoamines, aflatoxins
nd azoxy compounds the limits can be relatively relaxed for car-
inogens with established dietary exposure and life threatening
ndication such as cancer. In accordance with this, Muller et al. [11]
uggest a staged TTC; whereby the acceptable daily intake values
ary between 1.5 �g/day intake for lifetime exposure to 120 �g/day
or 28 days (or less) exposure [12]. Dobo et al. have discussed the
pproach that can be made during drug development to under-
tand potential mutagenic and carcinogenic risks associated with
ompounds used for synthesis and to understand the capability of
ynthetic processes to control genotoxic impurities in the API [13].
nodin provides a qualification strategy based on a review of rep-
esentative compounds from structurally alerting substances [14].
ven though structurally alerting compounds, particularly highly
eactive reagents introduced in the early stages of a multistep syn-
hesis are unlikely to be carried over to the API, regulatory agencies
emand that carry over studies are performed to demonstrate the
bsence of PGIs in the drug substance at TTC levels, considering the
otential threat of genotoxins to human health.

GC–FID/MS and HPLC–UV/MS are the most widely applied tech-
iques for determining genotoxic impurities at trace levels owing
o their inherent high sensitivity and precision [15–17]. The sample
reparation often involves extractions for enhancement of sensitiv-

ty and removal of matrix interferences. When the quantification
f a genotoxic impurity at trace levels in the API becomes daunt-
ng, a higher limit for this impurity can be set in the intermediate
tep where this genotoxic impurity is introduced. This limit should
owever be supported with a scientific rationale that the impurity
ill either be structurally altered so that it is no longer genotoxic

r is eliminated through several steps of purification in subsequent
tages of synthesis.

Capillary electrophoresis offers simplicity, high separation effi-
iencies, low reagent consumption and is a cost effective and
co-friendly technique, specifically for the analysis of ionizable
pecies. However the application of CE is not rampant for deter-

ining trace analytes due to low sensitivity and poor precision

s compared to HPLC and GC. However in CE, the sensitivity of
race analytes can be increased through sample stacking techniques
nd enrichment of the analytes from the sample matrix using solid
Biomedical Analysis 58 (2012) 27–33

phase extractions (SPE) and liquid–liquid extractions (LLE). The use
of a MS detector coupled with CE can also enhance the sensitivity
of trace analytes. The precision can be improved with the use of an
internal standard for quantification purposes.

Alzaga et al. [18] have developed a generic approach for the
determination of alkylating agents by derivatisation followed by
headspace GC/MS. This method utilizes an in situ derivatisation
procedure with pentafluorothiophenol (PFTP) as the derivatisation
agent. Methods for determining DMS by Head Space Gas Chro-
matography (HS-GC) with MS detection [19] and HS-GC with FID
detection [20] in intermediates and drug substances have been
reported. Hansen and Sheribah [21] have determined five residual
alkylating impurities including alkyl chloride and alkyl bromide in
bromazepam API using capillary electrophoresis with LOQ of 0.05%.
To the best of our knowledge, no CE methods have been reported so
far in the literature for the determination of DMS and CAC. In this
article, we describe a simple and fast method for determining DMS
and CAC in drug substances at trace levels by capillary electrophore-
sis. This method has been successfully applied to demonstrate that
DMS and CAC in two different APIs were within acceptable regula-
tory limits.

2. Materials and methods

2.1. Chemicals and reagents

Sodium hydroxide (0.1 N, CE grade) and CE grade water were
procured from Agilent Technologies (Waldbronn, Germany). Pyri-
dine 2,6-dicarboxilic acid was procured from Merck (Hohenbrunn,
Germany), hexadecyl trimethyl ammonium bromide (CTAB),
pyromellitic acid and paratoulene sulfonic acid were procured from
Sigma–Aldrich (Steinheim, Germany). Benzoic acid and phthalic
acid were procured from Rankem (New Delhi, India). DMS and CAC
were procured from Spectrochem (Mumbai, India). All reagents
were of analytical grade or highest available purity. API-1 and API-
2 were synthesized in Aptuit Laurus Private Limited (Hyderabad,
India).

2.2. Equipment

The separation was performed on Agilent Technologies Capillary
Electrophoresis system with a built-in diode-array detector. The
Agilent ChemStation software was used for system control, data
acquisition and post-run processing. The separation was performed
in a 64.5 cm (56 cm length to detector), 50-�m id, bare fused silica
capillary with extended light path having a bubble factor of 3 for
enhanced sensitivity (Agilent Technologies, Waldbronn, Germany).
An alignment interface, containing an optical slit matched to the
internal diameter of 150-�m, was used.

2.3. Preparation of analyte solutions and background electrolyte

About 30 mg each of DMS and CAC standards were accurately
weighed into separate 100 mL volumetric flasks. The standards
were dissolved in 10 mL methanol by ultra sonication for 10 min.
The flasks were cooled to room temperature and the volumes were
then made up to 100 mL mark with water. A 1.0 mL aliquot of these
stock solutions were further diluted independently to 100 mL each,
with the diluent (methanol:water 10:90%, v/v) to obtain the DMS
and CAC standard solutions. The standard solutions were filtered
through 0.2 �m nylon syringe filters.

About 0.5 g of each API was accurately weighed into a 5 mL vol-
umetric flask. A 0.5 mL aliquot of methanol was added to the flask

and sonicated for about 5 min. The flask was cooled to room tem-
perature and volume was made up to 5 mL mark with the diluent
and sonicated for 15 min with intermittent shaking. The sample
solutions were filtered through 0.2 �m nylon syringe filters.
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The background electrolyte (BGE) was prepared by dissolving
bout 83.0 mg of pyridine carboxylic acid and 14.5 mg of CTAB in
00 mL HPCE grade water followed by ultra sonication for about
0 min to facilitate complete dissolution. The pH of this solution
as then adjusted to 5.6 ± 0.1 with 1 N NaOH. The BGE was filtered

hrough 0.2 �m nylon syringe filters.

.4. Electrophoretic conditions

A 30 kV voltage was applied with negative polarity setting. Sam-
les were injected hydrodynamically by pressure at 50 mbar for
0 s followed by injection of a BGE plug by pressure at 50 mbar for
s. The capillary cassette temperature was maintained at 20 ◦C. The
etector signals were monitored at a wavelength of 350 nm (band-
idth 80 nm) with a reference wavelength of 200 nm (bandwidth

0 nm). The migration times for DMS and CAC were about 3.0 min
nd 3.3 min respectively and the total run time was 5 min. The BGE
eplenishment was done after every 25 injections.

New bare fused-silica capillaries were flushed with CE grade
ater for 30 min following by the BGE for 30 min. Prior to every
se the capillary was conditioned by flushing for 10 min with water
nd then with the BGE for 15 min. Between analyses, the capillary
as flushed with the BGE for 2 min.

.5. Method validation

The developed method was validated for determining DMS and
AC with the assessment of specificity, precision, sensitivity, lin-
arity and range, accuracy and stability of analyte solutions. The
alidation was performed keeping in mind the ICH guidelines for
nalytical method validation [22].

.5.1. Specificity
Specificity was evaluated by injecting DMS and CAC individu-

lly and spiked to the respective APIs along with all other known
rocess related impurities and solvents at specification levels. The
lectropherograms were examined for interferences of other ana-
ytes with DMS and CAC in the specificity samples.

.5.2. Precision
The repeatability of the method was evaluated by separately

njecting replicate preparations (n = 6) of a spiked solution of API-
containing DMS and spiked solution of API-2 containing CAC at

OQ levels, 50, 100, 150 and 300% of nominal analyte concentra-
ions. To evaluate intermediate precision, six replicate samples of
he APIs containing DMS and CAC at these concentrations were pre-
ared and injected every day, on three different days. The %RSD for
MS and CAC and their migration times were evaluated to assess
recision of the method.

.5.3. Sensitivity
Sensitivity of the method was determined by establishing the

imit of detection (LOD) and limit of quantitation (LOQ) for DMS
nd CAC. The detector response was obtained for a series of dilute
olutions with known concentrations of DMS and CAC. Concentra-
ions resulting in signal-to-noise ratios of about 3:1 and 10:1 were
onsidered as detection limits and quantitation limits respectively.
he precision at LOQ level was assessed in terms of %RSD.

.5.4. Linearity and range
The linearity solutions were prepared from individual stock
olutions of DMS and CAC at nine concentration levels – LOQ, 50, 75,
00, 125, 150, 175, 200 and 300% of analyte concentrations, each in
riplicate. The data was subjected to linear regression analysis with
he least squares method.
Biomedical Analysis 58 (2012) 27–33 29

2.5.5. Accuracy
Samples of API-1 and API-2 were spiked with DMS and CAC

respectively at LOQ, 50, 100, 150 and 300% of the nominal ana-
lyte concentrations. The spiking was performed in triplicate at each
level and the spiked samples were analyzed as per the method.
Recoveries for DMS and CAC were calculated against freshly pre-
pared standards. The mean percentage recoveries at each level were
used as a measure of accuracy of the method. An ANOVA test was
performed to confirm that the recoveries were independent of the
spiked concentrations.

2.5.6. Stability in analytical solution
Standard solutions of DMS and CAC were prepared in the diluent

at analyte concentrations. Each solution was analyzed immediately
after preparation and divided into two parts. While one part was
stored at 2–8 ◦C in a refrigerator, the other at bench top in tightly
capped volumetric flasks. The stored solutions were reanalyzed
after 24 and 48 h and the percentage recoveries of DMS and CAC
were calculated against the zero hour samples.

3. Results and discussion

3.1. Method development and optimization

Dimethyl sulfate rapidly decomposes on contact with water to
methanol and methyl sulfate [23] as shown in Fig. 1a. Similarly
chloroacetyl chloride reacts with water and the end products are
chloroacetic acid and hydrochloric acid (Fig. 1b). Both DMS and
CAC exist as uni-negative ions at the working pH of 5.6 and tend to
migrate towards the anode terminal under the influence of applied
electrical field.

In the development and optimization trials, different anionic
probes were evaluated at 2, 5 and 10 mM concentrations for obtain-
ing maximum sensitivity, peak symmetry and selectivity for DMS
and CAC through indirect photometric detection. A sub-micellar
concentration of CTAB (0.4 mM) was used in all BGE systems for
EOF reversal and separations were performed by applying potential
in negative polarity mode (detector end towards anode termi-
nal). The peaks were found to be fronting in the BGE containing
5 mM pyromellitate + 0.4 mM CTAB (pH 7.7 ± 0.1). While there was
poor separation in 5 mM p-toluene sulfonic acid + 0.4 mM CTAB
(pH 6.0 ± 0.1), the DMS peak was found to be splitting in 5 mM
benzoic acid + 0.4 mM CTAB (pH 6.0 ± 0.1). Peak symmetries were
poor and a high level of background noise at the operational
wavelength was observed with 5 mM phthalate + 0.4 mM CTAB (pH
6.5 ± 0.1).

In CE, the Kohlraush regulating function determines the
probe displacement by the analyte [24] and the probe’s mobil-
ity and optical properties must be considered. The mobility and
concentration of the probe are crucial for the separation per-
formance of the method because they influence peak shapes
and efficiency. The mobilities of the probes that were evaluated
are in the order: pyromellitate > phthalate > pyridine dicarboxy-
late > benzoate > p-toluene sulfonate [25]. While the highly mobile
pyromellitate probe is suitable for analyzing smaller fast mov-
ing anions, the benzoate and p-toluene sulfonate probes are
more suitable for analyzing the lower mobility compounds such
as short chain (C4–C8) carboxylic acids. Phthalate and pyri-
dine dicarboxylate probes have similar mobilities and are most
suitable for analyzing medium mobility species. The absorp-
tivity of the probe at the detection wavelength is a key

parameter influencing the method sensitivity. The benzoate
and pyridine dicarboxylate probes have higher molar absorp-
tivities when compared to the other probes that were tested
[26].
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The accuracy of a method expresses the closeness between the
theoretical value and the determined value and was tested in two
different ways. The mean recoveries for DMS and CAC at LOQ level
were 97.4% and 92.8% respectively. At other concentration levels

Table 1
Precision results.

DMS (%RSD) CAC (%RSD)

Repeatabilitya Inter-day
precisionb

Repeatabilitya Inter-day
precisionb

LOQ 3.8 5.3 2.4 6.2
50% 4.2 6.5 3.7 2.8
100% 2.2 4.2 2.6 3.5
Fig. 1. (a) Reactivity of dimethylsulfate in wa

The medium mobility and high molar absorptivity of pyridine
,6-dicarboxylate rendered it as the preferred probe for analyzing
he species DMS and CAC. BGEs containing 2–10 mM pyridine 2,6-
icarboxylic acid + 0.4 mM CTAB (pH 5.6 ± 0.1) were evaluated for
ptimum separation and sensitivity. Lower concentrations of pyri-
ine 2,6-dicarboxylic acid were unfavorable as broad peaks were
bserved due to electromigration dispersion. On the other hand
igher concentrations resulted in higher noise levels, decreased
ensitivity and an adverse affect on the linearity of detection
27]. Good peak symmetries, high sensitivity and high resolution
etween DMS and CAC could be achieved using 5 mM pyridine
,6-dicarboxylic acid + 0.4 mM CTAB in the BGE system which was
ventually finalized.

The separation was evaluated at 20, 25 and 30 kV and the migra-
ion times decreased with the increase in the applied voltage. The
ighest available voltage on the equipment (30 kV) was chosen as

t provided higher theoretical plates and resolution since the sep-
ration proceeds rapidly minimizing the effects of diffusion and
eak broadening. The temperature effects on separation were eval-
ated at 15, 20, 25, 30 and 35 ◦C. The migration times decreased
ith the increase in temperature due to a decrease in BGE vis-

osity. However the temperature was optimized to 20 ◦C as the
heoretical plates decreased and the noise increased significantly
t elevated temperatures. In indirect photometric detection, the
ransparent analyte species are detected as negative peaks against

high background absorbance of the probe ions. By choosing
ppropriate sample wavelength (where the sample has minimum
bsorbance) and reference wavelength (where the probe has max-
mum absorbance) positive signals can be obtained. Using the
apability of the Diode Array Detector (DAD) and with the known
nowledge of probe’s absorbance, several combinations of the sig-
al (sample wavelength) and reference channels were evaluated.
he highest sensitivities (signal-to-noise) ratios were obtained
ith the signal acquired at 350 nm (bandwidth 80 nm) at a ref-

rence wavelength of 200 nm (bandwidth 20 nm).

.2. Method validation

.2.1. Specificity
Specificity is the ability of the method to measure the analyte

esponse in the presence of its potential impurities and other inter-
erences. No interferences were observed at the migration times of
MS and CAC in the API samples that were spiked with all other
rocess related impurities and residual solvents. A specimen elec-
ropherogram of the DMS and CAC standards is presented in Fig. 2a.

The residual acetic acid, a process related solvent was well sep-
rated from DMS (Fig. 2b) in the real time sample analysis of API-1.
n API-2, a major peak due to chloride (formed as a byproduct and

lso introduced from the manufacturing process) was also well
esolved from the CAC peak (Fig. 2c). Thus the method was found to
e specific for determining DMS and CAC in presence of potential

nterferences.
) Reactivity of chloroacetyl chloride in water.

3.2.2. Precision
The repeatability and inter-day precision of the method was

determined in terms of %RSD for migration times and recoveries
of DMS and CAC in the spiked samples. The overall RSD of migra-
tion times was not more than 2.2% for DMS and not more than 2.0%
for CAC. Similarly the overall RSD of recoveries of DMS and CAC
were not more than 6.5% and 6.2% respectively (Table 1).

3.2.3. Sensitivity
The LOD and LOQ were found to be 0.3 �g/mL and 1.0 �g/mL

respectively for both DMS and CAC corresponding to 3 ppm and
10 ppm with respect to the sample concentrations. These results
emphasize that the method is sensitive enough for determining
DMS and CAC at trace levels in real time samples considering the
permissible levels of these toxic impurities (Fig. 3).

3.2.4. Linearity and range
The detector response linearity to varying analyte concentra-

tions was established by analyzing standard solutions at nine
different concentrations ranging from LOQ to 300% of nominal
analyte concentration. Linearity curves (Area vs Conc.) were plot-
ted for DMS and CAC and the data was subjected to regression
analysis. Linear relationships confirm that the test results are
directly proportional to the concentrations. The linear equation
of regression for DMS was y = 9.9398x − 0.8980 with a correla-
tion coefficient (R) of 0.9990. Similarly the regression equation for
CAC was y = 15.9874x − 0.9366 with a correlation coefficient (R) of
0.9992.

The range of a method is the interval in which it has a suitable
level of precision, accuracy and linearity. From the results of val-
idation tests that were performed, the range for this method was
LOQ to 300% of the nominal analyte concentration.

3.2.5. Accuracy
150% 3.7 4.9 4.7 4.1
300% 2.5 3.3 2.9 5.3

a n = 6 determinations.
b n = 6 determinations each on three different days.
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Fig. 2. Specimen electropherograms of (a) DMS and CAC standards, (b) API-1 spiked with dimethylsulfate and (c) API-2 spiked with chloroacetyl chloride.
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Fig. 3. Overlaid electropherograms of Blank, LOD and LOQ solutions.
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Table 2
Accuracy results.

Accuracy level Dimethyl sulfate spiked to API-1a Chloroacetyl chloride spiked to API-2a

Amt. spiked
(ng)

Amt. recovered
(ng)

%Mean
recovery ± SD

Amt. spiked
(ng)

Amt. recovered
(ng)

%Mean
recovery ± SD

LOQ 1007.8 981.8 97.4 ± 7.87 981.2 910.9 92.8 ± 2.54
50% 1511.7 1441.1 95.3 ± 7.07 1471.8 1379.9 93.8 ± 2.69
100% 3023.4 2929.2 96.9 ± 6.36 2943.4 2793.4 94.9 ± 3.52
150% 4535.1 4434.3 97.8 ± 2.07
300% 9070.2 8726.8 96.2 ± 3.60

a n = 3 determinations.

Table 3
Content of DMS in API-1 and CAC in API-2.

Dimethyl sulfate Chloroacetyl chloride

Lot # of API-1 DMS contenta (ppm)
(limit = 50 ppm)

Lot # of API-2 CAC contenta (ppm)
(limit = 75 ppm)

001 <10 001 17
002 11 002 ND
003 15 003 ND
004 10 004 13
005 <10 005 ND
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D, not detected.
a n = 3 determinations.

he recoveries for DMS and CAC ranged between 95.3–97.8% and
0.7–97.0% respectively (Table 2).

The linearity of the method in estimating the recoveries was
valuated by performing a one-way hierarchical analysis of vari-
tion (ANOVA) within the range to separate out the systematic
ariability due to the sample preparation, injection and integra-
ion. The recoveries were found to be independent of the spiked
oncentrations (ANOVA, p > 0.05) for both the target analytes. These
ndings suggest that the described method represents a valuable
nd accurate tool for the analysis of DMS and CAC in pharmaceutical
rug substances.

.2.6. Stability in analytical solution
No remarkable variations were observed in percentage recov-

ries of DMS and CAC in the initial samples and samples that were
tored at 2–8 ◦C and at room temperature for 24 and 48 h. Thus the
nalytes were found to be stable for at least 48 h when stored at
ither 2–8 ◦C or at room temperature.

.2.7. Analysis of real time samples
The developed method was applied for determining DMS in API-

and CAC in API-2. Six consecutive commercial scale batches of
ach API were analyzed in triplicate. The results concluded that the
ontent of DMS in API-1 and the content of CAC in API-2 were within
he acceptable and safe limits as presented in Table 3.

. Conclusions

A CE method for determining DMS and CAC, two potentially
enotoxic impurities in drug substances by indirect photometric
etection was developed and validated. The method is sensitive,
ffers simplicity and does not include laborious steps of derivati-
ation as is usually the case for compounds lacking chromophores.
he method is very specific, cost effective and eco-friendly; and
as been successfully applied for real time sample analyses.
his method has been extended for determining other genotoxic

mpurities such as diethylsulfate and diisopropylsulfate in drug
ubstances, and the validation of this application is under study.
hough genotoxins are mostly determined using HPLC–UV/MS and
S–MS techniques for their proven ruggedness and sensitivity, the

[

4415.4 4003.0 90.7 ± 1.36
8830.8 8567.4 97.0 ± 1.68

use of Capillary electrophoresis for estimating genotoxins can com-
plement the existing approach for analysis and also open new
horizons.
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a b s t r a c t

The phenolic fraction of a commercial cranberry syrup, which is purported to have good properties for
the prevention of urinary diseases, has been thoroughly characterized using HPLC-DAD–TOF-MS. A study
of its antibacterial activity has also been carried out. For this purpose a new HPLC-DAD–TOF-MS method
using negative and positive ionization modes was developed and it was thus possible to identify 34
different compounds, nine of which have been tentatively characterized for the first time in cranberry
syrup. It is also important to highlight that different coumarins in this matrix were also determined, which,
to our knowledge, have not been found previously in the cranberry. The phenolic fraction obtained by
eywords:
ranberry syrup
henolic compounds
igh-performance liquid chromatography

HPLC)
ass spectrometry (MS)

HPLC-DAD was found to be 5.47 mg/mL. Catechin and procyanidins belonging to flavanols were the family
of compounds found at the highest concentrations (2.37 mg/mL); flavonols were at a concentration of
1.91 mg/mL and phenolic-acid derivatives were found at the lowest concentration (0.15 mg/mL). With
regard to antibacterial activity, the incubation of Escherichia coli with cranberry syrup was found to reduce
surface hydrophobicity as a function of the concentration of the extract.
nti-adhesion activity

. Introduction

In recent years there has been ever increasing interest in the
resence of certain compounds in foods that are beneficial to
uman health. In plant-derived foods these naturally occurring
ompounds form part of the secondary metabolism of many kinds
f fruit and vegetable products and are known as phytochemicals.
he antioxidant capacity of phytochemicals, as well as their health-
romoting and/or disease-preventing properties, are currently the
ubject of intense study by the scientific community.

Berries, including raspberries, blueberries, black currants, red
urrants, and cranberries, are a rich source of these dietary antiox-

dants [1]. The American cranberry (Vaccinium macrocarpon) in
articular is a rich source of bioactive compounds with antipro-

iferative, antioxidant [2], anti-inflammatory and antimicrobial

∗ Corresponding author at: Research and Development Functional Food Centre
CIDAF), Health-Science Technological Park, Avenida del Conocimiento 3, 18100
ranada, Spain. Tel.: +34 958 243296; fax: +34 958 249510.

E-mail address: ansegura@ugr.es (A. Segura-Carretero).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.027
© 2011 Elsevier B.V. All rights reserved.

properties, which inhibit the growth of pathogenic bacteria such as
Escherichia coli and Helicobacter pylori for example [3,4]. It has tradi-
tionally been used in the treatment and prevention of urinary-tract
infections in women and also in digestive-tract ailments. The anti-
tumoral properties of cranberries have made them a popular diet
component with an eye to the prevention of neoplastic diseases [5].
The phenolic compounds found in cranberries are believed to be the
principal ingredients responsible for these beneficial effects. Cran-
berries are known for their high concentration of anthocyanins, as
well as their significant contents of flavonols, flavan-3-ols, tannins
(ellagitannins and proanthocyanidins) and phenolic-acid deriva-
tives [6].

One out of two women experience some sort of urinary tract
disorder during their lifetime, which often reoccurs. As has been
observed, the consumption of cranberries has a significant influ-
ence on lowering the incidence of urinary diseases [7,8]. Nowadays
therefore, some dietary supplements containing cranberry extracts

are being developed.

The aim of this work was to characterize the phenolic fraction
contained in cranberry syrup, made up of glucose, sodium ben-
zoate, potassium sorbate and American cranberry (V. macrocarpon),

dx.doi.org/10.1016/j.jpba.2011.09.027
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ansegura@ugr.es
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sing HPLC-DAD–TOF-MS, and also to study its antibacterial activ-
ty. This study is a preliminary step in our thorough research into
he composition of cranberry syrup. The syrup will be then be used
or in vivo analyses to study the metabolites of these phenolic com-
ounds in urine and evaluate the incidence of urinary disorders in

ts consumers.

. Materials and methods

.1. Materials

Standards of myricetin, p-coumaric acid, 7-hydroxycoumarin,
nd proanthocyanidin A2 were from Extrasynthese (Genay,
rance). Folin-Ciocalteu phenol reagent was from Fluka,
igma–Aldrich (Steinheim, Germany). Formic acid and ace-
onitrile used for preparing mobile phases were from Fluka,
igma–Aldrich (Steinheim, Germany) and Lab-Scan (Gliwice,
owinskiego, Poland) respectively. Distilled water with a resis-
ance of 18.2 M� was deionized in a Milli-Q system (Millipore,
edford, MA, USA). Solvents were filtered before use with a Solvent
iltration Apparatus 58061 (Supelco, Bellefonte, PA, USA).

.2. Sample preparation

200 �L of cranberry syrup, bought in a local pharmacy, was
issolved in 4 mL methanol, vortexed for 2 min in a G560E Vortex-
enie 2 (Scientific Industries, Bohemia, NY, USA), filtered with a
olytetrafluoroethylene (PTFE) syringe filter (0.2 �m pore size) and

njected directly into the HPLC system.

.3. Measurement of total polyphenols, proanthocyanidins and
nthocyanins

To quantify the total phenolic content in cranberry syrup,
he Folin-Ciocalteu method was used [9]. The proanthocyanidin
condensed tannins) and total anthocyanin contents were deter-

ined according to the vanillin–HCl method [10] and the methods
escribed by Fuleki and Francis respectively [11].

.4. Chromatographic separation

HPLC analyses were made with an Agilent 1200 series rapid-
esolution LC system (Agilent Technologies, Palo Alto, CA, USA)
quipped with a binary pump, an autosampler and a diode-array
etector (DAD). Separation was carried out with a Zorbax Eclipse
lus C18 analytical column (150 mm × 4.6 mm, 1.8 �m particle size).
radient elution was conducted using two different programs. Gra-
ient program 1 was used for the MS negative ionization mode
onsisting of 1% formic acid in water–acetonitrile (90:10, v/v)
phase A) and acetonitrile (phase B) at a constant flow rate of
.5 mL/min using the following gradient: 0–20 min, linear gradi-
nt from 5% B to 20% B; 20–25 min, linear gradient from 20% B
o 40% B; 25–30 min, linear gradient from 40% B to 5% B; and

0–35 min, isocratic of 5% B. Subsequently a different chromato-
raphic method (gradient program 2) was used for the MS positive
onization mode. Due to their acid–base equilibrium, anthocyanins
eed a more acidic pH to be resolved and so the gradient was

able 1
nalytical parameters of the method.

Analyte RSD LOD (�g/mL) LOQ (�g/mL) Calib

Myricetin 0.23 0.053 0.175 LOQ-
p-Coumaric acid 0.31 0.204 0.679 LOQ-
Procyanidin A2 0.36 0.152 0.287 LOQ-
7-Hydroxycoumarin 0.27 0.233 0.656 LOQ-
d Biomedical Analysis 58 (2012) 34–41 35

modified as follows: water–formic acid (90:10, v/v) (phase A) and
acetonitrile (phase B) at a constant flow rate of 0.5 mL/min using
the following gradient: 0–13 min, linear gradient from 0% B to 20%
B; 13–20 min, linear gradient from 20% B to 30% B; 20–25 min, lin-
ear gradient from 30% B to 80% B; 25–30 min, linear gradient from
80% B to 0% B; and 30–35 min, isocratic of 0% B. The addition of
formic acid gave better results for the ionization of the compounds
in positive mode. The injection volume was 10 �L for both gradi-
ent elution programs. The two different methods were chosen as
they both afforded short analysis times and good chromatographic
separations. UV data were collected using DAD set at 280, 320, 360,
and 520 nm.

2.5. ESI-TOF-MS conditions

TOF-MS was conducted using a microTOFTM (Bruker Daltonics,
Bremen, Germany) orthogonal-accelerated TOF mass spectrome-
ter equipped with an electrospray ionization (ESI) interface. The
parameters for analysis were set using both negative and pos-
itive ion modes with spectra acquired over a mass range of
50–1000 m/z. The other optimum values of the ESI-MS parame-
ters were: capillary voltage, 4500 V; dry gas temperature, 190 ◦C;
dry gas flow, 9.0 L/min; nebulizer pressure, 2.0 bar; and spectra
rate 1 Hz. The flow delivered into the MS detector from HPLC
was split using a flow splitter (1:2) to achieve stable electrospray
ionization and obtain reproducible results. The calibrant was a
sodium-formate cluster containing 5 mM sodium hydroxide and
0.2% formic acid in water–isopropanol (1:1, v/v), injected at the
beginning of each run with a 74900-00-05 Cole Palmer syringe
pump (Vernon Hills, IL, USA) directly connected to the interface. All
the spectra were calibrated prior to compound identification. All
operations were controlled by DataAnalysis 3.4 software (Bruker
Daltonik), which provided a list of possible elemental formulas by
using the GenerateMolecularFormulaTM Editor.

2.6. Assessment of the method

Quantification was made according to the linear calibration
curves of standard compounds. Four calibration curves were pre-
pared using the following standards: myricetin, p-coumaric acid,
7-hydroxycoumarin and procyanidin A2. The different parameters
of each standard compound are summarized in Table 1. All calibra-
tion curves show good linearity between different concentrations
depending upon the analytes in question. The calibration plots
reveal good correlation between peak areas and analyte concen-
trations, and the regression coefficients were always higher than
0.995. LOD was found to be within the range 0.053–0.233 �g/mL
whilst LOQ was within 0.175–0.679 �g/mL.

Intraday and interday precisions were developed to assess the
repeatability of the method. A syrup extract was injected (n = 6)
during the same day (intraday precision) for 3 consecutive days
(interday precision, n = 18). The relative standard deviations (RSDs)
of analysis time and peak area were determined. The intraday

repeatability of the peak area, expressed by the RSD, was 1.2%,
whereas interday repeatability was 3.8%.

The accuracy of the assay can be determined by the closeness
of the test value to the nominal value and was evaluated with

ration range (�g/mL) Calibration equations r2 Accuracy

25 y = 22.852x + 21.117 0.996 98.7
250 y = 127.13x + 7.2384 0.999 99.2
100 y = 5.8648x + 3.8544 0.997 101.3
50 y = 37.724x + 12.555 0.998 100.8
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eparately prepared individual primary stock solutions, mixtures
nd working solutions of all standards. It was calculated over the
inear dynamic range at three concentration levels: low (LOQ),

edium (intermediate concentration value of the linear calibration
ange), high (highest concentration value of the linear calibration
ange) via three assays per concentration on different days. The
nalyte concentrations were calculated from calibration curves and
ccuracy was calculated by the ratio of this calculated concentra-
ion versus the theoretical (spiked) one.

.7. Bacteria and cultures

Nine strains of uropathogenic E. coli (695, 787, 471, 472, 593,
95, 760, 629 and 607) were obtained from patients with acute
yelonephritis, together with 4 strains of E. coli from the Spanish
ype Culture Collection (CECT): CECT 424 (F- thr- leu- lacY mtl-
hi- ara gal ton 2 malA xyl, resistant to phages T1, T2 and T6.);
ECT 4076 (Serovar. O157:H7, originally isolated from haemor-
hagic colitis); CECT 417 (SupE44[am]. mutant tRNA); and CECT 743
Serovar. O142 K86B:H6, isolated from children with diarrhoea).
o enhance the activity of the Type 1 fimbriae [12] the strains were
rown in TSB culture medium at 37 ◦C for 48 h and then centrifuged
t 2000 × g for 10 min. The supernatant was then discarded, and
he strains resuspended in PBS (pH 7.4). This washing process was
erformed twice. Finally, the bacterial suspension was adjusted to
09 bacteria/mL (OD of 1.0–542 nm). To enhance the activity of the
type fimbriae, the strains were incubated for 16 h on CFA agar [13],
xtracted from the surface of the agar after washing with 5 mL PBS,
nd then centrifuged at 2000 × g for 10 min.

.8. Ammonium sulphate aggregation test

The technique used was that described by Lindahl et al. [14].
riefly, solutions of ammonium sulphate were prepared, with
smolarities ranging from 0.2 M to 4 M, using sodium phosphate
s dilutant. Taking 20 �L of bacterial suspension, an equal vol-
me of ammonium sulphate solution was added and then gently
ixed. The presence of aggregation was observed after 30 s gentle
anual rotation at room temperature over a glass slide, and the

owest concentration of ammonium sulphate that produced visi-
le aggregation was noted. Aggregation with the 4 M solution was

nterpreted as a hydrophobicity of 0%, whilst aggregation with the
.2 M solution was interpreted as 95% hydrophobicity.

. Results and discussion

.1. Chromatographic profile and compound identification

The base-peak chromatograms (BPC) of a cranberry syrup,
btained using both negative and positive ionization modes, are
et out in Fig. 1(a) and (b). The tentatively identified phenolic
ompounds are summarized in Tables 2 and 3 (negative and pos-
tive ionization modes respectively), including retention times,
xperimental and calculated m/z, molecular formula, error, sigma
alues (comparison of theoretical with measured isotope patterns),
ogether with their proposed identities.

Phenolic compounds were successfully separated and identi-
ed with a gradient optimized for negative and positive ionization
odes. The compounds were identified by interpreting their mass

pectra obtained via TOF-MS, taking into account all the data

eported in the literature. All these facts were also complemented
ith the UV spectra provided by DAD, which gave additional infor-
ation about the family of compounds as far as the absorbance

ands are concerned.
d Biomedical Analysis 58 (2012) 34–41

3.2. Compounds identified in negative ionization mode

Twenty-seven phenolic compounds were identified in negative
ionization mode, including 6 new proposed compounds reported
for the first time in the American cranberry (V. macrocarpon).
Table 2 and Fig 1(a) show the base-peak chromatogram (BPC) in
negative mode of an extract of cranberry syrup.

3.2.1. Phenolic-acid derivatives
The first group of peaks migrated between 4.85 and 8.92 min

and the compounds were related to the phenolic-acid family. Peak
1 (RT 4.85 min) gave a molecular mass of m/z 325.0929, which was
tentatively identified as coumaroyl-hexose according to the molec-
ular formula provided for its mass and corroborated by its fragment
ion at m/z 163.0406, corresponding to a loss of the sugar moeity
(162 Da) [6]. Peak 2 (RT 6.19 min), which showed an ion at m/z
385.1127, gave a fragment at m/z 223.0596, corresponding to a loss
of sugar moiety; thus, it was identified as sinapoyl-hexose [15].
The ion at RT 6.44 min corresponds to caffeoyl glucose with the
precursor and fragment ions at m/z 341.0888 and 179.0351 respec-
tively, indicating the loss of a sugar moeity. Peak 4 (RT 6.89 min)
was assigned to chlorogenic acid [16], showing a fragment at
m/z 191.0558, corresponding to the quinic-acid moiety previously
reported. The presence of another isomeric form of coumaroyl-
hexose was tentatively identified in peak 5 (RT 7.16 min). Peak 7
(RT 8.92 min) was tentatively identified as canthoside A [17], this
apparently being the first time that this compound has been found
in the cranberry.

3.2.2. Flavonoids
The HPLC-DAD–TOF-MS analysis of the cranberry syrup extract

revealed a total of 20 flavonoids (summarized in Table 2). For
most flavonoids, the negative ionization mode provided the high-
est sensitivity and selectivity [18]. The following flavonols already
found in cranberry were confirmed in our sample: myricetin
3-O-hexose (peak 9) [19,20], myricetin 3-O-arabinoside (peak
14) [21], quercetin 3-O-hexose (peak 16) [19], quercetin 3-O-
xylopyranoside (peak 18) [19], quercetin 3-O-arabinopyranoside
(peak 19) [19,21], quercetin 3-O-arabinofuranoside (peak 20)
[19,21], quercetin 3-O-rhamnoside (peak 21) [20,21], myricetin
(peak 22) [21], methoxyquercetin 3-O-galactoside (peak 23) [19]
and quercetin (peak 27) [16,21]. As can be see in Table 2, quercetin
and derivates with sugar bonds gave the fragment ion at m/z 301,
corresponding to the loss of a sugar moiety.

Three different isomers of A-type procyanidin were identified
in cranberry syrup at times 13.35, 14.28, 16.94 min with a m/z of
575.12 (peaks 11, 13 and 17), showing a typical fragment at m/z
423. Two B-type procyanidin isomers with a m/z of 577.13 eluted
at 8.00 and 14.15 min (peaks 6 and 12) and their fragments at 425
and 289 were also detected [22]. Peak 8, with a m/z of 289.0714 and
a retention time of 9.65 min, was identified as (+)-catechin.

Dihydroferulic acid 4-O-ˇ-d-glucuronide (peak 10), cavi-
unin glucoside (peak 15), biochanin A-7-O-glucoside (peak 24),
prodelphinidin B4 (peak 25) and kaempferol 3-O-ˇ-d-(6′′-p-
hydroxybenzoyl)-galactopyranoside (peak 26) were identified
using mass spectra, UV spectra and the information provided by
the GenerateMolecularFormulaTM Editor. As far as we know, this
is the first time that these compounds have been reported in the
cranberry.

Dihydroferulic acid 4-O-ˇ-d-glucuronide at m/z 371.0989 pre-
sented a fragment at a m/z of 175.0283, which corresponds to the
glucuronide moiety after the fragmentation of the dihydroferulic

acid. Cavinium glucoside at m/z 535.1482 showed a fragment at m/z
373.0907, indicating the loss of the sugar moiety. Fig. 2 shows the
structures of the newly identified compounds in cranberry syrup.
Additional unidentified compounds have been included in Table 2
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Fig. 1. Chromatographic profiles using the gradient programs: (a) base peak chromatogram (BPC) for the gradient program 1, negative ionization mode; (b) base peak
chromatogram (BPC) for the gradient program 2, positive ionization mode.

Table 2
Phenolic compounds in cranberry syrup characterized by HPLC-DAD–TOF-MS in negative ionization mode.

Peak
number

Class/phenolic compounds RT (min) Selected ion m/z experimental m/z calculated Fragments Error
(ppm)

Sigma Molecular
formula

Phenolic acid derivatives
1 Coumaroyl-hexose 4.85 [M−H]− 325.0929 325.0929 163.0406 0.0 0.0213 C15H18O8

2 Sinapoyl-hexose 6.19 [M−H]− 385.1127 385.1140 223.0596 3.3 0.0176 C17H22O10

3 Caffeoyl glucose 6.44 [M−H]− 341.0888 341.0878 179.0351 2.9 0.0107 C15H18O9

4 Chlorogenic acid 6.89 [M−H]− 353.0867 353.0878 191.0558 3.0 0.0561 C16H18O9

5 Coumaroyl-hexose 7.16 [M−H]− 325.0918 325.0929 163.0398 3.4 0.0298 C15H18O8

7 Canthoside A 8.92 [M−H]− 445.1355 445.1351 0.8 0.0238 C19H26O12

Flavonols
9 Myricetin 3-O-hexose 11.94 [M−H]− 479.0835 479.0831 317.0301 0.8 0.0204 C21H20O13

10 Dihydroferulic acid 4-O-ˇ-D-glucuronide 12.16 [M−H]− 371.0989 371.0984 175.0283 1.5 0.0131 C16H20O10

14 Myricetin 3-O-arabinoside 14.94 [M−H]− 449.0739 449.0725 317.0286 2.9 0.0217 C20H18O12

15 Caviunin glucoside 15.15 [M−H]− 535.1482 535.1457 373.0907 4.7 0.0109 C25H28O13

16 Quercetin 3-O-hexose 15.44 [M−H]− 463.0894 463.0882 301.0293 2.5 0.0107 C21H20O12

18 Quercetin 3-O-xylopyranoside 17.14 [M−H]− 433.0784 433.0776 301.0350 1.9 0.0113 C20H18O11

19 Quercetin 3-O-arabinopyranoside 17.88 [M−H]− 433.0797 433.0776 301.0302 4.8 0.0238 C20H18O11

20 Quercetin 3-O-arabinofuranoside 18.75 [M−H]− 433.0781 433.0776 301.0332 1.0 0.0132 C20H18O11

21 Quercetin 3-O-rhamnoside 19.13 [M−H]− 447.0937 447.0933 301.0325 0.9 0.0021 C21H20O11

22 Myricetin 22.73 [M−H]− 317.0292 317.0303 3.6 0.0178 C15H10O8

23 Methoxyquercetin 3-O-galactoside 23.75 [M−H]− 477.1033 477.1038 1.2 0.0271 C22H22O12

26 Kaempferol 3-O-ˇ-D-(6′ ’-p-
hydroxybenzoyl)-galactopyranoside

28.15 [M−H]− 567.1143 567.1144 0.2 0.0104 C28H24O13

27 Quercetin 28.36 [M−H]− 301.0337 301.0354 5.5 0.0196 C15H10O7

Flavanols
6 Procyanidin B type isomer 1 8.00 [M−H]− 577.1328 577.1351 289.0687 4.1 0.0405 C30H26O12

8 (+)-Catechin 9.65 [M−H]− 289.0714 289.0718 1.3 0.0033 C15H14O6

11 Proacyanidin A2 type isomer 1 13.35 [M−H]− 575.1211 575.1195 423.0631 3.0 0.0156 C30H24O12

12 Procyanidin B type isomer 2 14.15 [M−H]− 577.1306 577.1351 425.0761 5.5 0.0263 C30H26O12

13 Proacyanidin A2 type isomer 2 14.28 [M−H]− 575.1216 575.1195 423.0631 3.7 0.0476 C30H24O12

17 Procyanidin A2 type isomer 3 16.94 [M−H]− 575.1218 575.1195 423.0733 4.0 0.0290 C30H24O12

25 Prodelphinidin B4 26.11 [M−H]− 609.1238 609.1250 1.9 0.0355 C30H26O14

Isoflavonoids
24 Biochanin A-7-O-glucoside 24.82 [M−H]− 445.1156 445.1140 3.5 0.0284 C22H22O10

Unknown compounds
a 8.20 [M−H]− 431.1554 431.1559 1.1 0.0138 C19H28O11

b 8.67 [M−H]− 431.1923 431.1923 0.1 0.0247 C20H32O10

c 16.19 [M−H]− 537.1641 537.1614 5.2 0.0109 C25H30O13
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Table 3
Phenolic compounds in cranberry syrup characterized by HPLC-DAD–TOF-MS in positive ionization mode.

Peak
number

Class/phenolic compounds RT (min) Selected ion m/z experimental m/z calculated Fragments Error
(ppm)

Sigma Molecular
formula

Phenolic acid derivatives
5 Coumaroyl-hexose 13.01 [M+K]+ 365.0575 365.0633 203.0028 15 0.0225 C15H18O8

29 2-Hydroxybenzoic acid 13.90 [M+H]+ 139.0401 139.0390 7.8 0.0113 C7H6O3

30 Digallic acid 14.82 [M+H]+ 323.0438 323.0398 140.9858 12.4 0.0131 C14H10O9

Flavonols
9 Myricetin 3-O-hexose 15.66 [M+H]+ 481.0973 481.0977 319.0446 0.9 0.0293 C21H20O13

14 Mryicetin 3-O-arabinoside 17.19 [M+H]+ 451.0872 451.0871 319.0439 0.2 0.0352 C20H18O12

16 Quercetin 3-O-hexose 17.91 [M+H]+ 465.1023 465.1028 303.0491 1.0 0.0294 C21H20O12

18 Quercetin 3-O-xylopiranoside 18.85 [M+H]+ 435.0933 435.0922 303. 0485 2.5 0.0351 C20H18O11

19 Quercetin 3-O-arabinopyranoside 19.33 [M+H]+ 435.0936 435.0922 303.0509 3.4 0.0440 C21H18O11

20 Quercetin 3-O-arabinofuranoside 19.67 [M+H]+ 435.0934 435.0922 303.0494 2.7 0.0355 C20H18O11

21 Quercetin 3-O-rhamnoside 20.04 [M+H]+ 449.1063 449.1078 303.0495 3.4 0.0340 C21H20O11

23 Methoxyquercetin 3-O-galactoside 20.45 [M+H]+ 479.1191 479.1184 317.0663 2.1 0.0773 C22H22O12

33 Syringetin (3′ ,5′-O-Dimethylmyricetin) 20.69 [M+H]+ 347.0765 347.0761 1.1 0.0214 C17H14O8

22 Myricetin 21.19 [M+H]+ 319.0445 319.0448 1.2 0.0123 C15H10O8

27 Quercetin 25.66 [M+H]+ 303.0500 303.0499 0.2 0.0078 C15H10O7

Flavanols
11 Procyanidin A2-type isomer 1 15.20 [M+H]+ 577.1342 577.1341 425.0875/287.0542 0.2 0.0713 C30H24O12

13 Procyanidin A2-type isomer 2 17.41 [M+H]+ 577.1336 577.1341 425.0858/287.0532 0.9 0.0127 C30H24O12

Coumarins
28 7-Hydroxycoumarin 11.94 [M+H]+ 163.0395 163.0390 3.1 0.0168 C9H6O3

31 Coumarin 18.21 [M+H]+ 147.0447 147.0441 4.6 0.0058 C9H6O2

32 Scopoletin 18.90 [M+H]+ 193.0415 193.0417 177.0538/147.0446 0.4 0.0271 C10H8O4

Anthocyanin
34 Petunidin 22.34 [M+H]+ 317.0629 317.0656 8.5 0.0252 C16H14O7

Unknown compounds
a 14.37 [M+H]+ 441.1104 441.1086 4.1 0.0258 C30H16O4

b 17.68 [M+H]+ 397.1375 397.1341 8.7 0.0248 C15H24O12
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Fig. 2. Structures of new compounds identified in cranberry syrup, (7) canthoside A, (10) dihydroferulic acid 4-O-ˇ-d-glucuronide, (15) caviunin glucoside, (24) biochanin
A-7-O-glucoside, (25) prodelphinidin B4, (26) kaempferol 3-O-ˇ-d-(6′′-p-hydroxybenzoyl)-galactopyranoside, (28) 7-hydroxycoumarin, (30) digallic acid, and (31) coumarin.
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Table 4
Phenolic compounds in cranberry syrup expressed in �g/mL of syrup (n = 5).

Class/phenolic compounds �g/mL cranberry syrup

Phenolic-acid derivatives
Coumaroyl-hexose 56.70 ± 2.05
Sinapoyl-hexose 10.72 ± 0.37
Caffeoyl glucose 19.63 ± 0.62
Chlorogenic acid 19.35 ± 0.53
Coumaroyl-hexose 40.18 ± 1.15
Canthoside A 1.61 ± 0.04
2-Hydroxybenzoic acid 49.40 ± 1.45
Gallic acid 3-O-gallate 58.36 ± 1.63

Flavonols
Myricetin 3-O-hexoside 125.87 ± 4.87
Dihydro ferulic acid 4-O-ˇ-d-glucuronide 23.96 ± 1.21
Myricetin 3-O-arabinoside 226.63 ± 8.83
Caviunin glucoside 297.30 ± 13.43
Quercetin 3-O-hexoside 391.13 ± 19.29
Quercetin 3-O-xylopiranoside 68.13 ± 2.37
Quercetin 3-O-arabinopyranoside 66.39 ± 2.17
Quercetin 3-O-arabinofuranoside 120.53 ± 4.31
Quercetin 3-O-rhamnoside 130.51 ± 4.23
Myricetin 114.78 ± 3.79
Methoxyquercetin 3-O-galactoside nqa

Kaempferol 3-O-ˇ-d-(6′′-p-
hydroxybenzoyl)-galactopyranoside

30.70 ± 1.39

Quercetin 303.27 ± 12.81
Syringetin 24.72 ± 0.83

Flavanols
Procyanidin B type isomer 1 202.84 ± 7.39
(+)-Catechin 374.31 ± 15.43
Proacyanidin A2 type isomer 1 364.03 ± 14.89
Procyanidin B type isomer 2 215.64 ± 9.10
Proacyanidin A2 type isomer 2 356.99 ± 12.88
Procyanidin A2 type isomer 3 644.37 ± 49.71
Prodelphinidin B4 209.98 ± 7.37

Isoflavonoids
Biochanin A-7-O-glucoside nq

Coumarins
7-Hydroxycoumarin 246.91 ± 8.77
Coumarin 174.90 ± 6.21
Scopoletin 449.99 ± 19.82

Anthocyanin
Petunidin 9.59 ± 2.90

Total 5469.35 ± 194.81
I. Iswaldi et al. / Journal of Pharmaceuti

s they form an important part of the polar fraction of cranberry
yrup.

.3. Compounds identified in positive ionization mode

The presence of anthocyanins in cranberries has been reported
n the literature, and since anthocyanins have maximum sensitiv-
ty in positive mode due to their inherent positive charge [18] the
xtract was also characterized in positive ionization mode. Fig. 1(b)
hows the BPC of an extract of cranberry syrup in positive ionization
ode. Thus, by using the proposed method 20 phenolic compounds
ere identified in positive ionization mode in the cranberry-syrup

xtract. Despite the fact that several anthocyanidins have been pre-
iously described in the cranberry, only petunidin (peak 34) [23]
as so far been identified in the syrup.

In addition, several phenolic acids, flavonols, flavanols and
ydroxycoumarins were identified in positive ionization mode. It is

mportant to note that some of them were also found in the analy-
is carried out in negative ionization mode, but most of them could
nly be identified thanks to this positive ionization mode.

Thus, the phenolic acids identified were: coumaroyl-hexose
peak 5), which had also been identified in the negative mode;
-hydroxybenzoic acid (peak 29) [24], which presented a m/z of
39.0401 and digallic acid (peak 30) at m/z 323.0438, which showed
fragment at m/z 141, corresponding to the loss of a gallate moiety,

hus corroborating its identification [25].
Several flavanols that had already been identified in the

egative ionization mode were also detected and identified:
yricetin 3-O-hexose (peak 9), myricetin 3-O-arabinoside (peak

4), quercetin 3-O-hexose (peak 16), quercetin 3-O-xylopiranoside
peak 18), quercetin 3-O-arabinopiranoside (peak 19), quercetin 3-
-arabinofuranoside (peak 20), quercetin 3-O-rhamnoside (peak
1), methoxyquercetin 3-O-galactoside (peak 23); myricetin (peak
2) and quercetin (peak 27). Furthermore, syringetin (peak 33),
flavonoid that could not be detected in negative ionization
ode, was also identified. All the quercetin and myricetin-sugar

onjugates showed a fragment ion at m/z 303 and 319 respec-
ively, corresponding to the aglycone of quercetin and myricetin.

oreover, two isomers of Type A procyanidin (peaks 11 and 13
espectively) were also detected in positive ionization mode.

Finally, several coumarins were tentatively identified only in
ositive ionization mode. Peak 28 presented a m/z of 163.0395
nd was assigned to 7-hydroxycoumarin, as reported in the bib-
iography [26]. Peak 31, with a m/z of 147.0447, was tentatively
dentified as coumarin. Another coumarin, at m/z 193.0415 and
howing fragments at m/z 177 and 147, was identified as scopo-
etin, according to Chen et al. [27]. As far as we know, this is the
rst time that 7-hydroxycoumarin and coumarin have been iden-
ified in the cranberry (Fig. 2) by using HPLC-DAD–TOF-MS in the
ame run.

.4. Quantification

Quantification was done using the calibration curves shown
n Table 1. The calibration curve of myricetin at � = 280 nm

as used to quantify flavonols, whilst phenolic-acid derivatives
ere quantified with the calibration curve of p-coumaric acid at
= 280 nm. Flavanols were quantified using the curve of procyani-
in A2 at � = 280 nm and coumarins with the calibration curve of
-hydroxycoumarin at � = 280 nm. The concentrations of the phe-

olic compounds identified in cranberry syrup are summarized in
able 4. Thus, the overall phenolic content obtained by HPLC-DAD
as found to be 5.47 mg/mL. The family of flavanols (catechin and
rocyanidins) was found at the highest concentration (2.37 mg/mL)
a Not quantified.

followed by flavonols (1.91 mg/mL). Phenolic-acid derivatives were
found at the lowest concentration (0.15 mg/mL).

3.5. Total polyphenol, proanthocyanidin and anthocyanin
contents

Spectrophotometric methods are normally used to measure
phenolic contents so various spectrophotometric assays were
made to the syrup extracts. To quantify the total phenolic com-
pounds by the Folin Ciocalteu method, a caffeic acid calibration
curve was constructed. The calibration curve showed good lin-
earity between the concentration of caffeic acid and absorbance,
as described by the equation y = 0.0149x − 0.0206 (r2 = 0.995). The
total polyphenol content was 15.26 ± 0.08 mg/mL of cranberry
syrup. The total proanthocyanidins expressed as catechin equiv-
alents was 9.9 ± 0.1 mg/mL of cranberry syrup, as described by
the equation y = 0.0098x − 0.0153 (r2 = 0.991). The anthocyanin
content found in cranberry syrup was 1.35 ± 0.04 mg/mL. The
results obtained by these spectrophotometric analyses were higher
than those obtained by HPLC-DAD. This can be put down to the

interference of compounds such as sugars, which can cause an over-
estimation of the results, and cranberry syrup does in fact, contain
a high quantity of glucose.
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.6. Antibacterial activity evaluation

Previous studies [28] have reported the beneficial effect of
ranberry syrup in preventing urinary tract infection (UTI) among
omen, achieving a reduction in the absolute risk of UTI infection

ompared to placebo treatment. This effect has been explained in
erms of the anti-adherent effect of cranberry on E. coli. Ferrara
t al. [29], in a controlled clinical trial including placebo treatment
n children aged over 3 years, showed that cranberry syrup prevents
he recurrence of symptomatic UTI.

The first step in the colonisation of the epithelium by E. coli
s determined by its capacity to adhere to the host cells. Initially,
his capacity is determined by the micro-organism’s electric surface
harge and surface hydrophobicity, and subsequently by other fac-
ors such as the formation of diverse types of fimbriae and of specific
dhesins. Other authors have shown that fimbriae Types 1, P and S
re not essential factors in the adhesion and subsequent colonisa-
ion of the urogenital epithelium by E. coli. These adhesions may, in
eneral, be considered features of the virulence of extra-intestinal
. coli, but they are not essential for E. coli to become uropathogenic,
ll of which accounts for the current research interest in the extent
o which cranberry extract may affect the non-specific adherence
roperties of E. coli.

In fact, no differences were observed in the surface hydrophobic-
ty of E. coli following its growth in TSB culture medium to enhance
he expression of Type 1 fimbriae (Z = 0.35; pNS). Nevertheless, the
ncubation of the bacterial suspension with cranberry syrup at final
oncentrations of either 1:1000 or 1:100 resulted in significant
eductions in surface hydrophobicity, depending upon the concen-
ration of cranberry, both after growth in TSB medium and on CFA
gar.

Incubation of E. coli with cranberry syrup resulted in a reduc-
ion in its surface hydrophobicity and did not depend upon the
uantities of Type 1 or Type P fimbriae expressed. In earlier stud-

es [30] it was reported that the incubation of E. coli with certain
nti-oxidants, such as vitamin E, produced similar reductions in
urface hydrophobicity. As far as surface hydrophobicity is con-
erned, however, the incubation of E. coli with 1:1000 dilutions
f cranberry extract (which do not affect the haemagglutination
ediated by Type P fimbriae) did produce significant reductions

n surface hydrophobicity, thus showing that extremely low levels
f this extract are capable of modifying the non-specific adherence
roperties of E. coli.

The A-linkage in cranberry procyanidins may represent an
mportant structural feature for anti-adhesive activity in bacteria. It
as been demonstrated that Type A cranberry procyanidins hinder
he adhesion of P-fimbriated uropathogenic E. coli to uroepithelial
ells in vitro [8] and it has also been found that trimeric proantho-
yanidins and Type A dimeric procyanidins are responsible for the
nti-adhesive effect of cranberry. The composition of the cranberry
yrup used in our study, which was rich in Type A procyanidins,
ay account for the reductions in surface hydrophobicity.

. Conclusions

The powerful analytical method HPLC-DAD–TOF-MS was used
o characterize a commercial cranberry syrup used to prevent
rinary tract diseases. It was possible to identify a total of 34
ompounds in the sample in less than 29 min using positive and
egative ionization modes. To our knowledge, nine of these com-
ounds are tentatively identified in cranberry for the first time.

ifferent coumarins were also found in cranberry for the first time
hen analyzing its whole phenolic fraction by HPLC-DAD–TOF-MS.

his finding was possible thanks to the mass accuracy and sensi-
ivity provided by TOF-MS. Antibacterial activity was investigated

[

[

d Biomedical Analysis 58 (2012) 34–41

further and it was possible to prove that very low concentrations
of cranberry extract have the capacity to modify the non-specific
adherence properties of E. coli, producing a reduction in surface
hydrophobicity.

This study is of great significance for understanding the bene-
ficial effects of cranberry syrup on health. Further analysis will be
required to find out more about the activity leading to the preven-
tative function of these compounds.
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a b s t r a c t

Ointment dosage forms are semi-solid preparations intended for local or transdermal delivery of active
substances usually for application to the skin and it is important that they present a homogeneous appear-
ance. In this work, a study of the homogeneity of a tacrolimus ointment dosage form was performed
using infrared imaging spectroscopy coupled with principal component analysis (PCA) and multivariate
curve resolution with alternating least squares (MCR-ALS) to interpret the imaging data. Optical visi-
vailable online 1 October 2011

eywords:
maging spectroscopy

CR-ALS
ultivariate image analysis

ble microscopy images indicated possible phase separation in the ointment and, based on the results
presented by distribution concentration maps from infrared imaging, it was possible to conclude that,
in fact, there was phase separation incorporated in the ointment. Thus, infrared imaging spectroscopy
associated to PCA and MCR-ALS is demonstrated to be a powerful tool for the development process of
ointment dosage forms.
intment development

. Introduction

Semi-solid dosage forms for cutaneous application are intended
or local or transdermal delivery of active pharmaceutical ingre-
ients (API), or for their emollient or protective action. These
reparations usually consist of a base material and one or more
PI dissolved or dispersed in an appropriate solvent, giving the
emi-solid a homogeneous appearance. According to its composi-
ion, the base material may influence the activity of the preparation
1]. Ointments are semi-solid preparations intended for external
pplication to the skin or mucous membranes. The base materi-
ls recognized for use as vehicles belong to four general classes:
ydrocarbon bases, absorption bases, water-removable bases, and
ater-soluble bases. Hydrophobic ointments, containing hydrocar-

on bases, can absorb only small amounts of water, protecting API
hat can undergo hydrolysis reactions. Typical bases used for these
ormulations are hard, liquid and light liquid paraffins, vegetable
ils, animal fats, synthetic glycerides, waxes and liquid polyalkyl-
iloxanes [1,2].

Tacrolimus (FK506) is a macrocyclic lactone fermented by
treptomyces tsukubaensis. It is a potent and effective immunosup-
ressant that has widespread use in patients with organ transplants

3,4]. The ointment formulation of tacrolimus (Protopic®) was
pecifically developed for the treatment of atopic dermatitis (AD)
nd was approved for marketing in the United States in 2000 [5,6].

∗ Corresponding author. Tel.: +55 19 35213126; fax: +55 19 35213023.
E-mail address: ronei@iqm.unicamp.br (R.J. Poppi).

1 Current address: Federal University of São Carlos, Department of Chemistry,
razil.

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.031
© 2011 Elsevier B.V. All rights reserved.

Imaging spectroscopy, known also as hyperspectroscopy, is an
analytical technique that produces spectral images from a sam-
ple, the hyperspectrum. These spectral images are formed by a
large number of pixels and a spectrum by pixel is obtained. Imag-
ing spectroscopy applications can produce an enormous quantity
of data, since an image with 100 × 100 pixels produces ten thou-
sand spectra for a sample. Chemometric methods are indispensable
to work with this amount of data. Principal compound analysis
(PCA), partial least squares (PLS) and multivariate curve resolution
by alternating least squares (MCR-ALS) are common chemometric
methods employed to process hyperspectroscopy data [7–9]. The
combination of spectroscopy for compound characterization and
imaging for spatial localization in infrared chemical imaging has
been demonstrated in pharmaceutical applications such as com-
pound distribution mapping or to detect counterfeits [7–16].

In this work, the infrared imaging technique was used to study
a tacrolimus ointment formulation. Optical visible microscopy
images indicated possible phase separation in the ointment.
An infrared imaging spectrometer was used to verify if optical
visible images corresponded to phase separation or to air bub-
bles incorporated in the ointment. Principal component analysis
and multivariate curve resolution methods were performed for
exploratory analysis of data set to find scores and concentration
maps.

2. Materials and methods
2.1. Imaging system

Chemical images from samples were obtained using a Spot-
light 400N NIR imaging system from Perkin-Elmer. Spectra were

dx.doi.org/10.1016/j.jpba.2011.09.031
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ronei@iqm.unicamp.br
dx.doi.org/10.1016/j.jpba.2011.09.031
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btained from 2000 cm−1 to 7800 cm−1 but due high noise level
etween 2000 cm−1 and 2200 cm−1 and lack of significant informa-
ion from 4600 cm−1 to 7800 cm−1, it was used in the chemometric
reatments the region from 2200 cm−1 to 4600 cm−1. Sample anal-
sis was performed using transmittance mode, 25 �m × 25 �m
patial resolution, 16 cm−1 spectral resolution and 4 scans per pixel.
he sample was placed between two glass slides resulting in a very
mall optical path. Background was obtained from the glass slides
n a position where there was no ointment.

.2. Chemometric methods

All chemometric procedures were performed in a Matlab 2009b
nvironment. MCR-ALS and the “pure” routine were downloaded
rom http://www.mcrals.info/. MRC-ALS is an iterative method. The
pure” routine finds the purest spectra in the dataset, i.e., those
ho present absorbance only due to one chemical specie. Then the
CR-ALS is initialized using these more pure spectra aiding to fast

onvergence of the model. PCA analyses were performed using a
ab-made routine based on a singular value decomposition function
rom Matlab.

.2.1. PCA
Principal component analysis [7] is an orthogonal decomposi-

ion of D matrix, yielding the matrices T and P, which are scores and
oadings matrices, respectively. D matrix is related to T and P matri-
es by: D = T × Pt, where the superscript “t” indicates a transpose
peration. Basically, if samples have similar chemical composi-
ion or characteristics, the samples will have similar score values
n a T matrix. Thus, this matrix can give information about sam-
le homogenization when each sample is a pixel, since each pixel
ields a spectrum. Pixels which have similar scores will have similar
hemical composition. Instead, if pixels have different score values,
heir chemical composition will be different.

.2.2. MCR-ALS
Similar to PCA, the multivariate curve resolution-alternating

east squares method [7,8,17] decomposes the data matrix D into
wo matrices, but the objective in this method is recovery pure
f the spectra and relative concentration values for compounds
resents in the D matrix. MCR-ALS can be mathematically written
s: D = C × St + E, where D, C, S and E are data matrix, relative con-
entration values of pure compounds, normalized spectra of pure
ompounds and lack of fit matrix, respectively. Deconvolution pro-
ess as ALS yield multiple responses due to rotational ambiguity,
ut deconvolution in C and S matrices is aided by using constraints
uch as non-negativity for C and S values.

.2.3. PCA and MCR-ALS for hyperspectroscopy data
A hyperspectroscopy image has three dimensions: xspatial axis,

spatial axis and wavenumbers. However, x and y spatial axes only
ontain the spatial localization of each pixel [18,19]. Then this cube
f data can be unfolded without loss of any information about spa-
ial localization of the pixels. Each analyzed pixel can be interpreted
s a single sample or a micro sample inside a sample. Fig. 1 shows
ow this decomposition can be performed in a 3 × 3 pixels hyper-
pectroscopy image. After the unfolding process, the rows will be
he spectra related to the different pixels in the data matrix [7–9].
ig. 1 also shows how scores maps are obtained by PCA and rela-
ive concentration maps are obtained by MCR-ALS. The W matrix

ill be the score matrix (T) or relative concentration matrix (C) for

wo components for PCA and MCR-ALS, respectively. K matrix will
e the loading matrix (P) or pure compound spectra matrix (S) for
CA and MCR-ALS, respectively, for two components. After PCA or
l and Biomedical Analysis 58 (2012) 42–48 43

MCR-ALS is performed, the W matrix is refolded, producing score
maps or relative concentration maps respectively.

3. Experimental

3.1. Ointment preparation

The ointment preparation was constituted only by an oily phase
while the vehicle was a paraffin blend. The production process of
these dosage forms is to dissolve the active pharmaceutical ingre-
dient (API) in a flask using an appropriate solvent and to melt the
paraffin in another flask by heating. After this, the contents of both
flasks are joined and mixed in order to obtain a homogeneous prod-
uct after the end of the process. Tacrolimus ointment was prepared
by using this basic production process, using a semi-solid paraffin
and 2-(2-ethoxyethoxy)ethanol as tacrolimus solvent. In the final
product, tacrolimus ointment had the following composition: 0.1%
tacrolimus, 4% of solvent and 95% of semi-solid paraffin. Other addi-
tives, totalizing 0.9%, were used but their composition is strictly
confidential. After finishing the process, the product was placed in
aluminum tubes for ointments and the tube was sealed.

Two glass slides were used as sample holder. A drop of the lab
prepared tacrolimus ointment was placed between the slides, gen-
erating a very small optical path. A small area between the two
glass slides where there was no sample was used to take back-
ground spectra. Analyses were performed in the transmittance
mode, scanning a 2 mm2 area, yielding 80 × 80 (totalizing 6400)
pixels. Approximately an hour was spent to scan each sampling
area.

Prior analyses realized by optical visible microscopy from an
imaging spectrometer showed more than one phase in the oint-
ment structure, but it was not known if this phase separation was
between paraffin and solvent or if the other phase was air bub-
bles incorporated in the ointment structure. The solvent should not
separate from the paraffin since homogeneity is a criterion for oint-
ment quality, and such separation could cause problems related to
the uniformity of the content inside the tube.

Fig. 2 shows two visible photomontages obtained by imaging
spectrometer. “A” to “G” structures were investigated using the
imaging spectrometer.

4. Results and discussion

4.1. Visual and univariate analyses

Fig. 2 shows the scanned area of the ointment sample. In this
figure there are some structures indicating phase separation. After
obtaining the visible image, an infrared hyperspectral image was
obtained from the same sampling position.

Fig. 3 shows different spectra, from the scanned area. The
major peak around 2960 cm−1 comes from high paraffin content,
which is responsible for the presence of C–H stretching in the
sample. Two overlapping peaks are present around 3300 cm−1.
These peaks are due to O–H stretching, present in the API solvent
molecule. The peak at 3420 cm−1 corresponds to O–H stretch-
ing in the presence of hydrogen bonds. The peak shifted a lower
wavenumber (3240 cm−1) corresponds to O–H stretching in the
absence of hydrogen bonds. Small peaks around 4320 cm−1 are in
the near infrared range and the absorption corresponds to combi-
nation bands of C–H bonds. Fig. 3 presents four major absorption

peaks: 4320, 3420, 3240 and 2960 cm−1. In a first direct analysis,
the image presented in Fig. 2 can be plotted using absorption inten-
sity in any wavelength. Fig. 4 shows the image plotted using the
four major absorption peaks with base line alignment using the

http://www.mcrals.info/
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ig. 1. Illustration of unfolding process for a 3 × 3 pixels hyperspectroscopy image. P
nd concentration relative maps/pure spectra, respectively.

verage absorption in the range 6000–6200 cm−1. These figures are
bsorption maps.

Fig. 4 shows that distinct structures have distinct absorptions
n some absorption maps. Absorption at 4320 cm−1 is intense
or B, C and F structures (structure attributions are presented in
ig. 2) indicating the presence of C–H bonds in these positions.
his interpretation also can be used for the absorption map at
960 cm−1, which corresponds to C–H bonds. The same structures
resented intense absorption at 4320 cm−1 and also at 2960 cm−1,
s expected. Absorption maps at 3420 cm−1 and 3240 cm−1 are
ery similar, since these bands are broad and overlapped. For these
aps, only the B structure presented high absorption, indicating
hat a large part of the tacrolimus solvent is not incorporated in the
araffin. This conclusion is possible since the only molecule having
–H bonds in the formulation is the API solvent. The B structure
resents absorption for C–H bonds, also due the presence of these

ig. 2. Photomontage of two sampling of developed tacrolimus ointment. Inferior rectan
s the gray spot in the center of the slides. First sampling was performed in a border of
epresents distinct structures in the ointment, which were investigated.
MCR-ALS perform analysis on the unfolded matrix, producing score maps/loadings

bonds in API solvent. Since the API presents high solubility in this
solvent, if the solvent has left the paraffin matrix, the product inside
the tube can present regions were concentration of API are lower
than the specification, which could cause problems for its therapeu-
tic action. A, D, E and G structures did not present any absorption
in these four absorption maps, indicating that these structures are
only air bubbles inside the ointment. To confirm these facts, PCA
and MCR-ALS chemometric methods were used to analyze the data
set.

4.2. Principal component analysis
In order to perform the exploratory analyses by PCA and MCR-
ALS, the data set was submitted to pretreatments to maximize the
difference between the spectra. Pretreatments were performed as
follow: selection of specific regions (4600 cm−1 up to 2200 cm−1),

gle shows two microscope glasses slide compressing a drop of ointment; sample
the spot and second sampling was performed in the center of the spot. “A” to “G”
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ove average smoothing (n = 5) and first derivative. The first
erivative is a pretreatment of samples which is performed on
very spectrum (in the rows direction). It was performed in order
o increase the performance of PCA and MCR-ALS. The utilization
f first derivative decreases the percentage of explained variance
n the first principal compound aiding to find the real number of
rincipal compounds in the sample. For MCR-ALS, the first deriva-

ive pretreatment aids the algorithm to recovery pure spectra, since
he first derivative spectra present more selectivity for overlapped
ands. In this case, the mean centering preprocessing (which is per-
ormed on every variable, in the columns direction) could not be

Fig. 4. Absorption maps from the first and second s
btained from sample.

employed because it is not possible to recovery the true spectra by
using of the MCR-ALS. Fig. 5a shows some spectra after all pretreat-
ments and the explained variance percentage of the first ten PCs.
Fig. 5b shows that 3 principal components are enough to describe
the data variance without including high noise content.

Fig. 6 shows score maps for the first three PCs. Score maps
present the chemical similarity between pixels. Pixels that have

similar score values will have similar chemical compositions.

The first three score maps for the samplings shows that there are
regions where there is not homogeneity, since the pixels have dis-
tinct score values. The structures A, D, G and E present score values

amplings at 4320, 3420, 3240 and 2960 cm−1.
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Fig. 5. (a) Some spectra of pixels after pretre

round zero for all PCs. Since PCA analyses employ all wavelengths
rom 4600 cm−1 to 2200 cm−1, it is possible to confirm that these
tructures do not absorb radiation in any wavelength of this spec-
ral range and that they were only air bubbles. Structure B, present
n the first sampling, has distinct score values compared to the other
tructures for PC1 and PC2 score maps. Small pixel clusters in the
enter of C and F structures seems have the same composition as B
tructure, indicating phase separation.

Fig. 7 shows the loadings of score maps from Fig. 6. Due to
rst derivative pretreatment, it is difficult to interpret the obtained

oadings, then, these loads were integrated in order to find which

ariables are related with which component. Fig. 7 shows that the
oading of first PC is basically an absorption peak at 2960 cm−1.
ince the intensity of this loading is negative, the presence of this

Fig. 6. Score maps for t
nt and (b) percentage of explained variance.

absorption peak is related to negative scores in Fig. 6, i.e., the struc-
tures B, C and F, as found earlier by direct analysis of the absorption
maps. The same interpretation can be given to the loadings of
the second PC, where integrated loadings presented absorption
at 3420 cm−1 and a small absorption around 2960 cm−1, probably
related to the API solvent. It is possible to observe that the load-
ing is negative for the first sampling and positive for the second
one. Then, the scores are negative in the PC2 score map in the first
sampling and positive in the PC2 score map in the second sampling
in regions where there are high contents of API solvent. PC3 load-
ings are related to API solvent dissolved into the paraffin matrix,

since loadings around 3420 cm−1 are not so intense compared with
loadings around 2960 cm−1, indicating the simultaneous presence
of paraffin and API solvent.

he first three PCs.
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.3. Multivariate curve resolution

In order to initiate the MCR-ALS calculations, a routine was used
o find the purest spectra in the data set. Only non-negativity con-
traint was applied in spectral and concentration profiles in the
alculation process. MCR-ALS is a non-supervised chemometric
ethod and recovers pure spectra from data matrices, although

hese spectra may not be from a pure chemical compound but from
homogenous mixture of pure chemical compounds.

Analysis was performed to find 2, 3 and 4 different pure spec-
ra. Results of lack of fit have shown that it was not possible to find

ore than 3 different pure spectra in this data set. Fig. 8 presents the
ecovered spectra by MCR-ALS and the spectra for API solvent and
aseline (tacrolimus molecule has O–H and C–H bounds present-
ng bands around 3300 cm−1 and 2960 cm−1, but its concentration
s too low to contribute with total signal of the sample). The first
ecovered spectrum was from paraffin, due to the high absorption
t 2960 cm−1. The second recovered spectrum presents a peak at
960 cm−1 and a smaller peak around 3240 cm−1 for first sampling
nd at 3420 cm−1 for second sampling indicate that this spectra is

mixture of paraffin and API solvent. These results can be justified
ecause the absorption at 2960 cm−1 is higher than the absorp-
ion at 3420/3240 cm−1 and the O–H peak is shifted to 3240 cm−1

Fig. 8. Real spectra of vaseline and API solvent and integrated pure
from the first three PCs.

in the first sampling, indicating that there are no hydrogen bonds
between the API solvent molecules. The third recovered spectrum
presents a highly intense peak at 3420 cm−1 and an intense peak at
2960 cm−1, indicating that this is the spectrum of API solvent, since
it has O–H and C–H bonds. A comparison between the recovered
spectra and the true spectra shows that paraffin recovered spec-
trum is identical to the real one. The recovered spectrum for the API
solvent presents some differences in the intensities of 3420 cm−1

and 2960 cm−1 wavenumbers. This occurs due the high absorption
for both of these bands, yielding absorptions higher than 2 units for
both wavenumbers in some pixels of the sample.

Fig. 9 shows the relative concentration maps for the three recov-
ered pure spectra. These maps show clearly that 3 distinct spectra
are present in these hyperspectroscopy images. A, D, E and G struc-
tures do not have any presence of the recovered pure spectra, since
all pixels of these structures have zero value for relative concentra-
tion of any compound.

The first concentration map is related to first pure recovered
spectra, and shows how paraffin is distributed in the samplings. The
B structure cannot be seen in the first recovered concentration map,

because this structure probably is an accumulation of API solvent,
and is shown in the third recovered concentration map, according
pure the recovered spectra (Fig. 8). The second concentration map

spectra recovered by MCR-ALS for first and second samplings.
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Fig. 9. Relative concentrati

hows the distribution of the second recovered spectra, which cor-
esponds to a mixture between paraffin and API solvent, showing
medium intensity spread on C and F structures.

. Conclusions

In this work, three strategies (univariate analysis, principal com-
onent analysis and multivariate curve resolution) were applied
o hyperspectroscopy data in order to verify if a tacrolimus oint-

ent formulation presented only one phase under microscopic
onditions. Multivariate methods presented advantages over uni-
ariate ones, since PCA and MCR-ALS allowed the analysis of the full
ata sets, facilitating the interpretation of the chemical composi-
ion of the pixels. However, MCR-ALS shown to be superior since
t could recover pure spectra of data the matrix and generate rel-
tive concentration maps. From these concentration maps it was
ound that the microhomogeneity criterion was not satisfied for
he composition of this ointment. This criterion could be satisfied
y decreasing the solvent proportion using the presented technique
or monitoring the microhomogeneity. Other possibility is using an
PI solvent which is more soluble in vaseline and will not affect

he effectiveness of the ointment. Homogeneity is a fundamen-
al quality parameter in semi-solid pharmaceutical dosages such
s ointments, suspensions, gels and creams, and infrared imaging
pectroscopy and chemometric methods have been demon-
trated be powerful tools in the development process of dosage
orms.
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a b s t r a c t

A method was validated and optimized to determine tobramycin (TOB) and its related substances. TOB
is an aminoglycoside antibiotic which lacks a strong UV absorbing chromophore or fluorophore. Due to
the physicochemical properties of TOB, capillary electrophoresis (CE) in combination with Capacitively
Coupled Contactless Conductivity Detection (C4D) was chosen.

The optimized separation method uses a background electrolyte (BGE) composed of 25 mM
morpholinoethane–sulphonic acid (MES) adjusted to pH 6.4 by l-histidine (l-His). 0.3 mM cetyltrimethyl
ammonium bromide (CTAB) was added as electroosmotic flow modifier in a concentration below the
critical micellar concentration (CMC). Ammonium acetate 50 mg L−1 was used as internal standard (IS).
E-C4D
obramycin
harmaceutical analysis
uality control

30 kV was applied in reverse polarity (cathode at the injection capillary end) on a fused silica capillary
(65/43 cm; 75 �m id).

The optimized separation was obtained in less than 7 min with good linearity (R2 = 0.9995) for
tobramycin. It shows a good precision expressed as RSD on relative peak areas equal to 0.2% and 0.7% for
intraday and interday respectively. The LOD and LOQ are 0.4 and 1.3 mg L−1 corresponding to 9 pg and
31 pg respectively.
. Introduction

The United States Pharmacopeia (USP) [1] defines validation of
nalytical methods as the process by which it is established, by lab-
ratory studies, that the performance characteristics of the method
eet the requirements for the intended analytical applications. The
SP has recommended a procedure for the validation of analytical
ethods.
Tobramycin (TOB) is an aminoglycoside antibiotic derived from

ebramycin, an antibiotic complex produced by fermentation of
he actinomycete Streptomyces tenebrarius [2]. It is a polycationic
seudo-oligosaccharide, which consists of two aminosugars joined
y a glycosidic linkage in a central position to 2-deoxystreptamine.
OB is active against a broad spectrum of Gram-negative bacte-
ia. It exerts a bactericidal activity against many bacterial strains
nvolved in clinical infections. It is particularly indicated for the
reatment of septicemia, complicated and recurrent urinary tract
nfections, lower respiratory infections, serious skin and soft tissue

nfections including burns and peritonitis, ophthalmic and central
ervous system infections caused by organisms resistant to other
ntibiotics, including other aminoglycosides.

∗ Corresponding author. Tel.: +32 16 323440; fax: +32 16 323448.
E-mail address: ann.vanschepdael@pharm.kuleuven.be (A. Van Schepdael).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.032
© 2011 Elsevier B.V. All rights reserved.

TOB is used in a variety of pharmaceutical applications, includ-
ing ophthalmic suspensions, solutions and ointments, inhalation
solutions and intravenous administrations. Like for other amino-
glycosides, a narrow therapeutic index is implicated because of its
potential oto- and nephrotoxicity encountered during its clinical
use [3]. It has neither a chromophore nor fluorophore which limits
optical detection (UV/vis and fluorescence). TOB can also be synthe-
sized from kanamycin B [4]. The chemical structures of tobramycin
and its major impurities are shown in Fig. 1.

TOB and kanamycin B are produced after base catalyzed hydrol-
ysis of nebramine factor 5′ (6′′-O carbamoyltobramycin) and 4
(6′′-O carbamoylkanamycin B) respectively, produced by fermen-
tation. Tobramycin and kanamycin B are hydrolyzed by acid to
nebramine and neamine respectively. As TOB is produced by fer-
mentation, beside the main component it also contains some
related substances that result either from the incomplete purifica-
tion or from degradation of the drug. Kanamycin B, nebramine and
neamine (also known as neomycin A) are three known impurities
of tobramycin reported in the Ph. Eur. [5].

The separation and detection of tobramycin and its impurities
has been a great challenge, due to the polar basic nature and the

lack of UV absorption properties. Several analytical methods have
been used to determine it, such as paper chromatography [6], gas
liquid chromatography after silylation [7] and spectrophotometry
[8].

dx.doi.org/10.1016/j.jpba.2011.09.032
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:ann.vanschepdael@pharm.kuleuven.be
dx.doi.org/10.1016/j.jpba.2011.09.032
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Fig. 1. Chemical structures of t

LC and CE using pre and post-column derivatization of
obramycin [9–14] have been performed using o-phthalaldehyde
OPA) [9–11], 2,4,6-trinitrobenzenesulphonic acid [12] and 2,4-
initrofluorobenzene [13]. However, these techniques can be
edious, time consuming, not safe and give problems with quantita-
ion because of additional sample processing, variability of reaction
ompleteness, possible instability of derivatized products and toxi-
ity of some derivatization agents. Therefore it presents a limitation
o its routine use. Direct detection using evaporative light scattering
etection (ELSD) [15], mass spectrometry (MS) [16,17] and pulsed
lectrochemical detection (PED) [18,19] have also been described.

An ion-pair LC method using a poly(styrenedivinylbenzene)
olumn as stationary phase combined with PED has been devel-
ped [18]. This method is currently prescribed in the Ph. Eur. [5]
or the analysis of tobramycin. Beside with reversed phase chro-

atography, PED has also been used in combination with anion
xchange chromatography for the detection of tobramycin and
ts impurities [19]. LC methods with electrochemical detection
ave shown good separation performance, but stability and oper-
tor experience are the major limitations. Because of that CE is
ncreasingly being viewed as an alternative and a complement
o LC for determination of drug related impurities [20]. Many
nvestigators have used CE in the analysis of aminoglycosides
ombined with borate complexation [21], indirect detection meth-
ds [22] and amperometric detection [23]. Micellar electrokinetic
apillary chromatography (MEKC) with UV detection for simulta-
eous determination of amikacin, tobramycin and kanamycin A,
as performed in Tris buffer at pH 9.1 with a high concentra-

ion of sodium pentanesulphonate as an anionic surfactant [24].
owever, these methods are less sensitive and selective for the

elated substances. CZE with amperometric detection has been
eported for analysis of kanamycin and amikacin, but could only
how selectivity for three components [23]. The determination
f tobramycin in human serum has been reported using CE with
apacitively Coupled Contactless Conductivity Detection (CE-C4D)
25].

The official method for the analysis of tobramycin in the Euro-
ean Pharmacopoeia (Ph. Eur.) [5] prescribes the use of thin layer
hromatography (TLC) for identification and the test on kanamycin
and the assay are performed by LC-PED.

This work investigates the sensitivity and selectivity of CE with

4D as a direct detection method for the analysis of tobramycin and

ts related substances. This mode of detection can be useful in cap-
llary electrophoretic analyses of a broad scale of compounds, from
ow-molecular-mass highly mobile small inorganic and organic
ycin and its major impurities.

ions (e.g. halogenides, alkali metal ions, trifluoroacetic acid (TFA))
to alcohols, carbohydrates, proteins, aminoglycosides, etc. [26–28].
It can also be a good alternative to derivatization in case of non
UV-absorbing substances.

2. Material and methods

2.1. Reagents, samples and solutions

All chemicals used were of analytical grade. 2-(N-
morpholino)ethanesulphonic acid monohydrate (MES) and
l-histidine (l-His) were purchased from Fluka (Sigma-Aldrich,
Schnelldorf, Germany). N-cetyltrimethyl ammonium bromide
(CTAB) and ammonium acetate were from Merck (Darmstadt,
Germany). Sodium hydroxide was from Riedel-deHaën (Seelze,
Germany), sodium chloride was from Fisher chemicals (Leices-
tershire, UK). Ammonium formate was from Fluka AG (Buchs
Switzerland), formic acid from Acros Organics (Geel, Belgium) and
sodium acetate from Applichem GmbH (Darmstadt, Germany).
Tobramycin reference CRS was obtained from the European Phar-
macopoeia EDQM (Strasbourg, France), tobramycin samples were
obtained from different sources as Alcon Cusí (Barcelona, Spain),
Biogal (Debrecen, Hungary) and Chongqing Daxin Pharmaceutical
Co. Ltd. (Chongqing, China). Kanamycin B was acquired from WHO
(Geneva, Switzerland). Neamine was prepared in the laboratory
[29] and nebramine was obtained from Dr. Istvan Fabian (Lajos
Kossuth University, Debrecen).

All solutions were prepared by using ultrapure MilliQ-water
(Millipore, Milford, MA, USA) and were filtered with a 0.2 �m mem-
brane filter syringe (Dassel, Germany).

The pH value of the buffers was measured and adjusted with
the aid of a pH-meter Metrohm 691 (Herisau, Switzerland). MES
buffers with pH values equal to or higher than 6.0 were prepared
with MES (pKa = 6) and the pH was adjusted with solutions of l-His.
Stock solutions of 100 mM of MES, l-His and 10 mM of CTAB were
prepared.

During method development, sample stock solutions of
tobramycin and related impurities were individually prepared at
a concentration of 1.0 g L−1 in water and stored at 7 ◦C, for at most
one week.
2.2. Instrumentation and operating conditions

The experiments were performed on a P/ACE MDQ instrument
(Beckman Coulter, Inc., Fullerton, CA, USA), coupled with an eDAQ
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Table 1
Electrophoretic parameter settings applied in the method optimization, correspond-
ing to low (−), central (0) and high (+) levels.

Parameter Low value (−) Central value (0) High value (+)

pH 6.2 6.4 6.6
BGE (mM) 20 30 40
CTAB (mM) 0.2 0.4 0.6

F
5
B
v

F
a
a

M.N. El-Attug et al. / Journal of Pharmaceu

4D system (eDAQ, Denistone East, Australia). Data acquisition was
one by 32 KaratTM 4.0 software (Beckman Coulter, Inc., Fullerton,
A, USA).

Uncoated fused silica capillaries of 75 �m I.D. and 375 �m O.D.
ere purchased from Polymicro Technologies (Phoenix, AZ, USA).

he total length was 65 cm and effective length 43 cm. New capil-
aries were conditioned at 45 ◦C by rinsing with 1 M NaOH (10 min),
.1 M NaOH (30 min), wait for 30 min and water (5 min). Daily
t the beginning of analysis, the capillary was rinsed with 1 M
aOH (5 min), 0.1 M NaOH (3 min), water (1 min) and BGE (2 min);
ll the steps were performed at 25 ◦C and 138 kPa pressure. The
nlet/outlet vials were replaced every 3 runs.

During method development and later on, for method appli-
ation to tobramycin analysis, the capillary was rinsed between
uns for 1 min with 0.1 M NaOH, 1 min with water and 3 min with
uffer at 138 kPa. Samples were hydrodynamically introduced at
pressure of 3.45 kPa for 5 s injection time and a separation volt-

ge of −30 kV (cathode at the injection capillary end) at 25 ◦C was
pplied.

The eDAQ C4D detector was employed at a peak-to-peak ampli-

ude of 80 V and the frequency was 600 kHz. The data were
rocessed using licensed PowerChrom v2 software (EDAQ, Deni-
tone East, Australia). Further data acquisition was done by both
owerChrom v2 and 32 KaratTM 4.0 softwares.

ig. 2. Typical CE-C4D electropherograms showing the separation of tobramycin from i
0 mg L−1) only and (3) samples dissolved in water: kanamycin B, nebramine and neamine
, kanamycin B; Nb, nebramine; N, neamine; T, tobramycin. Capillary, uncoated fused si
oltage, 30 kV in reverse polarity; temperature, 25 ◦C; injection, inlet pressure 3.45 kPa fo

ig. 3. Variations of the responses explained by the experimental design. The light shade
nd the dark shaded bars, Q2, denote the fraction of variation of the responses that can be
nd neamine; resolution 2, resolution between neamine and tobramycin; peak height TO
Temp (◦C) 22.5 25 27.5

2.3. Experimental design

Four experimental parameters (factors) were varied at levels
under and above the central value: concentration of BGE (mM),
pH, concentration of CTAB (mM) and capillary temperature (◦C)
(as shown in Table 1). The levels were chosen based on some pre-
experiments and knowledge about the system. Factors were varied
at the same time, making it possible to distinguish between the
effects of a single variable and of interacting variables. Replicating
center points are added to check for curvature (quadratic effects),
and to obtain an independent estimate of the error to illustrate

the repeatability of the method. A two level full factorial design
was applied. For this design, the number of runs is equal to 2k + n,
where k is the number of parameters and n is the number of

ts impurities using CE; (1) blank (H2O), (2) internal standard (ammonium acetate
2.5 mg L−1 each and tobramycin 50 mg L−1. S.P, system peak; IS, internal standard;

lica 75 �m I.D., 375 �m O.D. (65 cm total length, effective 43 cm to C4D detector);
r 5 s; BGE, 20 mM MES and 0.3 mM CTAB, adjusted by l-His to pH 6.4.

d bars, R2, denote the fraction of variation of the responses explained by the model
predicted by the model. Responses: resolution 1, resolution between kanamycin B
B, peak height of tobramycin.
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Fig. 4. Regression coefficient plots obtained from the optimization study. Rs1, resolution between kanamycin B and neamine and Rs2, resolution between neamine and
tobramycin. pH, pH of the BGE; BGE, BGE concentration (mM); CTAB, CTAB concentration (mM) and temp, capillary temperature (◦C).
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enter points, giving 19 experiments (i.e. 16 + the center point was
eplicated three times).

The responses investigated included the resolution between
anamycin B and neamine (Rs1), the resolution between neamine
nd tobramycin (Rs2) and the peak height of tobramycin (HT) in
V. With this it was concluded that all factors except capillary tem-

erature had a significant effect on one or more responses at 95%
onfidence.

The statistical relationship between a response Y and the exper-
mental variables Xi, Xj, . . . is of the following form:

= ˇ0 + ˇiXi + ˇjXj + ˇijXiXj + · · · + E (1)

here the ˇ’s are the regression coefficients and E is the overall
xperimental error.

The linear coefficients, ˇi and ˇj, describe the quantitative effect
f the experimental variables in the model. The cross coefficient ˇij
easures the interaction effect between the variables i and j.
All the experiments were carried out in a random order. Mul-

iple linear regression (MLR) of the program Modde 5.0 software
Umetri, Umeå, Sweden) was used to calculate quantitative rela-
ions between the responses and the factors.

The statistical significance of the variables and interaction terms
as tested at a significance level of ˛ = 0.05.

. Results and discussion
.1. Method development—separation BGE

The buffer pH as well as the ionic strength influence the elec-
rophoretic mobility of the analytes through the capillary. Hence

ig. 5. (A) Response surface plot as a function of pH and BGE concentration (mM), pH an
mM) for Rs1. The other parameters are kept at their central values. (B) Response surface
mM) and BGE concentration (mM) and CTAB concentration (mM) for Rs2. The other param
oncentration (mM) and CTAB concentration (mM), pH and CTAB concentration (mM) for
nd Biomedical Analysis 58 (2012) 49–57 53

the choice of the BGE constituents is crucial. Accordingly in the
present work, the buffer constituents MES-monohydrate and l-
histidine were used and CTAB was added to the mixture as an
electroosmotic flow modifier in a concentration less than 1.3 mM,
the critical micellar concentration (CMC).

The mixture of MES and l-His is used for keeping the background
conductivity as low as possible. MES and l-His both produce the
necessary pH buffering.

According to the aim of the study different combinations were
prepared from the stock solutions and tested in order to define
the best combination for getting good selectivity and sensitivity
for tobramycin and its related substances. The relevant responses
evaluated were: the sensitivity by peak height and resolutions
between kanamycin B and neamine (Rs1) and between neamine
and tobramycin (Rs2).

A series of experiments was carried out in order to find the opti-
mal pH and concentration of MES, l-His and CTAB for determining
tobramycin. A BGE containing the following combination: 25 mM
MES and 0.3 mM CTAB, at pH 6.4 adjusted by adding l-His, was cho-
sen because it gave the highest peak height and good resolution
between kanamycin B and neamine and good resolution between
neamine and tobramycin.

The pH influence on the resolutions between tobramycin and
its related substances was such that at higher pH best resolutions
for Rs1 and Rs2 were obtained, but at the same time lowest peak
height and so less sensitivity.
Under the optimized conditions of reverse polarity (cathode at
the injection capillary end) and pH 6.4, the migration order was as
follows: nebramine, kanamycin B, neamine and tobramycin. These
compounds differ in the degree of substitution (number of amino

d CTAB concentration (mM) and BGE concentration (mM) and CTAB concentration
plot as a function of pH and BGE concentration (mM), pH and CTAB concentration
eters are kept at their central value. (C) Response surface plot as a function of BGE

peak height HT (mV). The other parameters are kept at their central values.
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Fig. 5.

roups) which greatly affects the degree of compound ionization
nd thus the migration order. Tobramycin has five NH2– groups in
he molecular structure with pKa1 to pKa5 as 6.2, 7.4, 7.8, 8.3 and
.9 [30]. Kanamycin B has five NH2– groups with pKa1 to pKa5 as
.79, 6.61, 7.66, 8.11 and 9.26. Neamine has four NH2– groups in
he molecular structure with pKa1 to pKa4 as 5.7, 7.6, 8.1 and 8.6.

Tobramycin migrates last because it has five protonated amino
roups and one hydroxyl group less, nebramine migrates faster
ecause it has four amino groups, one less than tobramycin
nd kanamycin B. The rank order of charge to mass ratio is
OB > neamine > kanamycin B > nebramine.

The separation voltage was optimized by plotting a curve of
he generated current in function of the applied voltage. The lin-
ar range (where Ohm’s law is valid) is the working range and
he maximum voltage in this range (−30 kV) was adopted as the
ptimal separation voltage. To correct injection volume impre-
ision common in CE, an internal standard was used. Different
ompounds were tested during method development and finally
mmonium acetate was chosen as internal standard at a concen-
ration of 50 mg L−1. Fig. 2 shows a separation obtained with the
ptimized parameters.

.2. Method optimization

Performing the experiments according to a 2k + n design as men-
ioned in Section 2.3, Table 1 produced the conclusion that most

actors had a significant effect on the separation of one or more
esponses at 95% confidence.

A mathematical model was created, based on the total of 19
xperiments. The variances of the responses were stabilized by
inued )

a logarithmic transformation, which improved the model. Fig. 3
shows the fraction of variation of the responses explained by the
model, R2 and the fraction of variation of the responses that can
be predicted by the model, Q2. The possible values are in the range
0–1.0, with 1.0 revealing the existence of a model with an excellent
predictive power. R2 in our model was found to be between 0.99
and 0.96, and the values for Q2 between 0.76 and 0.94.

The responses investigated included the resolution between
kanamycin B and neamine (Rs1), resolution between neamine and
tobramycin (Rs2) and the peak height of tobramycin (HT). The
results expressed as regression coefficient plots are summarized
in Fig. 4. These plots consist of bars, which are proportional to the
regression coefficients. The bars denoted by one variable reflect the
regression coefficient for the linear effect of that particular vari-
able and the bars denoted by variable1 × variable2 the interaction
between the two variables concerned. The 95% confidence interval
is expressed in terms of an error line over the coefficient. When
the interval includes zero, the variation of the response caused by
changing the variable is smaller than the experimental error and
the effect is considered to be not significant.

A positive regression coefficient stands for a positive effect on
the responses studied, while a negative regression coefficient indi-
cates a negative effect, as shown in Fig. 4. It can be observed that
the pH of the BGE has a positive significant effect on Rs1, Rs2 and
a negative significant effect on the HT of tobramycin. It means that
increasing the pH of the BGE will increase Rs1, Rs2 and decrease

the peak height of tobramycin causing less sensitivity. The con-
centration of the BGE was found to have a positive significant
effect on Rs1 and negative significant effect on Rs2 and HT. This
means that increasing the BGE concentration will improve Rs1 and
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Table 2
Composition of commercial tobramycin and CRS expressed as is (% m/m).

Sample Tobramycin Kanamycin B Neamine Nebramine Water
content

CRS 91.6 ND ND ND 9.9
1 91.4 ND ND ND 9.5
2 91.6 ND ND ND 7.4

Improvement in analysis time was obtained compared to the
Fig. 5. (continued ).

eteriorate Rs2 and HT. The concentration of CTAB was found
o have a positive significant effect on Rs1, HT and a negative
ignificant effect on Rs2. This means that increasing the CTAB con-
entration will improve Rs1 and peak height, but decrease Rs2.
he capillary temperature was found to have no significant effect
n Rs1, Rs2 and peak height. No significant interactions for Rs1,
s2 and HT were found between the parameters studied, except
positive significant interaction for Rs2 between the concentra-

ion of BGE and CTAB and for peak height between pH and BGE
oncentration.

In order to better estimate the influence of the most important
arameters on Rs1, Rs2 and HT, response surface plots were con-
tructed. Fig. 5 shows the variation of Rs1, Rs2 and HT as a function
f two significant parameters while the other parameters are kept
onstant at their central values. It is observed that in the range
xamined, the minimum resolution is 1.2 for Rs2. Therefore it can
e concluded that selectivity is sufficient in the range examined.
ence the Rs1 will not be affected that much, and stay above 1.8.

n order to get a good resolution for Rs2 that was considered as
ritical response, the factors were set to just below the center point
alue for the concentration of BGE and the concentration of CTAB.
he pH was set to the center point level to compromise between
esolutions 1, 2 and HT.

Based on those considerations, we define an optimal separa-

ion when the factors are 25 mM BGE at a pH of 6.4, an addition
f 0.3 mM CTAB, 25 ◦C and −30 kV. This is adopted as optimized
onditions for analyzing the commercial samples of tobramycin.
3 88.1 1.8 ND ND 10.0

ND, not detected.

Electropherograms of the separations obtained by using these con-
ditions are shown in Figs. 2 and 6.

3.2.1. Quantitative aspects
The precision, sensitivity and linearity of the method were eval-

uated as follows:

3.2.1.1. Sensitivity. For calculation, relative corrected peak areas
were used. LOD and LOQ values correspond to 3 and 10 times
the S/N. LOD and LOQ are expressed as percentage of a sample
containing 1.0 g L−1 of tobramycin. Good sensitivity was observed,
with LOD and LOQ estimated values of 0.4 mg L−1 (0.04% m/m) and
1.3 mg L−1 (0.1% m/m), these correspond to 9 pg and 31 pg, respec-
tively.

3.2.1.2. Linearity for tobramycin. The optimized separation was
obtained in less than 7 min with good linearity (R2 = 0.9995) for
tobramycin, with 9 concentration points injected in triplicate for
the concentrations range from 1.5 to 1000 mg L−1. Ammonium
acetate was used as internal standard at 50 mg L−1. For calculation,
relative corrected peak areas were used.

The following regression equation was obtained:
y = 0.0131x − 0.0072, Syx = 0.13, where y: relative corrected peak
area, x: concentration (mg L−1), and Syx: standard error of estimate.
The intercept was found to be not statistically different from zero.

3.2.1.3. Repeatability for tobramycin. The system repeatability was
performed by using the same sample, BGE and expressed as the
relative standard deviation (% RSD) of the relative corrected peak
areas, migration time and relative migration time. Intraday pre-
cisions were 0.2%, 0.6% and 0.5% (n = 6) respectively, and interday
precisions were 0.7%, 0.8% and 0.8% (n = 18) respectively. The mean
of migration time and relative migration time were 5.7 min, 3.5
(n = 6) and 5.7 min, 3.5 (n = 18) for intraday precision and interday
precision respectively.

3.3. Application of the optimized CE-C4D method for analysis of
tobramycin in real samples

The water content in the tobramycin CRS and commercial sam-
ples was determined by Karl Fischer titration as shown in Table 2.

The optimized method was applied for the analysis of
tobramycin and its related impurities in commercial bulk samples.

A solution of 0.2 g L−1 was investigated for each commercial
sample. The content of each sample was determined by using
Tobramycin CRS (91.6% as is) and expressed as percent content of
the main compound. Data obtained were in the range of 88.1–91.6%.
There are no related substances above the detection limit in two
samples, but sample number 3 which was obtained from Chongqing
Daxin Pharmaceutical Co. Ltd. (Chongqing, China) has around 1.8%
of kanamycin B as shown in Fig. 6 (electropherogram 3).
method of Kaale et al. [14] using UV detection after derivatization,
which needs 30 min (10 min for derivatization plus 20 min for sep-
aration) and to the LC-PED method, which needs more than 20 min
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ig. 6. Typical CE-C4D electropherograms showing the separation of tobramycin fr
eamine 2.5 mg L−1 each and tobramycin 50 mg L−1. (2) Tobramycin 0.2 g L−1 CRS an
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or a two-step gradient for separation plus equilibration time of the
ED instrument [7].

. Conclusion

The goal of this work was the development, optimization and
valuation of a selective, simple and fast CZE method for the analy-
is of tobramycin and its related impurities in commercial samples.

A CZE method with C4D detection was developed and validated
or linearity, inter- and intra-day precision and sensitivity. Success-
ul separation and good resolution between tobramycin and related
ubstances were achieved. The described method yielded an effec-
ive improvement in simplicity and analysis time (7 min), which
s important for routine application. The assay method was used
o determine the content of commercial samples. The quantitative
eature of this assay makes it a suitable assay for tobramycin.

This mode of detection can be useful for the analysis and assay
f aminoglycosides such as tobramycin. It can also be a good alter-
ative to derivatization in case of non UV-absorbing substances.
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a b s t r a c t

A liquid chromatography tandem mass spectrometry (LC–MS/MS) method was developed for the simul-
taneous determination of naringin, hesperidin, neohesperidin, naringenin and hesperetin in rat plasma,
using liquiritin as the internal standard. Plasma samples extracted with a solid-phase extraction proce-
dure were separated on a Zorbax SB-C18 analytical column (2.1 mm × 150 mm, 5 �m) and detected by
electrospray ionization (ESI) in multiple reaction monitoring (MRM) mode. The calibration curves were
eywords:
lavanones
etermination
harmacokinetics
C–MS/MS
ructus aurantii

linear over the range of 3.0–600 ng/ml for naringin, 0.5–100 ng/ml for hesperidin, 3.5–700 ng/ml for neo-
hesperidin, 5.0–1000 ng/ml for naringenin and hesperetin, respectively. The lower limits of quantification
were 0.5 ng/ml for naringin, hesperidin, naringenin and hesperetin, and 0.35 ng/ml for neohesperidin.
Intra- and inter-day precision (RSD%) was less than 15% and accuracy (RE%) ranged from −3.3% to 4.8%. The
validated method was successfully applied to investigate the pharmacokinetics of the major flavanones
of Fructus aurantii extract after oral administration to rats.
. Introduction

Fructus aurantii (Zhiqiao), the dried, mature fruit of Citrus auran-
ium L., is a well-known Traditional Chinese Medicine (TCM) with
ntioxidant [1], anti-tumor [2], antihypertension [3], anti-shock
4], etc. activity. Flavonoids are considered to be the major bioac-
ive constituents of F. aurantii. Naringin, hesperidin, neohesperidin,
aringenin and hesperetin (structures in Fig. 1), as the major
itrus flavanone glycosides and aglycones had been investigated
ntensively, and were found to possess anti-oxidant, antiviral, anti-
llergic, vasoprotective and anticarcinogenic properties [5–8].

Earlier publications have described several methods for deter-
ination of citrus flavanone glycosides and aglycones (naringin,

esperidin, naringenin or hesperetin) in biological samples uti-
izing HPLC–UV [9,10], microbore HPLC [11], GC–MS [12] and
C–MS/MS [13–17]. These researches usually aimed at pharma-
okinetic or metabolic studies after the administration of reference
ubstances or Tradititonal Chinese Medicine preparations (TCMp)

ontaining F. aurantii. Li et al. [15] developed an LC–ESI/MS for anal-
sis of naringin, hesperidin and neohesperidin in rat serum, but it
howed unsatisfactory HPLC peak shape and no pharmacokinetic

∗ Corresponding author. Tel.: +86 24 86346296; fax: +86 24 23986259.
E-mail address: bikaishun@yahoo.com (K. Bi).

731-7085/$ – see front matter © 2011 Published by Elsevier B.V.
oi:10.1016/j.jpba.2011.05.001
© 2011 Published by Elsevier B.V.

data is provided. There are few papers published for simultane-
ous determination of citrus flavanone glycosides and aglycones
(naringin, hesperidin, neohesperidin, naringenin and hesperetin)
in biological fluids for pharmacokinetic study of F. aurantii extract.
Yu et al. [16] published an LC–MS/MS method to determine ten
major components of Da-Cheng-Qi decoction in dog plasma. In
their paper, only three markers (naringin, naringenin and hes-
peridin) were selected in contrast to five in our study. The LLOQs
were 3.13 ng/ml. F. aurantii extract contains abundant neohes-
peridin. However, few pharmacokinetic study on neohesperidin
have been reported. It is necessary to develop a method for the
quantitative analysis of this flavanone glycoside in plasma for the
pharmacokinetic evaluation.

The aim of this study was to develop and validate a rapid
and sensitive liquid chromatography–tandem mass spectrometry
(LC–MS/MS) method for simultaneous quantification of naringin,
hesperidin, neohesperidin, naringenin and hesperetin in rat plasma
and to apply it to a pharmacokinetic study of F. aurantii extract.

2. Experimental
2.1. Chemicals and materials

Naringin, hesperidin, neohesperidin and liquiritin (I.S.)
(purity > 98%) were received from the National Institute for

dx.doi.org/10.1016/j.jpba.2011.05.001
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:bikaishun@yahoo.com
dx.doi.org/10.1016/j.jpba.2011.05.001
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Fig. 1. Product ion mass spectra of [M−H]– ions of (A) liquiritin (I.S.), (B) naringin, (C) hesperidin and (D) neohesperidin in negative mode, and [M+H]+ ions of (E) naringenin
and (F) hesperetin in positive mode.
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Fig. 2. Chromatograms of the flavonoids in (A) blank plasma, (B) blank plasma spiked with the five components and I.S. at the LLOQ (0.5 ng ml−1 naringin, 0.5 ng ml−1

hesperidin, 0.35 ng ml−1 neohesperidin, 0.5 ng ml−1 naringenin and 0.5 ng ml−1 hesperetin) and (C) plasma sample obtained 1 h after oral administration of Fractus aurantii
extract.
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rug Control of China (Beijing, China). Naringenin and hesperetin
purity > 98%) were purchased from Delta Co. (Anhui, China). F.
urantii was purchased from the Medical Material Co. of Jiangxi
rovince (Nanchang, China). HyperSep C18 (SPE) cartridges (30 mg,
ml) were obtained from Thermo Co. (Waltham, MA, USA). Ace-

onitrile (Merck, Germany) and formic acid (Tedia, USA) were of
PLC grade, other chemicals were of analytical grade. Deionized
ater was prepared by Milli-Q system (Millipore, MA, USA).

.2. Apparatus and LC–MS/MS conditions

The LC–MS/MS system consisted of a SurveyorTM HPLC system
nd a TSQ Quantum triple quadrupole mass spectrometer equipped
ith an electrospray ionization (ESI) source (Thermo Finnigan,
SA). Data acquisition was performed with Xcalibur 1.3 software.

Chromatographic separation was achieved at 30 ◦C on a Zorbax
B-C18 column (150 mm × 2.1 mm i.d., 5 �m, Agilent, USA) and a
18 guard column (5 �m, Phenomenex, USA). The mobile phase
onsisted of 0.1% formic acid water (A) and acetonitrile (B) using a
radient elution of 23–23% B at 0–3.0 min; 23–60% B at 3.0–3.5 min;
0–60% B at 3.5–9.0 min; 60–23% B at 9.0–12.0 min. The flow rate
as 0.3 ml/min, and the injection volume was 20 �l.

Mass spectrometer was operated in negative mode for liquir-
tin (I.S.), naringin, hesperidin, neohesperidin and positive mode
or naringenin and hesperetin. Quantification was obtained using

ultiple reaction monitoring (MRM) mode in two MS/MS scan seg-
ents. Segment I: 0.0–4.0 min in negative mode, liquiritin (I.S.),

aringin, hesperidin and neohesperidin were monitored at m/z
ransitions of 417 → 255, 579 → 271, 609 → 301 and 609 → 301,
ith collision energies of 21 eV for liquiritin (I.S.) and 35 eV for
aringin, hesperidin and neohesperidin, respectively. Segment II:
.1–11.0 min in positive mode, naringenin and hesperetin were
onitored at m/z transitions of 273 → 153 and 303 → 153, with

ollision energies of 25 eV, respectively. The MS parameters were
s follows: spray voltage: 4.0 kV; heated capillary temperature:
50 ◦C; sheath gas (nitrogen): 35 psi; the auxiliary gas (nitrogen):
5 psi; the collision gas (argon) pressure: 1.5 mTorr. MS/MS operat-

ng conditions were optimized by infusion of the standard solution
1 �g/ml) of each analyte and I.S. into the ESI source via a syringe
ump.

.3. Preparation of F. aurantii extract

To calculate the administered dose of naringin, hesperidin, neo-
esperidin, naringenin and hesperetin, their contents in F. aurantii
xtract were quantitatively determined. The crude drug (10 g) was
xtracted twice by refluxing with boiling water (1:10, w/v) for 1.5 h
nd then filtered. The combined solution was concentrated under
educed pressure to give an extract of concentration equivalent to
.4 g/ml F. aurantii, and stored at 4 ◦C until use. The HPLC analysis of
he five flavanones was a modified version of a previously published

ethod [18]. The contents of naringin, hesperidin, neohesperidin,
aringenin and hesperetin in the extract were 0.812, 0.049, 1.090,
.026 and 0.005 mg/g, respectively.

.4. Preparation of standard and quality control samples

Stock solutions were prepared by dissolving the reference
tandards (100 �g/ml for naringin, hesperidin, neohesperidin,
aringenin and hesperetin) and I.S. (100 �g/ml for liquiritin) in
ethanol. A series of standard mixture working solutions and the

.S. solution (150 ng/ml) were prepared freshly by further diluting

he stock solutions with deionized water. All solutions were stored
t 4 ◦C.

Calibration standards were prepared by spiking appropriate
mount of the standard solutions in blank plasma (100 �l) to yield
Biomedical Analysis 58 (2012) 58–64 61

final concentrations of 3, 9, 30, 75, 150, 300, 600 ng/ml for naringin;
0.5, 1.5, 5.0, 12.5, 25, 50, 100 ng/ml for hesperidin; 3.5, 10.5, 35,
87.5, 175, 350, 700 ng/ml for neohesperidin; 5, 15, 50, 125, 250, 500,
1000 ng/ml for naringenin and 5, 15, 50, 125, 250, 500, 1000 ng/ml
for hesperetin, respectively. Three concentration levels of quality
control (QC) samples were prepared containing naringin (9.0, 75,
480 ng/ml), hesperidin (1.5, 12.5, 80 ng/ml), neohesperidin (10.5,
87.5, 560 ng/ml), naringenin (15.0, 125, 800 ng/ml) and hesperetin
(15.0, 125, 800 ng/ml) in the same manner.

2.5. Sample preparation

The SPE cartridges were conditioned and equilibrated with 1 ml
of methanol, followed by 1 ml of water before use. Samples of
plasma (100 �l), spiked with 100 �l of I.S. solution (150 ng/ml),
100 �l of deionized water (or standard solutions for calibration
curve or QC samples) and 200 �l of 0.5% formic acid solution, were
loaded onto SPE cartridges. After washed off with 1 ml of deionized
water, the SPE cartridges were eluted with 1.0 ml methanol. The
eluent was evaporated to dryness in vacuo at 40 ◦C. The residue
was reconstituted with 100 �l of acetonitrile/water (20:80) and
centrifuged at 10,000 × g for 10 min under room temperature. The
supernatant of 20 �l was injected into the LC–MS/MS.

2.6. Method validation

The specificity of the method was assessed by comparing lowest
concentration in the calibration curves with blank rat plasma that
had undergone the same pretreatment and analysis.

Calibration curves were confirmed by plotting the peak area
ratio (y) of each analyte to I.S. versus plasma concentration (x)
using weighed (1/x2) least squares regression analysis. The limit
of quantification (LOQ) was considered as the final concentration
producing a signal-to-noise (S/N) ratio of 10.

The precision and accuracy were evaluated by assaying six repli-
cates of QC samples at low, medium and high concentrations on the
same day and three consecutive days. Precision was measured by
intra- and inter-day relative standard deviation (RSD) and accuracy
was described as relative error (RE).

The extraction recoveries were determined at three QC levels
by comparing the peak area obtained from plasma sample spiked
before extraction with those from plasma samples spiked after
extraction. Similarly, the recovery of I.S. was evaluated at a single
concentration of 150 ng/ml in the same way.

The matrix effect at three QC levels were assessed by comparing
the absolute peak area of control plasma extracted and then spiked
with a known amount of drug to that of neat standard samples at
equivalent concentrations.

The stability of QC samples was evaluated by analyzing sam-
ples stored at room temperature for 4 h, three successive freeze
(−20 ◦C)–thaw (room temperature) cycles, and processed samples
under autosampler condition for 24 h. Samples were considered
stable with the deviation from the nominal concentration within
±15.0%.

2.7. Application of the method and pharmacokinetic study

Six male Wistar rats, weighing 200 ± 20 g, were supplied by Vital
River Lab Animal Technology Co., Ltd. (Beijing, China). The rats were
housed under controlled environmental conditions (temperature
22 ± 2 ◦C; humidity 50 ± 10%) with free access to food and drinking
water until 12 h prior to experiments. After an oral administration

of the F. aurantii extraction at a dose of 8 ml/kg, blood samples were
collected into heparinized tubes from each rat by the puncture of
the retro-orbital sinus prior to dosage and at 0.083, 0.167, 0.33,
0.67, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 24.0 and 30.0 h thereafter.
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Fig. 3. Mean ± SD plasma concentration–time profiles for naringin, naringenin (A),
2 L. Tong et al. / Journal of Pharmaceutic

ollowing centrifugation (4000 × g for 10 min), plasma samples
ere stored at −20 ◦C until analysis. All pharmacokinetic param-

ters were processed by noncompartmental analysis using DAS 2.0
harmacokinetic program (Chinese Pharmacological Society).

. Results and discussion

.1. Method development

According to the direct full-scan ESI mass spectra, the ion inten-
ities of naringin, hesperidin, neohesperidin and I.S. was quite high
n negative mode, while naringenin and hesperetin got greater
ensitivity in positive mode. Product ion mass spectra of the five
ajor flavanones in F. Aurantii extracts and I.S. are shown in Fig. 1.
aringin, hesperidin, neohesperidin and liquiritin (I.S.) are glyco-

ides and their fragments were the result of the deprotonated ion
M−H]− losing its glycons. Hesperidin and neohesperidin are iso-

ers with identical product ion of 301. The MRM transitions on the
egative ionization of naringin, hesperidin, neohesperidin and I.S.
ere selected at 579 → 271, 609 → 301, 609 → 301 and 417 → 255,

espectively. For naringenin and hesperetin, the product ion mass
pectra were recorded in positive ion mode from protonated molec-
lar ions [M+H]+ and the most abundant fragment were the results
f [M+H – C8H8O]+ and [M+H – C9H10O2]+, respectively, at m/z both
53. Thus, the mass transition patterns, 273 → 153 and 303 → 153
ere selected to monitor naringenin and hesperetin, respectively.

Different mobile phases were tested to optimize analytical per-
ormance. Acetonitrile, instead of methanol, was found to improve
he resolution of hesperidin and neohesperidin. The addition of
ormic acid enhanced the sensitivity and improved the peak shape.
he MRM chromatograms for each analyte are shown in Fig. 2. As
entioned, hesperidin and neohesperidin have identical precur-

or and product ions. Therefore, they were determined at the same
hannel with different retention times (Fig. 2). It was estimated that
PE could achieve satisfactory recoveries for both flavanone glyco-
ides and aglycones after comparing several extraction procedures,
hough the recovery of analytes decreases as polarity decreases in
PE extraction.

.2. Method validation

Representative chromatograms obtained from blank plasma,
lank plasma spiked with the analytes (at LLOQs) and I.S., and
lasma sample after an oral administration are shown in Fig. 2. No
ndogenous interference appeared around the retention time of
he analytes and I.S. in drug-free specimens. The retention time of
iquiritin (I.S.), naringin, hesperidin, neohesperidin, naringenin and
esperetin were 2.42, 2.91, 3.12, 3.59, 8.63 and 8.77 min, respec-
ively.

The linear ranges, regression equations, LLOQs, and correlation
oefficients obtained from typical calibration curves are shown
n Table 1. All standard curves exhibited good linearity and the
orrelation coefficients (r) were higher than 0.9959. The LLOQs
or naringin, hesperidin, neohesperidin, naringenin and hesperetin
ere 0.50, 0.50, 0.35, 0.50 and 0.5 ng/ml with coefficient of variation

0.3%, 13.1%, 9.31%, 9.75% and 12.7%, respectively. This sensitivity
s better than described in [16].

As shown in Table 2, the method gave good precision and accu-
acy with the intra- and inter-day precision being ranged from 3.4%
o 11% and 0.9% to 12%, respectively, while the accuracy ranged
rom −3.3% to 4.8%.
The extraction recoveries determined for all analytes are shown
n Table 2. The mean extraction recovery of the I.S. was 94.9 ± 3.0%.

The observed matrix effects ranged from 98.1% to 107.6% for
aringin, 86.1% to 101.2% for hesperidin, 94.7% to 103.5% for
neohesperidin, hesperetin and hesperidin (B) in rat plasma after oral administration
of Fractus aurantii extract.

neohesperidin, 88.6% to 95.2% for naringenin and 81.8% to 98.5% for
hesperetin, indicating a negligible matrix effect on the ionization
of the analytes.

Results of the stability tests showed that all analytes were stable
in plasma samples for 24 h in autosampler condition after prepara-
tion (RE: −4.9–7.2%, RSD < 10%), for 4 h at room temperature (RE:
−9.5–11%, RSD < 8.9%), and within three freeze–thaw cycles (RE:
−3.0–11%, RSD < 13%).

3.3. Results of pharmacokinetic study

The developed assay was sensitive enough to measure
all the five compounds in rat plasma samples obtained fol-
lowing oral administration of F. aurantii extract. The plasma
concentration–time profiles of these components in rat plasma are
shown in Fig. 3 and the estimated pharmacokinetic parameters are
shown in Table 3. According to DAS software, their concentration
time courses conformed to a two-compartment pharmacokinetic
model. Compared with an early paper [16], the main pharma-
cokinetic parameters of naringin, naringenin and hesperidin were
different from the data obtained in our study. This might be the
result of the difference between single herbal medicine and TCMp,
as the latter has an influence of herb–herb interactions. The trend
in concentration–time profiles of naringenin and hesperetin were
basically consistent with Xu et al. report [17]: both had double
peaks. In addition, the AUC0∼t of naringenin and hesperetin were
much higher than those of naringin, hesperidin and neohesperidin,

although the administered doses of aglycones were rather less than
those of the glycosides. The phenomenon might be attributed to
the hydrolysis of flavanone glycosides (naringin, hesperidin and
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Table 1
Regression data and LLOQs of the multi-components determined.

Components Linear range
(ng/ml)

Linear regression equation Correlation
coefficient (r)

LLOQ
(ng/ml)

Naringin 3–600 y = 0.00513x + 0.00109 0.9967 0.50
Hesperidin 0.5–100 y = 0.00701x − 0.00164 0.9967 0.50
Neohesperidin 3.5–700 y = 0.00595x − 0.00174 0.9961 0.35
Naringenin 5–1000 y = 0.00421x − 0.00037 0.9964 0.50
Hesperetin 5–1000 y = 0.00287x − 0.00075 0.9959 0.50

Table 2
Precision, accuracy and extraction recoveries of naringin, hesperidin, neohesperidin, naringenin and hesperetin for LC–MS/MS method.

Components Spiked
(ng/ml)

Intra-day
concentration
measured (ng/ml)

Precision
(%, RSD)

Accuracy
(%, RE)

Inter-day
concentration
measured (ng/ml)

Precision
(%, RSD)

Accuracy
(%, RE)

Extraction
recovery (%)

Naringin 9.0 8.946 ± 0.860 11 −0.60 9.121 ± 0.940 4.1 1.3 86.7 ± 4.6
75.0 73.65 ± 5.867 8.0 −1.8 74.48 ± 6.319 7.1 −0.69 89.5 ± 3.6

480.0 487.8 ± 33.99 7.0 1.6 487.6 ± 33.97 2.8 1.6 91.2 ± 3.7
Hesperidin 1.5 1.479 ± 0.113 7.7 −1.4 1.504 ± 0.128 4.1 0.29 84.1 ± 4.2

12.5 12.84 ± 0.599 4.7 2.8 12.83 ± 0.851 0.9 2.6 88.7 ± 3.5
80.0 77.44 ± 4.008 5.2 −3.2 79.04 ± 5.062 5.9 −1.2 87.9 ± 4.6

Neohesperidin 10.5 10.55 ± 0.932 8.8 0.45 10.26 ± 0.875 5.9 −2.3 88.6 ± 6.4
87.5 86.92 ± 5.798 6.7 −0.7 87.32 ± 5.486 2.4 −0.21 91.3 ± 3.4

560.0 586.9 ± 19.70 3.4 4.8 564.8 ± 41.48 8.3 0.86 90.1 ± 3.2
Naringenin 15.0 15.02 ± 1.408 9.4 0.13 15.28 ± 1.252 5.3 1.9 73.1 ± 3.3

125.0 130.8 ± 8.154 6.2 4.6 124.7 ± 9.533 11 −0.24 78.1 ± 2.4
800.0 824.9 ± 64.29 7.8 3.1 821.7 ± 64.10 8.3 2.7 76.2 ± 2.8

Hesperetin 15.0 14.88 ± 1.513 10 −0.82 15.14 ± 1.344 5.9 0.91 64.2 ± 2.9
125.0 120.8 ± 7.684 6.4 −3.3 124.1 ± 9.147 12 −0.71 69.5 ± 1.9
800.0 784.4 ± 55.33 7.1 −1.9 793.4 ± 60.54 4.0 −0.82 67.4 ± 3.3

Table 3
Estimated pharmacokinetic parameters for naringin, hesperidin, neohesperidin, naringenin and hesperetin in rat plasma (n = 6) after oral administration of Fractus aurantii
extract.

Parameter Naringin Hesperidin Neohesperidin Naringenin Hesperetin

Cmax (ng/mL) 279.1 ± 53.83 17.04 ± 3.042 418.4 ± 72.08 1088 ± 198.7 791.0 ± 165.5
Tmax (h) 0.28 ± 0.08 0.25 ± 0.09 0.28 ± 0.08 0.42 ± 0.21 0.42 ± 0.21
t1/2 (h) 9.45 ± 2.88 3.17 ± 1.21 8.39 ± 1.45 4.43 ± 0.60 4.85 ± 0.51
Ke (1/h) 0.079 ± 0.022 0.245 ± 0.083 0.085 ± 0.014 0.159 ± 0.019 0.144 ± 0.016
AUC0∼t (ng h/mL) 745.4 ± 304.5 23.41 ± 7.237 985.7 ± 410.8 7597 ± 2778 6548 ± 2416
AUC0∼∞ (ng h/mL) 867.1 ± 337.4 27.33 ± 9.789 1111 ± 446.9 7786 ± 2842 6760 ± 2474
MRT0∼t (h) 11.0 ± 1.20 3.91 ± 0.51 10.9 ± 0.58 10.4 ± 1.11 10.8 ± 0.90

n
a

4

a
p
a
r
s

R

[

[

[

CL/F (L/h-kg) 3.09 ± 1.02 6.31 ± 1.48

eohesperidin) mediated by gastrointestinal bacteria after oral
dministration [19,9].

. Conclusion

The method reported was the first LC–MS/MS quantitative
ssay of naringin, hesperidin, neohesperidin, naringenin and hes-
eretin in rat plasma samples following oral administration of F.
urantii extract. The method was specific, sensitive, accurate and
eproducible, and was successfully applied to the pharmacokinetic
tudies of citrus flavanones in biological samples.

eferences

[1] F.A. van Acker, O. Schouten, G.R. Haenen, W.J. van der Vijgh, A. Bast, Flavonoids
can replace alpha-tocopherol as an antioxidant, FEBS Lett. 473 (2000) 145–148.

[2] Y. Satoh, S. Tashiro, M. Satoh, Y. Fujimoto, J.Y. Xu, T. Ikekawa, Studies on the
bioactive constituents of Aurantii Fructus Immaturus, Yakugaku Zasshi 116
(1996) 244–250.

[3] Y.T. Huang, G.F. Wang, C.F. Chen, C.C. Chen, C.Y. Hong, M.C. Yang, Fructus

aurantii reduced portal pressure in portal hypertensive rats, Life Sci. 57 (1995)
2011–2020.

[4] X.W. Zhao, J.X. Li, Z.R. Zhu, D.Q. Sun, S.C. Liu, Anti-shock effects of synthetic
effective compositions of fructus aurantii immaturus. Experimental study and
clinical observation, Chin. Med. J. (Engl.) 102 (1989) 91–93.

[

3.41 ± 0.84 0.012 ± 0.005 0.003 ± 0.001
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a b s t r a c t

Ligand binding assays (LBAs) are often the method of choice for quantification of protein biomarkers
and therapeutic biologics during drug development. Soluble ligand X is a glycoprotein. To understand
the role of circulating ligand X in drug–target relationship, an analytical method (Method 1) was devel-
oped and validated to measure circulating ligand X and to support early clinical studies. Change in the
detection reagent led to the development and validation of a second method (Method 2). Both methods
measure total circulating ligand X levels. To ensure that the method specificities and data were consis-
tent upon method change, the two methods were cross-validated using three distinct sample types: (1)
recombinant ligand X (rLIGX) spiked in buffer, (2) authentic serum samples containing endogenous lig-
and X (eLIGX), and (3) serum samples collected from patients being dosed with the therapeutic antibody
(incurred samples). Methods were considered comparable if the 90% confidence interval (90% CI) fell
within 0.80–1.25 for all sample types. The results from the comparison reveal that two methods were
comparable for rLIGX samples with the 90% CI of 0.90–1.07. However, with eLIGX samples, Method 1 pro-
duced higher mean (±SD) concentrations 675 (±316 pg/mL) than Method 2 195 (±97 pg/mL) and the two
methods were considered not comparable as the 90% CI was 0.27–0.29. With the incurred samples, the
comparison results also indicated the incomparability of these two methods as the 90% CI was 0.57–0.65.

To describe the statistically relevant relationship between two methods in analyzing the serum samples,
linear and quadratic regression models were applied to derive two conversion equations; one each for
eLIGX and incurred samples. The applicability of the equations was verified with independent study data
to indicate that the equations can be used to relate two different sets of study data. A model-based strat-
egy presented here can serve as an explicatory paradigm for other analogous situations in the future.
. Introduction

Membrane bound receptors and soluble ligands are often tar-
ets for therapeutic development. During clinical development, the
ose–response relationship of the ligand or the target to the ther-
peutic antibody is often evaluated. The potential association of
erum ligand or receptor levels to other distal biomarkers in differ-
nt or diseased populations is also investigated; therefore, a reliable
ethod of measuring the ligand or receptor biomarker concentra-

ions in serum is necessary.
Ligand binding assays (LBAs) are often the method of choice
or quantification of protein biomarkers and therapeutic biolog-
cs [1]. When feasible methods are developed, fit-for-purpose

ethod validations are often performed for biomarkers intended to

∗ Corresponding author. Tel.: +1 805 447 1000; fax: +1 805 499 9027.
E-mail address: tthway@amgen.com (T.M. Thway).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.004
© 2011 Elsevier B.V. All rights reserved.

support therapeutic development [2,3]. The validation parameters
for biomarkers include accuracy, precision, selectivity, specificity,
stability, and dilutional parallelism [2,3]. In contrast to LBAs that
are intended to measure therapeutic biologics for PK assessments,
LBAs for biomarkers need to use recombinant standards (nor-
mally of endogenous proteins) that may not be well characterized
and/or not fully representative of the endogenous biomarkers [2].
Nonetheless, the biomarker methods are powerful tools in provid-
ing a relatively quantitative measurement of the protein of interest
during the therapeutic development.

To measure circulating endogenous serum ligand X (eLIGX) in
serum, recombinant ligand X (rLIGX) was used as a calibrator.
Method 1 was first developed, validated, and implemented in few
initial studies. A change in capture reagent led to the development

and validation of a second method of measuring ligand X (Method
2). During drug development, when comparing the concentration
values from different studies that used different analytical meth-
ods, the method cross-validation between the two methods need

dx.doi.org/10.1016/j.jpba.2011.09.004
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
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o be performed. Thway et al. described the cross-validation of
ifferent LBAs intended to quantify analytes for pharmacokinetic
ssessment [4]. In addition, various statistical approaches were
uggested for determining the comparability or equivalence of dif-
erent methods [5–7]. We used a similar experimental design by
ncluding 30 incurred serum samples and a mean ratio with two-
ided 90% confidence interval (CI) statistical approach to determine
he comparability of two LBAs for ligand X measurement [4]. This
eport describes the use of an additional statistical strategy in
ethod comparison for biomarker LBA. When two methods are

ot comparable, we determine the relationship factors between
he two LBAs and verify the relationship factors with the study
ata. This distinctive strategy can be a powerful tool to compare
he biomarker data from different methods or studies.

. Methods and materials

.1. Accuracy and precision of bioanalytical methods in buffer
nd serum

Method 1 and Method 2, both measuring ligand X in human
erum, were developed and validated at Amgen Inc., Thousand
aks, CA. Mouse anti-ligand X monoclonal antibody clone A, sup-
lied by Amgen Inc., was used as a capture reagent in both methods
nd two different mouse anti-ligand X monoclonal antibodies were
sed as detection reagents in each method (Table 1). To establish
he endogenous ligand X level, multiple lots of individual human
erum were obtained from Bioreclamation Inc. (NY, USA) and mea-
ured in each method prior to method pre-study validations. Two
evels of serum sample controls (low and high SSCs) were prepared
y pooling human sera with similar level of endogenous ligand X
nd used to represent endogenous analytes in serum samples fol-
owing the same approach presented by Wang et al. [3]. Due to
he presence of endogenous ligand X in human serum matrix, the
tandard calibrators were prepared by spiking rLIGX (Amgen Inc.,
A, USA) in 1X I-Block buffer (Applied Biosystems, CA, USA) with
0% Tween-20. During accuracy and precision runs, 5 quality con-
rol (QC) sample levels were prepared by spiking rLIGX (Amgen
nc., CA, USA) at the lower limit of quantification, low QC, high QC,
nd upper limit of quantification in assay buffer and 100% serum.
he samples were analyzed in at least 3 replicates per level in 8
uns. The accuracy (%RE) and precision (%CV) of QCs spiked in buffer
ere evaluated from their nominal concentrations. The recoveries
f rLIGX spiked QCs (%RE) in human serum were calculated from
heir nominal concentrations after subtraction of the endogenous
oncentration from the total observed concentration (endogenous

able 1
rocedures, reagents and parameter of Methods 1 and 2.

Parameters Method 1 Method 2

Assay format Chemiluminescence
Sandwich Assay

Electrochemiluminescence
Sandwich Assay

Measures ligand X In the
presence/absence of
therapeutic Ab

In the
presence/absence of
therapeutic Ab

Coating Ab Anti-ligand X MAb,
clone A

Anti-ligand X MAb,
clone A

Detection Ab HRP labeled anti-ligand
X MAb

Ruthenium labeled
anti-ligand X MAb

Alkaline pretreatment Yes No
Assay range 300–75,000 pg/mL 50–50,000 pg/mL
Standards Bias: −20% to 20%

(−25% to 25% at LLOQ)
Precision: ≤25%

Bias: −20% to 20%
Precision: ≤15%

Quality controls Bias: −30% to 30%
Precision: ≤25%

Bias: −25% to 25%
Precision: ≤25%

Samples Precision: ≤25% Precision: ≤15%
nd Biomedical Analysis 58 (2012) 65–70

and spiked). Each method validation was conducted by performing
at least 6 accuracy and precision runs and each run had 3 repli-
cates each of 5 QC levels and two replicates of SSCs. The data from
QCs spiked with rLIGX in buffer were used to calculate the total
error of the method to establish the method acceptance criteria
since the blank subtraction will not be done for the determina-
tion of the endogenous ligand level during the sample analysis. The
assay ranges and the method acceptance criteria established during
validation are summarized in Table 1.

2.2. Bioanalytical method comparison for ligand X Methods 1 and
2

Cross-validation of Methods 1 and 2 were conducted during the
validation of Method 2.

Three sample types were included in the method cross-
validation: recombinant ligand X spiked at 11 concentration
levels in the buffer (rLIGX samples), 30 individual normal human
serum samples (eLIGX samples) purchased commercially from
Bioreclamation Inc. (NY, USA), and 30 incurred serum sample pools
containing therapeutic antibody (TA) and eLIGX (incurred samples)
from an Amgen-sponsored clinical study. All samples were ana-
lyzed with both methods. The rLIGX buffer samples were analyzed
in two duplicates to evaluate possible differential results between
the two methods. The %difference of results obtained by the two
methods was calculated using the following formula:

%Difference = [Method 1] − [Method 2]
[Method 2]

× 100.

2.3. Equivalence analysis for Methods 1 and 2

Data analysis was performed by using SAS V9.1 on a Windows
XP Professional operating system. To evaluate the equivalence of
Methods 1 and 2, data were log-transformed before statistical anal-
ysis. The mean difference and the corresponding two-sided 90% CI
were calculated and were then transformed back to give the esti-
mated ratio of the geometric means of the two methods and the
90% CI of the ratio. The p-value of the method difference was also
provided. The two analytical methods were considered equivalent
or comparable if the 90% CI of the ratio was completely contained
within the equivalence range [0.80, 1.25]. Analyses were done sep-
arately for the three different sample types.

2.4. Study population and sample numbers from each study

Data from 4 clinical studies (study A, B, C, and D) are pre-
sented. Patient populations in studies A and B were healthy men
or women with disease between 45 and 59 years of age. Study A
has 18 placebo-treated subjects and study B had 16 placebo-treated
subjects. Serum samples from each placebo-treated subject were
collected on at least 3 time points per patient for the measurement
of ligand X. For this research report, only the ligand X data from
placebo subjects were used for the validation of the relationship
factor.

Patient populations in study C were either healthy men or
women with disease between 45 and 59 years of age. Patient popu-
lations in study D were all women with disease and aged 60+ years.
Serum samples were collected at only 1 time point per subject. Forty
samples from each study were compared.

2.5. Statistical modeling for the goodness of fit
All statistical analysis and model fitting were analyzed with
SAS v9.1 in a Window XP Professional environment. Data were
log-transformed before statistical analysis, and the results were



T.M. Thway et al. / Journal of Pharmaceutical and Biomedical Analysis 58 (2012) 65–70 67

Fig. 1. Accuracy of Method 1 (A) and Method 2 (B) in measuring ligand X in serum
and buffer. During accuracy and precision runs, 5 levels quality control (QC) samples
were prepared by spiking rLIGX (Amgen Inc., CA, USA) at lower limit of quantifica-
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Fig. 2. Cross-validation of two ligand X methods using recombinant ligand X, rLIGX
spiked samples (A), eLIGX samples (B) and incurred sample (C). (A) The results rep-
resent the %differences of Method 1 over Method 2 for rLIGX spiked samples at 10
different concentrations ranged from 0.275 to 55.7 ng/mL measured by Method 1.
(B) The %differences of Method 1 over Method 2 for eLIGX samples (from 9 nor-
ion, low QC, high QC, and upper limit of quantification in assay buffer and 100%
erum and %RE were calculated. Mean %RE indicated the cumulative results (N = 24)
er level.

ransformed back before reporting. Both linear and quadratic
egression models were applied on the log-transformed data with
ethod 1 being the response and Method 2 being the covariate to
odel their relationship. The two nested models were compared by

sing the Chi-Square test. If the p-value of the nested comparison
as less than 0.05, it indicated that the quadratic model performed

ignificantly better than the linear model and it would be adopted
s the final model. Otherwise, the simple linear regression model
as used. In addition, goodness-of-fit of the final model was evalu-

ted by using the residual plot and the residual normal plot. A 95%
rediction interval of the relationship between Methods 1 and 2
as also evaluated. A prediction interval is an estimate in which

uture observations will fall, with a certain probability, given what
as already been observed.

The back-calculated concentration results were fitted by using
inear or quadratic regressions. The difference between Methods 1
nd 2 was determined for both eLIGX and incurred samples.

. Results

.1. Accuracy of the methods

During the validation of each method, accuracy and precision
arameters were tested by performing 6 analytical runs. Because
f the presence of endogenous ligand X in human serum, the recov-
ries of QCs spiked in buffer were compared to that of serum. The
bias for QCs spiked in the buffer ranged from −21% to −2.5%
nd −3.1% to 7.9% in Methods 1 and 2, respectively (Fig. 1A and

). The %recoveries of QCs spiked in serum ranged from −8.5%
o −2.9% and −26.9% to −11.5% in Methods 1 and 2, respec-
ively. The highest inter-assay CVs were ≤27% for LLOQs and ≤20%
or all other QCs in both methods. The high variability observed
mal men, 3 normal women and 13 in diseased stage), measured in both methods.
(C) The %differences of Method 1 over Method 2 for 30 incurred samples with the
concentration ranging from 0.626 to 44.7 ng/mL.

at LLOQ was due to the accumulative errors of two measure-
ments (endogenous and spiked total). The performance of QC was
acceptable and the assay acceptance criteria were set as shown
in Table 1.

3.2. Cross-validation of Methods 1 and 2 and equivalence testing

Method comparison was performed by using 3 different sample
types: 11 rLIGX buffer samples (in duplicate), 30 eLIGX sam-
ples, and 30 incurred samples. A total of 21 results (1 data point
was excluded due to high %CV) from rLIGX sample was used
for data analysis. Using rLIGX samples, both methods measured
similar concentrations in all spiked samples. The %difference of
Method 1 over Method 2 is shown in Fig. 2A. Statistical analy-
sis of rLIGX samples indicated that the ratio of geometric mean
and 90% CI were 0.98 and 0.90–1.07, respectively (Table 2). The
90% CI was contained within the (0.80–1.25) equivalence interval

(Table 2).

Using eLIGX samples, Method 1 consistently gave higher eLIGX
concentrations than Method 2. Five sample pairs were excluded
from comparison since 4 sample results measured by Method 2
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Table 2
Equivalence between Methods 1 and 2.

Sample types Geometric mean conc.
measured by Method 1

Geometric mean conc.
measured by Method 2

Ratio of Method 2 vs
Method 1

90% CI of ratio p-Value
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rLIGX samples 4423.56 4503.00
eLIGX samples 177.27 623.28
Incurred samples 2671.25 4387.43

id not meet the analytical method acceptance criteria for %CV
nd 1 result was below the lower limit of quantification. The
difference in 25 samples ranged from 184 to 305% (Fig. 2B).
he mean measured concentrations and standard deviation in
LIGX samples were 675 (±316) pg/mL (3.5-fold higher) and
95 (±97) pg/mL by Methods 1 and 2, respectively. Analysis
f variance was performed, and the ratio of geometric means
as determined to be 0.28. The 90% CI was 0.27–0.29 and
as not contained within the (0.80–1.25) equivalence interval

Table 2).
Using incurred serum sample pools containing the therapeu-

ic antibodies and eLIGX, a higher %difference (between 58% and
57%) was observed in samples containing an eLIGX concentra-
ion of <1900 pg/mL by Method 1 (Fig. 2C). A lesser %difference
between 13% and 73%) was observed in samples with an eLIGX
oncentration >1900 pg/mL. Analysis of variance was performed,
nd the ratio of geometric mean and the confidence intervals
f the ratios were computed as 0.61 and 0.57–0.65, respectively
Table 2). The results indicated that Methods 1 and 2 were equiv-
lent in measuring rLIGX but not comparable in measuring eLIGX
oncentrations.

.3. Models to determine the relationship factors

Since the measured concentration values for eLIGX samples was
ot comparable between the two methods, a model-based strategy
as planned to evaluate and compare historical study data mea-

ured by Method 1 with data from the studies in which Method 2
as used. To determine the relationship between the two methods

or analyzing the eLIGX serum samples, both linear and quadratic
egression models of method difference were compared on the log
cale. The Chi-Square test for nested model comparison yielded a
-value of 0.4143. The quadratic model did not perform signifi-
antly better than the linear model in these samples; therefore,
he linear model was chosen as the final model. Using the linear

odel, the following equation summarized their relationship for
LIGX samples:

ethod 1 = exp(1.51 + 0.95 × Log(Method 2)) (1.1)

r

ethod 2 = exp(−1.15 + 0.98 × Log(Method 1)) (1.2)

he p-value of the slope was 0.7280, indicating that the change in
difference vs concentration was not significant. When the concen-
ration results measured by Method 2 were needed to compare the
ata obtained using Method 1, Eq. (1.1) could be used as a conver-
ion factor. Similarly, when the concentration results measured by
ethod 1 were needed to compare the data obtained using Method

, Eq. (1.2) could be used.
Similarly, for the incurred samples, both linear and quadratic

odels were fit to the log-transformed data to describe the rela-
ionship between Methods 1 and 2. The p-value of the nested
odel Chi-Square test was 0.0036, indicating that the quadratic
odel should be chosen as the final model. The quadratic regres-

ion and the model goodness-of-fit via the residual plot indicated
hat the quadratic model fit the data better. The following equations
0.98 [0.90, 1.07] 0.7075
0.28 [0.27, 0.29] <0.0001
0.61 [0.57, 0.65] <0.0001

summarized their estimated relationship for the incurred samples.

Method 1 = exp(3.27 + 0.37 × Log(Method 2) + 0.03

× (Log(Method 2))2) (2.1)

or

Method 2 = exp(−4.45 + 1.86 × Log(Method 1) − 0.04

× (Log(Method 1))2) (2.2)

The p-value of the slope was <0.0001 indicating that the decrease
was significant.

From these models, two separate relationship factors were
derived for two different sample types.

3.4. Confirmation and verification of the relationship factor/Eq.
(1.1) or (1.2)

A 95% prediction interval of the relationship between Methods 1
and 2 was evaluated, and the results indicated that the model pre-
dicted data well (Fig. 3A). The same sets of data pairs were used to
confirm whether Eq. (1.1) or (1.2) could be applied in adjusting the
back-calculated ligand X concentrations. The eLIGX concentrations
measured in 30 serum samples by Method 2 were adjusted with
Eq. (1.1). The mean concentration adjusted by Eq. (1.1) was com-
pared to the mean observed concentration quantified by Method
1 (Fig. 3B) or vice versa. The mean (±SD) concentrations were
675 (±316) pg/mL and 195 (±97) pg/mL measured by Methods 1
and 2, respectively. After adjustment with Eq. (1.1), the concentra-
tion from Method 2 was 659 (±318) pg/mL. The adjusted mean was
comparable to the observed mean value 675 (±316) pg/mL mea-
sured by Method 1 (Fig. 3B).

To verify this relationship factor with Eq. (1.1) or (1.2), addi-
tional independent data sets that were not used in deriving the
relationship factor, were tested for further confirmation. In the
first verification, Method 1 was used for study A and Method 2
was used for study B. The mean observed concentrations (±SD) of
placebo samples were 1190 (±1104) pg/mL and 255 (±94) pg/mL,
respectively for studies A and B. The observed individual concen-
trations of placebo samples from study B were adjusted with Eq.
(1.1). The mean adjusted concentration was compared to that of
the mean concentrations of placebo samples from study A. Sim-
ilarly, the observed individual concentrations of placebo samples
from study A were adjusted with Eq. (1.2). The mean adjusted con-
centration was compared to that of mean concentrations of placebo
samples from study B (Fig. 4A). In the second verification, Method
1 was used for study C and Method 2 was used for study D. The
mean observed concentrations of samples were 821 (±451) pg/mL
and 258 (±137) pg/mL, respectively, for studies C and D. The mean
results of observed and adjusted concentration were comparable
and shown in Fig. 4B using Eq. (1.1) or (1.2).

4. Discussion
LBA methods are the preferred tools for biomarker and PK
assessment as a result of their high sensitivity, low cost, and high
throughput. It is not uncommon that a change in any critical reagent
(e.g., capture and/or detection antibodies) can lead to LBA method
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Fig. 3. (A) Model prediction with 95% confidence interval in data pair with eLIGX
concentrations from 25 commercial samples. (B) The predicted LIGX concentrations
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Fig. 4. Verification of Eqs. (1.1) and (1.2) using two sets of data pair; study A vs B and
study C vs D. eLIGX concentrations in studies A and C were measured using Method
1 while eLIGX concentrations in studies B and D were measured using Method 2. (A)
eLIGX concentrations in placebo-dosed samples from study B had 3.5-fold lowered
level than that of eLIGX concentrations in placebo-dosed samples from study A.
The individual serum LIGX concentrations from Method 2 were adjusted with Eq.
(1.1) and the mean concentration was computed. Then, the mean LIGX concentration
from Method 2 was compared to those of Method 1. Similarly, individual serum LIGX
concentrations from Method 1 were adjusted with Eq. (1.2) and the mean adjusted
LIGX concentration from Method 1 was compared to those of Methods 1 and 2 prior
to adjustment (Adj.M1to2) (B) eLIGX concentrations in serum samples from study
D had 3.2-fold lowered level than that of eLIGX concentrations in serum samples
ere calculated with Eq. (1.1) or (1.2) on observed eLIGX concentrations of 25 sera
easured by Method 1 or 2. The predicted LIGX concentrations were plotted against

he observed LIGX concentrations.

ifferences. In this paper, we have shown that the two methods are
quivalent in measuring the recombinant LIGX and not equivalent
n measuring the endogenous LIGX. We speculate that the lack of
greement between the two methods might be due to differences
n binding affinity and/or recognition of epitopes between these
ntibodies and endogenous ligand. However, attempts to examine
he actual biochemical basis leading to this disagreement between
he two methods have been limited due to insufficient detection
eagent from Method 1 and the near impracticality of purifying
ndogenous ligand. Since a different purification procedure for the
etection reagent was used between the two methods, we inves-
igated the potential role of this difference in the incomparability
f the two methods; however, the data (not shown) suggested that
he incomparability was not due to different purification processes.
ased on these results and limitations, when possible, it is crucial to

ecure critical LBA reagent supplies in quantities sufficient to sus-
ain long-term program support. Unfortunately, during the early
tages of drug development, the quantity of well-characterized crit-
cal reagents can be limited. As drug development progresses, it is
from study C. Again, the individual serum LIGX concentrations from Method 2 or
1 were adjusted with Eq. (1.1) or (1.2), respectively and the mean adjusted LIGX
concentrations were compared to those of Methods 1 and 2 prior to adjustment.

almost inevitable that different lots or different sources of criti-
cal reagents will be used in support of long-term studies. When
multiple methods are used in the course of drug development, it
is important to perform method comparison to ensure the consis-
tency of the data obtained using different methods. If the original
and newly developed methods, as in this presented case, are found
not equivalent during method comparison, further method modifi-
cation is required to re-establish the method comparability. Several
attempts were made to optimize Method 2 including testing differ-
ent conjugation ratio of the detection antibody, testing antibodies
generated from other clones, and/or titering the detection reagent.

Despite all these efforts, the method comparability still could
not be restored. Therefore, an alternative approach was taken to
examine the data comparability in supporting PK and pharmaco-
dynamic (PD) analysis. Compared to other bioanalytical methods
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e.g., chromatographic methods) with wide linear standard cal-
bration, LBAs, which demonstrate a narrow linear range, back
alculation of standard concentration is achieved via non-linear
egression models. Thus, a simple ratio or percentage difference is
ot suitable to determine the relationship between two LBAs. How-
ver, a statistical model can provide a conversion factor needed to
erify the difference between the two methods and to compare the
ata generated from the different methods.

In this case, we have implemented a model-based statistical
pproach to determine the relationship between two methods for
elevant sample types. Such a model-based approach was shown
o be a valuable tool in determining comparability of data gen-
rated by different biomarker methods. In addition, data in this
eport demonstrated that different models are applicable for differ-
nt sample types. During the statistical evaluation using multiple
ata sets and including additional verification, goodness-of-fit was
valuated on all relevant regression models. The 95% prediction
ntervals were valuable in evaluating various models. The final

odel may need to be further reconfirmed.
In summary, for any changes in bioanalytical methods, whether

hese are reagents, platforms, or procedures, method comparison
s necessary. It is crucial to evaluate method equivalence to deter-

ine the impact of method changes. With thorough experimental
ethod comparison design, which includes relevant sample types

nd sample numbers, this approach is useful in deriving statisti-
ally relevant relationships or conversion factors. In the presented
ase, the utility of a statistical model was implemented and proved
o be valuable in the alignment of study results when the method
quivalence could not be established. This approach can be applied
o other similar situations where comparable data are required to
erform PK/PD assessment.

. Conclusion
Two bioanalytical methods of measuring serum ligand X con-
entration were developed and validated. The comparability of
hese two methods could not be established with incurred samples,
nd it led to the development of an alternative strategy that helped

[

[

nd Biomedical Analysis 58 (2012) 65–70

to compare data generated by using Method 1 with data gener-
ated by using Method 2. The two different relationship factors were
derived from the most appropriate regression model for different
sample types. Two relationship factors (Eqs. (1.1) and (1.2)) were
confirmed and verified with additional study data. The results show
that the equations describing the relationship between the two
methods can be used when the data generated from one method are
to be compared with that from the other. The model-based strat-
egy presented can be applied when the cross-validation of different
analytical methods fails and biomarker data from these methods
are critical in understanding PK/PD relationship.
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a b s t r a c t

The metabolic conversion of midazolam (MDZ) to its main metabolite 1′-hydroxy-midazolam (1-OH-
MDZ) can be used as a probe drug for cytochrome P450 3A (CYP3A) activity. A sensitive method for
the simultaneous determination of MDZ and its metabolite 1-OH-MDZ in human plasma using sup-
ported liquid extraction (SLE) in combination with liquid chromatography-tandem mass spectrometry
(LC–MS/MS) detection was developed and validated. Plasma samples (100 �L) were diluted with 0.5 M
NH3 (aq) containing deuterated internal standards. The samples were extracted with ethyl acetate on a
96-well SLE-plate. Separation was performed on a Symmetry Shield RP18 column using an acidic gra-
dient running from 2% to 95% methanol in 3 min. Detection was performed using a triple quadrupole
mass spectrometer running in positive electrospray selected reaction monitoring (SRM) mode. The val-
idated dynamic range was 0.2–100 nmol/L for both analytes. In the concentration range 0.6–75 nmol/L
the extraction recoveries were in the ranges 91.2–98.6% and 94.5–98.3% for MDZ and 1-OH-MDZ, respec-
tively. Matrix effects were more pronounced for MDZ than for 1-OH-MDZ but the response was still 75.4%
or higher compared to a reference. The overall repeatability was within 2.2–7.6% for both analytes, the

overall reproducibility was within 3.1–10.2% for both analytes and the overall accuracy bias was within
−1.1 to 7.5% for both analytes. The method was successfully applied to determine the plasma concentra-
tions of MDZ and 1-OH-MDZ in 14 healthy volunteers up to 24 h after administration of a single oral dose
of 2 mg MDZ. The SLE technology was found to be convenient and suitable for sample preparation, and the
developed method was found to be rapid, selective and reproducible for the simultaneous determination

hum
of MDZ and 1-OH-MDZ in

. Introduction

The metabolic conversion of midazolam (MDZ) to its main
etabolite 1′-hydroxy-midazolam (1-OH-MDZ) is an established
easure of human cytochrome P450 3A (CYP3A) activity [1–5].
DZ is therefore often utilized in the pharmaceutical industry as
probe substrate in human drug–drug interaction (DDI) studies.
oth induction and inhibition of metabolizing enzymes are com-
licating factors in drug development, potentially affecting the
etabolism and clearance of many compounds [1,5–7]. The impact

n the CYP3A enzyme subfamily is of special interest, as it is the

ain metabolizing enzyme for more than 50% of clinically used

rugs [4,7]. MDZ is a sedative medical agent and in order to pre-
ent unwanted side-effects in DDI studies conducted in healthy

∗ Corresponding author. Tel.: +46 46 192099; fax: +46 46 192140.
E-mail address: camilla.svanstrom@activebiotech.com (C. Svanström).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.015
an plasma.
© 2011 Elsevier B.V. All rights reserved.

volunteers, the administrated doses of MDZ should be kept low [8].
Doses of 2 mg or lower are often used [4,8,9], resulting in maximum
plasma concentrations of MDZ and its metabolites below 45 nmol/L.
Therefore, the development of sensitive and robust methods for
the determination of MDZ and its major metabolite 1-OH-MDZ in
human plasma are important to support clinical development of
new pharmaceuticals.

Several analytical methods for the determination of MDZ
and 1-OH-MDZ have been described. However, these often hold
insufficient LLOQ or demand complex sample preparations, often
in combination with a need for large sample volumes [4,8–13]. The
analytical method described herein was developed and validated
in order to obtain a method that was both robust and sensitive,
but also improved with respect to sample preparation for the

simultaneous determination of MDZ and 1-OH-MDZ in human
plasma. In order to achieve this, supported liquid extraction (SLE)
in the 96-well plate format was evaluated in combination with
liquid chromatography-tandem mass spectrometry (LC–MS/MS)

dx.doi.org/10.1016/j.jpba.2011.09.015
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:camilla.svanstrom@activebiotech.com
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The nominal concentrations were 0.31, 0.60, 6.05, and 75.4 nmol/L
ig. 1. Structural formula of MDZ, 1-OH-MDZ and their deuterated internal stan-
ards.

etection and stable isotope dilution. SLE is similar to liquid–liquid
xtraction (LLE) but differs from it in that the sample is totally
bsorbed onto a solid phase, containing a modified form of
iatomaceous earth, on which the extraction occurs. The use of SLE

n the 96-well format simplifies and also enables automation of
he sample preparation. The aim of this study was to develop and
alidate an improved method for the simultaneous determination
f MDZ and 1-OH-MDZ in human plasma using SLE in the 96-well
ormat as sample preparation technique and to show that the

ethod was applicable in a clinical DDI study.

. Materials and methods

.1. Chemicals

MDZ and 1-OH-MDZ were purchased from Toronto Research
hemicals (North York, Ontario, Canada) and the deuterated inter-
al standards were purchased from Cerilliant Corporation (Round
ock, TX, USA). The chemical structure of the reference compounds
re shown in Fig. 1. The purity of the reference compounds were 98%
r higher. HPLC-quality acetonitrile and methanol were purchased
rom Fisher Scientific (Loughborough, Leicestershire UK). Ammo-
ia (NH3, 25% p.a.) and potassium hydroxide solution (KOH, 47%
.a.) were purchased from Merck (Darmstadt, Germany), trifluo-
oacetic acid (TFA, reagent grade ≥98%) was purchased from Sigma
St. Louis, MO, USA) and ethyl acetate (p.a.) was purchased from
luka, Riedel-de Haën (Buchs, Switzerland). Deionized water was
roduced using a Milli-Q water purification system from Millipore
Bedford, MA, USA).

.2. Equipment

Prior to extraction, the samples were centrifuged using an
ppendorf 5810R centrifuge with a swing-bucket rotor for micro
lates (Eppendorf, Hamburg, Germany). For SLE extraction, ISO-
UTE SLE+, 200 mg Supported Liquid Extraction plates (Biotage,
ppsala, Sweden) were used. The samples were collected in 1 mL
eep 96-well plates (Porvair Science, UK) which were sealed with
pierceable sealing foil (ABgene, Epsom, UK). During extrac-

ion, a vacuum manifold for 96-well plates (Waters Corporation,

ilford, MA, USA) was used to monitor the pressure. For evap-

ration of the organic solvent a SPE Dry-96TM Sample Plate
oncentrator (Argonaut, Foster City, CA, USA) was used.
ColumnColumn

Fig. 2. Illustration of the front-flush configuration of the injection valve.

2.3. LC–MS/MS

The LC system used consisted of an HP 1100 binary pump
from Agilent Technologies (Santa Clara, CA, USA) and a CTC HTS
PAL autosampler from CTC analytics AG (Zwingen, Switzerland).
In order to minimize the dwell volume of the system the stan-
dard gradient mixer was removed from the pump. The autosampler
was equipped with a 6-port valve (Valco International, Schenkon,
Switzerland) with a 20 �L external loop coupled in front-flush
mode, the valve configuration is illustrated in Fig. 2. The effluent of
the column was coupled to an API 3000TM triple quadrupole mass
spectrometer from Applied Biosystems (Foster City, CA, USA) via
an electrospray ion source operating in the positive mode. High-
purity nitrogen gas was used as nebulizer, curtain and collision gas.
Using collision induced fragmentation, quantitative analysis was
performed with the mass spectrometer operating in the selected
reaction monitoring (SRM) mode. The Analyst software version
1.4.2 from Applied Biosystems (Foster City, CA, USA) was used to
control the LC–MS/MS system and to evaluate all acquired mass
spectrometric data.

2.4. Standard solutions

2.4.1. Internal standard solutions
Internal standard stock solutions of MDZ-d4 and 1-OH-MDZ-

d4 in methanol (about 20 �mol/L) were prepared by individual
dilutions of the internal standard reference solutions.

An internal standard working solution containing 50 nmol/L
each of the internal standards was prepared by adding aliquots of
the internal standard stock solutions to 0.5 M NH3 (aq). The internal
standard working solution was stored in a refrigerator at 4–8 ◦C.

2.4.2. MDZ and 1-OH-MDZ stock and working solutions
Two stock solutions each of MDZ and 1-OH-MDZ (about

30 �mol/L and 60 �mol/L) in methanol were prepared.
Working solutions containing both MDZ and 1-OH-MDZ (10
to 10 000 nmol/L) were prepared in methanol by further dilutions
of the stock solutions. All stock solutions and working solutions
were stored in a freezer at −20 ◦C.

2.4.3. MDZ and 1-OH-MDZ calibration standards and quality
control samples

Calibration standards at eight different concentrations
(0.10–98.3 nmol/L and 0.10–102 nmol/L for MDZ and 1-OH-
MDZ, respectively) were prepared by spiking blank human plasma
with known amounts of the working solutions containing a mix of
MDZ and 1-OH-MDZ (1% (v/v) working solution in each calibration
sample). Quality control (QC) samples at four different concentra-
tions were prepared in the same way as the calibration standards.
for MDZ, and 0.29, 0.59, 5.97 and 73.5 nmol/L for 1-OH-MDZ. The
calibration samples and QC samples were spiked in advance and
stored frozen at −20 ◦C pending analysis.
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.5. Method development

.5.1. LC–MS/MS method
Due to the fact that the analytical column, the autosampler wash

olutions, the mobile phase composition and elution gradient were
ainly generic for the instrument set-up it was not deemed neces-

ary to further develop the LC method. However injection volume
nd back-flush vs. front-flush injection with partially filled loop was
valuated. The chromatographic conditions consisted of a mobile
hase composition of 0.01% (v/v) TFA in methanol (A) and 0.01%
v/v) TFA in water (B). Two wash solutions were used to rinse the
utosampler: a strongly alkaline methanol–water solution and an
cidic organic solution consisting of acetonitrile with 0.2% (v/v) TFA.
he analytes were separated from matrix components on a Sym-
etry Shield RP18, 30 mm × 2.1 mm column with 3.5 �m particles

rom Waters Corporation (Milford, MA, USA) using a gradient elu-
ion running from 2 to 95% (A) in 3 min followed by a wash out
t 95% (A) for 0.5 min. The flow rate was 0.3 mL/min at ambient
emperature and the chromatographic turnaround time was about
min.

The individual MS parameters for detection of MDZ and 1-OH-
DZ were automatically optimized using the Analyst Quantitative
ptimization software.

.5.2. Sample preparation
The parameters evaluated in method development were:

xtraction solvent, recovery of MDZ and 1-OH-MDZ after evapo-
ation and reconstitution of the samples, and plasma volume to be
xtracted. Prior to extraction, the plasma samples were centrifuged
t about 700 × g for 5 min. At pH above 7.4 the azepine ring of MDZ
s fully closed and the molecule becomes non-soluble in water [13].
herefore, in order to enhance the extraction recovery, the plasma
amples were diluted with 0.5 M NH3 (aq) containing the deuter-
ted internal standards prior to extraction. The diluted plasma
amples were transferred to a SLE 96-well plate and absorbed
nto the sorbent for about 5 min, with no breakthrough of liquid.
fter absorption, the samples were extracted by adding 1000 �L
xtraction solvent to each well. The extraction solvent was eluted
y negative pressure and evaporated to dryness under a stream
f heated nitrogen (35 ◦C) for approximately 20 min. Finally the
esidues were reconstituted in 100 �L methanol solution (aq) on
vortex mixer for approximately 15 min.

Ten different organic solvents or mixtures of solvents were
nvestigated as extraction media for the SLE experiments. These

ere methyl acetate, ethyl acetate, tert-butyl acetate, toluene,
oluene–isopropanol (99:1, v/v), ethyl acetate–hexane (9:1, v/v),
thyl acetate–heptane (3:1, v/v), hexane–dichloromethane (7:3,
/v) and isopropanol–dichloromethane (1:9, v/v). As a test solution
or extraction experiments a plasma sample containing 30 nmol/L
f both MDZ and 1-OH-MDZ was used.

The recoveries of MDZ and 1-OH-MDZ were investigated after
vaporation and reconstitution in aqueous methanol solutions of
arious strengths (20, 30, 40 or 50%). The experiment was per-
ormed in a polypropylene 96-well plate. The test solutions were a

ix of MDZ and 1-OH-MDZ in 50% methanol (aq) containing 0.61,
.95, 75.6 nmol/L and 0.61, 7.04, 75.4 nmol/L for MDZ and 1-OH-
DZ, respectively. The test solutions were evaporated and then

econstituted in the aqueous methanol solutions. The unprocessed
est solutions were used as reference.
The capacity of the 200 mg SLE-plate is 200 �L liquid and the
anufacturer recommends the use of 100 �L plasma and 100 �L

iluent. Here, a combination of 120 �L plasma and 80 �L diluent
as also investigated.
nd Biomedical Analysis 58 (2012) 71–77 73

2.6. Method validation

The evaluated parameters were SLE plate variation, selectiv-
ity, extraction recovery and matrix effects, dynamic range, LLOQ,
accuracy and precision.

2.6.1. SLE+ plate variation
In total, seven SLE-plates (ISOLUTE SLE+, 200 mg, Biotage)

packed with two different sorbent batches were used and evaluated
during the experiments.

2.6.2. Selectivity
SLE extracts from human plasma were analyzed in order to

confirm the absence of interfering peaks originating from endoge-
nous compounds. Also the chromatographic selectivity between
MDZ, 1-OH-MDZ and another hydroxylated metabolite, 4-hydroxy-
midazolam (4-OH-MDZ) was investigated.

2.6.3. SLE recovery and matrix effects
To investigate extraction recovery and matrix effects three dif-

ferent sets of samples were prepared and analyzed in replicates of
six. The peak areas of the analytes were used in the evaluation. The
samples prepared were spiked plasma samples prepared according
to assay protocol (A), blank plasma samples prepared according to
assay protocol with a reference solution added to the ethyl acetate
prior to evaporation and reconstitution (B) and a reference solution
in methanol, evaporated and reconstituted according to assay pro-
tocol (C). The following calculations were performed: extraction
recovery (peak area (A)/peak area (B) × 100), matrix effect (peak
area (B)/peak area (C) × 100) and total effect (peak area (A)/peak
area (C) × 100). All sets of samples, containing a mix of MDZ and
1-OH-MDZ, were prepared and evaluated at three concentrations;
0.61, 6.95, 75.6 nmol/L and 0.61, 7.04, 75.4 nmol/L for MDZ and
1-OH-MDZ, respectively.

2.6.4. LLOQ, dynamic range and calibration graphs
The dynamic range and the LLOQ of the method were evaluated

in the range 0.1–100 nmol/L for both MDZ and 1-OH-MDZ, based
on expected pharmacokinetics of MDZ [9]. The dynamic range was
evaluated by regression analysis and the LLOQ was defined as the
lowest concentration of analyte where the back-calculated concen-
tration could be determined with an accuracy bias of ±20% and a
relative standard deviation (RSD) of ≤20%. After establishing the
LLOQ and dynamic range of the method calibration standards in
the ranges 0.21–98.3 nmol/L (n = 7) for MDZ, and 0.21–102 nmol/L
(n = 7) for 1-OH-MDZ were evaluated at seven occasions.

2.6.5. Accuracy and precision of QC samples
QC samples at three concentrations: 0.60, 6.05, 75.4 nmol/L and

0.59, 5.97, 73.5 nmol/L, for MDZ and 1-OH-MDZ respectively, were
analyzed and evaluated in replicates of six at three occasions and
in replicates of four at four occasions.

2.6.6. Statistical evaluation
The Analyst software version 1.4.2 was used for integration of

the chromatographic peak areas, for the calibration curve regres-
sion and for calculating the concentrations.

For the calculation of repeatability, the pooled relative standard
deviation (sr,p) was calculated. sr,p was calculated for each analyte at
each concentration level using a formula obtained from the IUPAC

Gold Book website [14].

For the calculation of reproducibility, the relative standard devi-
ation (RSD) was calculated for all replicates at each concentration
level for each analyte.
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For the calculation of overall accuracy bias, the accuracy for all
nalyzed replicates was calculated at each concentration level for
ach analyte.

.7. Method application

A clinical study including 14 healthy volunteers was initiated in
rder to evaluate the potential for drug interactions with a novel
rug candidate via the CYP450 enzyme pathway. The subjects were
rally administered a cocktail of five different CYP450 probe drugs
ncluding 2 mg MDZ. The metabolism of MDZ to its main metabolite
-OH-MDZ reflected the activity of CYP3A enzyme. Blood and urine
amples for analysis of the probe drugs and their metabolites were
rawn on day 0 and day 12 of the study. The concentrations of MDZ
nd 1-OH-MDZ in plasma were analyzed at 11 time points (0, 0.5,
, 1.5, 2, 4, 6, 8, 10, 12, and 24 h), for each subject on two occasions
day 0 and 12 of the study). The study protocol for the clinical trial
as approved by the ethics committees of the participating study

enter before the start of the study, as were protocol amendments
uring study progression. All healthy volunteers provided written

nformed consent.

. Results

.1. Method development

.1.1. LC–MS/MS method
Of the reconstituted sample extract 15 �L was injected onto the

olumn using a partially filled 20 �L loop. To be able to inject 15 �L
f the extract, the loop had to be mounted in front-flush mode or the
hromatographic peak shapes of the analytes were distorted. The
ptimized MS conditions included an ion source temperature of
50 ◦C and an ion spray potential of 3500 V. Using collision induced
ragmentation, quantitative analysis was performed with the mass
pectrometer operating in positive electrospray (ESI) ionization
nd selected reaction monitoring (SRM) mode with unit resolution.
he SRM transitions used for detection were m/z 326.1 > 291.3 and
/z 342.2 > 203.2 for MDZ and 1-OH-MDZ respectively. No cross-

alk between the analytes was observed. Details of the optimized
S parameters are shown in Table 1.

.1.2. Sample preparation
Of the ten organic solvents or mixtures of solvents investigated,

thyl acetate was considered to be the superior alternative show-
ng excellent recoveries, satisfactory environmental aspects, ease of
sage (pipettable) and sufficient volatility. Furthermore, the ethyl
cetate extracts were visually clean and the noise and background
evels observed in the SRM acquisitions were unusually low.

The recoveries of MDZ and 1-OH-MDZ after reconstitution in
ethanol solutions were in the ranges 70.3–93.4% and 83.0–105.3%

or MDZ and 1-OH-MDZ, respectively. The results are shown in
able 2. Similar results were obtained for the internal standards.
solution consisting of 50% methanol (aq) was chosen for recon-

titution of the samples.
We found that when extracting 120 �L plasma and 80 �L dilu-

nt, compared to extracting 100 �L plasma and 100 �L diluent, the
eak areas of the analytes increased but the statistics such as pre-
ision and accuracy did not improve (data not shown). Therefore,
00 �L plasma was used for extraction further on.

.2. Method validation
.2.1. SLE+ plate variation
Comparison of the chromatograms regarding additional or

nterfering peaks showed that on one of the sorbent batches a small
eak appeared in the SRM-transition for detection of 1-OH-MDZ,
nd Biomedical Analysis 58 (2012) 71–77

although that peak was separated from the peak of 1-OH-MDZ and
did not interfere with the chromatography of 1-OH-MDZ.

3.2.2. Selectivity
The mass chromatograms of MDZ and 1-OH-MDZ showed

extremely low background ionization and no interfering peaks
were observed in either reference solutions or prepared plasma
samples (Fig. 3A and B). The two hydroxylated metabolites 1-OH-
MDZ and 4-OH-MDZ have the same molecular weight but showed
unique product ions. Furthermore, they were chromatographically
baseline separated, altogether indicating no interferences. Typical
mass chromatograms of an extracted blank plasma sample and a
sample with the concentration 0.2 nmol/L (LLOQ) of MDZ and 1-
OH-MDZ are shown in Fig. 3.

3.2.3. SLE recovery and matrix effects
The extraction recoveries were in the ranges 91.2–98.6% and

94.5–98.3% for MDZ and 1-OH-MDZ, respectively. Matrix effects
were more pronounced for MDZ than for 1-OH-MDZ but the
response was still 75.4% or higher compared to a reference. The
RSD in this experiment series was 13.3% or better. Similar results
were obtained for the internal standards. The results are shown in
Table 3.

3.2.4. LLOQ, dynamic range and calibration graphs
The LLOQ of the method was estimated to be 0.2 nmol/L for

both MDZ and 1-OH-MDZ, i.e. the lowest calibration standard that
was in compliance with the approval criteria. At LLOQ the repro-
ducibility was 7.1% and 9.5% and the overall accuracy bias was
−5.2% and −0.1% for MDZ (n = 7) and 1-OH-MDZ (n = 6), respec-
tively. Calibration curves of MDZ and 1-OH-MDZ were obtained by
plotting the peak area ratios of each analyte to its internal standard
versus concentration. Using a quadratic regression (weight 1/con-
centration) the dynamic range of the method was estimated to be
0.2–100 nmol/L for both MDZ and 1-OH-MDZ. With few exceptions,
the accuracies for the back-calculated values for the calibration
standards were in compliance with the approval criteria ±15%
(±20% at LLOQ) hence all calibration curves were approved and
no analytical batches were rejected. The calibration curves were
strongly reproducible and the correlation coefficient (r) was >0.999
for both MDZ and 1-OH-MDZ in all analytical batches.

3.2.5. Accuracy and precision of QC samples
With few exceptions, the accuracies of the QC samples were

in compliance with the approval criteria of ±15% (±20% close to
LLOQ). The overall results for the QC-samples are shown in Table 4.

3.3. Method application

The developed method was used for the analysis of human
plasma samples from a clinical study with 14 healthy volunteers. In
total 297 plasma samples were simultaneously analyzed for MDZ
and 1-OH-MDZ in four analytical batches. No interfering peaks were
detected in any of the plasma samples indicating a specific and
selective method. Mass chromatograms from an incurred plasma
sample are shown in Fig. 4. The sample was collected on day 0 of the
study, 2 h after dosing and contained 15.7 nmol/L and 5.7 nmol/L of
MDZ and 1-OH-MDZ, respectively. Of the analyzed plasma samples,
82% of the results were above LLOQ (0.2 nmol/L) and the Cmax in the
study was 87 nmol/L, which indicates sufficient calibration range

for the given dose. On day 0 the compounds could be quantified
up to 12 h after MDZ administration in most of the subjects, n = 13
and n = 11 for MDZ and 1-OH-MDZ, respectively. At 24 h MDZ and
1-OH-MDZ could be quantified in 3 and 2 subjects, respectively.
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Table 1
SRM transitions and fragmentation parameters for the analytes and their internal standards.

Analyte Precursor ion (m/z) Product ion (m/z) Dwell (ms) DP (V) FP (V) CE (eV) CXP (V)

MDZ 326.1 291.3 150 31 230 41 20
MDZ-d4 330.1 295.1 70 31 230 41 20
1-OH-MDZ 342.2 203.2 150 36 120 37 14
1-OH-MDZ-d4 346.2 203.2 70 36 120 37 14

DP, declustering potential; FP, focusing potential; CE, collision energy; CXP, cell exit potential.

Table 2
Recovery (%) of MDZ and 1-OH-MDZ at low, medium and high concentrations after reconstitution in methanol solutions with different strengths (20–50%).

Reconstitution solvent (% (v/v) methanol) MDZ (nmol/L) 1-OH-MDZ (nmol/L)
0.61 (n = 3) 6.95 (n = 3) 75.6 (n = 3) 0.61 (n = 3) 7.04 (n = 3) 75.4 (n = 3)

Recovery with 20% 83.2 70.3 79.0 91.7 83.0 91.5
Recovery with 30% 93.4 81.0 81.1 84.6 94.2 95.0
Recovery with 40% 91.7 81.7 85.6 91.2 100.4 97.8
Recovery with 50% 93.2 91.9 90.4 88.6 105.3 98.4

F ted blank plasma sample and mass chromatograms of MDZ (C) and 1-OH-MDZ (D) from
a Z, respectively. The SRM transitions were 326.1 > 291.3 and 342.2 > 203.2 for MDZ and
1

A
d

4

f
t
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Table 4
The calculated overall accuracy bias, repeatability (intra-assay precision) and repro-
ducibility (inter-assay precision) for the determination of MDZ and 1-OH-MDZ in
QC-samples at three concentration levels. The QC-samples were analyzed and eval-
uated in replicates of six at three occasions and in replicates of four at four occasions.

MDZ (nmol/L) 1-OH-MDZ (nmol/L)

0.60 6.05 75.4 0.59 5.97 73.5

T
E

ig. 3. Typical mass chromatograms of MDZ (A) and 1-OH-MDZ (B) from an extrac
n extracted plasma sample containing 0.2 nmol/L (LLOQ) of MDZ and 1-OH-MD
-OH-MDZ, respectively.

verage concentration–time profiles for MDZ and 1-OH-MDZ on
ay 0 are shown in Fig. 5.

. Discussion

The method described herein utilizes SLE in the 96-well

ormat in combination with LC–MS/MS and stable isotope dilu-
ion for the simultaneous determination of MDZ and its major

etabolite 1-OH-MDZ in human plasma. This is the first time
method is reported that utilizes SLE as sample preparation

Repeatability (%) 6.6 3.5 2.2 7.6 4.1 2.3
Reproducibility (%) 10.2 4.6 4.0 9.6 6.8 3.1
Accuracy bias (%) 4.0 7.0 5.7 7.5 −1.1 7.0

able 3
xtraction recovery, matrix effect and total effect using absolute peak areas for the calculations.

MDZ (nmol/L) 1-OH-MDZ (nmol/L)
0.61 (n = 6) 6.95 (n = 6) 75.6 (n = 6) 0.61 (n = 6) 7.04 (n = 6) 75.4 (n = 6)

Extraction recovery (%) 96.7 91.2 98.6 94.5 95.5 98.3
Matrix effect (%) 75.4 87.0 83.2 91.0 105.5 94.6
Total effect (%) 72.9 79.4 82.1 86.0 100.7 93.0
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ig. 4. Mass chromatograms from an incurred plasma sample collected 2 h after do
nd their respective internal standard (C) and (D). The mass chromatograms show

or the determination of these analytes. Our method shows
uperior sensitivity and selectivity compared to most methods
reviously reported in the literature [2,10–13]. Furthermore,
he method is rapid, convenient to use and can be automated.
he LLOQ of 0.2 nmol/L for both analytes was obtained using
nly 100 �L plasma for extraction. The evaluated quantifica-
ion ranges (0.2–100 nmol/L for MDZ and 1-OH-MDZ) were
ufficient to monitor the plasma concentrations from a clini-
al DDI study up to 24 h when a single oral dose of 2 mg MDZ
ad been administered. MDZ is a commonly used probe drug

or the measuring of CYP3A activity and several bioanalytical
ethods for the determination of MDZ and 1-OH-MDZ have been

escribed in the literature. Early methods utilizing UV-detection
re generally not sensitive enough to support clinical DDI

tudies in which low doses of MDZ are to be administrated [10,13].
ne method utilizing gas chromatography (GC) coupled to mass

pectrometric detection obtained a LLOQ of 0.03 nmol/L although
he sample preparation included time consuming extraction and
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ig. 5. Average plasma concentration–time profiles (±SD, lin–log) of MDZ and 1-
H-MDZ on day 0, after an oral dose of 2 mg MDZ. At 12 h n = 13 and n = 11 for MDZ
nd 1-OH-MDZ, respectively and at 24 h n = 3 and n = 2 for MDZ and 1-OH-MDZ,
espectively.
n day 0 of the study, showing (A) MDZ at 15.7 nmol/L, (B) 1-OH-MDZ at 5.7 nmol/L,
data signals.

derivatization steps [8]. Several sample preparation techniques
for the analysis of MDZ and 1-OH-MDZ have been described in
the literature and most of them, except LLE, are suitable for full
automation. Still, the most frequently reported sample preparation
technique is LLE, which is probably because it provides superior
clean extracts and offers the possibility of concentrating the ana-
lytes during the extraction process. SLE in the 96-well plate format
is a novel extraction technique in quantitative bioanalysis of small
molecules. SLE is similar to LLE but differs from it in that the
aqueous state is absorbed onto a solid phase that contains a mod-
ified form of diatomaceous earth on which the extraction occurs.
Compared to traditional LLE, the SLE technology provides high
analyte recoveries, eliminates emulsion formation, and shortens
the sample preparation time [15,16]. The extraction conditions, i.e.
pH and water immiscible solvent are often the same using LLE and
SLE, which facilitates method transfer between the techniques. The
use of SLE in the 96-well plate format combines the advantages of
LLE and the 96-well format in a single technique which is rapid,
easy to use and also enables automation of the sample preparation.

Due to its ability to provide superior sensitivity and specificity
in complex matrices LC–MS/MS has emerged as the method of
choice in supporting clinical and preclinical pharmacokinetic stud-
ies. With the LC–MS/MS technology, the use of a stable isotope as
an internal standard is applicable. Stable isotope internal standards
have the same chemical properties (molecular weight excluded) as
the analyte. This results in robust methods in which the internal
standard coelutes with the analyte and therefore compensates for
effects such as ion suppression or ion enhancement, which may
otherwise affect the results. Also, using the stable isotope dilu-
tion technique compensates for extraction recovery and injection
malfunction. Altogether, LC–MS/MS in combination with isotope
dilution is the state-of-the-art approach in the bioanalysis of small
molecules.
Since the stabilities of MDZ and 1-OH-MDZ under various stor-
age conditions have been well demonstrated in the literature, these
parameters were not investigated in the validation. Plasma sam-
ples containing a mix of MDZ and 1-OH-MDZ have been shown
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o be stable for at least 4 h at room temperature [11], at least 10
onths stored in a freezer at −20 ◦C and they are not affected by

hree freeze-thaw cycles at −20 ◦C [9]. Stock solutions of MDZ and
-OH-MDZ in methanol have been shown to be stable for at least 10
onths stored in a freezer at −20 ◦C [9]. The short term stability of

he internal standard working solution was investigated during the
ethod development and no degradation of the internal standards
as shown after one week stored in a refrigerator. Also, no issues

egarding the stability of MDZ and 1-OH-MDZ were revealed dur-
ng the sample preparation or in the reconstituted sample extracts
tored at room temperature in the autosampler pending analysis.

After the development of this method, SLE-plates with higher
apacity (400 mg compared to 200 mg) were launched; therefore a
uture improvement would be to evaluate these new plates. Also,
he described method was developed on a LC–MS/MS system that
as more than 10 years old, and using the same assay protocol

n modern equipment would probably further improve the per-
ormance. Altogether, these improvements may lower the LLOQ
f the method and as a result the doses of MDZ administrated to
he healthy volunteers participating in clinical DDI studies could
e even more decreased and hence further minimize unwanted
ide-effects for the study subjects.

. Conclusions

SLE in combination with LC–MS/MS was found to be an excellent
ool for the simultaneous determination of low levels of MDZ and
-OH-MZ in human plasma. The method was found to be rapid,
ensitive, selective and reproducible. The LLOQ 0.2 nmol/L for both
nalytes was achieved using only 100 �L plasma for the extraction.
he validated dynamic range (0.2–100 nmol/L for MDZ and 1-OH-
DZ) was sufficient to monitor the plasma concentrations of both
DZ and 1-OH-MDZ for up to 24 h after a single oral dose of 2 mg
DZ in a clinical DDI study.
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istone deacetylase 1 is required for Carbamazepine-induced CYP3A4 expression
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a b s t r a c t

Carbamazepine (CBZ) is a commonly prescribed antiepileptic drug. Adverse effects and drug–drug
interaction are the two major concerns for its clinic application. CBZ is mainly metabolized by
cytochrome P450 (CYP) 3A4, a strong inducer of CYP3A4 as well, which in turn influences the
pharmaceutical profiles of the co-administrated drugs. To date, little is known about the mechanisms
underlying CBZ-induced CYP3A4 expression. In this study, we explored the possible roles of Pregnane
eywords:
arbamazepine
YP3A4
regnane X receptor
istone deacetylase 1

X receptor (PXR) and the histone deacetylase 1 (HDAC1) on the CBZ-induced CYP3A4 expression.
The results showed that: (1) Although the expression of PXR was increased in CBZ treated cells, PXR
gene silencing surprisingly showed no significant effects on CBZ-induced CYP3A4 expression; (2) CBZ
inhibited the binding of HDAC1 to the promoter of CYP3A4. In addition, both dominant negative form
and siRNA of HDAC1 could repress the CBZ-induced CYP3A4 expression. These data, for the first time
indicate that HDAC1, is required for the CBZ-induced CYP3A4 expression.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

Drugs metabolism in liver is mainly mediated by cytochrome
450. Among the P450 gene families, CYP3A4 is the predominant
soform of CYP3A enzymes and responsible for the metabolism of
pproximately half of commonly prescribed drugs [1]. Drug–drug
nteractions, one of the major concerns for rational drug admin-
stration, are thought to be mainly mediated by the activity of
YP3A4. Many drugs, especially xenobiotics can induce the expres-
ion of CYP3A4 and accelerate the elimination of concurrently
sed drugs, thereby altering the pharmacokinetic and pharmacody-
amic profiles of those drugs, and sometimes leading to profound

linical consequences.

Carbamazepine (CBZ) is one of the most commonly prescribed
rugs for treating partial seizures, generalized tonic–clonic seizures
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A. Wen).
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731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.017
as well as trigeminal neuralgia [2]. It has also been administrated to
patients with various psychiatric disorders, including acute mania,
bipolar disorders and borderline personality disorders [3]. The bio-
transformation of CBZ is mainly mediated by the activity of CYP3A4.
In turn, it also shows a strong induction of CYP3A4, which influ-
ences the pharmaceutic profiles of CBZ and many co-administrated
drugs, making the clinical usage of CBZ more cautious. For example,
co-administration of CBZ and contraceptive drugs can increase the
potential risks of un-intended pregnancy and deteriorate seizures
[4]. Because of the CYP3A4 induction, it is suggested that patients
should be followed up for 2–4 weeks after CBZ discontinuation to
evaluate the antipsychotic adverse drug reactions [5]. Therefore,
elucidating the mechanisms underlying the CBZ-induced CYP3A4
expression will be important for the rational administration of
CBZ.

In the past decade, progress has been made in the molecular
mechanisms responsible for the regulation of CYP3A4. On the pro-
moter of CYP3A4, multiple transcription factor binding sites and
histone acetylation sites were identified [6]. Among the transcrip-
tion factors, Pregnane X receptor (PXR), was thought to be the major
mediator of xenobiotics-induced CYP3A4 expression [7]. In addi-

tion, histone acetylation was also suggested to be associated with
the ontogenic expression of CYP3A4. However, no direct evidence
that PXR or histone acetylation contributes to the CBZ-induced
CYP3A4 expression has been provided yet.

dx.doi.org/10.1016/j.jpba.2011.09.017
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:xxluo3@fmmu.edu.cn
mailto:adwen2011@gmail.com
dx.doi.org/10.1016/j.jpba.2011.09.017


l and

H
s
s

2

2

m
D
X
C
H
a
i
m
1
p
w
1

1
1
r
C
t
p

i
b
G
a
b
n
L
i
1
4

a
s

2

c
R
e
R
g
f
C
w
C
t
h
(
p
S
m
T
t

Y. Wu et al. / Journal of Pharmaceutica

In the present study, we explored the possible roles PXR and
DAC1 in CBZ-induced CYP3A4 expression, and for the first time,

howed that HDAC1 was required for CBZ-induced CYP3A4 expres-
ion.

. Materials and methods

.1. Cell culture and treatment

Human liver tissues, from liver biopsy of patients with pri-
ary or secondary liver tumors, were collected according to the
eclaration of Helsinki and the institutional guidelines of the
ijing Hospital, The Fourth Military Medical University, Xi’an,
hina, and with the informed written consent of each patient.
epatocytes were isolated by trypsin digestion and cultured
t 1.5 × 106 cells/well of a six-well plate with DMEM contain-
ng 10% fetal calf serum (FCS). After two days, cultures were

aintained for 24 h in Williams’E medium supplemented with
00 nM dexamethasone, 2 mM l-glutamine, 1% ITS-G, 100 U/ml
enicillin, and 100 U/ml streptomycin (Invitrogen). HepG2 cells
ere obtained from ATCC and maintained by DMEM containing

0% FCS.
For CBZ (Sigma) treatment, cells were incubated with 1 �M,

0 �M, 100 �M CBZ for 48 h. An equivalent amount of DMSO and
0 �M rifampicin (RIF) was used as negative and positive controls
espectively. For Procyanidin-B3 (Pro-B3, National Institute for the
ontrol of Pharmaceutical and Biological Products, Beijing, China)
reatment, cells were challenged by 500 �M Pro-B or 10 �M CBZ
lus 500 �M Pro-B respectively for 48 h.

For siRNA interference, dsRNA was synthesized accord-
ng the following sequence which had been demonstrated to
e effective in silencing the expression of PXR: UUUCAUCU-
AGCGUCCAUCAGCUCC [8]; HDAC1: GCAGAUGCAGAGAUUCAAU;
nd HDAC2 GCAGCGUCUCUUUGAGAAC [8]. High-purity scram-
le sequence (Low GC) siRNA oligonucleotides were used as
egative control. Transfection of siRNA was conducted with
ipofectamine 2000 transfection reagent (Invitrogen) accord-
ng to the manufacturer’s instructions. A final concentration of
00 nM siRNA was incubated with the transfection complexes for
8 h.

For stable transfection, HepG2 cells expressing dominant neg-
tive HDAC1 or dominant negative HDAC2 plasmids [8] were
elected with G418 (800 �g/ml) for 2 weeks.

.2. Real time PCR

Total RNA was extracted using Trizol reagents (Invitrogen).
DNA was synthesized from 1 �g of total RNA using AMV
everse Transcriptase (Takara) at 37 ◦C for 1 h in the pres-
nce of random hexamers. One tenth was used for real time
T-PCR amplification using the Light Cycler apparatus (Strete-
ene Mx3500P). The primers for CYP3A4 and PXR are as the
ollowings: CYP3A4 forward primers: GCAGGAAAGCTCCATGCA-
ATAG; reverse primers: GAGAAGCCAGGTTTCCATGG. PXR for-
ard primers: ACTTACCACCAAGCAGTCCAAGAG; reverse primers:
TCATCTGCGTTGACACTGG. The measurements were performed in
riplicates. Expression of CYP3A4 and PXR mRNA was normalized to
ousekeeping gene glyceraldehyde-3-phosphate dehydrogenase
GAPDH). Relative differences in real time RT-PCR among sam-
les were determined using the ��CT method as described in the

tretegene instructions. The �CT value for each sample was deter-
ined using the CT value obtained from the means of triplicates.

he ��CT was calculated by subtracting control �CT values from
he corresponding experimental �CT. The resulting values were
Biomedical Analysis 58 (2012) 78–82 79

converted to fold-changes over control by raising 2 to the power of
−��CT.

2.3. Luciferase reporter assay

A chimera p3A4-luc reporter construct containing the basal pro-
moter (−362/+53) with proximal PXR response element and the
distal xenobiotic responsive enhancer module (−7836/−7208) of
the CYP3A4 gene 5′-flanking region was inserted to pGL3-Basic
reporter vector [9]. A 1.5 kbp segment upstream the starting code
of PXR was cloned into pGL3-Basic to make pPXR-luc plasmid.
HepG2 cells were transiently transfected by lipofection 2000 with
300 ng/well of p3A4-luc or pPXR-luc reporter in 24-well plates. CBZ
and Pro-B treatments were as described. Rellina (5 ng/well) was
used as internal control. 24 h after transfection, cells were lyzed and
luciferase activity was measured and normalized by the readings
of rellina luciferase in each well.

2.4. Chromatin immunoprecipitation (ChIP)

ChIP was performed with minor modifications of the procedure
described by ChIP kit (Upstate), using approximately 1.5–2 × 107

HepG2 cells cross-linked with 1% formaldehyde for 10 min at room
temperature. Cell pellets were re-suspended in cell lysis buffer and
incubated on ice for 10 min. The nuclei were pelleted and resus-
pended in nuclei lysis buffer (50 mM Tris–HCl [pH 8.1], 10 mM
EDTA, 1% SDS plus protease inhibitor cocktail) and incubated on ice
for 10 min. Chromatin was sheared to a size range of 0.3–0.5 kbp
by sonication in a crushed-ice/water bath with four 20-s bursts
of 200 W with a 30-s interval between bursts using a Bioruptor
(Diagenode). Chromatin was pre-cleared for 1.5 h at 4 ◦C with 50%
gel slurry of protein A–agarose beads saturated with salmon sperm
DNA and BSA. Pre-cleared chromatin was diluted 3-fold in IP dilu-
tion buffer provided by the kit, and 10% of the supernatants were
kept as inputs. The diluted chromatin was incubated overnight
on a rotating platform at 4 ◦C with mouse anti-HDAC1 antibody
(1:200, Millipore). The immune complexes were recovered by 1 h
incubation at 4 ◦C with 50% gel slurry of either protein A–agarose.
Cross-linking was reversed by adding NaCl to a final concentration
of 0.3 M and incubated overnight at 65 ◦C in the presence of RNase
A. Samples were then digested with proteinase K at 45 ◦C for 1.5 h.
DNA was purified by chromatography on QIAquick® columns (PCR
purification kit, Qiagen), eluted by water, and an aliquot was used
for analysis by PCR. Touch down PCR reactions were performed
using primers specific for the human Cyp3A4 promoter region.
The primers sequences were: forward primer: TTCTTTGCCAACTTC-
CAAGG; reverse primer: TCTGTGTTGCTCTTTGCTGG.

2.5. Statistical analyses

All experiments were repeated three times. ANOVA was per-
formed for statistical analysis. When significant differences were
found, post hoc comparisons were made using the Tukey honestly
significant difference test. p value less than 0.05 was considered
significant in all instances. Representative figures were shown and
data presented as means ± standard error (S.E.).

3. Results and discussion

3.1. CBZ induces the expression of CYP3A4

Many clinically used anti-epileptic drugs display inductive

effects on p450, which in turn affects the clearance of co-
administrated drugs, complicating the clinical use of these drugs.
A typical example is CBZ. It is mainly metabolized by CYP3A4 [9],
a cytochrome with wide inter-individual variation in population.
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ig. 1. CBZ induced CYP3A4 expression. Real time RT-PCR results of CBZ-induced CY
ssay of the expression of CYP3A4 promoter in CBZ treated cells (C). * indicates sign

e first examined the effects of CBZ on the expression of CYP3A4.
epG2 and primary cultured hepatic cells were treated by CBZ

from 1 �M to 100 �M) for 48 h. DMSO and 10 �M RIF were used
s blank and positive controls respectively. CBZ dose dependently
romoted the expression of CYP3A4 in HepG2 cells (Fig. 1A). The
rimary cultured hepatocytic cells were more sensitive to CBZ stim-
lation as same dose of CBZ induced more dramatic increase of
YP3A4 (Fig. 1B). To further confirm the inductive effect of CBZ on
YP3A4, we examined the transcription of CYP3A4 promoter under
he treatment of CBZ. The luciferase reporter assay showed that
he transcription of CYP3A4 promoter was significantly enhanced
y CBZ dose dependently (Fig. 1C). These results indicate that CBZ

nduces the expression of CYP3A4 effectively in vitro.

.2. CBZ-induced CYP3A4 expression is independent of PXR
xpression

Both genetic and epigenetic mechanisms have been suggested
o be responsible for regulating the expression of CYP3A4. Gene
olymorphism was originally proposed to contribute to the poly-
orphism of many p450 genes, including CYP3A4 [10]. However,

are evidence was identified by human study on the polymorphism
f CYP3A4, indicating the existence of other regulatory mecha-
isms for the expression of CYP3A4 [11]. Through bioinformatic
nalysis, researchers have identified multiple transcription factor
inding sites on the promoter of CYP3A4. Among those transcrip-
ion factors, PXR has been suggested to be the most important [12].

any drugs induce CYP3A4 expression through the activity of PXR

13]. Therefore, we examined the effects of PXR silencing on the
xpression of CBZ-induced CPY3A4 expression. We first stimulated
epG2 cells by 100 �M CBZ for 48 h and then measured the expres-

ion of PXR by real time RT-PCR. The results showed that 100 �M
in HepG2 cells (A) and primary cultured human hepatocytes (B). Luciferase reporter
t changes (p < 0.05) compared with control (n = 3).

CBZ induced a 3.5 fold increase of PXR mRNA expression compared
with blank control (Fig. 2A), which was consistent with previous
reports [14,15]. PXR siRNA suppressed the expression of PXR to
about 20% of blank control (Fig. 2A). CBZ treatment in combina-
tion with PXR siRNA decreased the expression of PXR to a similar
level as blank control (p < 0.05) (Fig. 2A). Furthermore, we checked
the expression of CYP3A4 by co-stimulation with CBZ and PXR
siRNA. Surprisingly, both real time RT-PCR and luciferase assay
showed that PXR siRNA did not affect the expression of CYP3A4
significantly (p > 0.05) (Fig. 2B and C). These results indicated that
although PXR was induced by CBZ, it might not contribute much to
the CBZ-induced CYP3A4 expression.

3.3. CBZ inhibits the binding of HDAC1 to the promoter of CYP3A4

Since PXR expression is dispensable for CBZ-induced CYP3A4
expression, we hypothesized that chromatin modification might be
responsible for the CBZ-induced CYP3A4 expression. DNA methy-
lation has been demonstrated to be critical for regulating the
expression of P450 genes, for example, CYP1B1 [14]. Our bioinfor-
matic analysis showed that there was no CpG island in the promoter
region of CYP3A4, precluding the possible regulation of CYP3A4
by DNA methylation. Because many anti-epileptic drugs, includ-
ing CBZ are histone acetylation regulators [15,16], we then asked
if histone acetylation were involved in regulating the expression
of CYP3A4. HepG2 cells were treated with histone acetyltrans-
ferase inhibitor Procyanidin B3 (Pro-B3) to see if Pro-B3 could
reduce the CBZ-induced CYP3A4 expression. The results showed

that, 500 �M Pro-B3 reduced 100 �M CBZ induced CYP3A4 expres-
sion by about 48% (p < 0.05) (Fig. 3A), suggesting the involvement
of histone acetylation in CBZ-induced CYP3A4 expression. ChIP
assay was further performed to examine the binding of HDAC1
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Fig. 2. Effects of PXR silencing on CBZ-induced CYP3A4 expression. Real time RT-PCR results of CBZ-induced PXR expression and siRNA interference of CBZ-induced PXR
expression (A). Real time RT-PCR results of the effects of PXR siRNA on CBZ-induced CYP3A4 expression (B). Luciferase reporter assay of the expression of CYP3A4 promoter
in CBZ treated cells treated with PXR siRNA (C). * indicates significant changes (p < 0.05) compared with control (n = 3).
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ig. 3. Involvement of histone acetylation of CYP3A4 promoter in the CBZ-induced
A). CBZ inhibited the binding of HDAC1 to the promoter of CYP3A4 (B). * indicates

o the promoter of CYP3A4. The results showed that in normal
ondition, HDAC1 bound to the promoter of CYP3A4. CBZ treat-
ent inhibited the binding of HDAC1 to the promoter of CYP3A4

Fig. 3B).

.4. HDAC1 is required for the CBZ-induced CYP3A4 expression
To test whether HDAC1 were involved in CBZ-induced CYP3A4
xpression, we first knocked down the expression of HDAC1 and
DAC2 respectively by siRNA, and then checked the CBZ-induced
A4 expression. 500 �M Pro-B3 partially reduced CBZ-induced CYP3A4 expression
cant changes (p < 0.05) compared with control (n = 3).

CYP3A4 expression. The results showed that HDAC1 silencing
reduced the CBZ-induced CYP3A4 expression by 48.9% (p < 0.05),
while HDAC2 silencing had no significant effect on the CBZ-induced
CYP3A4 expression (Fig. 4A). To further confirm the results, we
transfected and obtained the HepG2 cell lines that stably expressed
dominant negative mutants of HDAC1 or HDAC2. DN-HDAC1 dra-

matically reduced the CBZ-induced CYP3A4 expression by 54.9%
(p < 0.05), while DN-HDAC2 did not affect the expression of CYP3A4
(Fig. 4B). Taken together, our data, for the first time, revealed a
role of HDAC1 in mediating the CBZ-induced CYP3A4 expression,
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ig. 4. Involvement of HDAC1 in the CBZ-induced CYP3A4 expression. HDAC1 siR
nduced CYP3A4 expression (B). * indicates significant changes (p < 0.05) compared

roviding a potential target for antagonizing the unwanted
ncrease of CYP3A4 upon CBZ administration.

. Conclusion

CBZ can efficiently induce the expression of CYP3A4 in vitro. PXR
xpression can be induced by CBZ but does not contribute to CBZ-
nduced CYP3A4 expression. HDAC1 is involved in CBZ-induced
YP3A4 expression.
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a b s t r a c t

Loxapine represents an interesting example of old “new” drug and is recently drawing attention for
its novel inhalation formulation for the treatment of both psychiatric and non-psychiatric disorders.
It is extensively metabolized to several active metabolites with diverging pharmacological properties.
To further pursue the contribution of metabolites to the overall outcome after loxapine administra-
tion, quantification of both loxapine and its active metabolites is essential. The current study developed
a rapid liquid chromatography–tandem mass spectrometry (LC–MS/MS) method for the simultaneous
quantification of loxapine and its five metabolites (amoxapine, 7-hydroxy-loxapine, 8-hydroxy-loxapine,
7-hydroxy-amoxapine and 8-hydroxy-amoxapine) in rat brain tissues, plasma and cerebrospinal fluid
(CSF). By evaluating the effects of perchloric acid and methanol on analyte recovery, the extraction meth-
ods were optimized and only small amounts of sample (100 �l for plasma and less than 100 mg for brain
tissue) were required. The lower limits of quantification (LLOQs) in brain tissue were 3 ng/g for loxapine
and amoxapine and 5 ng/g for the four hydroxylated metabolites of loxapine. The LLOQs were 1 ng/ml for
loxapine and amoxapine and 2 ng/ml for the four hydroxylated metabolites in plasma, and 10 ng/ml for

all analytes in CSF. The developed method was applied to a pharmacokinetic study on rats treated with
a low-dose loxapine by oral administration. Four hours after loxapine dosing, high levels of 7-hydroxy-
loxapine were found throughout the ten brain regions examined (68–124 ng/g), while only trace amount
of loxapine was measured in brain (<5 ng/g) and plasma (<3 ng/ml). The method provides a useful tool
for both preclinical and clinical investigations on the dispositions of loxapine and its metabolites, which
would help to elucidate their roles in neurotherapeutics.
. Introduction

Loxapine, a tricyclic, dibenzoxazepine antipsychotic, is a treat-
ent option in situations where rapid tranquillization is needed

1]. Although it is usually classified as a typical antipsychotic, it is
tructurally similar to other atypical antipsychotics such as clozap-
ne and olanzapine. It is suggested that loxapine might have atypical
ntipsychotic properties according to the observations from both
linical [2,3], in vivo [4] and in vitro [5] studies and such “atypical-
ty” is more prominent at lower loxapine doses (less than 50 mg
er day). Furthermore, administration of low-dose loxapine (5 or
0 mg) through a novel inhalation device was found to be effective

n the management of acute agitation [6] and acute migraine attack
7].
In humans, loxapine is extensively metabolized by cytochrome
450 (CYP) isozymes to amoxapine (i.e. N-desmethyl-loxapine),
-hydroxy-loxapine (7-OH-loxapine) and 8-hydroxy-loxapine

∗ Corresponding author. Tel.: +852 3943 6832; fax: +852 2603 5295.
E-mail address: joanzuo@cuhk.edu.hk (Z. Zuo).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.020
© 2011 Elsevier B.V. All rights reserved.

(8-OH-loxapine), which are further metabolized to 7-hydroxy-
amoxapine (7-OH-amoxapine) and 8-hydroxy-amoxapine (8-OH-
amoxapine) [8,9] (Fig. 1). The pharmacological properties of these
five metabolites differ markedly. Amoxapine is marketed as an
antidepressant but it is also found to be effective in the treatment of
schizophrenia [10,11]. The 7-hydroxylated metabolites have higher
affinities to the dopamine D2 and serotonin 5HT2A receptors than
loxapine [5]. The 8-hydroxylated metabolites are considered inac-
tive as they have relatively low affinities to dopamine and serotonin
receptors. However, they did show certain pharmacological activ-
ities in in vitro systems [5,12]. Both loxapine, amoxapine and the
four hydroxylated metabolites can be detected in the plasma of
patients taking oral loxapine [13] and the plasma levels of metabo-
lites are comparable to or even higher than that of loxapine [13,14].
Therefore, it is highly likely that these metabolites contribute to the
therapeutic and/or adverse effects of loxapine and it is worth inves-
tigating the dispositions of loxapine and its metabolites in brain and

blood.

There are two published assays [13,14] on the concurrent deter-
mination of loxapine and these five metabolites in human plasma
based on HPLC–UV methods. However, these assays suffered from

dx.doi.org/10.1016/j.jpba.2011.09.020
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:joanzuo@cuhk.edu.hk
dx.doi.org/10.1016/j.jpba.2011.09.020
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Fig. 1. Summary of met

ong run time (35 min) [14], low extraction recoveries (41–59%) and
oor sensitivities (limit of detection 3.5–6.3 ng/ml) [13]. Recently,
liquid chromatography–tandem mass spectrometry (LC–MS/MS)
ethod was developed for the simultaneous analyses of human

lasma loxapine, amoxapine, 7-OH-loxapine and 8-OH-loxapine
ut not 7-OH-amoxapine and 8-OH-amoxapine [15]. In addition,
ll the assays mentioned above were developed for plasma sample
nalyses, which might not be suitable for tissue analyses.

Although loxapine has been clinically applied for the treat-
ent of schizophrenia since 1970s and a considerable amount

f metabolites has been observed in the plasma of patients
aking loxapine, it is surprising to find that the disposition of
oxapine metabolites in brain remains unknown. The lacking of
elective and sensitive method for concurrent quantification of
oxapine and its five metabolites, which have different physio-
hemical properties, could be one of the major reasons. An early
ethod by Cooper and Kelly [16] on the determination of loxap-

ne and these five metabolites in human serum, tissue and urine
nvolved the use gas–liquid chromatography (GLC) and derivati-
ation was needed. Unfortunately, the hydroxylated metabolites
ere not well resolved on the GLC chromatogram, which in turn
ampered the quantification of these metabolites in the brain
issue of a patient overdosed with loxapine [17], which is the
nly report on loxapine metabolite disposition in animal brain.
he disposition of loxapine metabolites in different brain regions
emains unknown and information on the dispositions of loxap-

ne and its metabolites in cerebrospinal fluid (CSF) is not available
ither.

For in vivo pharmacokinetic studies in laboratory animals such
s rats, the amount of sample (plasma, brain tissue and CSF)
pathways of loxapine.

available for quantitative drug analyses is much lower than that
from human studies. There is a need to develop an assay that
is sensitive enough to concurrently quantify loxapine and its
metabolites in the small amount of samples obtained from labo-
ratory animals, especially when the dose of drug given is low. The
main aim of the study is to develop a rapid, sensitive and selective
method for simultaneous determination of loxapine, amoxapine
and their 7- and 8-hydroxylated metabolites in different biological
matrices (rat brain tissues, CSF and plasma) using LC–MS/MS. The
developed method was applied to investigate the dispositions of
loxapine and its metabolites in rat brain, plasma and CSF after oral
administration of low-dose loxapine.

2. Materials and methods

2.1. Materials and chemicals

Loxapine succinate, amoxapine and doxepin hydrochloride
(internal standard, IS) were obtained from Sigma (St. Louis, MO,
USA). 7-OH-loxapine, 8-OH-loxapine, 7-OH-amoxapine and 8-OH-
amoxapine were purchased from Tianchen Scientific Inc. (Alberta,
Canada). Acetonitrile (ACN, HPLC grade) was obtained from RCI
Labscan (Bangkok, Thailand). Methanol (HPLC grade) and per-
chloric acid (70%, w/w) were obtained from Merck (Darmstadt,
Germany). All other reagents were of at least analytical grade and

were used without further purification. Distilled and deionized
water was used for the preparation of all solutions. Oasis mixed-
mode cation-exchange (MCX) cartridges (1 ml, 30 mg) used for solid
phase extraction (SPE) were supplied by Waters (Milford, USA).
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.2. Preparation of stock solutions, calibration standards and
uality control (QC) samples

Master stock solutions of loxapine and the five metabolites were
repared separately in methanol at concentration of 0.1 mg/ml
s free base, except for 7-OH-amoxapine which was prepared at
.04 mg/ml. The stock standard mixture solution was prepared by
ixing and diluting the six master stock solutions with methanol

o reach a concentration of 10 �g/ml for each analyte. These stock
olutions were stored at −20 ◦C, which were reported to be stable
or at least 3 months [13]. The working standard mixture solutions
ere freshly prepared by serial dilution of the stock standard mix

olution with 50% ACN in water to produce final concentrations of
, 8, 12, 20, 40, 120, 180, 240, 480, 640, 800 and 1000 ng/ml before
nalysis. The master stock solution and working standard of the IS
doxepin hydrochloride) were prepared in methanol at 0.1 mg/ml
nd in 50% ACN in water at 50 ng/ml, respectively.

Calibration standards and QC samples were prepared by spiking
he appropriate amount of working standards to relevant drug-free
iological matrices. To 100 �l plasma, 25 �l IS working standard
nd 25 �l working standard mixture were spiked to yield the con-
entrations of 1, 2, 5, 10, 30, 60, 120, 200 and 250 ng/ml for the six
arget analytes with 12.5 ng/ml IS. To 100 mg (wet weight) brain tis-
ue (obtained from minced rat whole brain), 0.5 volume (i.e. 50 �l)
f IS working standard and the appropriate amount of working
tandard mixture (e.g. 25 �l) were spiked to yield the concentra-
ions of 3, 5, 10, 30, 60, 100 and 150 ng/g with 25 ng/g IS. Artificial
SF (aCSF) containing 125 mM NaCl, 2.5 mM KCl, 1.2 mM CaCl2,
.9 mM MgCl2, 25 mM NaHCO3, 0.5 mM Na2HPO4, 0.5 mM KH2PO4,
.7 mM glucose, and 6.5 mM urea was prepared as described previ-
usly [18]. Appropriate amount of working standard mixture (e.g.
5 �l) was spiked into 300 �l blank aCSF to yield the concentrations
f 10, 15, 30, 60, 120, 200 and 300 ng/ml for each analyte. To 25 �l
f the above aCSF samples, 25 �l IS working standard and 150 �l
CN–0.1% formic acid in water (1:1, v/v) were added to generate
.25 ng/ml IS in the final mixture. QC samples were prepared at
hree concentrations (low, medium, high) at 3, 45 and 160 ng/ml
or plasma; 7, 45 and 125 ng/g for brain tissue; and 20, 100 and
50 ng/ml for aCSF. All calibration standards and QC samples were
ubjected to the sample extraction as described in Section 2.3.

.3. Sample extraction procedure

.3.1. Plasma
To 100 �l plasma sample obtained from pharmacokinetic study,

5 �l IS working standard (prepared in Section 2.2) was added.
fter protein precipitation with 1 ml perchloric acid (10%, w/w),

he sample was centrifuged at 16,000 × g for 10 min. The whole
upernatant was then loaded to the MCX cartridge which was pre-
onditioned with 1 ml methanol followed by 1 ml 1% formic acid in
ater. The cartridge was subsequently rinsed with 1 ml 1% formic

cid in water and then 1 ml methanol followed by drying under vac-
um for 25 min. The analytes were eluted with 1 ml 1% ammonia in
ethanol. The eluent was then evaporated to dryness under nitro-

en stream at 40 ◦C water bath and the residue was reconstituted
ith 100 �l reconstitute solvent (ACN–0.1% formic acid in water

1:1, v/v)). After centrifugation at 16,000 × g for 5 min, supernatant
as taken for LC–MS/MS analysis.

To optimize plasma sample extraction process, effects of con-
entration and volume of perchloric acid on the recoveries of
nalytes were evaluated by using different concentrations (5, 10
r 16.7%, w/w) and volumes (100, 500, or 1000 �l) of perchloric

cid in the protein precipitation step. Blank plasma (100 �l) spiked
ith working standard mixture (120 ng/ml for each analyte) and IS

12.5 ng/ml) was subjected to the same protein precipitation and
PE procedures as mentioned above. Recovery was calculated by
d Biomedical Analysis 58 (2012) 83–93 85

comparing the peak area of extracted standard to that obtained by
direct injection of the equivalent amount of standard prepared in
neat reconstitute solvent into the LC–MS/MS.

2.3.2. Brain tissue
For the brain samples obtained from pharmacokinetic study,

the whole brain of each rat was dissected into different anatomical
regions, minced (cut into small pieces by scissors) and weighted. To
prepare the homogenate, 0.5 volume (0.5 �l/mg tissue) of IS work-
ing standard followed by 1 volume (1 �l/mg tissue) of methanol
and 7 volumes (7 �l/mg tissue) of perchloric acid (10%, w/w) were
added as homogenization medium. The sample was homogenized
by ultrasonic probe (Microson XL-2000, Misonix, USA) for 20–30 s.
The homogenate was then centrifuged at 1500 × g for 30 min and
400 �l of the supernatant was loaded to the MCX cartridge and the
analytes were extracted as described in Section 2.3.1.

To optimize brain tissue sample extraction process, effects of
methanol and perchloric acid on the recoveries of the analytes were
evaluated. Various combinations of methanol and perchloric acid
(with perchloric acid at different concentrations and different vol-
ume ratios of methanol:perchloric acid) were added to blank brain
tissue (200 mg) spiked with working standard mixture (100 ng/g
for each analyte) and IS (25 ng/g). The tissue was subjected to the
same homogenization and SPE procedures as mentioned above.

2.3.3. CSF
To 25 �l CSF sample obtained from pharmacokinetic study, 25 �l

IS working standard and 150 �l reconstitute solvent (ACN–0.1%
formic acid in water (1:1, v/v)) were added and the mixture was
directly injected to the LC–MS/MS for analysis.

2.4. LC–MS/MS conditions

The LC–MS/MS system consisted of Agilent 1200 series LC
pumps and auto-sampler (Agilent, CA, USA), coupled with an ABI
2000 Q-Trap triple quadrupole mass spectrometer with an elec-
trospray ionization (ESI) source (AB Sciex Instruments, CA, USA).
Chromatographic separation was achieved by an Alltima C18 col-
umn (150 mm × 4.6 mm i.d., 5 �m particle size, Alltech) equipped
with a guard filter (Unifilter 0.5 �m, Thermo). The two mobile
phases were (A) ACN and (B) 0.1% formic acid in water. The HPLC
gradient started at 85% B and was linearly decreased to 50% B over
4.5 min. Then the gradient was quickly declined to 10% B in 0.5 min
and was maintained at 10% B for 3 more minutes. The gradient
returned to the original condition of 85% B in 0.5 min and was held
at 85% B for the next 5.5 min to equilibrate the column before next
injection. The flow rate was set at 1 ml/min and the total running
time was 14 min. The temperatures of the auto-sampler and the
column were set at 4 ◦C and ambient, respectively. Prior to the ion-
ization source, 60% of the HPLC column effluent stream was split
off by a split tee and thus only 40% of the effluent was introduced.
In addition, the first 3.5 min of the column effluent was diverted
to waste to reduce interference (e.g. inorganic salts). The injection
volume was 25 �l.

The MS/MS system was operated under positive mode and mul-
tiple reaction monitoring (MRM) mode. The MS conditions were:
ion spray voltage at +5.5 kV; nitrogen as nebulizer gas, auxiliary gas
and curtain gas at 30, 70 and 30 psi, respectively; collision gas set at
medium and auxiliary gas temperature at 400 ◦C. Other MS parame-

ters of each analyte, including the MRM transitions, were optimized
by direct infusion of the individual authentic standard into the mass
spectrometer (Table 1). The data acquisition was performed with
Analyst software 1.4.1 (AB Sciex Instruments, CA, USA).
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Table 1
Optimized LC–MS/MS parameters for loxapine, its metabolites and IS.

Analyte Q1 m/z Q3 m/z DP (V) EP (V) CEP (V) CE (V) CXP (V) Dwell time (ms)

Loxapine 328 271 66 10.0 22 27 6 200
Hydroxyloxapinea 344 287 66 10.5 20 27 14 200
Amoxapine 314 271 66 10.0 18 27 8 200
Hydroxyamoxapineb 330 287 70 9.5 22 27 14 200
Doxepin 280 107 56 8.5 16 29 4 200

Q1 m/z, mass-to-charge ratio of precursor ion; Q3 m/z, mass-to-charge ratio of fragment ion; DP, declustering potential; EP, entrance potential; CEP, collision cell entrance
p
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otential; CE, collision energy; CXP, collision cell exit potential.
a Hydroxyloxapine represents 7- and 8-hydroxyloxapine.
b Hydroxyamoxapine represents 7- and 8-hydroxyamoxapine.

.5. Method validation

The developed method was validated according to the guide-
ines for Bioanalytical Method Validation published by the U.S. Food
nd Drug Administration (FDA) in 2001 [19].

.5.1. Linearity and range
Calibration samples were prepared by spiking IS and differ-

nt amounts of analytes to the matrices (Section 2.2) followed by
xtraction process stated in Section 2.3. Calibration curves were
enerated by plotting the peak area ratio of analyte to IS against
he analyte concentration. Linearity was considered satisfactory if
he coefficient of determination (R2) of the plot was higher than
.99. The lower limit of quantification (LLOQ) was defined as the

owest concentration of the calibration curve at which the accu-
acy (relative error) was within ±20% of the nominal concentration
nd the precision (relative standard deviation, RSD) was less than
0%, and with a signal-to-noise peak height ratio greater than 5:1.

.5.2. Accuracy and precision
Intra-day accuracy and precision were determined within one

ay by analyzing five replicates of the QC samples at three con-
entrations (low, medium and high) (Section 2.2). The inter-day
ccuracy and precision were determined on three separate days.
oncentrations of the analytes were determined from calibration
urve prepared according to what has been described in Section
.5.1. Accuracy within ±15% of the nominal concentration and pre-
ision with RSD less than ±15% were considered to be acceptable.

.5.3. Recovery and stability
The recoveries were calculated by comparing the peak area of

he analyte spiked to matrix followed by sample extraction to that
repared in neat reconstitute solvent. Stability tests were evaluated

n triplicates of the three levels of QC samples. For freeze–thaw sta-
ility, the QC samples were subjected to three freeze (−80 ◦C)–thaw
room temperature) cycles before sample extraction. Auto-sampler
tability was assessed by comparing the extracted and reconsti-
uted QC samples that were placed in the auto-sampler (4 ◦C) for
4 h.

.5.4. Assay selectivity and matrix effects
The specificity of the assay was evaluated by analyzing the blank

ample matrix for interference. Matrix effects were calculated by
omparing the peak area of the analyte spiked after sample extrac-
ion of blank brain tissue or plasma with that prepared in neat
econstitute solvent [20]. Since no sample extraction process was
nvolved in the assay of CSF (Section 2.3.3), the matrix effect for CSF

as not evaluated.
.6. Application to pharmacokinetic study in rats

The study was approved by the Department of Health of Hong
ong and the Animal Ethics Committee, The Chinese University
of Hong Kong. One day before the pharmacokinetic experiment,
the male Wistar rats (180–220 g, n = 4) were anesthetized with
an intraperitoneal dose of ketamine (90 mg/kg) and xylazine
(10 mg/kg) followed by cannulation surgery of a polythene tube
in the right jugular vein. The rats were allowed to recover and
were fasted overnight. Loxapine solution was first prepared by dis-
solving 6.8 mg loxapine succinate in 1 ml of 2.5% Solutol in normal
saline. The solution was diluted 10-folds with normal saline before
administration. Four hundred microliters of this diluted solution
was administered to rat by oral gavage, equivalent to a loxapine
dose at 1 mg/kg rat body weight (free base). About 200 �l of blood
was sampled at 3, 5, 10, 15, 20, 30, 45, 60, 120, and 240 min and col-
lected in a centrifuge tube containing heparin. Plasma was obtained
by centrifugation of the blood at 16,000 × g for 5 min. At 240 min,
the rats were exsanguinated by cardiac puncture under anesthe-
sia and their CSFs (about 50–100 �l) were obtained by cisternal
puncture. The whole brain was then removed from skull, quickly
rinsed with cold normal saline (4 ◦C) and was wiped by tissue paper
to remove excess water. The brain was then dissected into ten
anatomical regions including: (1) olfactory bulb; (2) anterior cor-
tex; (3) middle cortex; (4) posterior cortex; (5) hippocampus; (6)
striatum; (7) midbrain/thalamus/hypothalamus; (8) cerebellum;
(9) medulla/pons; and (10) trigeminal nerve. Meninges and blood
vessels were removed and each region was weighted. All samples
were frozen at −80 ◦C until analysis.

Plasma pharmacokinetic parameters were calculated by Win-
Nonlin (version 2.1) using non-compartmental analysis. Area
under the curve (AUC) was calculated using linear/log trapezoidal
method. Analyte with a concentration lower than the LLOQ was
considered as 0 ng/ml (plasma or CSF) or 0 ng/g (brain tissue) in the
calculation. Samples with analyte concentrations higher than the
upper limit of quantification (ULOQ) were diluted with reconstitute
solvent and measured again.

3. Results and discussion

3.1. Optimization of LC and MS conditions

Composition of the mobile phase had significant effects on the
retention time and peak shape of the analytes. Isobaric ions (i.e.
7-OH-loxapine and 8-OH-loxapine; 7-OH-amoxapine and 8-OH-
amoxapine) were monitored at the same mass transition. In order
to chromatographically separate the 7- and 8-hydroxylated iso-
mers, the gradient was started with a low content of ACN (15%),
followed by a gradual increase in ACN for the initial 4.5 min. It
was found that starting the gradient with a high proportion of
ACN or rapid increment of ACN in the initial period would lead
to co-elution of these isobaric ions. However, once the separation
of the hydroxylated metabolites was achieved, the content of ACN

should be raised to prevent peak broadening or tailing of the subse-
quent non-hydroxylated analytes (i.e. amoxapine, IS and loxapine).
Furthermore, increasing the concentration of the formic acid in
the mobile phase (B) from 0.1% to 0.5% or 1% would suppress the
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Fig. 2. Product ion spectra of [M+H]+ ion of loxapine (A), amoxapin

ignal intensity of the analytes. Other analytical columns (cyano,
henyl and C8) and mobile phases (ammonium hydroxide at pH
0; methanol) had been evaluated but only the current method
chieved optimal peak shapes and resolution. For the choice of
S, imipramine, a tricyclic antidepressant with a strong MS sig-
al, was initially used. Later, it was found that doxepin, which
lso contains a tricyclic backbone and tertiary amine functional
roup, had a closer retention time to the target analytes and less
eak tailing than imipramine. Therefore, doxepin was adopted as

S.
By using positive ESI, abundant protonated molecular ions

[M+H]+) of loxapine, amoxapine and their hydroxylated metabo-
ites were generated and upon collision-induced dissociation,
roduced specific fragment ion(s) that can be used for iden-
ification and quantification. Fig. 2 shows the product ion
pectra of the [M+H]+ ion of loxapine and amoxapine. The
ost intense fragment ion of m/z 271, formed by the loss

f C3H7N (57 Da) and C2H5N (43 Da) respectively, were pro-
osed to be arisen from the cleavage of C–N bonds from the
iperazine moiety (Fig. 2). Other fragment ions were found in

ow abundance. For 7- and 8-hydroxylated metabolites, similar

ragmentation pattern were observed (i.e. the predominant frag-

ent ions were arisen from the loss of corresponding C3H7N
r C2H5N). Consequently, these ions were selected for MRM
onitoring.
nd proposed fragmentation pathway of [M+H]+ ion of loxapine (C).

The optimized MS parameters of each analyte are listed in
Table 1. Representative chromatograms of a brain sample (100 mg)
spiked with 7 ng/g of analytes and 25 ng/g of IS, and a brain sample
of striatum (109 mg, with 25 ng/g of IS added) from a rat 4 h after
oral administration of loxapine at 1 mg/kg are shown in Fig. 3A
and B, respectively. To check the effect of carryover, injection of
100 �l neat ACN following calibration standards at ULOQs was con-
ducted for all the three biological matrices. Carryover was found to
be acceptable since the related peak areas observed were less than
10% of the corresponding analyte peak areas at LLOQs. Our method
is the first report on determination of both loxapine and its five
metabolites simultaneously in brain, plasma and CSF by LC–MS/MS.

3.2. Extraction of loxapine and metabolites from biological
matrices

3.2.1. Plasma
The extraction recoveries of analytes in plasma using various

concentrations and volumes of perchloric acid are shown in Table 2.
Recoveries from extraction with perchloric acid at 10% (w/w) were
consistently higher than that from perchloric acid at 5%; however,

a further increase of perchloric acid to 16.7% led to a slight reduc-
tion in the extraction recovery. Furthermore, extraction with 100 �l
perchloric acid had lower recovery than that from larger volumes
(500 or 1000 �l). Probably the loss of sample during sample loading
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ig. 3. Representative extracted ion chromatograms of: (A) a blank rat brain samp
ample (109 mg with 25 ng/g of IS) obtained 4 h after oral administration of loxapin

o MCX was proportionately larger for small supernatant volumes.
inally, 1 ml 10% (w/w) perchloric acid was selected and employed
n the subsequent plasma assays as it achieved the highest recover-
es of loxapine and its five metabolites. By optimizing the extraction
rocedure, the present method offers an advantage of a small sam-
le size (100 �l plasma), which is much smaller than those reported

rom literature (300 �l [15] to 3 ml [13,14,16]) and is crucial for rat
tudies with limited sample size. Also it could reduce the deple-
ion of animal blood volume due to serial blood samplings in the
harmacokinetic study.
0 mg) spiked with 7 ng/g of analytes and 25 ng/g of IS and (B) a rat brain striatum
mg/kg.

3.2.2. Brain tissue
In preparing brain tissue homogenate, perchloric acid and

methanol were added to enhance the extraction of the target
analytes which were lipophilic and highly tissue-bound. The recov-
eries of analytes using various combinations of these two reagents
were summarized in Table 3. By increasing the volume ratio of

methanol:perchloric acid from 200:1400 to 1400:200, extraction
recoveries of the 7-hydroxylated metabolites were dramatically
reduced with subtle decrease in recoveries for other analytes.
Among the same methanol:perchloric acid volume ratio, switching
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Table 2
Effect of perchloric acid on the extraction recoveries of analytes in 100 �l plasma (n = 3).

Concentration of
perchloric acid (%,
w/w)

Volume (�l)a Recovery (%)b

Loxapine 7-OH-loxapine 8-OH-loxapine Amoxapine 7-OH-amoxapine 8-OH-amoxapine IS

5
100 30 ± 3 41 ± 6 44 ± 4 39 ± 5 46 ± 10 46 ± 7 18 ± 2
500 50 ± 1 59 ± 1 62 ± 1 61 ± 1 68 ± 1 62 ± 1 33 ± 1

1000 45 ± 11 49 ± 7 52 ± 11 52 ± 12 58 ± 3 47 ± 13 29 ± 8

10
100 48 ± 8 63 ± 6 75 ± 11 72 ± 11 67 ± 3 69 ± 10 27 ± 2
500 66 ± 16 66 ± 10 81 ± 14 85 ± 20 73 ± 9 71 ± 10 39 ± 11

1000 73c ± 18 73 ± 12 89 ± 16 95 ± 17 79 ± 11 79 ± 8 44 ± 15

16.7
100 49 ± 5 62 ± 8 78 ± 15 76 ± 13 65 ± 9 57 ± 27 30 ± 5
500 50 ± 36 54 ± 20 70 ± 23 65 ± 31 59 ± 22 66 ± 13 34 ± 24

1000 65 ± 22 63 ± 9 81 ± 12 80 ± 15 67 ± 10 72 ± 11 47 ± 16

t
a
(
1
u
e
t
a
a
A
a
o
t

3

i
t
a
p
a
a
o
t
c

T
E

a Volume of perchloric acid added to 100 �l plasma.
b Data presented as mean ± S.D.
c The highest recovery value of each analyte was underlined.

he concentration of perchloric acid did not yield a consistent effect,
lthough recoveries of the hydroxylated metabolites using 16.7%
w/w) perchloric acid seemed to be lower than that using 5% or
0%. Finally, one volume (1 �l/mg tissue) of methanol with 7 vol-
mes (7 �l/mg tissue) of 10% (w/w) perchloric acid was chosen for
xtraction of analytes in brain tissue. The choices of low methanol
o perchloric acid ratio and low concentration of perchloric acid
re in line with Sugita et al. [21] for the extraction of imipramine
nd its desmethylated and hydroxylated metabolites in rat brain.
gain, through extraction optimization, the present method offers
n advantage that it only requires a small volume of tissue (100 mg
r less), whereas a much larger amount of tissue (1 g) is required in
he GLC assay reported by Cooper and Kelly [16].

.2.3. Sample cleanup by SPE
Apart from the current sample extraction with MCX, we had

nvestigated other extraction methods such as liquid–liquid extrac-
ions (with various combinations of diethyl ether, ethyl acetate,
nd n-hexane), other SPE cartridges (WCX and HLB) and different
rotein precipitation agents (formic acid, acetic acid, phosphoric
cid and ACN); however, the recoveries of analytes in brain tissue

nd plasma were lower than that of the present method. Moreover,
ther cleanup procedures such as increasing the ammonia concen-
ration of the MCX eluent (from 1% to 2% or 5% in methanol) or
hanging the evaporation method from using nitrogen stream to

able 3
ffect of methanol and perchloric acid on the extraction recoveries of analytes in 200 mg

Volume (�l)a Concentration of
perchloric acid (%,
w/w)

Recovery (%)b

Methanol Perchloric acid Loxapine 7-OH-loxapine 8-

200 1400
5 44 ± 12 43 ± 1 69

10 57 ± 10 46 ± 11 81
16.7 58c ± 13 36 ± 3 76

600 1000
5 39 ± 12 30 ± 7 69

10 40 ± 12 27 ± 5 70
16.7 41 ± 16 5 ± 4 55

1000 600
5 29 ± 11 1 ± 0 36

10 26 ± 7 0 ± 0 31
16.7 32 ± 15 0 ± 0 31

1400 200
5 41 ± 9 20 ± 5 57

10 44 ± 13 2 ± 2 55
16.7 31 ± 8 0 ± 0 41

a Volume of methanol and perchloric acid added to 200 mg brain tissue.
b Data presented as mean ± S.D.
c The highest recovery value of each analyte was underlined.
vacuum concentrator had also been tried but showed no apparent
variation on the recoveries of all analytes.

3.3. Method validation

3.3.1. Linearity and range
The LLOQs, the lowest point of the calibration curve, were

1 ng/ml for loxapine and amoxapine and 2 ng/ml for the four
hydroxylated metabolites in plasma; 3 ng/g for loxapine and
amoxapine and 5 ng/g for the four hydroxylated metabolites in
brain tissue; and 10 ng/ml for all the six analytes in aCSF. The ULOQs,
the highest point of the calibration curve, were 250 ng/ml, 150 ng/g
and 300 ng/ml for all analytes in plasma, brain tissue and aCSF,
respectively. Within these ranges the calibration curves of the three
biological matrices achieved good linearity (R2 > 0.99). Comparing
with previous assays on concurrent determination of these six ana-
lytes in plasma [13,14,16], the present LC–MS/MS method offers
comparable or slightly higher sensitivities while a much smaller
sample size (100 �l) is required (versus up to 3 ml from these
reports as mentioned above). The relatively high LLOQ of CSF might
have originated from the dilution effect since the CSF samples were

diluted with reconstitute solvent before direct LC–MS/MS analysis.
Nevertheless, dilution of the untreated CSF samples with reconsti-
tute solvent which had a composition similar to the mobile phase
was necessary to minimize the unfavorable changes in LC–MS/MS

brain tissue (n = 3).

OH-loxapine Amoxapine 7-OH-amoxapine 8-OH-amoxapine IS

± 1 73 ± 10 54 ± 4 65 ± 1 18 ± 5
± 20 90 ± 23 57 ± 10 51 ± 19 25 ± 7
± 16 87 ± 18 45 ± 3 60 ± 4 29 ± 8

± 5 73 ± 7 37 ± 9 66 ± 5 23 ± 8
± 4 77 ± 3 37 ± 5 64 ± 4 25 ± 7
± 13 65 ± 22 7 ± 6 41 ± 18 25 ± 6

± 9 53 ± 15 1 ± 1 45 ± 8 16 ± 7
± 3 52 ± 8 0 ± 0 40 ± 3 13 ± 4
± 7 65 ± 26 0 ± 0 36 ± 1 20 ± 11

± 12 58 ± 11 25 ± 8 44 ± 10 29 ± 9
± 11 65 ± 18 2 ± 2 43 ± 8 28 ± 9
± 9 56 ± 14 0 ± 0 36 ± 2 18 ± 5
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hromatograms (e.g. shift in analyte retention time, distortion of
eak shape) in addition to the dilution of endogenous interferences.

The present assay also applies to brain tissues and CSFs, the
ull validation of which have not been reported to date. Except for
hat reported by Cooper and Kelly [16], there has been no previous
eport on the determination of loxapine or its metabolites in brain
issue or CSF. However, Cooper and Kelly had not presented the
ssay validations on brain tissue nor did they report the detection
imit or LLOQ of analytes in brain tissue.

.3.2. Accuracy and precision
The results for intra-day and inter-day accuracy and precision of

he assay are shown in Table 4. For all the three biological matrices
ested, both the accuracy (within ±15% bias) and precision (RSD less
han ±15%) met the criteria set by the guidance on Bioanalytical

ethod Validation from FDA (2001).

.3.3. Recovery and stability
Recoveries of analytes in the three biological matrices are shown

n Table 5. It was noticed that recoveries of analytes in plasma
amples ranged from 60% to 84% and were consistent across the
oncentration range studied. Such plasma recoveries were compa-
able to that reported by Zimmer at al. (76–95%) [15] who also used
ation exchange SPE as the extraction method, and were higher
han that using liquid–liquid extractions (41–59% by Hue et al. [13]
nd 45–85% by Cheung et al. [14]). This suggests that SPE might
e a better method for the concurrent extractions of the tricyclic
rug loxapine and its metabolites than liquid–liquid extractions.
mong all analytes investigated, loxapine and amoxapine had
igher recoveries (72–85%) in brain tissue than their hydroxylated
etabolites (50–66% for 7-hydroxylated metabolites; 59–79% for

-hydroxylated metabolites). For aCSF samples, recoveries of all
he analytes were at least 75%.

For stability tests, three replicates of three levels of QC sam-
les were included. After three freeze–thaw cycles, the percentages
f all analytes remaining were 91–114%, 93–110% and 86–102%
n plasma, brain tissue and aCSF, respectively. In addition, after
4 h in the auto-sampler (4 ◦C), there were 95–107%, 94–109% and
9–105% of all analytes remaining in plasma, brain tissue and aCSF,
espectively.

.3.4. Assay selectivity and matrix effects
The extracted ion chromatograms of blank plasma, brain tissues

nd CSF (not shown) did not show any interfering peaks or signal at
he retention times of the target analytes, suggesting a good selec-
ivity of the assay. For the evaluation of matrix effects in plasma
nd brain tissue, three replicates of three levels of QC samples were
ncluded. It was found that the matrix effects were more prominent
n the four hydroxylated metabolites. For plasma, signal suppres-
ion ranged from 0% to 16% for all analytes at all QC levels, except for
-OH-loxapine with suppression of 22% at 3 ng/ml. For brain tissue,
ignal suppressions of the four hydroxylated metabolites ranged
rom 8% to 26%, while the signal suppression or enhancement on
oxapine and amoxapine was less than 9% at all QC levels. RSDs of
he three replicates were always less than 15%. The results justi-
ed the use of relevant biological matrices in the preparation of
alibration standards and QC samples.

.4. Application to pharmacokinetic study in rats

.4.1. Plasma pharmacokinetic profiles
The pharmacokinetic profiles of loxapine and its metabolites in
at plasma after oral administration of low-dose loxapine (1 mg/kg)
re shown in Fig. 4 and the pharmacokinetic parameters are
ummarized in Table 6. Loxapine was rapidly metabolized to
moxapine, 7-OH-loxapine and 7-OH-amoxapine, leaving a low Ta
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Table 5
Extraction recoveries of the tested analytes in brain, aCSF and plasma (n = 7).

Matrices Spiked amount/concentration Extraction recovery (%)a

Loxapine 7-OH-loxapine 8-OH-loxapine Amoxapine 7-OH-amoxapine 8-OH-amoxapine

Brain
7 ng/g 75.5 ± 4.1 53.4 ± 4.6 60.6 ± 8.2 76.9 ± 7.8 49.9 ± 5.9 58.8 ± 7.1

45 ng/g 72.1 ± 8.9 53.7 ± 7.4 65.5 ± 7.4 74.1 ± 7.2 53.8 ± 6.8 70.4 ± 5.8
125 ng/g 77.4 ± 8.1 65.6 ± 6.5 78.5 ± 5.1 85.0 ± 7.2 62.1 ± 6.7 76.4 ± 9.2

aCSFb
20 ng/ml 75.0 ± 8.8 89.3 ± 3.2 84.0 ± 6.0 83.3 ± 7.0 86.9 ± 3.9 89.6 ± 5.6

100 ng/ml 76.2 ± 4.3 89.2 ± 4.7 88.5 ± 6.3 86.3 ± 4.1 87.4 ± 9.4 89.5 ± 9.6
250 ng/ml 77.4 ± 2.7 90.9 ± 5.0 90.6 ± 5.2 85.7 ± 3.7 90.2 ± 7.3 93.6 ± 6.7

Plasma
3 ng/ml 78.6 ± 8.6 66.7 ± 8.1 78.3 ± 4.3 84.1 ± 9.6 63.8 ± 8.3 71.1 ± 9.0

45 ng/ml 62.6 ± 7.3 60.5 ± 5.4 63.8 ± 6.8 65.8 ± 8.2 60.2 ± 5.6 60.8 ± 4.1
160 ng/ml 76.7 ± 5.8 68.5 ± 3.7 78.6 ± 6.5 77.5 ± 6.3 69.6 ± 6.1 68.9 ± 4.4

a Data presented as mean ± S.D.
b aCSF, artificial cerebrospinal fluid.

Table 6
Plasma pharmacokinetic parameters of loxapine and its metabolites after oral treatment of 1 mg/kg loxapine.a

Parametersb Loxapine 7-OH-loxapine Amoxapine 7-OH-amoxapine

Cmax (ng/ml) 2.5 ± 1.7 37.0 ± 15.2 59.8 ± 28.5 44.5 ± 9.2
tmax (min) 12.5 ± 2.9 83.8 ± 106.1 23.8 ± 7.5 87.5 ± 103.1
AUC0–240 min (ng min/ml) 141.7 ± 156.4 4492.8 ± 814.8 5006.5 ± 1943.5 5910.7 ± 1294.8

A

entra

c
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m
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m
t
n
f
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w
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t

3

a

F
o
l

UC0–240 min, area under the plasma concentration–time curve from 0 to 240 min.
a Data presented as mean ± S.D.
b Cmax, maximum plasma concentration; tmax, time to the maximum plasma conc

oncentration of loxapine in plasma (less than 3 ng/ml) throughout
he 4-h study period. Amoxapine attained peak plasma concentra-
ion earlier than that of the 7-hydroxylated metabolites. The plasma
oncentration versus time profiles of the two 7-hydroxylated
etabolites were rather similar with double peaks observed at

0 min and 60 min. This might suggest that 7-OH-amoxapine was
ainly generated from the hydroxylation of amoxapine rather

han from the desmethylation of 7-OH-loxapine since there was
o time lag between the formation of 7-OH-amoxapine and the

ormation of 7-OH-loxapine. In contrast to the 7-OH metabolites, 8-
H-loxapine and 8-OH-amoxapine could not be detected (<LLOQ),
hich was in good agreement with the previous finding that 8-
H-amoxapine was not detectable in either serum or brain of rats

reated with intraperitoneal injection of amoxapine [22].
.4.2. Brain distribution study
Fig. 5 shows the rat brain distribution of analytes at 4 h

fter oral administration of loxapine at 1 mg/kg. High levels of
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ig. 4. Loxapine and metabolites concentration–time profiles in rat plasma after
ral administration of loxapine at 1 mg/kg. Data represent mean ± S.E. (n = 4). 8-OH-
oxapine and 8-OH-amoxapine were found to be lower than LLOQ.
tion.

7-OH-loxapine (68–124 ng/g) was found throughout the ten exam-
ined brain regions (Fig. 5, top) despite its low plasma level at
4 h (13.6 ng/ml), resulting in a brain-to-plasma ratio of around
5–10. Among these brain regions examined, striatum exhibited
the highest level of 7-OH-loxapine. This can be rationalized by
the fact that loxapine and its 7-hydroxylated metabolites work as
dopamine antagonists and have high affinities to the dopamine
receptors that are densely localized in striatum. Compared with
7-OH-loxapine, the brain levels of loxapine, amoxapine and 7-OH-
amoxapine were relatively low (less than 5 ng/g, Fig. 5, bottom).
This further supports the notion that the metabolites, particu-
larly the 7-hydroxylated metabolites, do play an important role
after loxapine administration. The reason why the brain level of
7-OH-loxapine was much higher than that of amoxapine and 7-
OH-amoxapine despite their similar plasma concentrations at 4 h
is not clear. It could be due to either higher penetration or affinity of
7-OH-loxapine towards brain tissue or its lower brain elimination
rate than the other metabolites. In conformity with observations
from plasma, the two 8-hydroxylated metabolites were not present
in detectable quantity (<LLOQ) in brain tissue. An early neurophar-
macological evaluation conducted by Latimer [23] represents the
only report on the regional distribution of loxapine in the brain
of laboratory animals treated with loxapine. In rats intravenously
injected with 5 mg/kg loxapine, mesencephalon (midbrain) consis-
tently exhibited higher loxapine levels than cortex, diencephalon
and cerebellum throughout the first 60 min. However, the analysis
of brain tissue was based upon the hydrolysis of loxapine to an aro-
matic amine responding to a Bratton–Marshall reaction. Whether
such assay could reliably differentiate loxapine from its struc-
turally similar metabolites, particularly the 7-OH-loxapine that are
present in substantial amount in brain as observed in the present
study, is uncertain.

3.4.3. CSF disposition
Neither the parent drug nor the metabolites were detected in the
CSF of rats at 4 h after oral loxapine administration. However, using
the present LC–MS/MS method, at 4 h after intravenous injection
of loxapine at the same dose (1 mg/kg), trace amounts of loxap-
ine (approx. 4 ng/ml) and 7-OH-loxapine (approx. 6 ng/ml) were
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ata represent mean ± S.E. (n = 4). 8-OH-loxapine and 8-OH-amoxapine were found
o be lower than LLOQ. Mid/Tha/Hyp: the region containing midbrain, thalamus and
ypothalamus.

etected in the CSF of rats while the average concentrations of
oxapine and 7-OH-loxapine across different brain regions were
round 150 ng/g and 300 ng/g, respectively (unpublished data). A
revious in vivo rat study on tricyclic antipsychotics (clozapine,
uetiapine and chlorpromazine) revealed that these drugs exhib-

ted high tissue bindings (with unbound fractions in brain less than
%) and at 1 h after oral dosing the concentrations of parent drug in
rain tissue were 13–535 folds higher than that in CSF and were
–25 folds higher than that in blood [24]. Taken together with
he present observations, these findings suggest that tricyclic com-
ounds, including loxapine and its metabolites, have preferential
isposition in brain tissue, leaving low concentrations of unbound
rug in CSF and plasma.

.5. Implications on the treatment of various CNS disorders by
oxapine

The present findings represent the first report on the regional
istribution of loxapine metabolites in animal brain and CSF and
lso the first report on the plasma pharmacokinetic profiles of

oxapine metabolites in laboratory animal after loxapine admin-
stration. Low-dose loxapine (1 mg/kg in rat, equivalent to 9.7 mg
n a 60 kg human adult [25]) was investigated in the present study

hile for the previous rat pharmacokinetic studies the doses of
d Biomedical Analysis 58 (2012) 83–93

loxapine were much higher (from 5 mg/kg [23] to 7–10 mg/kg [26]
or even 50 mg/kg [27]). Testing loxapine at a relatively low dose
could avoid the saturation of metabolic enzymes and other unfa-
vorable physiological changes, and thus the result should be more
reflective of the actual dispositions of loxapine and metabolites.
The level of metabolites far exceeded that of the parent drug in
both plasma and brain, suggesting that these active metabolites
might play a predominant role in the therapeutic outcomes and/or
toxicities during the loxapine treatment course, in particular when
the drug is given at low doses in which saturation of metabolite for-
mation is less likely to happen. As discussed above, loxapine and
its five metabolites exhibit differential pharmacokinetic and phar-
macotherapeutic behaviors. Due to such complexity, it is necessary
to monitor all these analytes and only through well-designed stud-
ies and accurate analytical measurements that the role of loxapine
metabolites can be elucidated.

Interestingly, it is suggested that loxapine might actually behave
as atypical antipsychotic (elicit fewer extrapyramidal side-effects),
especially at lower doses (<50 mg/day) [2,3,5]. Low-dose loxapine
(5 or 10 mg) delivered via a novel dry powder inhaler was also effec-
tive in the acute management of agitation [6] and migraine [7], with
the indication on agitation now pending FDA approval. Therefore
there is a need to re-evaluate the pharmacological properties of
low-dose loxapine after acute or chronic administration. The devel-
oped LC–MS/MS assay, which offers high sensitivity (low ng/ml or
ng/g level), small sample size requirement (100 �l for plasma or less
than 100 mg for brain tissue) and versatility in different biological
matrices, is a useful tool for both preclinical and clinical investi-
gations of loxapine and its active metabolites in the treatment of
various CNS disorders.

4. Conclusions

This is the first report to describe a LC–MS/MS assay for the
simultaneous quantification of loxapine, amoxapine and their four
hydroxylated metabolites (7-OH-loxapine, 8-OH-loxapine, 7-OH-
amoxapine and 8-OH-amoxapine) in different biological matrices
(brain, CSF and plasma) in rat. Through optimization of the extrac-
tion process, only small amount of sample is required for the assay.
The method was fully validated and has been successfully applied
to the pharmacokinetic study of loxapine and its metabolites in
systemic circulation and regional distribution study in brain and
CSF after oral administration of low-dose loxapine (1 mg/kg) in
rat. Given its sensitivity and reliability, the present method rep-
resents a practical tool for further investigations on the disposition
of loxapine and its active metabolites after low-dose loxapine treat-
ment, which could help clarify the roles of these species in the
CNS. In addition, the current methodologies could probably be
applied to the analyses of other tricyclic drugs (for example, many
of the antipsychotics and antidepressants) which are also exten-
sively metabolized by CYP enzymes to active desmethylated and
hydroxylated metabolites.
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Chinese lantern) in rats

unliang Zhenga, Yong Chena, Yiping Renb, Lianjun Luana, Yongjiang Wua,∗

College of Pharmaceutical Sciences, Zhejiang University, 338 Yuhangtang Road, Hangzhou 310058, China
Zhejiang Provincial Center for Disease Prevention and Control, 630 Xincheng Road, Hangzhou 310051, China

r t i c l e i n f o

rticle history:
eceived 20 June 2011
eceived in revised form 31 August 2011
ccepted 19 September 2011

a b s t r a c t

An ultra-high pressure liquid chromatography–tandem mass spectrometry (UPLC–MS/MS) method was
developed for the quantification of three major ingredients in Chinese lantern preparations (CLP) in rat
plasma. Following extraction by ethyl acetate, the analytes were separated on an Acquity UPLC BEH Shield
RP C18 column using a gradient mobile phase system of acetonitrile–water. Electrospray ionization (ESI)
eywords:
hysalis alkekengi
hysalins
uantitative analysis
harmacokinetic
PLC–MS/MS

tandem interface was employed prior to mass spectrometric detection. The calibration curves were linear
over the range of 5.0–500.0 ng/ml for physalin D, 2.3–230.0 ng/ml for physalin G and 0.71–71.0 ng/ml for
4,7-didehydroneophysalin B. The average extraction recoveries, examined at four concentration levels,
carried from 57.1% to 76.9%, and the accuracies ranged from 94.0% to 113.3% with precision (RSD) <15%.
The validated method was successfully applied to the determination of the three physalins in rat plasma
after intragastric administration of CLP suspension.

© 2011 Elsevier B.V. All rights reserved.
. Introduction

The use of natural products in the treatment of a variety of
iseases has been increasing due to the considerable number
f medicinal plants with proven biological activities applicable
o the treatment of some diseases [1]. The calyces of Physalis
lkekengi var. franchetii (Solanaceae) (Chinese lantern) are used as
traditional herbal medicine in China for the treatment of sore

hroat, cough, eczema, hepatitis, urinary problems, and tumors
2,3]. Physalins are the major steroidal constituents of Chinese
antern, and their rare 13,14-seco-16,24-cycloergostane skeletons
C28H30–34O9–12) have been established by X-ray crystallographic
nalysis [4–6]. The physalins have been studied extensively dur-
ng the past 20 years and are reported to have many activities:
hysalins B and F are able to reduce the percentage of leishmania-

nfected macrophages and the intracellular parasite number in vitro
t concentrations non-cytotoxic to macrophages [7]; physalin B and

display considerable cytotoxicity against several cancer cell lines,

howing IC50 values in the range of 0.58–15.18 �g/ml for physalin
, and 0.28–2.43 �g/ml for physalin D, the in vivo (administered

∗ Corresponding author. Tel.: +86 571 88208455; fax: +86 571 88208455.
E-mail address: yjwu@zju.edu.cn (Y. Wu).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.012
intraperitoneally) antitumor activity is related to the inhibition of
tumor proliferation, as observed by the reduction of Ki67 staining
in tumors of treated animals [8]; physalin F and G can cause the
reduction in nitric oxide production by macrophages stimulated
with lipopolysaccaride and interferon-� [9]. In addition, physalins
also have anti-inflammatory [10–12] and cytotoxic [13–15] activi-
ties.

Previous studies mainly focused on the isolation, charac-
terization and biological activities of physalins from Chinese
lantern, whereas, few pharmacokinetic study of physalins has been
reported. In our previous study, we found that several physalins
(e.g. physalin B and physalin H) could not be absorbed through
intragastric administration, which is a key factor for new drug
discovery and rational use of Chinese lantern. Therefore, pharma-
cokinetic studies of physalins are of great importance for the further
development and the rational use of Chinese lantern. The purpose
of this study is to develop and validate an analytical method for the
simultaneous determination of physalins in biological matrix, and
then study their pharmacokinetic behaviors.

Several analytical methods have been reported for the quan-

tification of physalins [16–18]. However, all these methods are
concentrating only on one or two physalins in Chinese lantern using
HPLC with UV detection at 220 nm or 230 nm. Single wavelength
spectrophotometric detection, particularly in the end absorption

dx.doi.org/10.1016/j.jpba.2011.09.012
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:yjwu@zju.edu.cn
dx.doi.org/10.1016/j.jpba.2011.09.012
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egion, lacks the specificity desirable for quantitation in biolog-
cal matrices, thus the effort to develop more sensitive methods
or the simultaneously quantify multiple active components of the
aw materials of Chinese lantern in biological matrices are neces-
ary for pharmacokinetic studies. Compared to HPLC–UV method,
PLC–MS/MS analytical method is a more powerful approach,
specially in the analysis of multi-components in complicated
atrices, to rapidly quantify multi-ingredients due to its rapid sep-

ration power, low detection limit, high specificity and resolution.
n order to study the pharmacokinetics property of physalin D, we
ave reported an UPLC–MS/MS method for quantification of it in
at plasma [19]. However, as we know, composition of Chinese
antern is complex, so as to explain its pharmacokinetic properties,

e should study pharmacokinetics properties of more compounds
n Chinese lantern.

In the present study, we developed and validated a sensitive
nd rapid UPLC–MS/MS method in MRM mode for the simultane-
us determination of three bioactive physalins in Chinese lantern:
hysalin D, physalin G and 4,7-didehydroneophysalin B in rat
lasma using physalin H as the internal standard (IS) (Fig. 1). The
ethod was successfully applied to pharmacokinetic study of them

fter intragastric administration of CLP suspension.

. Experimental

.1. Chemical reagents and animals
Chinese lantern was bought from Bozhou, Anhui province and
as authenticated by Associate Professor Juan-Hua Xu from College

f Pharmaceutical Sciences, Zhejiang University.

Fig. 1. Chemical structures of physalin D, physalin G, 4
Biomedical Analysis 58 (2012) 94–101 95

The standards of physalin D, physalin G, 4,7-
didehydroneophysalin B and physalin H (IS; not present in
the CLP) were isolated in our laboratory. Their structures (Fig. 1)
were identified by comparing UV, IR, 1H and 13C NMR, 2D NMR
data with corresponding references [20–23]. The purity of each
compound was determined to be above 97% by LC–MS and NMR.

HPLC grade acetonitrile and methanol were purchased from
Merck (Darmstadt, Germany). Deionized water was purified using a
Milli-Q system (Millipore, Milford, MA, USA). Male Sprague-Dawley
(SD) rats, weighing 160 ± 20 g (“20” is a standard deviation: SD),
were obtained from the Zhejiang University Laboratory Animal
Center.

2.2. Instrument and analytical conditions

LC analysis was performed using a Waters Acquity Ultra
Performance LC (UPLC) system (Waters, Milford, MA, USA). Chro-
matographic separation was performed on an Acquity UPLC BEH
Shield RP C18 column (100 mm × 2.1 mm, 1.7 �m particle size;
Waters, Milford, MA, USA). A linear gradient elution programme
was used with solvent A (water) and solvent B (acetonitrile) as fol-
lows: 32% B (initial), 32–40% B (0–3.5 min), 40–55% B (3.5–5.0 min),
55–100% B (5.0–5.2 min), 100–100% B (5.2–6.2 min), 100–32% B
(6.2–6.5 min). The flow rate was 0.3 ml/min and the injection
volume was 2 �l. The column and sample temperatures were main-
tained at 35 ◦C and 4 ◦C, respectively.
Determination was performed using a Micromass Quattro
Ultima triple-quadrupole mass spectrometer equipped with an ESI
source (Waters, Manchester, UK). The parameters of the mass spec-
trometer under the ESI+ mode were as follows: capillary voltage,

,7-didehydroneophysalin B and physalin H (IS).
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Table 1
ESI+-MS/MS parameters on the parent and daughter ions (m/z) and collision energy of the three analytes and IS.

Analytes Parent ions (m/z) Daughter ions (m/z) Collision energy (eV)

Physalin D 545.3 509.3 8
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Physalin G 527.3
4,7-Didehydroneophysalin B 509.2
Physalin H (IS) 563.3

.50 kV; cone voltage, 35 V; source temperature, 120 ◦C; aperture,

.5; cone gas, 52 l/h; desolvation temperature, 350 ◦C; desolva-
ion gas, 580 l/h; argon collision gas pressure, 2.7 × 10−3 mbar; ion
nergy1, 1 eV; collision gradient, 1.0 and ion energy2, 1 eV. The
arameters on the m/z and collision energy of parent ions and quan-
itative daughter ions for the three analytes and IS are summarized
n Table 1.

.3. Calibration standards and quality control (QC) sample
reparation

Accurately weighed solid portions of standards (10.00 mg,
1.50 mg, 14.20 mg, 15.00 mg for physalin D, physalin G, 4,7-
idehydroneophysalin B and IS, respectively) were dissolved in
ethanol to prepare stock solutions separately: 1.000 mg/ml for

hysalin D, 1.150 mg/ml for physalin G, 1.420 mg/ml for 4,7-
idehydroneophysalin B and 1.500 mg/ml for IS. Working solutions
sed for spiking plasma were all freshly prepared by diluting the
tock solution with 50% acetonitrile aqueous solution to appropri-
te concentrations.

Calibration standard samples were prepared by freshly
piking the appropriate working solution into blank pooled
lasma to prepare concentrations of 5.0–500.0 ng/ml for physalin
, 2.3–230.0 ng/ml for physalin G, 0.71–71.0 ng/ml for 4,7-
idehydroneophysalin B, and processed as described in the
reparation of sample solution (Section 2.5). The QC samples (at
our concentration levels, refer to Tables 3–5) used for the recov-
ry study, intra-day and inter-day accuracy, precision and stability
tudy were prepared in the same way as the preparation of calibra-
ion standard samples, and then stored at −20 ◦C until analysis.

.4. Preparation of Chinese lantern preparations (CLP)

Powdered Chinese lantern (200 g) was extracted for two times
1.5 h each time) with 3000 ml of water by refluxing, and then fil-
ered. The combined filtrates were concentrated to 500 ml by using
rotary evaporator in vacuum. Stirring with a glass rod, 1500 ml

f ethanol was added into the 500 ml concentrated solution. After
ltering and recovering ethanol, the residual liquid was extracted
y CH2Cl2 (2 × 500 ml). Then the CH2Cl2 extract was evaporated
o dryness using rotary evaporator at a maximum temperature of
5 ◦C, yield about 2.0 g of CLP.

.5. Preparation of sample solution

Plasma samples were removed from −20 ◦C storage and thawed
nder ambient conditions. An aliquot of 50 �l of plasma was
xtracted employing a liquid–liquid extraction technique after the
ddition of 20 �l of (600 ng/ml) IS solution and 300 �l of ethyl
cetate. After vortex for 90 s and centrifugation at 15,000 rpm for

min, 200 �l of the organic phase was transferred into a centrifuge

ube and evaporated to dryness under a nitrogen stream at room
emperature. The residue was reconstituted in 200 �l of 50% ace-
onitrile aqueous solution. After centrifugation at 15,000 rpm for
0 min, 2 �l of the supernatant was injected into the UPLC–MS/MS
ystem.
135.4 35
171.3 25
545.2 18

2.6. Method validation

The method was validated in terms of specificity, calibration
curve, sensitivity, matrix effect, accuracy, precision and stability
mainly according to the European Medicines Agency (2009) guide-
lines for validation of bioanalytical method [24].

2.6.1. Specificity, linearity and sensitivity
Specificity was evaluated by using six pre-dose plasma sam-

ples from different rats and compared them with six spiked lower
limit of quantification (LLOQ) in blank plasma. Blank plasma sam-
ples and spiked LLOQ matrix were extracted, and then analyzed by
UPLC–MS/MS for potential interfering peaks within the range of the
retention time of each analyte.

Calibration curves were constructed from the peak-area ratios
of each analyte to IS versus plasma concentrations using a 1/x2

weighted linear least-squares regression model. The LLOQ was
determined as the lowest concentration point of the standard curve.
The lower limit of detection (LLOD) was defined as the amount that
could be detected with a signal-to-noise ratio of 3.

2.6.2. Extraction recovery and matrix effect
Extraction recovery was measured for four concentration levels

of QC samples (n = 5). The blank matrix was prepared as described
in Section 2.5, without adding any standard. The extraction recov-
ery was determined by comparing the analyte and IS peak area
obtained from QC samples with those originally dissolved with
blank matrix.

Matrix effect was determined by comparing the analytes and IS
peak area dissolved with blank matrix against those dissolved with
50% acetonitrile aqueous solution.

2.6.3. Precision, accuracy and stability
The intra-day and inter-day precision and accuracy were carried

out through quantifying four levels of QC samples (n = 5) on the
same day and on four consecutive validation days, respectively. The
results of the intra-day and inter-day precisions were presented
with the relative standard deviation (RSD, %), whilst percentage
difference between amount spiked and determined was taken as
the measures of accuracy.

The post-preparation stability was tested by determining the
extracted QC samples stored in the auto-sampler (4 ◦C) for 24 h; the
freeze and thaw stability was carried out by assaying QC plasma
samples undergoing three freeze (−20 ◦C)–thaw (room tempera-
ture) cycles, and the storage stability was evaluated by determining
QC plasma samples at five replicates stored at −20 ◦C for 25 days.

2.7. Pharmacokinetic analysis

Six male SD rats (160 ± 20 g) were used in pharmacokinetic
studies. The rats were fasted for 12 h and had free access to water
before dosing. Each rat received an intragastric administration of
0.5 g/kg CLP (equivalent to 35.6 mg/kg of physalin D, 13.9 mg/kg

of physalin G and 32.6 mg/kg of 4,7-didehydroneophysalin B).
The CLP was suspended in 0.5% carboxymethyl cellulose sodium
(CMC-Na) (w/v). Blood samples (about 300 �l) were collected in
heparinized tubes via the postorbital venous plexus veins from each
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Table 2
Linear regression data, LLOD and LLOQ of the investigated components.

Analytes Regressive equation R2 Test range (ng/ml) LLOD (ng/ml) LLOQ (ng/ml)

Physalin D Y = 0.80x − 2.91 0.9987 5.0–500.0 1.0 5.0
Physalin G Y = 0.66x + 0.15 0.9985 2.3–230.0 0.2 2.3
4,7-Didehydroneophysalin B Y = 2.64x − 1.06 0.9977 0.71–71.0 0.08 0.71

Table 3
Extraction recovery and matrix effect of the developed method and the repeatability of the extraction procedure (n = 5).

Analytes QC conc. (ng/ml) Recovery (%) Matrix effect (%)

Physalin D

5.0 62.7 ± 8.1 103.0 ± 7.3
10.0 57.1 ± 5.9 98.2 ± 10.0

100.0 67.2 ± 5.8 108.1 ± 4.0
300.0 61.1 ± 6.6 98.9 ± 8.1

Physalin G

2.3 59.9 ± 6.6 105.9 ± 8.9
4.6 60.5 ± 4.1 103.9 ± 9.9

46.0 74.3 ± 5.9 107.7 ± 3.6
138.0 70.2 ± 6.2 104.1 ± 11.5

4,7-Didehydroneophysalin B

0.71 71.9 ± 4.7 98.7 ± 6.7
1.42 76.9 ± 8.1 96.0 ± 4.1

14.2 75.7 ± 4.4 106.3 ± 6.8
42.6 71.2 ± 2.4 99.3 ± 7.3

Table 4
Precision and accuracy from QC samples of rat plasma extracts (n = four days and five replicates per day).

Analytes QC conc. (ng/ml) Intra-day (RSD, %) Inter-day (RSD, %) Accuracy (%)

Physalin D

5.0 10.4 14.9 94.0
10.0 10.9 14.6 103.0

100.0 8.9 8.0 101.9
300.0 8.1 11.4 101.7

Physalin G

2.3 8.0 13.0 100.0
4.6.0 4.5 6.7 97.8

46.0 6.5 11.0 108.5
138.0 4.9 4.1 98.3

4,7-Didehydroneophysalin B

0.71 10.4 11.9 94.4
1.42 4.5 5.3 105.6

14.2 4.6 7.9 98.6
42.6 6.0 7.2 101.6

Table 5
Stability of the three analytes in rats plasma under different storage conditions (n = 5).

Analytes QC conc. (ng/ml) Autosampler 4 ◦C for 24 h Three freeze–thaw cycles Storage at −20 ◦C to 25 days

Physalin D 5.0 101.6 ± 3.1 95.2 ± 11.0 91.6 ± 2.5
10.0 94.0 ± 4.5 108.7 ± 13.5 106.3 ± 9.4

100.0 103.2 ± 3.2 94.9 ± 7.2 97.7 ± 9.2
300.0 101.9 ± 9.1 101.6 ± 10.5 102.8 ± 7.3

Physalin G 2.3 96.1 ± 6.7 98.2 ± 13.9 98.9 ± 6.5
4.6 98.5 ± 8.7 97.2 ± 5.7 103.0 ± 6.8

46.0 100.0 ± 3.4 99.9 ± 5.1 90.4 ± 3.0
138.0 98.9 ± 3.8 97.7 ± 4.5 97.5 ± 5.8

4,7-Didehydroneophysalin B 0.71 102.2 ± 4.0 101.4 ± 14.2 105.6 ± 10.6
1.42 106.9 ± 5.8 105.2 ± 4.4 105.0 ± 11.9

14.2 101.1 ± 6.0 99.2 ± 3.8 94.3 ± 7.3
42.6 100.2 ± 8.7 98.8 ± 6.6 100.8 ± 9.8
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ll values are represented as the percent of measured concentration from nominal

at at 0, 5, 10, 20, 40, 70, 100, 130, 170, 230, 410, 530, 720 and
340 min after administration, and were immediately centrifuged
t 600 rpm for 5 min, and then stored at −20 ◦C until analysis. The
harmacokinetic parameters t1/2 (the biological half-life), CL (total
ody clearance) and AUC0–t (area under curve) were calculated by

rug and statistics (DAS) software, version 2.0 (Shanghai, China).
he parameter tmax (the time to reach peak concentration) was
btained from the time point corresponding to peak concentration
f each analyte in rat plasma. Cmax (the peak concentration) was
ntration (accuracy %).

determined from peak concentration of each analyte in rat plasma
after intragastric administration.

3. Results and discussion
3.1. Selection of IS

It is necessary to use an IS to get high accuracy when a mass spec-
trometer is equipped with LC as the detector. An ideal IS should be
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structurally similar analog or stable isotope-labelled compound.
onsidering the isotope-labelled compounds are difficult to obtain,
hysalin H is chosen for quantification as the IS due to its similarity
ith the analytes in structure, mass spectrographic behavior, chro-
atographic behavior and solubility, which is better than luteolin

hat was used in our previous study [19].

.2. Optimization of mobile phase and MS parameters

Different mobile phases (methanol–water, acetonitrile–water
ith or without formic acid or ammonium acetate) and various

radient elution processes were investigated to optimize analytical
erformance. We found that the response of physalin G decreased
ith the increased ammonium acetate concentration in the mobile
hase, and the responses of the analytes and IS were not improved
hen adding formic acid to mobile phase. When the mobile phase

onsisted of acetonitrile and water, the responses were higher
nd peaks were of better shape than that of methanol–water sys-
em. Therefore, the acetonitrile–water system was selected as the

obile phase.
MS examination of the analytes and IS standard solutions in pos-

tive and negative ESI modes by direct full scan method revealed
hat signals obtained from the positive electrospray ionization
ource mode had a good resolution and high intensity to permit
uantitative measurement. The optimization of daughter ions and
heir collision energy was performed by the daughter scan mode.

he daughter ions were confirmed based on their signal inten-
ity. The final MS/MS parameters are summarized in Table 1, and
he product spectra and fragmentation reactions of the four com-
ounds are shown in Fig. 2.

ig. 2. The product spectra and fragmentation reactions of the four compounds in
idehydroneophysalin B; and (D) IS.
Biomedical Analysis 58 (2012) 94–101

3.3. Optimization of sample pretreatment

Protein precipitation was initially developed with methanol
and acetonitrile, but the recoveries of physalin G and 4,7-
didehydroneophysalin B were found below 50%. Liquid–liquid
extraction (LLE) of the three analytes and IS from plasma sam-
ples was then explored. Different types of solvents were tested
to extract the analytes and IS. Although the analytes and IS could
be extracted with dichloromethane and ethyl acetate, the results
showed that ethyl acetate offered better recoveries for all of the
analytes. Compared with the more recent and popular technique
of solid-phase extraction (SPE), purification with LLE resulted in
less potential interfering compounds, and it is simple and much
more economical. In addition, the IS, which has a structure similar
to the analytes, also has a better recovery under current condi-
tions.

3.4. Method validation

3.4.1. Specificity
The typical chromatograms of physalin D, physalin G and 4,7-

didehydroneophysalin B and IS are presented in Fig. 3. Under
the described chromatographic conditions, a good separation was
achieved and no significant peak was observed in any of the blank
plasma samples for the three analytes and IS. The retention times
of physalin D, physalin G and 4,7-didehydroneophysalin B and IS
were 2.31, 2.75, 4.95 and 4.84 min, respectively.
3.4.2. Linearity and sensitivity
The quantitative capability of the system employing

UPLC–MS/MS method was tested in the assay. Plasma sam-

positive electrospray ionization mode (A) physalin D; (B) physalin G; (C) 4,7-
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Fig. 3. Representative MRM chromatograms of physalin D, physalin G, 4,7-didehydroneophysalin B and IS in rat plasma. (A) Blank plasma; (B) blank plasma spiked with 5.0,
2 S, resp
o G, 4,7-
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.3, 0.71 and 60.0 ng/ml for physalin D, physalin G, 4,7-didehydroneophysalin B and I
f CLP at a dose of 0.5 g/kg (23.5, 10.1, 13.8 and 60.0 ng/ml for physalin D, physalin

les were quantified by using the ratio of the peak area of analyte
o that of IS as the assay parameter. Table 2 shows the results of
he standard calibration curves, linearity (R2), LLOD and LLOQ. The
alibration curves are linear with R2 > 0.998, and these limits are
ufficient for this pharmacokinetic study.

.4.3. Extraction recovery and matrix effect
A single-step LLE method (Section 2.5) with ethyl acetate proved

o be simple, rapid and successful, with extraction recovery rates
etween 57.1 and 76.9% at the four concentrations of QC samples
or the three analytes, and the recovery of IS was (74.1 ± 6.3%), indi-
ating that the LLE method was acceptable. The extraction recovery

nd matrix effect data of the three analytes are shown in Table 3,
nd the matrix effect of the IS was about 106.8% (RSD: 8.7%). These
ata indicated that the sample preparation method is satisfied and
esulted in no appreciable matrix effect for the analytes.
ectively; (C) rat plasma samples collected at 40 min after intragastric administration
didehydroneophysalin B and IS, respectively).

3.4.4. Accuracy and precision
The intra- and inter-day precisions were analyzed by injecting

replicates of QC samples. Table 4 summarizes the intra- and inter-
day precisions and accuracy of the method. The intra- and inter-day
precision (RSD) ranged 4.5–10.9% and 4.1–14.9%, respectively. The
accuracy derived from QC samples was between 94.0 and 113.3% for
all the QC levels of the three analytes. The results demonstrate that
the precision and accuracy of this assay are within the acceptable
range.

3.4.5. Stability
Stability of the analytes during the sample processing proce-

dures and storing was evaluated by analysis of four levels of QC

samples. The results are shown in Table 5. The results indicated
that these analytes in rat plasma were all stable for three cycles
of freeze–thaw, 24 h in the auto-sampler (4 ◦C), 25 days at −20 ◦C
with accuracy in the range of 90.4–113.3%.
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Table 6
Pharmacokinetic parameters of physalin D, physalin G and 4,7-didehydroneophysalin B after intragastric administration of Chinese lantern preparation to six male SD rats
(values are mean ± standard deviation).

Parameters Unit Phyalin D Physalin G 4,7-Didehydroneophysalin B

Cmax ng/ml 47.6 ± 4.1 20.9 ± 4.4 23.6 ± 4.9
t1/2z min 220.6 ± 62.6 482.4 ± 205.0 368.7 ± 72.1
Tmax min 70.0 ± 0.0 70.0 ± 0.0 70.0 ± 0.0
CL l/min/kg 4.4 ± 0.6 3.2 ± 0.7 8.7 ± 1.9
AUC(0–t) ng min/ml 7515.6 ± 859.0 3674.4 ± 691.5 3649.3 ± 771.2
AUC(0–∞) ng min/ml 8216.6 ± 1031.0 4473.8 ± 1047.6 3889.2 ± 887.8
MRT(0–t) min 205.1 ± 19.6 281.5 ± 84.5 293.3 ± 26.0
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ig. 4. Mean (±SD, n = 6) plasma concentration of physalin D, physalin G, 4,7-dideh
.5 mg/kg) of CLP suspension to rats.

.5. Pharmacokinetic study

This method was applied to the pharmacokinetic study of
hysalin D, physalin G and 4,7-didehydroneophysalin B in rats after

ntragastric administration of CLP. The assay was proved to be sen-
itive enough for the determination of the three compounds in rat
lasma. The pharmacokinetic parameters are presented in Table 6.
he mean plasma concentration–time profiles are illustrated in
ig. 4.

The results shown in Fig. 4 and Table 6 suggested that the plasma
oncentrations of all the three compounds reached Cmax at 70 min,
hich indicated they were all absorbed very quickly by rats, the

limination of physalin D was the quickest of the three compounds,
hich, to some extent, consisted with our previous study [19].

Our preliminary experiment found that CLP was mainly con-
isted of physalins, and the three active analytes used in this
tudy occupied about 15% of the CLP. Considering the structures of
hysalins are similar, the pharmacokinetic properties of the three

nalytes used in this study will be useful to preliminary presume
ther physalins’ pharmacokinetic properties, and to promote the
fficacy and safety of Chinese lantern and to avoid its adverse
ffects.
eophysalin B as a function of time following intragastric administrations (dose at

4. Conclusion

To our knowledge, this is the first fully validated UPLC–MS/MS
method for the simultaneous quantification of physalin D, physalin
G and 4,7-didehydroneophysalin B in biological matrix. The method
proved to be specific, sensitive, accurate and precise. Liquid–liquid
extraction was employed for the extraction of these components
from the plasma samples. The developed method provided a simple
sample preparation and a stable analytical result for the deter-
mination of these physalins in plasma samples. This method was
successfully applied in the determination of the three major com-
ponents of CLP in rat plasma after intragastric administration. The
results showed that the three physalins have similar absorption and
elimination behavior.
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a b s t r a c t

Fingolimod (Gilenya®; FTY720), has been recently approved for the treatment of multiple sclerosis in
Europe and in the USA. In the present study, we have developed and validated a rapid and sensitive liquid
chromatography–tandem mass spectrometry (LC–MS/MS) method to simultaneously quantify FTY720
and FTY720-P in human blood. The sample preparation involves the sample dilution with a solution
made of dimethylhexylamine (DMHA), ortho-phosphoric acid and methanol prior to the on-line solid
phase extraction (SPE) on a C18 cartridge. The samples were then eluted on a C18 column with a gradi-
ent elution of DMHA solution and acetonitrile and analyzed by LC–MS/MS using electrospay ionization
in positive mode. The analysis time between 2 samples was 7.5 min. Standard curves were linear over
the ranges of 0.0800 ng/mL (LLOQ) to 16.0 ng/mL for FTY720 and 0.100 ng/mL (LLOQ) to 20.0 ng/mL for
FTY720-P with correlation coefficient (r2) greater than 0.997. The method selectivities for FTY720 and
FTY720-P were demonstrated in six different batches of human blood. Intra-run and inter-run preci-
sion and accuracy within ±20% (at the LLOQ) and ±15% (other levels) were achieved during a 3-run
validation for quality control samples (QCs). In addition, stability data obtained during freeze–thaw (3

cycles), at room temperature (24 h), and in an auto-sampler were determined and reported. The method
robustness was demonstrated by the consistent data obtained by reanalyzing human blood samples for
several clinical studies. In addition comparative data for FTY720 and FTY720-P were obtained between
our current method and those of two available separate LC–MS/MS assays. The results of the present
work demonstrated that our bioanalytical LC–MS/MS method is rapid, sensitive, specific and reliable for
the simultaneous quantitative analysis of FTY720 and FTY720-P in human blood.
. Introduction

Fingolimod (Gilenya; FTY720), a synthetic compound based
n the fungal secondary metabolite myriocin, has been recently
pproved for the treatment of multiple sclerosis in Europe and
n the USA. FTY720 mechanism of action is unique as it reduces
he number of circulating lymphocytes by preventing their egress
rom lymph nodes [1–4]. FTY720 is mainly phosphorylated by sph-
ngosine kinase type II to its active metabolite FTY720-phosphate
FTY720-P), an analogue of sphingosine-1-phosphate (S1P) [1]. The

elevance of S1P in cellular processes has been emphasized by iden-
ifying its function as a ligand on a family of G-protein coupled
eceptors from which five subtypes (S1P1–S1P5) exist [5]. It has

∗ Corresponding author at: Novartis Institute for Biomedical Research,
MPK/Bioanalytics Fabrikstrasse 14 WSJ-153.3.02, CH-4056 Basel, Switzerland. Tel.:
41 79 535 96 11; fax: +41 61 696 85 84.

E-mail addresses: olivier.heudi@novartis.com, heudio@hotmail.fr (O. Heudi).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.021
© 2011 Elsevier B.V. All rights reserved.

been shown that the imbalance between FTY720/FTY720-P could
have a great impact on the mode of action of FTY720 [6,7] both
in vitro and in vivo. Thus, it is essential to develop fast and reli-
able method for the quantitative analysis of FTY720 and FTY720-P
in biological matrices. Analytical methods for quantitative analysis
of FTY720 and related analogs involved high-performance liquid
chromatography (HPLC) coupled with fluorescent detection [8–10].
Since these compounds are not naturally fluorescent, a derivati-
zation step is needed to enhance their detection by fluorescence.
As a consequence, these methods required either laborious chem-
ical derivatization procedure or longer running time which makes
the approach not suitable for high-throughput quantitative analy-
sis. Liquid chromatography coupled to tandem mass spectrometry
(LC–MS/MS) has been applied to the quantification of FTY720 in
blood samples [11,12]. With these methods low sensitivity was

achieved as well as short analysis time. However none of them were
applied to the simultaneous analysis of FTY720 and its phosphory-
lated metabolite FTY720-P in whole blood samples. In an attempt
to quantify FTY720 and FTY720-P in blood samples, two separate

dx.doi.org/10.1016/j.jpba.2011.09.021
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Table 1
SRM transitions and ion optics parameters for FTY720, FTY720-P and that of their
respective internal standard [D4]FTY720 and [D4]FTY720-P.

Compounds Declustering
potential (V)

Collision energy
(eV)

Collision cell exit
potential (V)

FTY720 46 21 16
[D4]FTY720 76 21 22
Fig. 1. Chemical structures of FTY720 (A), FTY720-P (B), and th

ime consuming LC–MS/MS methods were developed (see material
nd method section for the full details of these two methods). The
TY720 method involves a liquid/liquid extraction (LLE) procedure
hile the one developed for FTY720-P uses protein precipitation

PPT). Both of these methods required at least 0.1 mL of blood
ample each, and are performed on two separate LC–MS/MS instru-
ents. It became evident that an improved LC–MS/MS bioanalytical
ethod aiming at the simultaneous determination of FTY720 and

TY720-P would represent an obvious advantage.
In the present study, we have developed and validated a rapid

nd sensitive liquid chromatography–tandem mass spectrome-
ry (LC–MS/MS) method to simultaneously quantify FTY720 and
TY720-P in human blood.

. Experimental

.1. Chemicals and reagents

Acetic acid (100% anhydrous), ortho-phosporic acid, methanol,
sopropanol, ethanol, acetonitrile and tetrahydrofuran were
btained from Merck KGaA (Darmstadt, Germany). Formic acid,
FA and ammonium formiate were purchased from Fluka (Buchs,
witzerland). 1.5-Dimethylhexylamine, 99% was obtained from
igma–Aldrich (St Louis, MO, USA). MilliQ grade water was pro-
uced by a Millipore system (Bedford, MA, USA). The different
uman blood batches used for the preparation of Cs and QCs
ere obtained from the internal blood bank. FTY720, FTY720-

, [D4]FTY720 and [D4]FTY720-P were synthesized in-house. The
tructures of these compounds are shown in Fig. 1.

.2. Solution preparation

The ammonium buffer and the HPLC mobile phase (A) used in
he present study were prepared as the following.

Buffer Ammonium formiate buffer: 1.26 g of ammonium formi-
te was dissolved in 500 mL water and then 450 �L of a 5% formic
cid aqueous solution was added.

HPLC mobile phase A: in a 2000 mL flask, 1.635 mL of DMHA was
ixed with 75 mL of buffer ammonium formiate and then water
as added filled in to the mark.
.3. Instrumentation

The on-line SPE system consisted of a Prospekt-2 appa-
atus (Spark Holland, Emmen, Netherlands) composed of an
FTY720-P 106 25 18
[D4]FTY720-P 86 23 18

auto-sampler (Endurance), a solvent delivery unit (SDU) and an
automatic cartridge exchange (ACE) module. The cartridges used
were HySphere C18, HD 7 mm from Spark (Holland, Emmen,
Netherlands). The HPLC system consisted of a Shimadzu LC-
10ADVP mobile phase delivery pump (Kyoto, Japan). The HPLC
analytical column used was a Gemini C18-NX (30 mm × 2.0 mm,
5 �m) from Phenomenex (Torrance, CA, USA).

Mass spectrometric detection was performed on an API 5000
triple quadrupole mass spectrometer from AB/MDS Sciex (Ontario,
Canada) equipped with a Turbo V Ionspray source operating in
the positive mode. Data acquisition was performed with Analyst
1.4.2 software distributed by AB/MDS Sciex. The curtain gas, ion
source gas 1, ion source gas 2 and collision gas (all nitrogen)
were set at 40, 30, 40 and 4 instrument units, respectively. The
spray voltage was 5500 V, the heater temperature was 650 ◦C, the
interface heater was turned on, and the entrance potential was
set to 10 V. Data acquisition was performed with a dwell time of
50 ms for each transition. Specific settings for each compound are
shown in Table 1. Under these MS conditions, the predominant
analyte precursor ion was the protonated species [H+H]+. The dif-
ferent monitored transitions used were as follows: FTY720 (m/z)
308.3 → 255.4; [D4]FTY720 (m/z) 312.4 → 259.2; FTY720-P (m/z)
388.1 → 255.2 and [D4]FTY720-P (m/z) 392.2 → 259.3 (Fig. 2A–D).

2.4. Preparation of stock and working solutions

Stock solutions containing both FTY720 and FTY720-P were pre-
pared in pure methanol to give a final concentration of 1.6 �g/mL
(FTY720) and 1.50 �g/mL (FTY720-P) for the calibration standards
(Cs) preparation; 1.28 �g/mL (FTY720) and 1.20 �g/mL (FTY720-P)
for quality control samples (QCs) preparation. Individual working

calibration standard (Cs) solutions with concentrations of 0.400,
0.8, 2.00, 4.00, 8.00 and 16.0 ng/mL (FTY720) and 0.500, 1.00, 2.50,
5.00, 10.0 and 20.0 ng/mL (FTY720-P) were prepared after serial
dilutions of the stock solution with methanol. The working Quality
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Fig. 2. The collision assisted dissociation mass spectra of: FT

ontrol sample (QCs) solutions with concentrations of 2.40, 12.0
nd 1200 ng/mL (FTY720) and 3.00, 15.0, and 1500 ng/mL (FTY720-
) were prepared in the same manner.

.5. Preparation of Cs and QCs

Two different batches of human blood were used for the prepa-
ation of Cs and QCs. The Cs samples were prepared by spiking each
TY720 and FTY720-P individual working Cs solution with blank
uman blood. This yielded Cs concentrations of 0.08 (LLOQ), 0.40,
.80, 2.00, 4.00, 8.00 and 16.0 ng/mL (FTY720) and 0.100 (LLOQ),
.500, 1.00, 2.50, 5.00, 10.0 and 20.0 ng/mL (FTY720-P). The QCs
ere prepared in the same manner to give final concentrations of

.08, 0.240, 2.40 and 12.0 ng/mL (FTY720) and 0.1, 0.300, 3.00 and
5.0 ng/mL (FTY720-P).

.6. Sample preparation

A volume of 100 �L of blood Cs, QCs or study samples was trans-
erred into a 96-well, then 50 �L of the DMHA solution containing

ach internal standard and 20 �L of a 3% ortho-phosphoric acid
olution were added. The samples were vortexed and 250 �L of
ure methanol was added. The plate was shaken for 10 min and cen-
rifuged (10 min, 5888 × g, 5 ◦C). After the centrifugation an aliquot
(A), (B) FTY720-P (B), (C) [D4]FTY720 and [D4]FTY720-P (D).

of the supernatant (150 �L) was directly injected onto the SPE-
LC/MS/MS system.

2.7. SPE, LC, and MS conditions

The cartridges were conditioned with 2000 �L solution of ace-
tonitrile/methanol/0.5% acetic acid/0.025% TFA (50/50/1/1, v/v/v/v)
and subsequently with 1000 �L of DMHA solution (mobile phase
A). Next, the cartridges were successively washed with 1500 �L
acetonitrile/DMHA (50/50, v/v), 2600 �L tetrahydrofuran, 2600 �L
isopropanol/ethanol (50/50, v/v) and 3000 �L acetonitrile/DMHA
(50/50, v/v) solutions. Then 150 �L of diluted blood (calibration
standards, QCs, and study samples) were loaded onto the car-
tridge using 2000 �L DMHA solution and the cartridge washed with
5000 �L of aqueous solution of phosphoric acid at 0.1% followed by
2000 �L methanol/water (50/50, v/v) and 2000 �L aqueous solution
of phosphoric acid at 0.1%. After completion of the sample prepa-
ration cycle, the cartridge was switched in-line with the mobile
phases to desorb the analytes and transfer them into the LC col-
umn (Scheme 1, elute position). After 60 s of elution, the cartridge
was switched back off-line (Scheme 1, load position), replaced by

a new one and the sample preparation cycle started again with the
next sample. The total time of the SPE cycle was less than the chro-
matographic run-time. Thus, once synchronized, the time of sample
cleanup is virtually nonexistent after processing the first cartridge.
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Table 2
Gradient program used for the LC-analysis of FTY720 and FTY720-P.

Time (min) % of mobile phase B Pump flow rate (�L/min)

0.01 30 400
1.00 30 400
2.50 100 400
3.50 100 400
3.58 100 800
4.00 100 800
4.08 30 400
Scheme 1. On-line SP

he mobile phases DMHA solution (A) and acetonitrile/isopropanol
80/20, v/v) (B) were delivered at either 400 �L/min or 800 �L/min
s described in Table 2.

.8. LC–MS/MS method for FTY720 quantitative analysis in blood
amples

The method consists of a liquid–liquid extraction of blood sam-
les using a 75/25 (v/v) mixture of tert-butyl methylether and
ichloromethane as organic solvent. Briefly, 500 �L of blood sam-
le were transferred to 10 mL extraction tubes. A volume of 50 �L
f internal standard ([D4]FTY720) at a concentration of 20 ng/mL in

ethanol and 500 �L of 100 mM aqueous solution of NaOH were

dded to the tubes before vortex-mixing. After 10 min centrifuga-
ion at 2000 × g at 15 ◦C, the aqueous phase was frozen on dry ice
nd the supernatant was transferred into a new tube. The organic
5.50 30 400

Mobile phase A: DMHA solution.
Mobile phase B: Pure acetonitrile.
The time that separates two sample injections corresponds to 7.5 min.
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olution was evaporated to dryness under a stream of nitrogen at
pprox. 37 ◦C. The dry residue was reconstituted in 150 �L of a
0/20 (v/v) mixture of methanol and 0.1% trifluoroacetic acid in
ater. The tubes were shaken for 3 s on a vortex mixer, ultrasoni-

ated and centrifuged at 3220 × g for 10 min at 15 ◦C. The solution
as transferred into injection vial and 75 �L were injected onto

he LC–MS/MS system. The samples were analyzed on a Eclipse
DB-C18 particle size 3.5 �m, 50 mm length 4.6 mm internal diam-
ter (Agilent technologies, Wilmington, DE, USA) at 40 ◦C using a
radient with water acidified with 0.15 formic acid and methanol
olution as eluents at a constant flow rate of 1.0 mL/min with at total
un-time of 8 min. Mass spectrometer (API 4000 triple quadrupole)
as operated in the positive mode ion mode (APCI+) with a source

emperature set at 600 ◦C. According to the full scan precursors,
he product ions and collision energies (CE) were as follows: m/z
08 → 255 for FTY720 (CE 21V) and m/z 312 → 259 for [D4]FTY720
CE 21V).

.9. LC–MS/MS method for FTY720-P quantitative analysis in
lood samples

FTY720-P was extracted from the blood samples by protein
recipitation with methanol. Briefly, a volume of 100 �L of blood
ample was transferred to a 5-mL polypropylene tube. After addi-
ion of 100 �L of internal standard ([D4]FTY720-P at a concentration
f 20 ng/mL in methanol) and 1 mL of methanol, the tubes were
haken for 2–3 min on a vortex mixer. After 10 min centrifuga-
ion at 2500 × g, the supernatant was transferred into a 5-mL
olypropylene tube and the organic phase was evaporated to dry-
ess under a nitrogen stream at approximately 37 ◦C. The dry
esidue was dissolved in 200 �L water–methanol solution (80:20,
/v). The tubes were shaken for 2–3 min on a vortex mixer and
n aliquot was transferred into a vial containing a polypropylene
nsert. The capped vials were placed in the auto-sampler and 20 �L

as injected onto the analytical column. The samples were ana-
yzed on a C18 Gemini 5 �m (30 mm × 2.0 mm) column equipped

ith a guard Gemini C18 5 �m (4 mm × 2.0 mm) (Phenomenex,
orrance, CA, USA) at 25 ◦C using a gradient with dimethylhexy-
amine solution and acetonitrile as eluents at a constant flow rate
f 0.4 mL/min with at total run-time of 7 min. Mass spectrometer
API 4000 triple quadrupole) was operated in the positive mode
on mode (ESI+) with an elctrospray voltage of 5000 V at 650 ◦C.
ccording to the full scan precursors, to the product ions and col-

ision energies (CE) were as follows: m/z 388 → 255 for FTY720-P
CE 21V) and m/z 392 → 259 for [D4]FTY720-P (CE 21V).

. Results and discussion

.1. Method development and sample preparation

In the present study we have used stable isotope labeled com-
ounds that contain deuterium atoms as IS (Fig. 1). The fact that all
our deuterium atoms are located to the carbon atoms adjacent to
he hydroxy groups (which are lost during the MS fragmentation
f FTY720 and FTY720-P) may lead to the deuterium hydro-
en exchange during the collision-induced dissociation (CID). To
ddress this point, precursor ion product scans were performed for
he two IS used. As shown in Fig. 3, there is no deuterium–hydrogen
xchange during the CID as only parents compounds ([D4]FTY720
Fig. 3A) and [D4]FTY720-P (Fig. 3B)) were found in the MS spec-
ra. In addition, in the neutral loss mass scan of H3PO4 (MW = 98)

pectra of [D4]FTY720-P the only mass found corresponded to that
f [D4]FTY720-P (Fig. 3C). These data demonstrated that there is
o deuterium–hydrogen exchange during the MS fragmentation of
oth IS used for this study.
Fig. 3. Precursor ion scan for [D4]FTY720 (A) and [D4]FTY720-P (B) and (C) neutral
loss scan (C) for [D4]FTY720-P.

The major challenge in developing a simultaneous method for
the quantitative analysis of FTY720 and FTY720-P is that one of the
analytes is highly water-soluble (e.g. FTY720-P) whereas the other
one is highly hydrophobic (FTY720). Thus, there is often a loss of
one or the other analyte using the standard two-phase LLE methods
and this could compromise the recovery and the method sensitivity
for either FTY720 or FTY720-P. PPT has been used for the extrac-
tion of FTY720 related compounds prior the LC–MS/MS analysis
[13] because of its simplicity. However during our method develop-
ment, we found that, samples originating from blood PPT were not

always compatible with LC–MS/MS analyses as we observed some
sensitivity loss and MS clogging during the sample analysis (data
not shown). Consequently, neither LLE nor PPT was selected as the
sample preparation approach for the present work. SPE has been
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Fig. 4. Representative SRM chromatograms of extracted blank blood sample without (A) FTY720 (m/z 308.3 → 255.4); (A1) FTY720-P (m/z 388.1 → 255.2); or extracted
blank blood sample spiked with the IS (zero control sample) of (B) [D4]FTY720 (m/z 312.4 → 259.2) and (B1) [D4]FTY720-P (m/z 392.2 → 259.3) and representative SRM
chromatograms of extracted blood sample spiked at the low limit of quantification (LLOQ) of (C) FTY720 (m/z 308.3 → 255.4) and (C1) FTY720-P (m/z 388.1 → 255.2). FTY720
(retention time (Rt), 3.02 min); [D4]FTY720 (Rt, 3.03 min); FTY720-P (Rt, 2.53 min); [D4]FTY720-P (Rt: 2.53 min).
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sed for FTY720-P related compounds extraction from biological
atrices. Due to the zwitterionic nature of FTY720-P, it was not pos-

ible to use a cationic or ionic sorbent for the sample extraction. In
act we have observed low recovery of FTY720-P when using mixed

ode cation or anion exchange sorbent. Thus the C18 sorbents
ere used for the simultaneous on-line extraction of FTY720 and

TY720-P. The latter approach was used for the following reasons:
i) the direct injection of diluted blood sample (ii) SPE can be auto-
ated and operated on-line with LC–MS/MS detection and thus
ffering speed, high sensitivity by the sample pre-concentration
nd (iii) the large choice of C18 cartridges that can selectively
retain both FTY720 and FTY720-P. In the present study we have
developed an extraction procedure using on-line SPE to efficiently
recover FTY720 and FTY720-P from diluted blood samples. During
the method development, several loading solutions with various
ratios of acetonitrile, methanol and water were tested but none
of them gave a satisfactory retention of FTY720-P onto the SPE C18
HySphere cartridge. As a consequence, we failed to detect FTY720-P
peak by LC–MS/MS under these conditions (data not shown). Ion-

pairing salts with more volatility such as DMHA were successfully
employed to retain polar compound on C18 column [14,15]. In the
present work, a formiate buffer containing DMHA (DMHA solution)
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Table 3
Concentration of QCs results in human blood and accuracy and precision of the method in spiked human blood for FTY720.

Run date FTY720 nominal concentration (ng/mL)

0.0800 %Bias 0.240 %Bias 2.40 %Bias 12.0 %Bias

FTY720 measured concentration in (ng/mL)
Day 1 0.0657 −17.9 0.246 2.5 2.48 3.3 12.2 1.7

0.0768 −4.0 0.248 3.3 2.32 −3.3 11.8 −1.7
0.0705 −11.9 0.243 1.3 2.40 0.0 11.2 −6.7
0.0574 −28.3a 0.273 13.8 2.56 6.7 11.9 −0.8
0.0693 −13.4 0.243 1.3 2.26 −5.8 11.5 −4.2
0.0700 −12.5 0.238 −0.8 2.42 0.8 12.1 0.8

Intra-run mean (ng/mL) 0.0683 0.249 2.41 11.8
Intra-run %CV 9.4 5.0 4.5 3.2
Intra-run %Bias −14.6 3.8 0.4 −1.7
n 6 6 6 6

Day 2 0.0891 11.4 0.240 0.0 2.36 −1.7 11.8 −1.7
0.0870 8.8 0.227 −5.4 2.35 −2.1 11.6 −3.3
0.0894 11.8 0.236 −1.7 2.35 −2.1 11.9 −0.8
0.0841 5.1 0.248 3.3 2.36 −1.7 11.6 −3.3
0.0862 7.8 0.265 10.4 2.30 −4.2 11.8 −1.7
0.0927 15.9 0.263 9.6 2.31 −3.8 11.5 −4.2

Intra-run mean (ng/mL) 0.0881 0.247 2.34 11.7
Intra-run %CV 3.4 6.2 1.1 1.3
Intra-run %Bias 10.1 2.9 −2.5 −2.5
n 6 6 6 6

Day 3 0.0741 −7.4 0.245 2.1 2.30 −4.2 12.4 3.3
0.0806 0.8 0.251 4.6 2.29 −4.6 11.9 −0.8
0.0844 5.5 0.253 5.4 2.39 −0.4 11.9 −0.8
0.0785 −1.9 0.254 5.8 2.35 −2.1 11.7 −2.5
0.0794 −0.8 0.232 −3.3 2.34 −2.5 11.5 −4.2
0.0797 −0.4 0.231 −3.8 2.44 1.7 12.4 3.3

Intra-run mean (ng/mL) 0.0795 0.244 2.35 12.0
Intra-run %CV 4.2 4.3 2.4 3.1
Intra-run %Bias −0.6 1.7 −2.1 0.0
n 6 6 6 6

Mean (ng/mL) 0.0786 0.246 2.37 11.8
Inter-run %CV 11.9 5.0 3.1 2.7
Inter-run %Bias −1.8 2.5 −1.3 −1.7
n 18 18 18 18
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a >20%Bias.
ean and S.D. expressed in ng/mL.

mproved the retention of FTY720-P on SPE cartridge without com-
romising that of FTY720. As a consequence, this solution was used
o dilute and load the blood samples onto the cartridge.

The mobile phase regulates chromatography behavior and
ppropriate ionization. To obtain the optimal mobile phase, various
atios of methanol, acetonitrile and water were tested. The acetoni-
rile could lower the running time of each sample within 2.0 min,
ut broaden peak was obtained for FTY720 and almost no retention
or FTY720-P (data not shown). An increase in the methanol content
mproved the sensitivity and peak shape of FTY720, but the reten-
ion of FTY720-P was not enough. In addition, the acidic modifier,
ormic acid or acetic acid did not improve the sensitivity and the
eak shapes. Finally, mobile phases consisting of DMHA solution
A) and acetonitrile/isopropanol (80/20, v/v) were optimal for the
etention of FTY720-P and that of FTY720.

.2. Selectivity

The selectivity was investigated by analyzing six individual
lank extracted blood samples. There was no significant inter-
erence at the expected retention times of FTY720 (Fig. 4A)

nd FTY720-P (Fig. 4A1). Moreover, there were no interferences
etween FTY720 or FTY720-P peak and their respective IS. The
epresentative chromatograms of blank blood sample spiked with
he IS (zero sample) at the concentrations used in this study for
[D4]FTY720 and [D4]FTY720-P are depicted in Fig. 4B and B1,
respectively. This demonstrated that our LC–MS/MS assay is highly
specific for the simultaneous determination of FTY720 and FTY720-
P in human blood.

3.3. Sensitivity

The LLOQ was defined as the lowest concentration on the cali-
bration curve of FTY720 and FTY720-P measured with acceptable
precision and accuracy (i.e. coefficient of variation (CV) and rela-
tive error <20%) and with at least five times response compared
to blank response. Shown in Fig. 4C and C1 are the representative
chromatograms of FTY720 and that of FTY720-P at the respective
LLOQ of 0.08 ng/mL and 0.1 ng/mL. As can be noticed, with 150 �L
injection, FTY720 and FTY720-P peaks at the LLOQ were above the
requirement for a reliable quantification.

3.4. Calibration

Blood calibration curves for FTY720 and FTY720-P were con-
structed using peak area ratios of each analyte to that of its

IS and applying a weighted (1/x2) least-squares linear regres-
sion analysis. Daily variations of calibration regression coefficient
(R2) and the linear regression fit equations were as follows:
0.9947 and y = 00.3751x + 0.02769 for FTY720 and 0.9977 and
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Table 4
Concentration of QCs results in human blood and accuracy and precision of the method in spiked human blood for FTY720-P.

Run date FTY720P nominal concentration (ng/mL)

0.100 %Bias 0.300 %Bias 3.00 %Bias 15.0 %Bias

FTY720P measured concentration (ng/mL)
Day 1 0.116 16.0 0.256 −14.7 3.17 5.7 15.8 5.3

0.107 7.0 0.291 −3.0 3.43 14.3 15.8 5.3
0.121 21.0a 0.291 −3.0 2.89 −3.7 14.8 −1.3
0.138 38.0a 0.327 9.0 2.74 −8.7 15.3 2.0
0.104 4.0 0.274 −8.7 2.84 −5.3 12.9 −14.0
0.0909 −9.1 0.363 21.0b 2.73 −9.0 16.8 12.0

Intra-run mean 0.113 0.300 2.97 15.2
Intra-run %CV 14.2 12.9 9.4 8.7
Intra-run %Bias 13.0 0.0 −1.0 1.3
n 6 6 6 6

Day 2 0.118 18.0 0.285 −5.0 3.00 0.0 14.0 −6.7
0.0934 −6.6 0.278 −7.3 2.82 −6.0 14.5 −3.3
0.104 4.0 0.333 11.0 2.95 −1.7 14.9 −0.7
0.106 6.0 0.290 −3.3 3.12 4.0 15.5 3.3
0.0997 −0.3 0.330 10.0 2.84 −5.3 14.8 −1.3
0.122 22.0a 0.285 −5.0 2.79 −7.0 13.9 −7.3

Intra-run mean 0.107 0.300 2.92 14.6
Intra-run %CV 10.2 8.2 4.3 4.1
Intra-run %Bias 7.0 0.0 −2.7 −2.7
n 6 6 6 6

Day 3 0.125 25.0a 0.286 −4.7 3.12 4.0 15.5 3.3
0.0879 −12.1 0.321 7.0 2.91 −3.0 15.0 0.0
0.0971 −2.9 0.329 9.7 2.89 −3.7 15.9 6.0
0.0990 −1.0 0.287 −4.3 3.15 5.0 15.8 5.3
0.0760 −24.0a 0.270 −10.0 2.89 −3.7 14.7 −2.0
0.0833 −16.7 0.315 5.0 3.16 5.3 16.9 12.7

Intra-run mean 0.0947 0.301 3.02 15.6
Intra-run %CV 18.1 7.8 4.5 5.0
Intra-run %Bias −5.3 0.3 0.7 4.0
n 6 6 6 6

Mean conc. (ng/mL) 0.105 0.301 2.97 15.2
Inter-run %CV 15.3 9.3 6.3 6.5
Inter-run %Bias 5.0 0.3 −1.0 1.3
n 18 18 18 18
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ean and S.D. expressed in ng/mL.
a >20%Bias.
b >15%Bias.

= 0.2214x + 0.01029 for FTY720-P. The calibration curve param-
ters obtained on each of the three days were suitable for
he quantification of FTY720 and FTY720-P in the samples dur-
ng the intra- and inter-day validations, dilution and stability
ests.

.5. Precision and accuracy

For FTY720 and FTY720-P, precision (expressed as percent rel-
tive standard deviation, %CV) and accuracy (expressed as percent
rror, %bias) were calculated for the four QCs concentrations. At
east five replicates of each QC point were analyzed every day to
etermine the intra-day accuracy and precision. This process was
epeated over 3 days in order to determine the inter-day accu-
acy and precision. The intra-run QCs accuracies were within the
ange ±20% at the LOQ and ±15% at the other concentration levels
ith at least 3/4 of the individual back-calculated values fulfilling

hese acceptance criteria (Tables 3 and 4). The inter-run preci-
ion and accuracy values for FTY720 ranged from 2.7 to 11.9%

n = 18) and between −1.8 to 2.5% (n = 18), respectively (Table 4).
he inter-run precision and accuracy values for FTY720-P ranged
rom 6.3 to 15.3% (n = 18) and between −1.0 to 5.0% (n = 18), respec-
ively (Table 5). These results clearly demonstrated that our on-line
SPE-LC–MS/MS analytical method is reliable for the quantitative
analysis of FTY720 and FTY720-P in human blood samples.

3.6. Stability of blood sample during storage

The assessment of FTY720 stabilities were performed on spiked
QCs at 0.240 and 12.0 ng/mL whereas spiked QCs at concentration
of 0.300 and 15.0 ng/mL were used to study those of FTY720-P one.
The bench-top stability over 6 h, the three freeze–thaw cycles and
the auto-sampler stability evaluated at 5 ◦C over 90 h were suc-
cessfully validated for FTY720 and FTY720-P with good accuracy
and precision data (Table 5).

3.7. Dilution effect

The dilution test was determined using a 1000-fold QCs dilution
with blank blood for FTY720 and FTY720-P prior their extraction
and assayed in 5 replicates along with Cs and QCs in a validation run.
As can be seen in Table 6, the measured concentrations of FTY720

and FTY720-P in these QCs were comparable to the nominal values,
with accuracy of 10.8% (FTY720) and 11.6% (FTY720-P), demon-
strating that samples with higher concentration can be diluted with
blank blood to obtain acceptable data.
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Table 5
Room temperature, freeze–thaw and auto-sampler stability of FTY720 and FTY720-P
(n = 3).

Room
temperaturea

Freeze–thaw
cyclesb

Auto-
samplerc

FTY720
Nominal concentration (ng/mL) 0.240 0.240 0.240
Measured concentration (ng/mL)
Sample 1 0.242 0.247 0.278
Sample 2 0.236 0.230 0.226
Sample 3 0.245 0.251 0.267

Mean (ng/mL) 0.241 0.243 0.257
%CV 1.9 4.6 10.7
%Bias 0.4 1.1 7.1
Nominal concentration (ng/mL) 12.0 12.0 12.0
Measured concentration (ng/mL)
Sample 1 12.7 11.9 12.1
Sample 2 13.5 12.3 12.9
Sample 3 12.5 12.9 12.3

Mean (ng/mL) 12.9 12.4 12.4
%CV 4.10 4.07 3.35
%Bias 7.5 3.1 3.6
FTY720-P
Nominal concentration (ng/mL) 0.300 0.300 0.300
Measured concentration (ng/mL)
Sample 1 0.256 0.255 0.373
Sample 2 0.327 0.238 0.32
Sample 3 0.315 0.289 0.305

Mean (ng/mL) 0.299 0.261 0.333
%CV 12.7 10.0 10.7
%Bias −0.2 −13.1 10.9
Nominal concentration (ng/mL) 15.0 15.0 15.0
Measured concentration (ng/mL)
Sample 1 15.1 15.8 15.6
Sample 2 17.2 15.6 15.3
Sample 3 15.8 15.9 14.7

Mean (ng/mL) 16.0 15.8 15.2
%CV 6.67 0.97 3.01
%Bias 6.9 5.1 1.3

a The room temperature stability was determined after 6 h period of storage.
b Stability after 3 freeze–thaw cycles at or below −70 ◦C.
c Auto-sampler stability at 5 ◦C for 90 h.

Table 6
Precision and accuracy of dilution QC samples (n = 5) for FTY720 and FTY720-P.

Initial Concentration (ng/mL) 10,000
Dilution factor 1000

Measured
concentration
(ng/mL)

Final measured
concentration
(ng/mL)

FTY720
Sample 1 11.0 11,000
Sample 2 10.6 10,600
Sample 3 10.6 10,600
Sample 4 12.2 12,200
Sample 5 11.0 11,000

Mean (ng/mL) 11,080
%CV 5.93
%Bias 10.8
FTY720-P
Sample 1 10.8 10,800
Sample 2 10.8 10,800
Sample 3 11.0 11,000
Sample 4 11.2 11,200
Sample 5 12.0 12,000

Mean (ng/mL) 11,160
%CV 4.46
%Bias 11.6

Table 7
Carryover in extracted blood blank samples following injection of the ULOQ for
FTY720, FYP720-P, [D4] FTY720, and [D4] FTY720-P.

Blank 1 Blank 2 Blank 3 Blank 4

FTY720
Measured peak area 671 400 0 0
Peak area at the LLOQ in QCs (n = 3) 2940
Carryover (%) 22.8 13.6 0 0
[D4] FTY720
Measured peak area 26.1 12.3 20.4 30.3
Peak area of ISTD in QCs (n = 3) 40,833
Carryover (%) 0 0 0 0
FTY720-P
Measured peak area 0 0 0 0
Peak area at the LLOQ in QCs (n = 3) 311
Carryover (%) 0 0 0 0
[D4] FTY720-P

Measured peak area 213 457 358 153
Peak area of ISTD in QCs (n = 3) 10,097
Carryover (%) 2.1 4.5 3.5 1.5

3.8. Carryover

In the current assay, the combination of the different solvents
(see the Scheme 1) used to wash the syringe and the injection port
multiple times before and after each injection was proven to be
satisfactory to reduce the carry-over of FTY720. As can be seen in
Table 7, the level of FTY720 in a second blank extracted sample
injected right after the ULOQ was below 15% of the LLOQ signal.
With further injections of extracted blank samples, the amount
of FTY720 found was zero. The carry-over issue has been encoun-
tered during previous analysis of FTY720-P related compound and
this has been attributed to their zwitterionic nature [16]. In the
current assay, we were able to efficiently reduce the carry over of
FTY720-P when using a solution of acetonitrile/DMHA solution to
wash the injection port. As can be seen in Table 7, FTY720-P was
not detected in a first blank extracted sample injected right after
the ULOQ. We believe that DMHA modifies the zwitterionic nature
FTY720-P, which eliminates the carry-over.

3.9. Incurred samples reproducibility (ISR)

Matrix effects due to metabolites present in study samples from
dosed subjects can be difficult to predict and compensate for in
advance. A reproducibility test of incurred samples gives valuable
information on the robustness of the method and should be per-
formed as early as possible. During the method validation blood
samples from human receiving different doses of FTY720 were
also considered for analysis. The blood sample volume, approxi-
mately 1 mL was collected on tubes coated with sodium citrate as
anti-coagulant. A total of 30 samples were re-analyzed for both
FTY720 and FTY720-P within an interval of time less than 1 month.
The %bias between the re-analyzed concentrations and the original
concentrations were all below 20% (Table 8) and this met the accep-
tance criteria set for incurred sample re-analysis [17]. In addition,
ISR was successfully performed for each analysed clinical study
(data not shown).

3.10. Methods comparison

Two separate LC–MS/MS bioanalytical methods were originally
developed for the analysis of FTY720 and FTY720-P in human
blood sample. The FTY720 method was validated within the curve
range of 0.08–80.0 ng/mL using 0.50 mL blood sample with a run

time of 6.5 min. The method consists in (i) a liquid–liquid extrac-
tion of blood samples using a 75/25 (v/v) mixture of tert-butyl
methyl-ether and dichloromethane as organic solvent (ii) evapo-
ration to dryness and reconstitution in the mobile phase and (iii)
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Table 8
Incurred samples reanalysis data for FTY720 and FTY720-P.

Patient nr. FTY720 concentration (ng/mL) FTY720-P concentration (ng/mL)

First determination Second determination Bias (%) First determination Second determination Bias (%)

0001 05105 1.92 1.88 −2.0 1.09 1.01 −7.1
0001 05105 1.05 0.950 −9.9 0.561 0.508 −9.4
0001 05106 2.36 2.31 −1.9 1.36 1.30 −4.5
0001 05106 1.20 1.08 −10.2 0.706 0.624 −11.5
0001 05107 2.27 1.87 −17.7 1.19 1.07 −9.6
0001 05107 1.09 1.02 −6.6 0.563 0.517 −8.2
0001 05108 3.03 2.64 −12.8 1.52 1.37 −9.6
0001 05108 1.36 1.20 −11.5 0.760 0.686 −9.7
0001 05109 2.11 1.72 −18.3 1.03 0.905 −12.1
0001 05110 2.47 2.15 −12.8 1.06 1.03 −2.8
0001 05104 2.38 2.18 −8.7 1.55 1.38 −10.6
0001 05104 2.23 2.26 1.4 1.48 1.38 −6.9
0001 05104 2.76 2.48 −10.2 1.64 1.58 −3.6
0001 05104 2.88 2.59 −10.3 1.80 1.77 −1.4
0001 05104 3.13 2.84 −9.2 2.06 1.93 −5.9
0001 05104 2.84 2.72 −4.4 1.93 1.89 −2.5
0001 05104 2.79 2.57 −7.9 1.57 1.45 −8.0
0001 05104 2.27 2.32 2.2 1.42 1.49 5.0
0001 05105 2.94 2.63 −10.5 1.87 1.54 −17.8
0001 05105 2.60 2.32 −10.8 1.29 1.22 −5.5
0001 05106 3.59 3.38 −5.7 2.10 1.99 −4.9
0001 05106 2.98 2.74 −7.8 1.48 1.47 −0.6
0001 05107 3.14 2.92 −6.9 1.74 1.67 −4.3
0001 05107 2.56 2.42 −5.7 1.20 1.13 −6.1
0001 05108 4.12 3.61 −12.3 2.23 2.02 −9.2
0001 05108 3.61 3.54 −1.9 1.96 1.89 −3.7
0001 05109 3.12 2.86 −8.3 1.57 1.45 −7.5
0001 05109 2.46 2.23 −9.6 1.17 1.09 −6.5
0001 05110 3.74 3.49 −6.9 1.51 1.41 −6.7
0001 05110 3.56 3.39 −4.8 1.35 1.31 −3.3
Total number of samples: 31
Number of samples meeting the acceptance criteria: 31
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Number of results meeting the acceptance criteria (%):

C–MS/MS of FTY720 in positive mode using APCI as the ionization
echnique. The FTY720-P method was validated within the curve
ange 1.5–500 ng/mL using 0.1 mL blood sample with a run time of
.5 min. The method consists on (i) blood protein precipitation with
methanol solution containing the internal standard (ii) evapora-

ion to the dryness and reconstitution in the mobile phase and (iii)
C–MS/MS analysis of samples in positive mode using ESI as the
onization technique.

These two methods were used separately to analyze 62 human
linical samples (31 for each compound) and the results found were

ompared with those obtained with our current method. Shown
n Fig. 5 are the comparative concentration data for FTY720 and
TY720-P between the two single methods and our simultaneous

ig. 5. Comparison of FTY720 and FTY720-P concentration (ng/mL) by the respective
ingle and the simultaneous bioanalytical (combo) methods.
100

quantitative method. It can be noticed that excellent correla-
tion between the results obtained with the single and the combo
LC–MS/MS methods as indicated by a coefficient of correlation
higher than 0.98. Moreover, with a slope value of 1.14, it confirms
that comparable data were obtained between our method and the
two single methods for both FTY720 and FTY720-P on incurred
samples.

4. Conclusions

We have developed and validated a sensitive, rapid and reli-
able method for the simultaneous determination of FTY720 and
FTY720-P in human blood sample. The method has been success-
fully applied to the analysis of human clinical samples. In addition,
the robustness has was demonstrated by the reanalysis of human
incurred samples. The data of our new bioanalytical LC–MS/MS
method were comparable to those obtained with the single meth-
ods. Thus having a single method will obviously (i) reduce the
amount of blood volume taken from patients, which is highly desir-
able to support clinical studies with FTY720; (ii) increase the sample
throughout analysis with less consumption of solvent.
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a b s t r a c t

Metabolomics is the comprehensive assessment of endogenous metabolites of a biological system
in a holistic context, and its property consists with the global view of traditional Chinese medicine
(TCM). Suanzaoren decoction (SZRD), an ancient TCM formulae, has been used for treating insomnia
for centuries, and its mechanism remains unclear completely. This paper was designed to explore glob-
ally metabolomic characters of the insomnia and the therapeutic effects of SZRD. Ultra-performance
liquid-chromatography/electrospray-ionization synapt high-definition mass spectrometry (UPLC/ESI-
SYNAPT-HDMS) combined with pattern recognition approaches including principal component analysis
(PCA), partial least squares-discriminant analysis (PLS-DA) and orthogonal projection to latent structures
discriminate analysis (OPLS-DA) were integrated to approximate the comprehensive metabolic signature
and discover differentiating metabolites. The changes in metabolic profiling were restored to their base-
line values after SZRD treatment according to the PCA score plots. Altogether, the current metabonomic
approach based on UPLC/ESI-SYNAPT-HDMS indicate 20 ions (9 in the negative mode, 11 in the posi-
tive mode) as “differentiating metabolites”. The alterations in these metabolites were associated with

perturbations in amino acid and fatty acid metabolism, in response to insomnia through immune and
nervous system. Of note, we found that SZRD increases sleep activity and exhibits binding affinity for
serotonin receptors. These results implicate the therapeutic effects of SZRD may mediate through sero-
tonergic activation. Our findings also show the robust UPLC/ESI-SYNAPT-HDMS techniques is promising
for metabolites profiling analysis of TCM and open new perspectives to using metabolomics platform to
resolve special TCM issues.
. Introduction

Metabolomics was originally proposed as a method of functional
enomics, an emerging subject of the post-genome era, which,
ogether with genomics, transcriptomics and proteomics, jointly
onstitutes the ‘Systems Biology’ [1,2]. It has recently demon-
trated significant potential in many fields such as responses
o environmental stress, toxicology, nutrition, studying global
ffects of genetic manipulation, cancer, comparing different growth

tages, diabetes, disease diagnosis and natural product discovery
3]. Depending on a series analysis of different sample spec-
ra and combination with chemical pattern recognition methods,
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metabolomics can be used to identify organisms in pathophysio-
logical state, drug toxicity and efficacy [4]. Metabolomics holds the
promise of a comprehensive, non-invasive analysis of metabolic
biomarkers that could detect early-stage disease, identify dis-
ease post-surgery, and help to monitor treatment response.
Surprisingly, the global metabolite profile involves measuring
low molecular-weight metabolites (<1 kDa) in complex bioflu-
ids/tissues to study perturbations in response to physiological
challenges, toxic insults or disease processes [5]. As the newest
of the “omics” sciences, metabolomics has brought much excite-
ment to the field of life sciences as a potential translational
tool, especially its method and design resemble those of tradi-
tional Chinese medicine (TCM). Increasing evidence demonstrates

that TCM is playing an important role in the treatment of many
complex diseases and are being accepted by more and more
people [6,7]. As a systemic approach, metabonomics adopts a ‘top-
down’ strategy to reflect the terminal symptoms of metabolic
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etwork of biological systems in holistic context [8,9]. This trait
s in concert with the holistic efficacy of TCM, indicating that

etabolomics has the potential to impact our understanding
f the TCM theory [3]. Marker metabolites can be therapeu-
ic targets as well [10]. The systemic thinking and strategy
f the metabolomics and its aim at grasping integral function
ave provided unprecedented enlightenment for the modem TCM
esearch.

The sedative–hypnotic medications, including benzodiazepines
nd non-benzodiazepines, are the most common treatments for
nsomnia. However, concerns regarding patterns of inappropri-
te use, dependence and adverse effects have led to caution in
rescribing those sedative–hypnotic medications. TCM has been
ommonly used for treating insomnia in Asian countries for cen-
uries. A traditional Chinese herb remedy, SZRD, has been efficiently
nd widely used as a tranquilizing agent to treat insomnia for
housands of years in Asia [11]. SZRD which was reported orig-
nally in ‘Synopsis of the golden chamber’ written by Zhang
hongjing (Han Dynasty) [12], is the most commonly prescribed
hinese herbal formulae with the effects of hypnosis, sedation
nd anti-convulsion and has been used to treat insomnia and
nxiety in the clinical practice [13,14]. It consists of five herbal
edicines: Semen Ziziphi Spinosae (18 g), Poria (10 g), Rhizoma

huanxiong (5 g), Rhizoma Anemarrhenae (10 g) and Radix Gly-
yrrhizae (3 g) [15]. Although SZRD has been used to improve
leep disruption in insomniac patients, its mechanism is still
nclear.

Sleep is essential for basic survival, and insufficient sleep leads
o a variety of dysfunctions. Problems with sleep are one of the
ommonest reasons for seeking medical attention. Knowledge
ained from basic research into sleep in animals has led to marked
dvances in the understanding of human sleep, with important
iagnostic and therapeutic implications. Insomnia is an extremely
ommon symptom in the context of psychiatric disorders. It is esti-
ated that more than 27% people in the world suffer from insomnia

nd this figure is expected to grow by the middle of the 21st cen-
ury [16]. Sleep disturbance is a common health problem among
dults, and enhancing sleep quality is an issue of significant impor-
ance to healthcare providers [17,18]. Insomnia can also impair
ttention and memory, and its growing prevalence, especially
mong “knowledge workers”, motivates a detailed exploration of
ts impact on human behavior. Several behavioral and imaging
tudies have examined the effects of sleep deprivation on attention,
emory, and emotion processing. As sleep quality worsens into

nsomnia, individuals may seek assistance from medication. How-
ver, sedative and hypnotic drugs possess seriously adverse effects.
any Chinese medicinal products have been traditionally used for

he treatment of insomnia, however, few literatures reported about
he detailed therapeutic mechanisms how these Chinese medicines
rigger the promotion of sleep. In trying to approach the rationale
f formula design in TCM, here we use the treatment of insomnia
ith SZRD as a working model.

Recent advances of instrumentation and computation has
nabled the simultaneous analysis of a large number of metabolites.
PLC coupled with MS has proven to be an effective combina-

ion for metabolites identifications and quantifications due to its
xcellent resolution and sensitivity. The aim of the current study
as to obtain a systematic view of dissection of mechanisms of

ZRD as an effective treatment for sleeping disorder. We wished to
dentify multiple metabolites that could facilitate the understand-
ng of the actions of SZRD and aid their incorporation into future
mprovement of TCM therapy. Thus, a robust Waters UPLC/ESI-

YNAPT-HDMS system and Waters UPLC BEH C18 column with a
.7 �m particle size was utilized and designed to elucidate the
reatment for sleeping disorder of SZRD on Drosophila with sleep
eprivation by light stimulus.
iomedical Analysis 58 (2012) 113–124

2. Materials and methods

2.1. Ethics statement

All studies were performed in accordance with the recommen-
dations of the Guide for the Care and Use of Laboratory Animals
of Heilongjiang University of Chinese Medicine. The protocol was
approved by the Animal Experimental Ethical Committee of Hei-
longjiang University of Chinese Medicine. All efforts were made to
ameliorate suffering of animals.

2.2. Animals

The wild-type Drosophila melanogaster (Canton S) was provided
by Beijing University. D. melanogaster adult of the wild-type strain
Canton-S were collected within 24 h after eclosion and kept at
25 ◦C, humidity (55 ± 5%), under 12:12-h light–dark cycle condi-
tions either in population vials that housed 50 flies and contained
5 ml of 5% sucrose 1% agar or in individual monitor tubes that
housed a single fly and contained 150 �l of 5% sucrose 1% agar for
the duration of the experiment. Individual flies were acclimated for
5 days. The locomotor activity was measured using the Drosophila
Activity Monitoring System (DAMS, Trikinetics Inc., USA).

2.3. Animals sampling and handling

Seven-day drosophila were randomly divided into 3 groups with
10 drosophila in each (male, 5; female, 5): the Control; Model and
SZRD groups. The drosophila in the model and SZRD groups were
performed by light sleep deprivation method. In the experiments
with sleep deprivation, at the seventh night, the drosophila were
sleep deprived by handling starting at 19:00 light onset, restored
the 10 min light period for each whole time point from 20:00 to
7:00 am day 8. The whole procedure of light sleep deprivation was
holding for 3 consecutive days. The drosophila in the control and
model groups were administrated with normal nutrient medium in
the whole procedure for 10 consecutive days and anaesthetized by
CO2 on day 10. Flies were anaesthetized by CO2 and killed on day 8
(8:00 a.m.). Drosophila was shattered and extracted from methanol
and by centrifugation at 3000 rpm for 10 min at 4 ◦C and stored at
−20 ◦C for metabolomic analysis.

2.4. Chemicals and reagents

Acetonitrile (HPLC grade) was purchased from Merck (Darm-
stadt, Germany); methanol (HPLC grade) was purchased from
Fisher Corporation (Michigan, USA); distilled water was purchased
from Watson’s Food & Beverage Co., Ltd. (Guangzhou, China);
formic acid was of HPLC grade, and was produced from Hon-
eywell Company (Morristown, NJ, USA); leucine enkephalin was
purchased from Sigma–Aldrich (MO, USA). All other reagents were
of analytical grade. Semen Ziziphi Spinosae, Poria, Rhizoma Chuanx-
iong, Rhizoma Anemarrhenae and Radix Glycytthizae were purchased
from Harbin Tongrentang Drug Store (Harbin, China). All crude
drugs were authenticated by Prof. Xijun Wang, Department of
Pharmacognosy of Heilongjiang University of Chinese Medicine.
SZRD was prepared in our laboratory according to the method
recorded in “Synopsis of the golden chamber”, and the decoction
was transformed into the freeze-dried powder. Nutrient medium
preparation: Maizena (14 g), saccharobiose (10 g), agar (1 g) and
distilled water (153 ml) are stirred and boiled for 2–3 min, then add
in yeast powder (1 g) and propionic acid (0.8 ml) miscing. SZRD was

added in nutrient medium.

According to the original composition and preparation method
of SZRD recorded in ‘Synopsis of the golden chamber written’, SZRD
was prepared in the following procedure. Semen Ziziphi Spinosae
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18 g) was crushed to power (40 mesh size) and immersed in
000 ml deionized water for 1 h and then decocted to boil keep-

ng for 30 min until the volume of water reduced to about 400 ml,
hen 6 g Poria, 6 g Rhizoma Chuanxiong, 6 g Rhizoma Anemarrhenae
nd 3 g Radix Glycytthizae were added, and kept it boiling for 10
ore minutes. The extracted solution was filtered through 6 layer

auzes and made to a concentration of 1 g crude drug per milliliter,
nd finally the solution was freeze-dried. Twenty milligrams of
he freeze-dried powder were extracted with 20 ml methanol for
0 min under ultrasonics. The methanol extraction was centrifuged
t 10,000 rpm for 5 min at 4 ◦C, and the supernatant was filtered
hrough a 0.22 �m-filter, the filtrate was used for UPLC analysis.

.5. UPLC–Q-TOF-HDMS analysis

The UPLC–MS analysis was performed on a Waters ACQUITY
PLC system (Waters Corporation, Milford, USA) coupled with a
aters Micromass Q-tof microTM Synapt High Definition Mass

pectrometer (Manchester, UK) equipped with electrospray ion-
zation. For the reversed-phase UPLC analysis, the ACQUITY UPLCTM

EH C18 column (100 mm × 2.1 mm i.d., 1.7 �m, Waters Corp, Mil-
ord, USA) was used. The column temperature was maintained at
5 ◦C; the flow rate of the mobile phase was 0.40 ml/min; the injec-
ion volume was fixed at 5.0 �l. Mobile phase A consisted of 0.1%
ormic acid in acetonitrile, while mobile phase B consisted of 0.1%
ormic acid in water. The column was eluted with a linear gradi-
nt of 1–50% B over initial to 2.0 min, 50–70% B over 2.0–7.0 min,
0–99% B over 7.0–11.0 min and held at 99% B for 2.0 min, returned
o 1% B for 0.5 min and then held for 1.5 min at an eluent flow rate
f 0.40 ml/min.

For the UPLC–HDMS analysis, the optimal conditions were as
ollows: capillary voltage of 2500 V, desolvation temperature of
50 ◦C, sample cone voltage of 35 V, extraction cone voltage of
.0 V, microchannel plate voltage of 1600 V, collision energy of 4 eV,
ource temperature of 120 ◦C, cone gas flow of 50 l/h and desol-
ation gas flow of 700 l/h for positive ion mode; capillary voltage
f 2300 V, desolvation temperature of 300 ◦C, sample cone volt-
ge of 45 V, extraction cone voltage of 4.0 V, microchannel plate
oltage of 1600 V, collision energy of 4 eV, source temperature of
00 ◦C, cone gas flow of 50 l/h and desolvation gas flow of 700 l/h
or negative ion mode. A “purge-wash-purge” cycle was employed
n the auto-sampler, with 90% aqueous formic acid used for the
ash solvent and 0.1% aqueous formic acid used as the purge

olvent, this ensured that the carry-over between injections was
inimized. The mass spectrometric full-scan data were acquired

n the positive ion mode from 100 to 1000 Da with a 0.1 s scan
ime. Data were centroided and mass was corrected during acqui-
ition using an external reference (Lock-SprayTM) consisting of a
.2 ng/ml solution of leucine enkephalin infused at a flow rate of
00 �l min−1 via a lockspray interface, generating a reference ion
or positive ion mode ([M+H]+ = 556.2771) and negative ion mode
[M−H]− = 554.2615) to ensure accuracy during the MS analysis.

.6. Data processing and multivariate data analysis

The mass data acquired were imported to Markerlynx (ver-
ion 4.1, Waters Corporation, MA, USA) within Masslynx software
version 4.1) for peak detection and alignment. All data were nor-

alized to the summed total ion intensity per chromatogram, and
he resultant data matrices were introduced to EZinfo 2.0 soft-
are for PCA, PLS-DA and OPLS analyses. Metabolite peaks were

ssigned by MS/MS analysis or interpreted with available bio-

hemical databases, such as HMDB, http://www.hmdb.ca/; KEGG,
ttp://www.genome.jp/kegg/; METLIN, http://metlin.scripps.edu/;
assBank, http://www.massbank.jp/. Potential markers were

xtracted from S-plots constructed following analysis with OPLS,
iomedical Analysis 58 (2012) 113–124 115

and markers were chosen based on their contribution to the vari-
ation and correlation within the data set. Other statistical analyses
used include one-way analysis of variance (ANOVA), least signifi-
cant difference (LSD) test and independent sample t-test. They were
performed with SPSS 17.0. Statistical differences are considered
significant when the test p value is less than 0.05.

3. Results and discussion

Using the optimal reversed-phase UPLC–HDMS conditions
described above, the representative Based Peak Intensity (BPI)
chromatograms of drosophila samples collected are presented in
Fig. 1. Low molecular mass metabolites could be separated well in
the short time of 14 min due to the minor particles (sub-1.7 �m) of
UPLC. The OPLS-DA approach separated samples into two blocks
was applied to obtain better discrimination as a result of sleep
deprivation between the control and model groups, indicating that
the insomnia model was successfully reproduced (Fig. 2A and B).
The corresponding PLS-DA loadings plot indicated that differenti-
ating metabolites were attributable to the clustering observed in
the scores plot (Fig. 3). To exhibit the responsibility of each ion
for these variations more intuitively, S-plots and VIP-value plots
were combined (Fig. 4). The green point graph is the S-plot, and
most of the ions were clustered around the origin point; only a
few of them scattered in the margin region, and just these few
ions contributed to the clustering observed in the score plot and
were also the differentiating metabolites. The red point graph is
the VIP-value plot, which represents the value of each ion. The far-
ther away from the origin, the higher the VIP value of the ions
was. The green points and red points were in one-to-one corre-
spondence in the combination. Combining the results of the OPLS
analysis with S-plots and VIP-value plots, the UPLC–HDMS analysis
platform provided the retention time, precise molecular mass and
MS/MS data for the structural identification of biomarkers. Finally,
potential biomarkers of significant contribution was characteri-
zated 11 in positive mode and 9 in negative mode, respectively
(Tables 1 and 2). According to the protocol detailed above, the
robust UPLC–HDMS segregation analysis platform provided the
retention time, precise molecular mass and MS/MS data for the
structural identification of biomarkers. The precise molecular mass
was determined within measurement errors (<5 ppm) by Q-TOF,
and meanwhile, the potential elemental composition, degree of
unsaturation and fractional isotope abundance of compounds were
obtained. The presumed molecular formula was searched in Chem-
spider, Human Metabolome Database, METLIN and other databases
to identify the possible chemical constitutions and to determine
the potential structures of the ions. Taking one ion as example, the
identification procedure was as follows. According to the protocol
detailed above, the ion at Rt = 3.04 and [M+H]+ = 274 has a high VIP
value. This ion might contain an odd number of nitrogen atoms
because its precise molecular weight was 274.2744, and its molec-
ular formula was speculated as C16H35NO2 from the analysis of its
elemental composition and fractional isotope abundance. Degree
of unsaturation was calculated as 0, indicating that it was a ring
compound. The main fragment ions analyzed by MS/MS screening
were m/z 228.1992, 175.1490, 147.1256 and 81.0655, which could
correspond to lost –C3H10, –C7H15, –C9H19 and –C12H28, respec-
tively. Finally, it was speculated as N-lauryl-diethanolamine after
searching in the database. All of the potential biomarkers identified
are shown in Tables 1 and 2 and Fig. 5.

We utilized metabolomic approach further to delineate

metabolic changes of insomnia after dosing SZRD regiment treat-
ment. Metabolomic trajectory analysis has been found that SZRD
dosing regiment can be regulated back towards their baseline
levels to that of control group. With regard to information analyst

http://www.hmdb.ca/
http://www.genome.jp/kegg/
http://metlin.scripps.edu/
http://www.massbank.jp/
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Table 1
Potential biomarkers identified of insomnia drosophila in positive model.

No. VIP Formula Observed [M+H]+ Rt Actual-M Proposed compound MS/MS Losses

1 27.72 C16H35NO2 274.2744 3.04 273.2668 N-Lauryl diethanolamine 228.1992 –C3H10

175.1490 –C7H15

147.1256 –C9H19

102.0608 –C12H28

81.0655 –C10H27NO2

2 22.45 C18H39NO3 318.2978 3.07 317.2930 2-Aminooctadecane-1,3,4-triol 256.2679 –C2H6O2

177.1187 –C6H23NO2

105.0707 –C14H29O
87.0462 –C14H33NO

3 20.64 C18H39NO2 302.3048 3.91 301.2981 (2S,3R)-2-aminooctadecane-1,3-diol 211.2065 –C4H13NO
89.0595 –C4H9O2

73.0328 –C3H5O2

4 17.48 C20H43NO2 330.3375 5.18 329.3294 2,2′-(Hexadecylimino) 211.1942 –C7H19O
184.1793 –C9H22O
117.0869 –C15H33

69.0682 –C15H35NO2

5 17.24 C22H47NO2 358.3651 6.61 357.3607 2,2′-(Octadecylimino)diethanol 285.2761 –C5H13

241.2369 –C7H17O
180.1748 –C10H26O2

109.0957 –C14H35NO2

71.0829 –C18H39O2

6 14.56 C21H38O4 355.2805 8.64 354.2770 Ricinoleic acid, methyl ester, acetate 313.2772 –C2H2O
131.1097 –C14H24O2

71.0871 –C16H28O4

7 14.19 C36H69NO5S 628.4999 8.83 627.4896 Ditetradecyl N-(4-sulfany
lbutanoyl)-l-aspartate

584.4768 –C2H4O

553.4100 –C4H11O
443.3358 –C11H21O2

355.2825 –C15H31NOS
257.2662 –C20H35O4S
171.1433 –C26H51NO3S
93.0246 –C30H65NO4S

8 13.75 C10H12N2O 176.0850 9.21 175.0949 Serotonin 146.0649 –CH5N
94.0408 –C4H7N2

65.0258 –C6H10NO
9 12.24 C28H44N2O3 457.3482 9.44 456.3352 15-Hydroxy-N-methyl-9-oxo-N-(2-

pyridin-2-ylethyl)prost-13-en-1-
amide

391.2977 –C5H6

339.2353 –C6H14O2

301.2815 −301.2769
282.2799 –C10H9NO2

57.0706 –C24H36N2O3

10 11.91 C29H46N2O3 471.3629 9.84 470.3508 N-octadecanoyl tryptophan 427.3368 –CH2NO
315.2898 –C7H10NO3

177.1160 –C18H32NO2

133.0864 –C20H36NO3

11 11.78 C13H16N2O2 232.1212 10.19 232.121185 Melatonin 202.0896 –CH3N
106.0405 –C6H9N2O
92.0152 –C8H13NO

Fig. 1. BPI chromatograms derived from UPLC–HDMS in (A) positive mode and (B) negative mode.
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Table 2
Potential biomarkers identified of insomnia drosophila in negative model.

No. VIP Formula Observed [M−H]− Rt Actual-M Proposed compound MS/MS Losses

12 21.17 C18H32O2 279.2911 9.33 280.2402 Linoleic acid 208.2101 –C3H3O2

196.1442 –C6H11

181.1190 –C7H14

171.1448 –C8H12

155.1172 –C9H16

87.0439 –C14H24

13 13.01 C15H26N4OS 309.2186 6.21 310.1827 1′-(Cyclopropylcarb-amothioyl)-1,4′-bi
piperidine-4′-carboxamide

285.1849 –C2

278.1532 –CH3O
266.1505 –C2H3O
221.1457 –C3H6NS
127.1063 –C8H12N3S

14 12.41 C17H30N4O2S 353.2073 6.65 354.2089 2-{[4-(3-Methoxypropyl)-5-propyl-
4H-1,2,4-triazol-3-yl]sulfanyl}-1-(3-
methylpiperidin-1-yl)ethanone

284.1307 –C5H9

283.1778 –C2H2N2O
155.0118 –C11H24N3

137.9843 –C13H29NO
136.0243 –C11H14N3O2

96.9628 –C14H30N3O
15 12.05 C23H46N2OS 397.3085 7.04 398.3331 N-(hexadecyl-carbamothioyl)

hexanamide
133.0857 –C18H32O

71.0861 –C18H34N2OS
16 11.65 C28H46N2S 441.3432 7.46 442.3382 5-Heptadecyl-N-phenyl-2,3-dihydro-

1H-pyrrole-1-carbothioamide
253.1738 –C14H20

191.1654 –C15H24NS
149.0254 –C20H38N
136.0214 –C21H39N
97.1015 –C21H32N2S
85.1002 –C22H32N2S

17 9.22 C31H53N3 466.3271 8.37 467.3239 4′-(Hexadecahydropyren-1-yl)-
2,2′:6′ ,2′′-terpiperidine

302.2828 –C10H16N2

175.1361 –C19H35N2

133.0867 –C22H41N2

71.0863 –C26H41N3

57.0712 –C27H43N3

18 8.46 C11H12N2O3 219.0848 8.45 220.0848 5-Hydroxy-l-tryptophan 177.1125 –CO2

101.0597 –C6H4N2O
73.0305 –C8H8N2O

19 7.99 C19H31ClN2O 337.2019 9.04 338.2125 1-(3-Chlorophenyl)-3-dodecylurea 177.1084 –C9H17Cl
151.0959 –C11H19Cl
133.0860 –C11H21OCl
57.0709 –C15H21N2OCl

20 7.19 C20H32O5 351.2250 4.65 352.2249 Prostaglandin D2 279.2242 –C2O3

243.1425 –C4H12O3
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f PCA, which was shown in Fig. 6, the control and insomnia
rosophila groups were significantly divided into two classes after
leep deprivation treatment, indicating that the model of insomnia
as successfully reproduced. SZRD regiment developed the distant

endency to the diverse extent of model group, demonstrating
hat SZRD could have some therapeutic effect on the insomnia.
nterestingly, SZRD exhibited good prevention role of insomnia
nd kept animals in the normal situation, because there were no
istinct clustering differences between control group and SZRD
reatment. Of note, distinct clustering differences were observed
fter SZRD treatment in comparison with the model group; it has
een found that dosing regiment can be regulated back towards
heir baseline levels to that of control group. In order to more
learly characterize treatment sleep effects of SZRD, the intensity
evel of 20 markers in the different groups was analyzed (Fig. 7)
nd, we have found that content of the key markers closered
o normal group. Thus, SZRD may regulate metabolism of these

arkers to efficiently use for sleeping disorder. Additionally, a

orrelation coefficient analysis was applied to investigate the con-
ections between biomarkers and corresponding groups (Fig. 8).
he plot shows how the each biomarker in relation to group
nd represents the feature of group. Variables situated upper are
171.1452 –C10H12O3

87.0412 –C16H24O3

73.0302 –C17H26O3

positively correlated to group and those situated opposite are
negatively correlated to the group. The markers 4, 10, 14, 16, such
as 2,2′-(hexadecylimino), 2-{[4-(3-methoxypropyl)-5-propyl-4H-
1,2,4-triazol-3-yl]sulfanyl}-1-(3-methylpiperidin-1-yl)ethanone,
5-heptadecyl-N-ph-enyl-2,3-dihydro-1H-pyrrole-1-
carbothioamide, 5-heptadecyl-N-phenyl-2,3-dihydro-1H-pyrrole-
1-carbothioamide have the negative correlation with control
group; others have the positive correlation with control group,
indicating normal sleep characteristic. Correlations between
markers 8, 11, 18, 20 with the control group while being relatively
high when compared to the other variables, therefore the change
in serotonin, melatonin, 5-hydroxy-l-tryptophan, prostaglandin
D2 has the strongest association with normal characteristics
and are enough to suggest that these markers can principally
represent the insomnia model in this study. The markers 4, 10,
14, 16 have the positive correlation with model group; others
have the negative correlation with model group, shows the overall
metabolic profile of Drosophila caused a significant disturbance

via sleep deprivation. The markers 4, 10, 14, 16 have the negative
correlation with SZRD group; others have the positive correlation
with SZRD group, consistenting with the control group. The above
conclusion is consistent with PCA results in Fig. 6. Interestingly,
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ig. 2. OPLS-DA model results for control and model group. Significant metabolomi
ubject (A, positive mode; B, negative mode. �, control group; �, model group).

hese results provide evidence for the dissection of the mode of
ction of clinically well established SZRD for insomnia.

Insomnia is a common problem that for many sufferers per-
ists chronically and may result from a wide range of causes [19].
pecific treatments address particular underlying medical disor-
ers. General therapeutic approaches, including pharmacologic and
ehavioral strategies, may have broad applicability to insomnia
atients. Many different medications and substances have been
sed in an attempt to improve sleep. Insomnia is a common prob-

em requiring appropriate recognition and management. Despite
ecent advances in the development of newer hypnotics in western

edicine, a significant proportion of patients with insomnia, both

ocally and internationally, consume TCM [20]. Sedative–hypnotic
edications, including benzodiazepines and non-benzodiazepines,

re usually prescribed for the insomniac patients; however, the
rence was shown between control and model group. One data point stands for one

addiction, dependence and adverse effects of those medications
have drawn much attention. In contrast, SZRD, a classic traditional
Chinese medicine formulae, has been efficiently used for insomnia
relief in China, although its mechanism remains unclear [21]. This
study was designed to further elucidate the underlying mechanism
of SZRD on sleep regulation. Metabolomics is a powerful new tech-
nology that allows for the assessment of global metabolic profiles
in easily accessible biofluids and biomarker discovery in order to
distinguish between diseased and non-diseased status [5,22–24].
The use of metabonomics for the screening of biomarker patterns
and elucidation of biochemical processes during the postgenomic

era has increased contemporaneously with progress in global sys-
tems biology. At present study, a insomnia model was constructed,
and dynamic metabolic profiles of treated drosophila with SZRD
were investigated with UPLC–HDMS combined with multivariate
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Fig. 3. Loading plot of PLS-DA of insomnia drosophila. The loading plot represents the impact of the metabolites on the clustering results. PLS-DA loading plots displayed
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ariables positively correlated with score plots. Statistically and significantly diffe
etween the control and model group (A, positive mode; B, negative mode).

tatistical analysis. We utilized this approach to delineate hypnotic
roperty of SZRD. Interestingly, metabolomic trajectory analysis
as been found that dosing SZRD regiment can be regulated back
owards their baseline levels to that of control group, showed the
otent therapeutic efficacy. Importantly, we found that SZRD acti-
ated an array of factors involved in amino acid metabolism and
ipid metabolism, etc.

Metabolic analysis of insomnia were inferred from changes in
he intermediates during substance metabolism in the present

tudy. Further analysis revealed that metabolites identified
ogether are important for the host response to insomnia through
mmune system and nervous system, etc. Melatonin is a biogenic
mine that is found in animals, plants and microbes. In mammals,
metabolites responsible for the discrimination of the two groups were identified

melatonin is produced by the pineal gland which is located in
the center of the brain but outside the blood–brain barrier. The
secretion of melatonin increases in darkness and decreases dur-
ing exposure to light, thereby regulating the circadian rhythms of
several biological functions, including the sleep–wake cycle [25]. In
particular, melatonin regulates the sleep–wake cycle by chemically
causing drowsiness and lowering the body temperature. Melatonin
is also implicated in the regulation of mood, learning and memory,
immune activity, dreaming, fertility and reproduction. Melatonin

is also an effective antioxidant. Most of the actions of melatonin are
mediated through the binding and activation of melatonin recep-
tors. Individuals with insomnia disorders may have lower than
normal levels of melatonin and that the deficits were associated
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he higher the VIP value of the metabolites was. The black points and red points wer
For interpretation of the references to color in this figure legend, the reader is refe

ith low activity of the melatonin. Reduced melatonin production
as also been proposed as a likely factor in the significantly higher

nsomnia rates in night workers. Serotonin (5-hydroxytryptamine,
-HT) is a biochemical messenger and regulator, synthesized from
he essential amino acid l-tryptophan. Serotonin in the nervous
ystem acts as a local transmitter at synapses, and as a paracrine
r hormonal modulator of circuits upon diffusion, allowing a
ide variety of ‘state-dependent’ behavioral responses to differ-

nt stimuli [26,27]. Serotonin is widely distributed in the nervous
ystem of vertebrates and invertebrates and some of its behav-
oral effects have been preserved along evolution [28]. Such is the
ase of aggressive behavior and rhythmic motor patterns, includ-
ng those responsible for feeding. In vertebrates, which display a

ider and much more sophisticated behavioral repertoire, sero-
onin also modulates sleep, the arousal state, sexual behavior, and
thers, and deficiencies of the serotonergic system causes disor-

ers such as depression, obsessive–compulsive disorder, phobias,
osttraumatic stress disorder, epilepsy, and generalized anxi-
ty disorder. Serotonin has three different modes of action in
he nervous system: as transmitter, acting locally at synaptic
t, which represents the value of each metabolites. The farther away from the origin,
e-to-one correspondence in the combination (A, positive mode; B, negative mode).
the web version of the article.)

boutons; upon diffusion at a distance from its release sites, pro-
ducing paracrine (also called volume) effects, and by circulating in
the blood stream, producing hormonal effects. The three modes can
affect a single neuronal circuit [29]. Serotonin has been claimed to
help alleviate insomnia, depression, and headaches [30]. So, sero-
tonin might be useful biomarker for insomnia. Prostaglandin D2
(or PGD2) is a prostaglandin that is actively produced in various
organs such as the brain, spleen, thymus, bone marrow, uterus,
ovary, oviduct, testis, prostate and epididymis, and is involved in
many physiological events. It is potent endogenous somnogens
and plays a critical role in the regulation of physiological sleep
[31]. PGD2 binds to the prostaglandin D2 receptor which is a G-
protein-coupled receptor. Its activity is mainly that promotes sleep;
regulates body temperature, olfactory function, hormone release,
and nociception in the central nervous system; prevents platelet
aggregation; and induces vasodilation and bronchoconstriction.

PGD2 is also released from mast cells as an allergic and inflam-
matory mediator, through receptor-mediated G-protein linked
signaling pathways. In mammalian systems, it is efficiently con-
verted into more stable arachidonate metabolites, such as PGD2,
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Fig. 5. Loading plots of OPLS-DA model of potential biom

GE2, PGF2a by the action of three groups of enzymes, PGD syn-
hases, PGE synthases and PGF synthases, respectively [32]. PGD2
as been proposed to be essential for the initiation, maintenance

nd plays pivotal roles in the regulation of the physiological sleep
nd shown to reduce promptly and effectively the amounts of sleep
uring the period of infusion [33]. The presence of PGD2 suggests
hat sleep was disturbed. So, PGD2 might appear to contribute to the
identified in negative model (A) and positive (B) model.

insomnia and has a close relationship with insomnia. 5-Hydroxy-
l-tryptophan is synthesized by the pineal gland. Daily rhythms in
pineal methoxyindole metabolism have been described in rodents

and humans (5-hydroxy-l-tryptophan level are coincident with
serotonin levels in rodents pineal) and 5-hydroxy-l-tryptophan
at its highest during the daylight hours and fall markedly soon
after the onset of darkness, coincident with increases in the
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Fig. 6. Trajectory analysis of PCA Score plots for the insomnia drosophila after regimens SZRD treatment in positive model (A) and negative model (B).

Fig. 7. Differential expression levels (mean) of biomarkers in different groups. The “asterisk” indicated the statistical significance of the biomarkers changes by Student’s
t-test: *p < 0.05; **p < 0.01; ***p < 0.001.
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evels of pineal melatonin and the activities of pineal serotonin-
-acetyltransferase and hydroxyindole-O-methyltransferase. The

act that the levels of 5-hydroxy-l-tryptophan and melatonin vary
n parallel suggests that the major factor generating the methoxyin-
ole rhythms is not serotonin-N-acetyltransferase activity, but
erhaps a change in the availability (for metabolism) of “stored”
erotonin. 5-Hydroxy-l-tryptophan is frequently seen in sleep dis-
uption, nightly restlessness, sundowning, and other circadian
isturbances disease [30]. After sleep deprivation, the presence
f 5-hydroxy-l-tryptophan, suggests a potential monitoring role
or insomnia progression. Thus, 5-hydroxy-l-tryptophan might be
ensitive indicator biomarker of insomnia. However, other markers
as warranted the further mechanistic exploration of this formu-

ae.

. Conclusion

The present results demonstrate the dissection of the action of
linically well established TCM formulae such as SZRD should be
ossible by application of advanced analytical research approaches
t the global metabolomics levels. This study may be considered
useful pilot trial in exploring the value of traditional formu-

ae on a larger scale and in helping to bridge Western and the
astern medicines in the era of systems biology. In conclusion,
his is the first demonstration of metabolomic approach to delin-
ate metabolic changes in insomnia after dosing SZRD regiment
reatment. In this study, a model of insomnia drosophila was
onstructed, and dynamic metabolic profiles were investigated
ith UPLC–HDMS combined with multivariate statistical analysis,
otential biomarkers of significant contribution was characteri-
ated 9 in negative mode and 11 in positive mode. Of note, SZRD
egiment developed the distant tendency to the diverse extent of
odel group and could be regulated back towards their baseline

evels to that of control group, demonstrating that SZRD could

ave good prevention role of insomnia and keep animals in the
ormal situation. Analysis of correlations revealed that serotonin,
elatonin, 5-hydroxy-l-tryptophan, prostaglandin D2 have the

trongest association with normal characteristics. We found that
ferent groups. Variables are presented in 3 groups, Control, Model and SZRD. Values
negative correlations) and corresponding markers represented to the right of the

SZRD increases sleep activity and exhibits binding affinity for sero-
tonin receptors. These results implicate the hypnotic effect of SZRD
and its effects may be mediated through serotonergic activation. It
provided strong evidence that the hypnotic effect of SZRD occurred
at the level of global metabolomics. By using a metabolomic
approach, this study also exemplifies that metabolomics could pro-
vide a very promising way to elucidate therapeutic mechanisms of
TCM.
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a b s t r a c t

In a recent contribution to this Journal Gajjar and Shah described the isolation and structure elucida-
tion of the major alkaline degradant of ezetimibe, a lipid lowering agent [A.K. Gajjar, V.D. Shah, J. Pharm.
Biomed. Anal. 55 (2011) 225–229]. Based on 1H NMR, 13C NMR and mass spectrometric studies the
authors concluded that the structure of the degradant is 5-(4-fluorophenyl)-2-[(4-fluorophenylamino)-
(4-hydroxyphenyl) methyl]-pent-4-enoic acid. In a subsequent “Letter to the Editor” submitted to the
Journal, Barhate and Mohanra pointed out that the aforementioned structure is inconsistent with the
spectroscopic data reported by Gajjar and Shah, consequently it must be wrong [Ch.R. Barhate, K.
Mohanra, J. Pharm. Biomed. Anal. 55 (2011) 1237–1238]. However, Barhate and Mohanra did not offer
a correct structure in their critical letter. Based on the cited NMR data we realised that previously we
had had the same degradant in hand and had unambiguously determined its structure from detailed
1H, 13C, COSY, H-C HSQC, H-C HMBC and 1D-NOESY NMR investigations. Herein we report the correct
structure to be (2R,3R,6S)-N,6-bis(4-fluorophenyl)-2-(4-hydroxyphenyl)-3,4,5,6-tetrahydro-2H-pyran-

3-carboxamide. However, the structure is not new and was described earlier [G.Y.S.K. Swamy et al., Acta
Cryst. E 61 (2005) o3608–o3610; K. Filip et al., J. Mol. Struct. 991 (2011) 162–170]. The aim of our present
communication is to bring together the various threads of analytical effort involving this degradant into
a compact and hopefully instructive conclusion on the pages of this Journal. For the sake of completeness
and clarity we also list the correct NMR spectral assignments for ezetimibe which was also given partly

liter
erroneously in the earlier

. Introduction

A vast range of increasingly powerful structure-elucidation
pectroscopic techniques are becoming more and more accessi-
le and almost routinely applicable worldwide. Consequently one
ay easily think that there is hardly any reason to be sceptical

bout the correctness of the structures reported in the modern lit-
rature, especially when the compound in question is available in
ure form and relatively large quantities (several hundreds of mil-

igrams), and contains only a few heteroatoms. However, practice
hows that the fact that we (can) have an abundance of structurally
elevant spectral data in our hands does not necessarily make struc-
ure elucidation a mechanical process, and misinterpreting those
ata is always a possibility that one should take into account.
or example, from a meticulous survey of the papers published
etween 2007 and 2008 in the Journal of Natural Products, Carvalho
nd co-workers concluded that out of 198 publications featur-

ng new natural products whose structure had been determined
y NMR, 47 had at least one new compound for which alterna-
ive structures would also be consistent with the reported NMR

∗ Corresponding author. Tel.: +36 1 5057055.
E-mail address: zs.santa@richter.hu (Z. Sánta).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.08.041
ature, and we propose a mechanism for the formation of the degradant.
© 2011 Elsevier B.V. All rights reserved.

data, but these alternatives had apparently not been considered
and ruled out by the authors of the pertinent papers [1]. Likewise,
an incorrect structure for the major degradant (herein referred to
as “compound X”) of ezetimibe, a lipid lowering agent with the
structure (3R,4S)-1-(4-fluorophenyl)-3-[(3S)-3-(4-fluorophenyl)-
3-hydroxypropyl]-4-(4-hydroxyphenyl)azetidin-2-one (1), was
published recently in this Journal [2]. Based on 1H NMR, 13C
NMR and mass spectrometric studies, in their paper Gajjar and
Shah concluded that the structure of X is 5-(4-fluorophenyl)-2-
[(4-fluorophenylamino)-(4-hydroxyphenyl) methyl]-pent-4-enoic
acid (2) (see Fig. 1). The mistake was quickly spotted by Barhate
and Mohanra, who published a “Letter to the Editor” [3] in which
they drew attention to the fact that structure 2 is incompatible with
the NMR data provided for X in [2]. Following up on the observa-
tions of Barhate and Mohanra, here we note only one conspicuous
detail which shows clearly why structure 2 must be incorrect: the
13C spectrum of X lacks non-aromatic unsaturated carbon peaks. In
their critical letter however Barhate and Mohanra did not propose
an alternative structure for X. Since we also had compound X in
our hands, in the present article we give the correct structure for

X as based on our own detailed NMR studies. Although the struc-
ture elucidation procedure did not require sophisticated methods,
we discuss the problem in some detail to avoid a similar line of
thought as was made in [2].

dx.doi.org/10.1016/j.jpba.2011.08.041
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:zs.santa@richter.hu
dx.doi.org/10.1016/j.jpba.2011.08.041


126 Z. Sánta et al. / Journal of Pharmaceutical and Biomedical Analysis 58 (2012) 125–129

of eze

s
e
t
a
e
a
s
a
d
m
a
t
t
a
fi
t
c
[

2

2

a
r

2

2

l
T
m
s
m
5
r
fi

2

fl
o
(
T
w
R
r
a
a

Fig. 1. Structure

Our literature search disclosed that compound X was already
eparated and identified, first from its crystal structure by Swamy
t al. [4] who also listed its NMR data (however, the structural iden-
ification was not based on NMR). Subsequently a detailed NMR
nd IR characterization was given for X by Filip et al. [5]. How-
ver, a careful inspection of the literature data reveals some errors
nd ambiguities. For example, according to our own NMR mea-
urements performed in various solvents some of the NMR data
nd assignments given for X in [4] are incorrect. Moreover the
egradant’s NMR chemical shifts listed in [5] turn out to have been
easured in DMSO (without the authors mentioning it and using
misleading footnote in that respect), but the discussion in the

ext is based on NMR data measured in CDCl3. Other related litera-
ure reports NMR data for ezetimibe [6–8] without assignments, or
gain with partially wrong data and assignments [9]. Therefore we
nd it useful to fill the analytical gaps and to clarify the ambigui-
ies the different authors left in their spectral data and assignments
orresponding to compound X and the parent compound ezetimibe
2,4–9]. We also added 19F NMR data.

. Experimental

.1. Thin-layer chromatography

TLC was performed using precoated Silica gel 60 F254 TLC plates
nd visualized with ultraviolet light at 254 nm followed by perchlo-
ic acid dyeing reagent.

.2. Preparation of X

.2.1. By NaOH
0.82 g (2.0 mmol) ezetimibe (1) was dissolved in 50 ml methano-

ic sodium hydroxide solution (0.2 g NaOH in 50 ml methanol)
he reaction was heated at 80 ◦C for 30 min. The reaction was
onitored by thin-layer chromatography (EtOAc:n-hexane = 2:1,

tarting material Rf = 0.52, product Rf = 0.66). After completion, the
ixture was cooled to room temperature then neutralized with
ml 1 M hydrochloric acid. The methanol was evaporated, the

esidue was diluted with 15 ml water. The crystalline product was
ltered and washed with 10 ml water. Yield: 0.80 g.

.2.2. By Bu4NF
100 mg (0.24 mmol) (3R,4S)-1-(4-Fluorophenyl)-3-[(S)-3-(4-

uorophenyl)-3-hydroxypropyl]-4-(4-hydroxyphenyl)-azetidin-2-
ne (ezetimibe) was dissolved in 2 ml acetonitrile and 50 mg
0.16 mmol) tetrabutylammonium fluoride hydrate was added.
he reaction was stirred at room temperature for 20 h. The reaction
as monitored by TLC (EtOAc:n-hexane = 2:1, starting material
f = 0.52, product Rf = 0.66). The acetonitrile was evaporated, the
esidue was dissolved in a mixture of 10 ml EtOAc and 10 ml 10%
queous citric acid solution. The mixture was stirred for 15 min,
nd then separated. The organic layer was dried over sodium
timibe (1) and 2.

sulfate, filtered, the solvent evaporated in vacuum. The residue
was crystallized from n-hexane. Yield: 90 mg.

2.3. NMR spectroscopy

NMR measurements were performed at 298 K on a Varian
500 MHz NMR spectrometer equipped with a HCN PFG Triple Res-
onance 13C Enhanced Cold Probe operating at 500 MHz for 1H and
125 MHz for 13C, using DMSO-d6 and CDCl3 as solvent. 19F measure-
ments were performed on a Varian 400 MHz NMR spectrometer
equipped with an ATB 1H/19F/{15N-31P} PFG Probe operating at
376 MHz for 19F. The chemical shifts were referenced either to
TMS (1H) or solvent (13C, DMSO: 39.50, CDCl3: 77.0 ppm). Direct
1H–13C, long-range 1H–13C, scalar and dipolar spin–spin connec-
tivities were established from 1D 1H, 13C, 1H–1H gCOSY, 1H–13C
gHSQC (J = 140 Hz), 1H–13C gHMBC (J = 8 Hz) and 1D NOESY (mix.
time: 500 ms, relax. delay: 1 s) experiments, respectively. All pulse
sequences were applied by using the standard spectrometer soft-
ware package.

2.4. Mass spectrometry

Both low and high-resolution MS measurements were per-
formed on a Finnigan MAT 95XP mass spectrometer using EI
(electron impact) ionization (70 eV, 220 ◦C source temperature,
perfluorokerosene reference compound).

3. Results and discussion

3.1. Alkaline degradation of ezetimibe

Although we had in hand compound X, we had derived it pre-
viously from an alternative synthetic process (see Section 2.2.2).
Therefore we reproduced the process described in [2] exactly so as
to ensure that our identification of X can be based on a full synthetic
compatibility with Ref. [2]. As expected, the synthesis yielded X
which could be separated by crystallisation from water (see Section
2.2.1). The purity of the sample was enough to prove the identity
of the materials derived from the two processes.

3.2. Structure elucidation of compound X

MS and HRMS measurements showed a molecular ion peak for
X at m/z 409 M+, which is the same for ezetimibe and accords with
the statements of [2].

For easier comparison of the data and the deductions presented
in [2], we discuss the NMR spectra of X measured in DMSO, although
the separation of the signals is much better in CDCl3. In the NMR
spectra recorded by us for X the 1H NMR chemical shifts as well as
the 13C NMR chemical shifts accord eminently with those reported

in [2], providing further proof that our compound X is identical
with the major degradant discussed in [2]. The 1H NMR spectrum
of X showed 21 protons: 7 in the aliphatic region, 12 in the aro-
matic region and 2 exchangeable OH or NH protons. The number
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Fig. 3. Relevant part of the HMBC spectrum of X (The numbered peaks refer to the
following correlations: (1) H4–C7; (2) H7–C4; (3) H10–C7; (4) H16–C4; (5) OH–C17;
(6) NH–C22; (7) NH–CO; (8) H7–C9; (9) H4–C15.).
Fig. 2. 1H NMR spec

f protons born by each carbon atom in X could be determined
rom an edited HSQC measurement, showing 2 CH2-s, 3 aliphatic
H-s and 12 aromatic CH-s—in that respect nothing has changed

n comparison with the starting material 1. From this experiment
e could also determine that 2 of the aliphatic CH-s are con-
ected to a heteroatom, most probably an O, as based on their
3C chemical shifts being around 80 ppm; this is a new feature
nd suggests a cyclic rather than an open-chained structure (signal
ssignments are listed in Table 1). This statement is also supported
y the fact that the 1H resonances of one of the CH2-s are far
rom each other (1.54 and 1.99 ppm) and show multiplicity features
hat are characteristic of axial and equatorial protons, respectively,
ocated on the central carbon of a –CHax–CHaxHeq–CHaxCHeq– moi-
ty within a 6-membered cyclic system with a chair-like geometry
quartet-like and doublet-like signals). Although the 1H signals
t 4.62 and 4.63 ppm overlap, their fine coupling pattern could
e conveniently analyzed in a well-resolved 500 MHz 1H spec-
rum: the signal at 4.62 ppm is a doublet with a vicinal coupling of
= 10 Hz, and the one at 4.63 ppm is a doublet–multiplet also with
vicinal coupling of J = 10 Hz (Fig. 2). The whole set of aliphatic

pin–spin connections can be determined from a 2D gCOSY spec-
rum (4.62–2.69–2.10–1.98–1.55–4.63).

The HMBC experiment showed us that the 2 CH carbons having
13C chemical shift around 80 ppm must be directly connected to
different aromatic rings (Fig. 3, peaks 3, 4, 8 and 9) and in 2/3-

ond proximity of each other (peaks 1 and 2). Likewise, according to
he HMBC spectrum both of the exchangeable protons are 2 bonds
way from 2 different aromatic rings (peaks 5 and 6) and one of
hem is also in a 2/3-bond proximity of a carboxyl derivative group
peak 7). Assuming that the structure of X must be closely related to
zetimibe, from these pieces of information we can unambiguously
nfer the structure of X to be 3 (see Fig. 4). (For an easier compar-
son of the assignments with those given in [2] the same skeletal
umbering was used as in [2]).

The configurations of the stereocenters (i.e., C(3), C(4) and C(7))
n 3 could be readily and unambiguously deduced from the mea-
ured 1H–1H vicinal couplings in the tetrahydropyran ring, since
he observed couplings uniquely fit the relative configurations only
s indicated in 3, with the C(3)–H�,ax, C(4)–H�,ax and C(7)–H�,ax

rotons all being axial in a predominant chair conformation of the
etrahydropyran ring in which each bulky substituent is equatorial.
D NOESY experiments also confirmed this geometry. In particular,
trong NOE-s were observed between H(6)�,ax and Ar�-H(10,14)

nd H(3)�,ax and Ar�-H(16,20), but no NOE was detected between
(7)�,ax and H(6)�,ax or between H(4)�,ax and H(3)�,ax. Further-
ore, upon mechanistic considerations 3 is most likely derived

rom 1 via an SN2 reaction on C(4) by the OH group (Scheme 1),
Fig. 4. Structure of compound X (3).

in which case C(3) and C(7) retain their configurations but C(4)
is inverted. On the one hand this mechanism rationalizes the for-

mation of 3 from 1; on the other hand the relative configuration
that follows from such a mechanism accords with what has been
inferred for 3 from NMR. Moreover, since ezetimibe is an optically
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Table 1
NMR signals and assignments for the degradant (X) and ezetimibe (1).

Assignment DMSO CDCl3a

1H 13C (JCF) 1H 13C (JCF)

Degradant (X)
NH-1 9.76 (1H) s – 8.14 (1H) s –
2 – 171.3 – 171.4
3 2.69 (1H) m (∼ddd J 11.1 10.0 4.4) 49.9 2.54 (1H) m (∼ddd J 11.8 9.8 2.6) 51.9
4 4.62 (1H) d J 10.0 80.7 4.72 (1H) d J 10.0 81.4
5 2.02–2.15 (2H) m 28.2 ax: 2.29 (1H) qd J 13.0b 4.0 27.7

eq: 2.18 (1H) dm J 13.3
6 ax: 1.55 (1H) qd J 12.4b 4.4 32.4 ax: 1.58 (1H) qd J 13.3 4.1 32.6

eq: 1.98 (1H) dm J 12.9 eq: 1.98 (1H) dm J 13.3
7 4.63 (1H) dd J 11.2 1.8 78.0 4.62 (1H) dd J 11.5 2.2 78.9
9 – 139.0 d (3.0) – 138.4 d (2.9)
10, 14 7.42 (2H) m 127.7 d (8.2) 7.39 (2H) m 127.2 d (7.8)
11, 13 7.16 (2H) m∼t 114.8 d (21.2) 7.01 (2H) m∼t 114.8 d (21.3)
12 – 161.3 d (242.6) – 161.8 d (245)
15 – 131.2 – 131.7
16, 20 7.19 (2H) m∼d 128.2 7.28 (2H) m∼d 127.7
17, 19 6.66 (2H) m∼d 114.7 6.78 (2H) m∼d 115.2
18 – 156.7 – 156.7
21 – 135.2 d (2.5) – 133.8 d (2.7)
22, 26 7.42 (2H) m 120.9 d (7.9) 7.26 (2H) m 122.0 d (7.8)
23, 25 7.06 (2H) m∼t 115.1 d (22.2) 6.90 (2H) m∼t 114.9 d (21.5)
24 – 157.9 d (240) – 158.9 d (242.5)
Ar-OH 9.28 (1H) s – 8.57 (1H) s –
F −115.6; −119.4 −115.6; −118.6

Ezetimibe (1)
2 – 167.4 – 167.7
3 3.05–3.11 (1H) m 59.4 3.05–3.11 (1H) m 60.1
4 4.80 (1H) d J 2.1 59.6 4.57 (1H) d J 2.4 61.1
5 1.69–1.78 + 1.78–1.84 (2 × 1H) ma 24.5 1.90–2.01 (2H) mc 24.9
6 1.66–1.74 (2H) m 36.4 1.84–1.94 (2H) mc 36.5
7 4.46–4.52 (1H) m 71.1 4.64–4.69 (1H) m 72.4
OH-8 5.29 (1H) d J 4.1 – 3.83 (1H) d J 3.9 –
9 – 142.2 d (2.9) – 140.6 d (2.9)
10, 14 7.30 (2H) m 127.5 d (7.8) 7.30 (2H) m 127.3 d (8.1)
11, 13 7.11 (2H) m 114.7 d (21.0) 7.01 (2H) m 114.9 d (21.3)
12 – 161.0 d (242) – 161.8 d (245)
15 – 127.9 – 127.8
16, 20 7.21 (2H) mc 127.6 7.15 (2H) m∼d 127.0
17, 19 6.75 (2H) m∼d 115.7 6.85 (2H) m∼d 116.0
18 – 157.4 – 157.4
21 – 134.0 d (2.4) – 133.9 d (2.7)
22, 26 7.20 (2H) mc 118.3 d (7.8) 7.25 (2H) m 118.2 d (7.8)
23, 25 7.13 (2H) m 115.8 d (23.0) 6.92 (2H) m 115.5 d (22.8)
24 – 158.0 d (240.5) – 158.6 d (243)
Ar-OH 9.53 – 8.82 –
F −116.4; −118.8 −115.7; −118.5

a A few drops of DMSO was added for better solubility.
b Average coupling constant.
c Determined from HSQC spectrum.
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Scheme 1. Mechanism for t

ure substance with the absolute configuration shown in 1, this
echanism tells us that C(3), C(4) and C(7) must have the absolute

onfiguration as represented by 3.
Based on our observations, namely, that the degradation of

zetimibe requires definitely a medium with proton accepting capa-

ility (water, alcohols), but being not necessarily basic (although
asic conditions accelerate the degradation), on the other hand
lightly acidic media avert the transformation, we came to the con-
lusion that the presence of the alcoholate form is essential for
mation of 3 from ezetimibe.

the reaction. Since the formation of the tetrahydropyranyl ring is
rapid and irreversible, the anion formed in equilibrium only in a
low population is sufficient to complete the reaction.

4. Conclusion
In the present article we gave the structure of the
main degradant (X) of ezetimibe (1), which was incorrectly
identified in a recent paper. The correct structure of X is
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a b s t r a c t

Dasatinib (Sprycel®) is a potent antitumor agent prescribed for patients with chronic myeloid leukemia
(CML). To enable reliable quantification of dasatinib and its pharmacologically active metabolites in
human plasma during clinical testing, a sensitive and reliable liquid chromatography–tandem mass spec-
trometry (LC–MS/MS) method was developed and validated. Samples were prepared using solid phase
extraction on Oasis HLB 96-well plates. Chromatographic separation was achieved isocratically on a Luna
phenyl–hexyl analytical column. Analytes and the stable labeled internal standards were detected by pos-
itive ion electrospray tandem mass spectrometry. The assay was validated over a concentration range
of 1.00–1000 ng/mL for dasatinib and its two active metabolites. Intra- and inter-assay precision values
C–MS/MS
ssay
harmacokinetic

for replicate QC control samples were within 5.3% for all analytes during the assay validation. Mean QC
control accuracy values were within ±9.0% of nominal values for all analytes. Assay recoveries were high
(>79%) and internal standard normalized matrix effects were minimal. The three analytes were stable in
human plasma for at least 22 h at room temperature, for at least 123 days at −20 ◦C, and following at least
six freeze–thaw cycles. The validated method was successfully applied to the quantification of dasatinib
and two active metabolites in a human pharmacokinetic study.
. Introduction

Approximately 5000 people in the USA alone are diag-
osed each year with chronic myeloid leukemia (CML) [1].
enetic insights into this malignancy facilitated the identifi-
ation of the Bcr–Abl kinase as a tractable drug target to
ombat CML [2]. The introduction of imatinib (GleevecTM) as
he first marketed inhibitor of Bcr–Abl has resulted in substan-
ially improved prognoses for patients afflicted with CML [3,4].
nfortunately, many patients are either intolerant to or develop

esistance against imatinib [5,6]. Many such patients have bene-
ted from the introduction of 2nd-generation Bcr–Abl inhibitors
uch as dasatinib (Spyrycel®) and nilotinib (Tasigna®) [7]. Both

f these agents are pharmacologically active in most instances
f imatinib-resistant CML [7]. Although originally approved to
reat imatinib-resistant or intolerant CML patients, dasatinib has

∗ Corresponding author. Tel.: +1 609 252 5069; fax: +1 609 252 3315.
E-mail address: michael.furlong@bms.com (M.T. Furlong).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.008
© 2011 Elsevier B.V. All rights reserved.

recently been approved as a first line therapy as a consequence of
superior performance in a comparative efficacy trial with imatinib
[8].

Dasatinib is extensively metabolized in humans via oxida-
tive (Phase I) and conjugative (Phase II) pathways [9]. Several
metabolites of dasatinib possess significant anti-leukemic activ-
ity. The N-dealkylated metabolite, M4, is approximately equipotent
compared to dasatinib, while the N-oxide metabolite, M5, is
approximately 10-fold less potent [9]. Given the pharmacological
activity of M4 and M5, it was imperative that metabolites M4 and
M5 be quantified along with dasatinib itself during clinical develop-
ment in order to fully understand their contribution to the efficacy
profile of this compound. Two validated LC–MS/MS methods have
recently been described to support simultaneous quantification of
dasatinib and other Brc–Abl inhibitors in human plasma [10,11].
However, neither of these assays was developed to quantify dasa-

tinib metabolites. Herein, we report the development, validation
and successful application of the first LC–MS/MS assay capable of
quantifying dasatinib and two pharmacologically active metabo-
lites.

dx.doi.org/10.1016/j.jpba.2011.09.008
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:michael.furlong@bms.com
dx.doi.org/10.1016/j.jpba.2011.09.008
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. Experimental

.1. Materials and reagents

Dasatinib, metabolites M4 and M5, and stable isotope-labeled
nternal standards were synthesized at Bristol-Myers Squibb
esearch & Development (Fig. 1). Control human K3EDTA plasma
as purchased from Bioreclamation Inc. (Hicksville, NY, USA).
eagent grade ammonium acetate and phosphoric acid were pur-
hased from Sigma-Aldrich (St. Louis, MO, USA). HPLC grade
ethanol was purchased from Mallinckrodt (St. Louis, MO). Formic

cid (90%) was purchased from Fisher (Pittsburgh, PA, USA). Deion-
zed water was obtained using a Continental Research Grade
F/Polishing System Model #LBPUO 1002 (Continental Water Sys-

ems Corporation, US Filter, Houston, TX, USA).

.2. Liquid chromatography–tandem mass spectrometry

Experiments were conducted using a Shimadzu LC-10 AT pump
Columbia, MD, USA), and a Perkin Elmer Series 200 autosam-
ler (Norwalk, CT, USA) coupled to an MDS-Sciex API 4000 triple

uadrupole mass spectrometer equipped with a TurboIonsprayTM

ource (Concord, Ontario, Canada). All evaluations were performed
t unit resolution in the positive ion electrospray (ESI) mode. Chro-
atographic separation was achieved on a phenyl–hexyl Luna
l standard for dasatinib was used to quantify dasatinib and M5. Arrows indicate the

column (50 mm × 2.0 mm 3 micron particle size (Phenomenex,
Torrance, CA, USA). The mobile phase composition was ammo-
nium acetate (pH 3.0; 0.1 M)–water–methanol (10:37:53, v:v:v).
Following sample injection (5 �l) onto the LC–MS/MS system, ana-
lytes were separated under isocratic conditions at a flow rate of
0.3 mL/min. The cycle time of the method was 3.0 min per injec-
tion.

Optimal mass spectrometer parameters employed for detection
of all analytes and internal standards detection were as follows:
ionspray voltage (IS) +5000 V, temperature 400 ◦C, nebulizer gas
(GS1) 50, TurboIonSpray gas (GS2) 75, collision-activated dissocia-
tion (CAD) gas 10, collision gas 6, declustering potential (DP) +80 V,
and entrance potential (EP) +10 V. Collision energy (CE) settings for
dasatinib, M4, M5, [13C4,15N2] stable isotope-labeled dasatinib, and
[13C4,15N2] stable-labeled M4 were 39, 44, 43, 43, and 44 eV, respec-
tively. Collision cell exit potential (CXP) settings for dasatinib, M4,
M5, [13C4,15N2] stable isotope-labeled dasatinib, and [13C4,15N2]
stable isotope-labeled M4 were 6, 17, 26, 10, and 17 eV, respec-
tively. The MRM (Multiple Reaction Monitoring) transitions were
m/z 488 → 401 for dasatinib, m/z 444 → 275 for M4, m/z 504 → 387
for M5, m/z 494 → 407 for [13C4,15N2] stable isotope-labeled dasa-

tinib, and m/z 450 → 481 for [13C4,15N2] stable isotope-labeled M4.
Dwell times were 200 milliseconds for dasatinib, M4 and M5; 150
millisecond dwell times were used for the stable isotope-labeled
internal standards.
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.3. LC–MS/MS data acquisition and processing

MRM data acquisition, chromatographic peak integration, and
hromatographic review were performed using Sciex Analyst, ver-
ion 1.4 software. Data regression using peak area ratios of the
nalyte to the internal standard was carried out using Watson
aboratory Information Management Software (Thermo Fisher Sci-
ntific, Waltham, MA, USA). Calibration standards were fitted to
1/x2 weighted linear regression model and the equation of this

urve was then used to calculate the predicted concentrations in
ll samples within the analytical runs. Intra- and inter-assay assay
Vs for validation analytical run QC samples were calculated within
atson using a one-way analysis of variance (ANOVA).

.4. Preparation of calibration standards and quality control (QC)
amples

Combined analyte spiking solutions were prepared in methanol.
alibration standards and QC samples were prepared by adding
ppropriate volumes of combined analyte spiking solutions to
lank human plasma. The final calibration standard concentrations
ere 1, 2, 5, 10, 50, 100, 250, 500, 750, and 1000 ng/mL. Final QC

amples concentrations were 1, 3, 35, 400, 800, and 5000 ng/mL.

.5. Sample preparation

The combined internal standard working solution used dur-
ng sample extraction was prepared fresh daily in 0.5% aqueous
hosphoric acid at a concentration of 100 ng/mL for each inter-
al standard ([13C4,15N2] stable-labeled dasatinib and [13C4,15N2]
table-labeled M4). Plasma samples were extracted by solid phase
xtraction (SPE) using Oasis HLB 96-well micro-elution plates
Waters Corporation, Milford, MA, USA) as follows: Prior to SPE,
200 �L aliquot of combined internal standard working solution
as added to all plasma samples except matrix blank samples, to
hich a 200 �L aliquot of 0.5% aqueous phosphoric acid solution
as added. SPE plates were conditioned sequentially with 200 �L

f methanol and 200 �L of 0.5% aqueous phosphoric acid. Plasma
amples were applied to the conditioned plates and allowed to
lute slowly via gravity. The plates were sequentially washed with
.5% phosphoric acid and methanol:water (10:90, v:v). Plates were
luted by gravity with 50 �L of methanol. The eluted samples were
iluted with 75 �L of water and submitted for LC–MS/MS analysis.

.6. LC–MS/MS assay validation

Validation of the LC–MS/MS method was carried out in accor-
ance with the FDA Guidance for Industry – Bioanalytical Method
alidation [12] and Bristol-Myers Squibb Standard Operating Pro-
edures. Accuracy, precision and sensitivity were established in
hree core analytical runs for dasatinib and M5; a fourth analytical
un was included for M4 due to insufficient M4 dilution QC sam-
les (3/6) passing for accuracy in one of the three core analytical
uns. The LLOQ was evaluated by spiking the three analytes into 6
nique human plasma lots at 1.00 ng/mL followed by extraction
nd quantification. Specificity was assessed for potential matrix
nterferences in six lots of blank human plasma by extraction and
nspection of the resulting chromatograms for interfering peaks
t the retention times of the 3 analytes and internal standards.
pecificity was similarly assessed for potential internal standard-
erived interferences using six lots of internal standard-spiked
lank plasma. The recovery of dasatinib, M4, M5, and the internal

tandards from human plasma during extraction was determined
t 50 and 800 ng/mL by comparing the response ratios in human
lasma samples spiked with the analytes prior to extraction with
hose spiked post-extraction. The matrix effect was determined
d Biomedical Analysis 58 (2012) 130–135

at concentrations of 50 and 800 ng/mL for dasatinib, M4, M5, and
the internal standards by dividing the analyte peak area responses
in human plasma spiked post-extraction by the analyte responses
spiked in reconstitution solution. Capability of dilution was eval-
uated using QC samples that were prepared at a concentration of
5000 ng/mL and subsequently diluted ten-fold with blank human
plasma prior to analysis.

2.7. Stability evaluation

To assess the stability of the three analytes in plasma, QC sam-
ples were subjected to the following stability stress conditions:
short-term room temperature, freeze/thaw cycling (−20 to 25 ◦C)
and long-term frozen stability (−20 ◦C). Reinjection reproducibil-
ity was also assessed for extracted samples by reinjection of an
entire analytical run after storage at room temperature. To assess
the potential for analyte degradation during study sample blood
collection and plasma harvesting, the stability of all three analytes
in blood was assessed at +4 ◦C and room temperature. The stabil-
ity of the analytes in stock solutions during short and long-term
storage at +4 ◦C and at room temperature was also assessed.

2.8. Pharmacokinetic study

To demonstrate the utility of the validated LC–MS/MS assay,
results from a clinical study conducted in healthy subjects are pre-
sented here. Subjects (n = 20) received a 100 mg dasatinib dose on
Day 1 after an overnight fast. Blood samples were collected at 0, 0.5,
1, 1.5, 2, 3, 4, 5, 6, 8, 12 and 24 h from a peripheral vein using Becton
Dickinson Vacutainers, which contained K3EDTA as the anticoagu-
lant. Plasma was harvested via centrifugation and stored at −20 ◦C
until analysis. Plasma samples were analyzed for dasatinib, M4 and
M5. Single dose pharmacokinetic parameters were derived from
plasma concentration–time data by noncompartmental methods
using KineticaTM 4.2 in eToolbox version 2.4.

3. Results and discussion

3.1. Assay validation and stability evaluation

Validation analytical run calibration curves were linear
over the concentration range 1.00–1000 ng/mL for dasatinib
as well as metabolites M4 and M5. The mean linear regres-
sion equations of the calibration curves for dasatinib, M4 and
M5 were: y = 0.003253(±0.000468) x + 0.000296(±0.000110),
y = 0.00444(±0.000508) x + (0.000117 ± 0.000273) and
y = (0.002069 ± 0.000125) x + (0.000014 ± 0.000103) respectively,
where y was the concentration of the analyte and x was the peak
area ratio of the analyte to the internal standard. Correlation coeffi-
cients (R2) were >0.9951 for all analytes in all validation analytical
runs, indicating a good fit of the calibration data to the regression
lines. Precision and accuracy data obtained for quality control
samples from the core validation analytical runs are summarized
in Table 1. Stability data are summarized in Table 2. Plasma QC
samples were considered to be stable under the stress conditions
tested if the observed concentrations of at least 2/3 of the stressed
QC replicates were within ±15.0% of their respective theoretical
values. Stock solutions were considered to be stable under the
stress conditions tested if the internal standard-normalized peak
area response of the stressed solution differed by ≤5% from the
response of a freshly prepared stock solution.

Representative LLOQ samples for dasatinib, as well as metabo-

lites M4/M5, are shown in Fig. 2. Analysis of six unique lots of
human plasma showed no significant interfering peaks at the reten-
tion times of any of the analytes or internal standard samples. Minor
matrix-derived peaks, even when present, were considered to be
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Table 1
Quality control ANOVA summary for dasatinib and metabolites M4/M5.

Nominal
concentration
(ng/mL)

LLOQ 1.00 QCL 3.00 QCM 400 QCH 800 QCDil 5000

Dasatinib M4 M5 Dasatinib M4 M5 Dasatinib M4 M5 Dasatinib M4 M5 Dasatinib M4 M5

Mean observed
conc.

0.94 0.97 0.99 2.73 2.83 2.74 400 422 405 791 841 823 5340 5520 5620

%DIFF −6.0 −3.0 −1.0 −9.0 −5.7 −8.7 0.1 5.5 1.3 −1.2 5.1 2.9 6.8 10.4 12.5
Between run

precision (%CV)
5.1 3.1 3.0 0.9 3.2 4.2 2.9 0.0a 5.3 3.9 1.8 3.7 5.9 0.6 1.1

Within run
precision (%CV)

4.5 7.9 5.9 3.4 3.9 5.3 0.9 2.0 1.4 3.0 3.2 3.1 8.9 8.0 5.3

Total variation
(%CV)

6.8 8.5 6.6 3.5 5.1 6.8 3.0 2.0 5.5 4.9 3.7 4.8 10.7 8.0 5.4

n 18 24 18 18 24 18 18 24 18 18 24 18 18 24 18
Number of runs 3 4 3 3 4 3 3 4 3 3 4 3 3 4 3

% racy)
c icates

ssay in

i
2
N
i
7
[
e
e
M

CV indicates %coefficient of variation; %DIFF indicates %difference (inter-run accu
ontrol concentration; QCH indicates high quality control concentration; QCDil ind

a No significant additional variation was observed as a result of performing the a

nsignificant because their peak areas were less than or equal to
0% of the analyte peak area of the corresponding LLOQ sample.
o interferences were observed in blank plasma lots spiked with

nternal standards. Mean recoveries were 86.5%, 100.6%, 83.3%,
9.2% and 85.8% for dasatinib, M4, M5, [13C4,15N2] dasatinib and
13C4,15N2] M4, respectively. Internal standard-normalized matrix
ffects were minimal for all analytes and internal standards. Matrix
ffect values were 0.960, 0.948, 0.985, 0.959 and 0.992 for dasatinib,
4, M5, [13C4,15N2] dasatinib and [13C4,15N2] M4, respectively.

Fig. 2. Representative chromatograms at the lower limit of quantification (
; QCL indicates low quality control concentration; QCM indicates medium quality
dilution quality control concentration.
different runs.

3.2. Evaluation of potential matrix variability

Evaluation of precision and accuracy in unique matrix lots at
the LLOQ during validation provides insight into the ability of
an internal standard to normalize lot to lot or subject to subject

variations in analyte response. When quantifying small molecule
analytes in complex biological matrices such as plasma, stable
isotope-labeled internal standards are typically preferred over
structural analog internal standards. This is because the very similar

1.00 ng/mL). Left panels – analytes; right panels – internal standards.
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Table 2
Summary of stability data for dasatinib, metabolite M4 and metabolite M5.

Conditions Minimum stability

Short term room temperature stability in human
plasma

22 h

Frozen stability in human plasma (−20 ◦C) 123 days
Freeze–thaw stability in human plasma (−20 to 25 ◦C) 6 cycles
Reinjection reproducibility of extracted samples (room
temperature)

135 h

Stability in human blood (+4 ◦C and room temperature) 30 min
Stock solution in methanol – storage stability (+4 ◦C) 166 days
Stock solution in methanol – storage stability (room 6 h
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Parameter  Dasatinib M4 M5 

Cmax (ng/mL) 85.6 (36) 4.0 (52) 2.7 (42) 

AUC0-∞

(ng.h/mL) 
294.0 (33) 19.9 (43) 16.7 (43) 

Tmax (h) 1.0 (0.5-3.0) 1.5 (1.0-4.0) 1.8 (1.5-6.0) 

Fig. 3. Mean (+SD) plasma concentration–time profiles and pharmacokinetic data
temperature)
Combined working IS solution in 0.5% phosphoric acid
(room temperature)

24 h

hemical properties and chromatographic retention times of the
nalyte and stable isotope-labeled internal standard are believed to
ore reliably facilitate a proportional change in detector response

or both compounds caused by lot- or subject-dependent changes
n extraction efficiency and/or matrix suppression/enhancement
omponents [13,14]. For the method validation and pharmacoki-
etic study described herein, stable-labeled internal standards
ere available for dasatinib and metabolite M4; however no

table-labeled internal standard was available for metabolite M5.
herefore, the [13C4,15N2] stable-labeled internal standard for dasa-
inib was used to quantify both M5 and dasatinib. Based on their
istinct chemical structures (Fig. 1) and distinct chromatographic
etention times (Fig. 2), the reliability of [13C4,15N2] dasatinib as an
nternal standard for M5 had to be carefully evaluated.

Table 3 summarizes the results of the matrix variability eval-
ations carried out at the LLOQ (1.00 ng/mL) of all three analytes.
s expected, good accuracy and precision was observed for dasa-

inib and metabolite M4, both of which were evaluated using
heir stable-labeled analog internal standards. Metabolite M5 also
howed favorable precision and accuracy results despite not hav-
ng the benefit of a stable-isotope labeled internal standard. These
ata indicated that quantification of all three analytes would not
e adversely affected by subject to subject variability in extrac-
ion efficiency and/or matrix effects during pharmacokinetic study
amples analysis.

.3. Application of the validated LC–MS/MS method to a human
harmacokinetic study

Fig. 3 shows mean (±SD) plasma-concentration time profiles

or dasatinib, metabolite M4 and metabolite M5, along with their
orresponding single dose pharmacokinetic parameters in healthy
ubjects. The mean exposures (±SD) of M4 and M5, relative to dasa-
inib, as calculated by ratio of individual AUC0-∞ values, were 3.3

able 3
atrix variability evaluation in multiple plasma lots at the lower limit of quantifi-

ation (1.00 ng/mL).

Plasma lot number LLOQ (1.00 ng/mL)

Dasatinib M4 M5

1 0.92 0.95 1.11
2 0.91 0.85 1.13
3 0.94 1.06 1.16
4 0.92 0.91 1.08
5 0.89 0.92 1.04
6 0.95 0.96 1.04

Mean observed conc. 0.92 0.94 1.09
%DIFF −7.8 −5.8 9.3
S.D. 0.021 0.070 0.049
%CV 2.3 7.4 4.5

DIFF: %difference; S.D.: standard deviation: %CV: %coefficient of variation.
of dasatinib, M4 and M5 following administration of dasatinib to healthy subjects.
Data were obtained from N = 20 subjects. Cmax and AUC0-∞ data are represented as
geometric means (%CV) and Tmax is represented as median (minimum–maximum).

(±0.9)% and 5.6 (±1.5)%, respectively. These results demonstrated
that M4 and M5 are minor metabolites of dasatinib and therefore do
not contribute significantly to clinical efficacy. These trends were
seen in this pharmacokinetic study and in other studies during
clinical development of this drug.

4. Conclusion

In summary, development, validation and application of the
LC–MS/MS assay described in this report was critical in demon-
strating that despite the potent intrinsic anti-leukemic activity of
metabolites M4 and M5, their relatively low observed exposures
in dasatinib-treated cancer patients ensured that these metabo-
lites would likely not contribute meaningfully to the efficacy of this
compound.
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A novel, sensitive, stability indicating simultaneous dual wavelength reverse phase UV–HPLC method
has been developed for the quantitative determination of potential impurities of fampridine active phar-
maceutical ingredient. Efficient chromatographic separation was achieved on a C18 stationary phase in
gradient mode and quantitation by ultraviolet dual wavelength detection. The method was validated
according to ICH guidelines with respect to specificity, precision, linearity and accuracy. Regression anal-
ysis showed correlation coefficient value greater than 0.999 for fampridine and its seven impurities.
ampridine
mpurity
tress study
alidation

Detection limit as low as 0.003% was achieved for fampridine N-oxide and 0.01% for other impurities.
Accuracy of the method was established based on the recovery obtained between 93.3% and 110.0%
for all impurities. The method was found to be specific, selective to the degradation products and
robust. Peak purity analysis by PDA detector confirmed the specificity of the method. Major degrada-
tion of the drug substance was found to occur under oxidative stress conditions to form fampridine
N-oxide.
. Introduction

Dalfampridine is the first drug approved in the United States by
SFDA to improve walking in patients with multiple sclerosis and

s chemically known as 4-aminopyridine or fampridine. Ampyra®

s an extended release tablet formulation of dalfampridine which
as previously called Fampridine-SR. Fampridine is a potassium

hannel-blocker that enhances conduction in focally demyeli-
ated axons, improves synaptic transmission and potentiates
uscle contraction. It has shown efficacy in patients with all five
ajor types of multiple sclerosis namely relapsing, remitting, sec-

ndary progressive, progressive relapsing and primary progressive
1–4].

A HPLC method has been reported in literature for the quantita-
ive determination of fampridine in pharmaceutical formulations
5]. However extensive survey revealed that no stability indicating
PLC method has been reported including major pharmacopoeias

uch as USP, EP, JP and BP for the quantitative determination of

otential impurities of fampridine active pharmaceutical ingredi-
nt. Therefore it was felt necessary to develop an accurate, rapid,
pecific and stability indicating method for the determination of

∗ Corresponding author. Tel.: +91 120 4362210; fax: +91 120 2580033.
E-mail address: saji thomas@jubl.com (S. Thomas).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.009
© 2011 Elsevier B.V. All rights reserved.

potential impurities of fampridine. The present ICH drug stability
test guideline [6] suggests that stress studies should be carried out
on a drug substance to establish its inherent stability character-
istics, leading to separation of degradation impurities and hence
supporting the suitability of the proposed analytical procedure,
which must be fully validated [7,8].

The presence of impurities in active pharmaceutical ingredient
(API) can have a significant impact on the quality, safety and effi-
cacy of drug products. Therefore, it is important to have a stability
indicating validated method for the quantitative determination of
potential impurities in the drug substance.

The present work deals with method development, method val-
idation and forced degradation study of fampridine. One of the
impurities was found to have absorbance at higher wavelength
hence simultaneous dual wavelength detection was proposed. To
the best of our knowledge, no LC methods have been reported so far
for the impurity profile study of fampridine active pharmaceutical
ingredient.

2. Experimental
2.1. Materials and chemicals

Sample of fampridine API (Batch No. FAM/11001), standards of
Imp-6, Imp-7 were obtained from Chemical Research Department

dx.doi.org/10.1016/j.jpba.2011.09.009
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:saji_thomas@jubl.com
dx.doi.org/10.1016/j.jpba.2011.09.009
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Table 1

List of potential impurities in fampridine.

N

NH2

Fampridine 

S. no. Name Structure Mol. wt Assigned code Source

1 Isoniacin

N

COOH

123.03 Imp-1 Process impurity

2 Niacin
N

COOH

123.03 Imp-2 Process impurity

3 Isonicotinamide

N

CONH2

122.05 Imp-3 Process impurity

4 3-Aminopyridine
N

NH2

94.05 Imp-4 Isomeric impurity

5 2-Aminopyridine
N NH2

94.05 Imp-5 Isomeric impurity

6 Fampridine-N-oxide
N

NH2

O

110.05 Imp-6 Oxidative degradant

7 3-Hydroxy-4-aminopyridine

N

NH2

OH

110.05 Imp-7 Metabolite

o
I
(
p
H
s
t
b

2

m
M
c
p
a
0
p
A
T
w
m

f Jubilant Life Sciences Limited (Noida, India). Imp-1, Imp-2, Imp-3,
mp-4 and Imp-5 were purchased from Sigma Aldrich Corporation
St. Louis, MO, USA). Deionized water was prepared using a Milli-Q
lus water purification system from Millipore (Bedford, MA, USA).
PLC grade methanol, acetonitrile, 1-octane sulphonic acid sodium

alt monohydrate, ammonium acetate, orthophosphoric acid, and
riethylamine were purchased from Qualigens India Limited (Mum-
ai, India).

.2. High performance liquid chromatography

Samples were analysed on a Waters alliance 2690 separation
odule equipped with 2487 UV detector (Waters Corporation,
ilford, MA, USA) using a Xterra RP18 (250 mm × 4.6 mm, parti-

le size 5 �m, Waters Corporation, Milford, MA, USA). The mobile
hase consisted of a mixture of A, 10 mM 1-octane sulphonic
cid sodium salt monohydrate, 10 mM ammonium acetate and
.1% triethylamine adjusted to pH 4.00 ± 0.05 with ortho phos-
horic acid–methanol (95:5, v/v) and B, methanol–mobile phase

(80:20, v/v) with a timed gradient programme (TminA:B): T097:3,

1590:10, T3070:30, T3597:3, and T6097:3. The injection volume
as 20 �L for a sample concentration of 0.75 mg/mL prepared in
obile phase-A. Detector wavelength was fixed at 240 nm and
282 nm and the column was maintained at 40 ◦C throughout the
analysis.

2.3. Photo stability

Photo stability studies were carried out using a photo stability
chamber model TP 0000090G (Thermo Lab equipments Pvt. Ltd.,
Mumbai, India). Study was performed on dark control and pho-
tolytic exposed sample in a way to get the minimum exposure
of 1.2 million lux hours for light and 200 W h/m2 for ultraviolet
region.

2.4. Preparation of stock solution for method validation

A test preparation of 750 �g/mL of fampridine API sample was
prepared by dissolving the appropriate amount in mobile phase-A.
A stock solution of impurities was prepared by dissolving 7.5 mg
each of Imp-1, Imp-2, Imp-3, Imp-4, Imp-5, Imp-6, Imp-7 and
7.5 mg of fampridine in 20 mL of mobile phase-A and further
diluted 5–100 mL with mobile phase-A. From this stock solu-

tion a standard solution containing 1.125 �g/mL of each impurity
and 1.125 �g/mL of fampridine was prepared. This standard solu-
tion was also used for checking solution stability and robustness
parameters.
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Table 2
Method validation summary report.

Parameter Impurity-1 Impurity-2 Impurity-3 Impurity-4 Impurity-5 Impurity-6 Impurity-7 Fampridine

System suitability
RT 2.77 2.99 4.97 10.65 14.69 5.99 18.49 11.97
RRT 0.23 0.25 0.42 0.89 1.23 0.50 1.54 1.00
Rs – 1.31 9.85 14.71 5.30 3.89 8.27 2.92
N 4469 5278 8509 17,642 17,950 6159 25,179 6927
T 1.03 1.18 1.09 1.05 1.09 1.03 1.02 1.76
RF 1.92 2.79 2.29 0.67 1.13 0.23 1.25 1.00

Linearity
r 0.9999 0.9999 0.9999 0.9998 0.9999 1.0000 0.9998 0.9999
Slope 181,191 124,531 151,834 521,853 308,426 956,989 278,843 347,526
Intercept −45 −224 63 −443 −277 −142 −1126 −159
Detection limit (%) 0.01 0.01 0.01 0.01 0.01 0.003 0.01 0.01
Quantitation limit (%) 0.03 0.03 0.03 0.03 0.03 0.01 0.03 0.03
Precision % RSD (n = 6) 1.17 1.89 2.73 0.77 3.42 0.81 2.39 1.41

Accuracy at QL level (n = 3)
Amount added (%) 0.030 0.033 0.030 0.030 0.030 0.010 0.030 0.030
Amount recovered (%) 0.029 0.033 0.029 0.028 0.028 0.011 0.028 0.030
% recovery 96.67 100.00 96.67 93.33 93.33 110.00 93.33 100.00

Accuracy at 100% level (n = 3)
Amount added (%) 0.152 0.151 0.150 0.150 0.149 0.151 0.149 0.150
Amount recovered (%) 0.144 0.148 0.144 0.144 0.142 0.145 0.141 0.150
% recovery 94.74 98.01 96.00 96.00 95.30 96.03 94.63 100.00

Accuracy at 150% level (n = 3)
Amount added (%) 0.228 0.226 0.224 0.225 0.224 0.226 0.224 0.225
Amount recovered (%) 0.216 0.221 0.216 0.216 0.214 0.219 0.212 0.230

n SP res
c

3

3

w
I
r

% recovery 94.74 97.79 96.43

, number of determinations; RT, retention time; RRT, relative retention time; Rs , U
orrelation coefficient.

. Results and discussion

.1. Method development
The main aim of the chromatographic method development
as to achieve the separation of closely eluting impurities namely

mp-1, Imp-2, Imp-4, Imp-5 and to retain fampridine peak. Impu-
ities were named based on their elution pattern. The details of

Im
pu

ri
ty

-6
 -

 5
.9

92

Fa
m

pr
id

in
e 

- 
11

.9
6

9

-5.00

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

50.00

M

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Im
pu

ri
ty

-1
 -

 2
.7

75
Im

pu
ri

ty
-2

 -
 2

.9
95

Im
pu

ri
ty

-3
 -

 4
.9

71

Im
pu

ri
ty

-6
 -

 5
.9

93

Im
pu

ri
ty

-4
 -

 1
0.

64
8

Fa
m

pr
id

in
e 

- 
11

.9
6

9

Im
pu

ri
ty

-5
 -

 1
4.

68
8

m
V

m
V

-5.00

0.00

5.00

10.00

15.00

20.00

25.00

30.00

35.00

40.00

45.00

50.00

M

0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00

Fig. 1. (a) Chromatogram of fampridine spiked with impurities at 240 nm.
96.00 95.54 96.90 94.64 102.22

olution; RF, response factor; N, number of theoretical plates; T, USP tailing factor; r,

potential impurities of fampridine were listed in Table 1. Fampri-
dine, Imp-4 and Imp-5 were co-eluted when different stationery
phases like C8, C18, and phenyl were used in different mobile
phases containing phosphate, ammonium and combination of

these two buffers along with acetonitrile, methanol, with pH rang-
ing from 3 to 6. Tailing was observed to be more at higher pH.
Use of Xterra-RP18 column and introduction of 1-octane sul-
phonic acid sodium salt ion pair reagent was the major factor

inutes
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(b) Chromatogram of fampridine spiked with impurities at 282 nm.



S. Thomas et al. / Journal of Pharmaceutical and Biomedical Analysis 58 (2012) 136–140 139

Fig. 2. (a) Typical chromatogram of fampridine under stress conditions at 240 nm: (a) oxidative degradation, (b) acid hydrolysis, (c) base hydrolysis, (d) thermal degradation,
and (e) photolytic degradation. (b) Typical chromatogram of fampridine under stress conditions at 282 nm: (a) oxidative degradation, (b) acid hydrolysis, (c) base hydrolysis,
(d) thermal degradation, and (e) photolytic degradation.
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n achieving the desired resolution of closely eluting impurities
nd retention of fampridine peak. Use of triethylamine and 40 ◦C
olumn temperature reduced the tailing of fampridine peak. In
he new method, resolution between fampridine and Imp-4 was
ound to be more than 2.0 (Table 2) and the peak tailing was
ess than 2.0. After several experiments for gradient profile, chro-

atographic conditions were optimized as described under Section
.2.

. Method validation

The newly developed method was validated to establish speci-
city, precision, linearity, accuracy, sensitivity, robustness and
ystem suitability according to ICH guidelines. Validation study was
arried out for the analysis of Imp-1, Imp-2, Imp-3, Imp-4, Imp-

, Imp-6 and Imp-7. The system suitability and selectivity were
hecked by injecting 750 �g/mL of fampridine solution contain-
ng 0.15% of all impurities (Fig. 1). Method validation results are
ummarized in Table 2.
4.1. Specificity

Specificity is the ability of the method to unequivocally assess
the analyte response in the presence of its potential impurities.
Specificity was established by injecting fampridine co-spiked with
potential impurities. Forced degradation study was performed to
demonstrate the stability indicating power and specificity of the
proposed method. The stress conditions employed for degradation
study included acid (1 N HCl, 80 ◦C, for 3 h), base (1 N NaOH, 80 ◦C,
for 3 h), thermal (105 ◦C, for 24 h), oxidation (30% H2O2, 30 ◦C, for
15 min), photolytic (1.2 million lux h/and 200 W h/m2) and water
hydrolysis (80 ◦C, for 3 h).

4.2. Results of forced degradation and identification of major
degradant impurity
Fampridine molecule was found to be very stable during stress
conditions in acid, base, thermal, photolytic and water hydroly-
sis. In oxidative degradation condition, significant degradation was
observed and the impurity formed at RRT of 0.51 and was identified
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s fampridine N-oxide. Chromatograms of forced degradation study
ave been depicted in Fig. 2. Peak purity of stressed samples of

ampridine was checked using a SPD M20A photo diode array
etector (Shimadzu Corporation, Japan). Degradation studies and
eak purity test results derived from PDA detector confirmed that
he fampridine peak was homogenous and pure in all the stress
amples. The developed LC method was found to be specific in
he presence of Imp-1, Imp-2, Imp-3, Imp-4, Imp-5, Imp-6, Imp-
and their degradation products confirmed the stability indicating
ower of the newly developed method.

.3. Precision

The precision of the related substances method was checked
y injecting six individual preparations of (750 �g/mL) fampridine
piked with 0.15% of each impurity. Percentage RSD for peak areas
f each impurity was calculated. Precision was also determined
y performing the same procedures on a different day (inter-day
recision). The intermediate precision (ruggedness) of the method
as also evaluated by a different analyst and different instrument

n the same laboratory. Percentage RSD of areas of each impurity
as within 4.0, confirming the good precision at low level of the
eveloped analytical method.

.4. Sensitivity

The sensitivity was determined by establishing the detection
imit (DL) and quantitation limit (QL) for all impurities by injecting
series of dilute solutions with known concentration. The detec-

ion limit and quantitation limit for Imp-1, Imp-2, Imp-3, Imp-4,
mp-5 and Imp-7 were about 0.01% and 0.03% respectively. DL and
L for Imp-6 were 0.003% and 0.01% respectively, indicating high

ensitivity of the method. The precision at QL concentration for all
mpurities was below 4%.

.5. Linearity and range

A linearity test solution for related substance method was pre-
ared by diluting the impurity stock solution to the required
oncentrations. The solutions were prepared at six concentra-
ion levels. From QL to 150% of the permitted maximum level
f impurity (i.e. QL, 0.075%, 0.1125%, 0.15%, 0.1875% and 0.225%)
as subjected to linear regression analysis with the least squares
ethod. Calibration equation obtained from regression analysis
as used to calculate the corresponding predicted responses. The

esiduals and sum of the residual squares were calculated from
he corresponding predicted responses. The correlation coefficient
btained was greater than 0.999 for all impurities. The result
howed an excellent correlation between the peak area and con-
entration of all impurities. Standard deviation of peak area was
ignificantly low and RSD was below 4.0%. Linearity was estab-
ished between ranges of QL to 0.225% of the analyte concentration
750 �g/mL).

.6. Accuracy
The accuracy of the method was evaluated in triplicate at
hree concentration levels, i.e. QL, 100% level (0.15% of the drug
ubstance) and 150% level (0.225% of the drug substance). The per-
entage of recovery for each impurity was calculated at each level.

[

[
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The percentage recovery of all impurities ranged from 93.3% to
110.0% indicating the accuracy of the method.

4.7. Robustness

To determine the robustness of the developed method, exper-
imental conditions were deliberately changed and the resolution
between fampridine and Imp-4 was evaluated. Close observa-
tion of analysis results of deliberately changed chromatographic
conditions (flow rate, pH, mobile phase composition and column
temperature) revealed that the resolution between Imp-4 and fam-
pridine was greater than 2.0, illustrating the robustness of the
method.

4.8. Solution stability

The solution stability of fampridine and its related impurities
was demonstrated by leaving both spiked and unspiked sample
solution in tightly capped HPLC vials at 25 ◦C in auto sampler. Con-
tent of each impurity was determined every 4 h against freshly
prepared standard solution. The solution stability experiments data
confirmed that sample solutions were stable up to 24 h.

5. Conclusion

The newly developed RP-LC method for quantitative determi-
nation of fampridine related substances was found to be sensitive,
precise, accurate specific and stability indicating. The major oxida-
tive degradant was identified as fampridine N-oxide. This newly
developed method has been validated as per regulatory require-
ments and can be used for routine and stability studies for the
quantitative determination of potential impurities in fampridine
drug substance.
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a b s t r a c t

In this paper, a novel chemiluminescence (CL) system, 2-phenyl-4, 5-di (2-furyl) imidazole
(PDFI)–potassium ferricyanide, for the determination of terbutaline sulfate was described. The method
was based on enhancement of CL emission of PDFI–potassium ferricyanide system in the presence of
terbutaline sulfate. Under the optimum conditions, the enhanced chemiluminescence intensity is lin-
vailable online 22 September 2011

eywords:
hemiluminescence
-Phenyl-4, 5-di (2-furyl) imidazole
erbutaline sulfate

early related to the concentration of terbutaline sulfate. The proposed method has been successfully
applied to the determination of terbutaline sulfate in bovine urine and pharmaceutical preparations
with satisfactory results. Furthermore, the possible mechanism of chemiluminescence reaction was also
discussed briefly.

© 2011 Elsevier B.V. All rights reserved.

otassium ferricyanide

. Introduction

Chemiluminescence (CL) analysis has received increasing atten-
ion over the years. It has been applied in many different fields,
articularly in pharmaceutical and biomedical analysis. Most of
he CL methods involve inhibition or catalysis of the redox reac-
ion of CL reagents such as luminol, lucigenin and gallic acid.
herefore, the interests in the research of CL reagents and CL label-
ng reagents for pharmaceutical analysis have increased in recent
ears. Imidazole derivatives are a new type of luminescent mate-
ial with unique optical properties, and have been successfully
sed in CL analysis. Lophine (2, 4, 5-triphenylimidazole) has been
nown as a potential chemiluminogenic compound since 1877 [1]
nd has been used for the determination of some trace metal ions
2]. Recently, new lophine derivatives were synthesized and their
roperties were determined [3]. It was also reported that lophine
nalogues having 2-furyl group at both 4- and 5-positions gave
tronger CL intensity than lophine [4]. But these compounds syn-
hesized were rarely used in CL analysis for the determination of
rugs.

Terbutaline sulfate, 2-tert-butylamino-1-(3, 5-dihydroxy-

henyl) ethanol hemisulfate, is a synthetic �2-adrenoceptor that

s widely used as a bronchodilator for treatment of bronchial
sthma, chronic bronchitis, and emphysema [5]. It could stimulate

∗ Corresponding author. Tel.: +86 0431 85168352 6.
E-mail address: yihuazh47@yahoo.com.cn (Y. Zhang).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.011
protein accretion and inhibit the adipose accumulation of animal.
So terbutaline sulfate as feed additives was used to increase lean
meat percentage of beef and pork. The use of growth promoters
for fattering purposes in cattle has been banned for reasons of
fair trade and consumer protection in the European Union since
1988 [6]. Therefore, the determination of such drug is important
for quality assurance of pharmaceutical preparations, and the
evaluation of terbutaline sulfate misuse in animals.

Many analytical methods have been developed for determi-
nation of terbutaline sulfate, including HPLC [7,8], LC–MS [9], CE
[10], CE–MS [11], and voltammetry [12]. Usually, HPLC and CE
are applied to the determination of terbutaline sulfate in real
samples. The determination of drugs in biological fluids by HPLC
usually requires several sample preparation processes or off-line
solid phase extraction, which is time-consuming and may lead
to variability in the results. Compared with CL method, these
methods require expensive instruments and complex sample pre-
treatment. So CL method has been developed for the determination
of terbutaline sulfate. The potassium ferricyanide–rhodamine 6G
and luminol–permanganate CL system were applied to the deter-
mination of terbutaline sulfate in human urine and pharmaceutical
preparations [13,14]. Molecularly imprinted polymer–CL method
was also proposed to determine terbutaline sulfate in human serum
[15].
In this paper, 2-phenyl-4, 5-di (2-furyl) imidazole (PDFI) was
synthesized according to the method reported in literature [16].
A novel chemiluminescence (CL) system, PDFI–potassium ferri-
cyanide system, for the determination of terbutaline sulfate was

dx.doi.org/10.1016/j.jpba.2011.09.011
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:yihuazh47@yahoo.com.cn
dx.doi.org/10.1016/j.jpba.2011.09.011
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Fig. 1. Scheme for the synthesis o

escribed. The method was based on enhancement of CL emis-
ion of PDFI–potassium ferricyanide system in the presence of
erbutaline sulfate. The possible enhancement mechanism was also
urther investigated. The method was applied to the determination
f terbutaline sulfate in bovine urine and pharmaceutical prepa-
ations, and the obtained results were satisfactory. The proposed
ethod has the advantages of simplicity, rapidity, and sensitivity.

. Experimental

.1. Reagents and chemicals

All the reagents were of analytical reagent grade and all
olutions were prepared with double-distilled water. NaOH,
Cl, NaCl, CaCl2, Ni(NO3)2·6H2O, BaCl2·2H2O, CdCl2, MnSO4·H2O,
r(NO3)3·9H2O, Pb(NO3)2, CuSO4·5H2O, potassium ferricyanide
ere purchased from Beijing Chemical Plant in China. CoCl2·6H2O
as purchased from Shanghai Chemical Plant in China. NH4Cl was
urchased from Tianjin Chemical Plant 1.

Terbutaline sulfate (Institute of Pharmaceutical and Biomaterial
uthentication of China) was used as standard. Terbutaline sulfate

ablets were obtained from local drug stores.
The 1.0 × 10−3 mol/L stock solution of PDFI was prepared by dis-

olving 7.1 mg of PDFI with ethanol and then diluting to 25 mL and
he working solution (1 × 10−4 mol/L) was prepared by diluting the
tock solution with water.

.2. Synthesis of PDFI

Firstly, furil was synthesized via the benzoin condensation of
urfural, and then PDFI was prepared by the condensation reaction
f furil with benzaldehyde, ammonium acetate and acetic acid in
ater bath at 60–70 ◦C. This method was known as Debus [16]. The

ynthetic route is briefly shown in Fig. 1.

.3. Apparatus

The CL analysis was conducted on a laboratory-built steady
njection CL system. The schematic diagram of the system is shown
n Fig. 2. The steady injection system consists of two peristaltic
umps and a sixteen-hole eight-way valve. The CL emission is
etected by an ultra-weak luminescence analyzer. Data acquisition
nd treatment are performed with BPCL software running under
indows XP.

The fluorescence spectrum was recorded with a RF-5301 spec-

rofluorimeter (Shimadzu, Japan). The absorbance were obtained
n an Australian GBC Cintra 10e UV–vis Spectrometer with the
avelength range of 200–800 nm.
HO

enyl-4, 5-di (2-furyl) imidazole.

2.4. Procedure

Experimental results were obtained by using the following
operation parameters: sample loop volume, 200 �L; sampling
time, 10 s; sample injection time, 20 s; the PMT negative voltage,
−1000 V; the integral time of the CL signal, 60 s. 200 �L of PDFI
solution and 200 �L analyte standard solution (or sample solution)
were first added into the sample cell, and then the potassium ferri-
cyanide and NaOH solution were simultaneously injected into the
sample cell with the steady injection system.

The operation mode is as follows: (1) Fig. 2a, pumps P1 and P2
were activated, and valve V was in the loading position. The pump
P1 was used to deliver potassium ferricyanide solution into the
sample loop1 (SL1) and the pump P2 was used to deliver NaOH solu-
tion into the sample loop2 (SL2). (2) Fig. 2b, pumps P1 and P2 were
activated, and valve V was in the injection position. The pumps P1
and P2 were used to deliver the air current. The potassium ferri-
cyanide solution and NaOH solution were simultaneously pumped
into chemifold R and mixed. The mixed solution was carried into
sample cell S and reacted with the mixture of PDFI solution and
analyte standard solution (or sample solution) in the sample cell
S. The CL signal was measured and recorded. The concentration
of analyte was quantified by measuring the enhanced CL inten-
sity, �I = Is − I0, where I0 and Is are CL intensity in the absence and
presence of terbutaline sulfate, respectively.

2.5. Preparation of sample

2.5.1. Pharmaceutical preparations
At least 20 terbutaline sulfate tablets (labeled content 2.5 mg

per tablet) were weighed. The average tablet weight was calculated
from the weight of 20 tablets. They were ground to a homogeneous
fine powder. A portion of the powder corresponding to 2.5 mg was
weighed and dissolved with 100 mL double-distilled water. The
obtained solution was centrifugalized for 30 min at 4000 r/min. The
supernatant was further diluted with water so that the concentra-
tion of terbutaline sulfate was in the concentration range of the
calibration curve.

2.5.2. Bovine urine
The bovine urine samples were real-life samples. Bovine urine

samples obtained from suburb cattle farm were analyzed. Urine
samples from 2 bovines were taken, respectively by collecting the
urine from spontaneous urinating animals directly into precleaned
glass flasks. Glass flasks were immediately taken to the laboratory

and stored at 4 ◦C before analysis. All samplings were performed in
the early morning. The sample was filtered with microporous fil-
tering film of 0.65 �m and centrifugalized at 4000 r/min for 30 min
to remove the proteins. 500 �L of the deproteinized bovine urine
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ig. 2. Schematic diagram of the steady-injection CL system: (a) loading position a
ump; SL: sample loop; V: eight-way valve; R: chemifold; S: sample cell; PMT: pho

as then transferred to a 50 mL volumetric flask and diluted to the
ark with water. To obtain low CL background, the sample solution
as diluted 10 times when it was analyzed.

. Results and discussion

.1. Condition optimization of the CL system

The effect potassium ferricyanide concentration on the CL inten-
ity was examined. It was found that the CL intensity increased
long with the increases of potassium ferricyanide concentration.
hen the concentration was higher than 1.0 × 10−3 mol/L, the CL

ntensity decreased. The produced CL was partly absorbed by potas-
ium ferricyanide, which was called self-absorption. So the CL
ntensity decreases with the increase of the concentration of potas-
ium ferricyanide in system. So 1.0 × 10−3 mol/L was chosen as the
ptimum concentration for potassium ferricyanide.

The effect of NaOH concentration was investigated in the range
f 5.0 × 10−4–0.25 mol/L. The maximum CL intensity was obtained
hen the concentration of NaOH was 0.05 mol/L.

The influence of PDFI concentration on the CL intensity
as investigated. The maximum CL intensity could be obtained
hen the concentration of PDFI was 1.0 × 10−4 mol/L. Therefore,

.0 × 10−4 mol/L was selected for the present work.

.2. Performance of the proposed method

Under the optimized experimental conditions, the enhanced
L intensity was linearly related to the concentration of terbu-

aline sulfate in the range of 0.05–10 �g/mL. The detection
imit was 0.01 �g/mL and the relative standard deviation for
.0 �g/mL terbutaline sulfate (n = 11) was 2.7%. The regression
quation was �I = (2077.7 ± 2374.4) + (0.18 × 106 ± 545.7)C; C is
injection position. A: potassium ferricyanide; B: NaOH solution; P1, P2: peristaltic
ltiplier tube; PC: computer; W: waste.

the concentration of terbutaline sulfate (�g/mL), Sy/x is 4884.8 and
the correlation coefficient is 0.9999 (n = 7).

3.3. Interference studies

In order to assess the selectivity of the proposed method, we
chose some foreign species that may exist in the samples used
in the study. The influence of the foreign species was investi-
gated by analyzing a standard solution of 1.0 �g/mL terbutaline
sulfate. The tolerance of foreign species was taken as the highest
concentration yielding an error less than ±5% in the CL signal of
terbutaline sulfate. The results showed that no interference could
be observed for 1000-fold Na+, K+, Ba2+, Ca2+, Mn2+, Cd2+, NH4

+,
500-fold Pb2+, urea, dl-�-phenylalanine, l-asparagine, 250-fold
Cr3+, Co2+, l-tryptophan, 100-fold glucose, 5-fold l-tyrosine, and
0.5-fold Cu2+, ascorbic acid.

3.4. Possible mechanism of CL reaction

The emission spectra of PDFI–potassium ferricyanide and
PDFI–potassium ferricyanide–terbutaline sulfate CL reaction sys-
tems in the absence and presence of terbutaline sulfate were
examined The results showed that the maximum emission
appeared at 525 nm for the two reaction system, and the rela-
tive CL intensity was higher in the presence of terbutaline sulfate
(Fig. 3a and b). The fluorescence (FL) emission spectrum of PDFI
was further examined (Fig. 3c). It can be seen that the characteris-
tic emission peak of PDFI is 436 nm. These results revealed that the

luminophor of PDFI–potassium ferricyanide and PDFI–potassium
ferricyanide–terbutaline sulfate systems is not PDFI but the inter-
mediate product, which is the oxidation product of PDFI. The
mechanism was similar with the mechanism of lophine CL [17].
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Table 1
Determination of terbutaline sulfate in bovine urine (n = 5).

Sample Added (�g/mL) Found (�g/mL) Recovery (%) RSD (%)

Sample 1
0.5 0.46 92 3.2
1.0 0.99 99 4.5
2.0 2.16 108 2.7

0.5 0.48 96 3.3

3.5.2. Determination of terbutaline sulfate in pharmaceutical
0 �g/mL.

In alkaline medium, polyhydroxyphenols can be oxidized to
emiquinone radical, which is unstable and can further produce
2

•− or 1O2
• [18]. The O2

•− reacts with PDFI to form an interme-
iate product. And then the intermediate product emits light from

xcitation state, and thus the CL emission was enhanced. The CL
echanism is shown in Fig. 4.
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Sample 2 1.0 0.99 99 3.7
2.0 2.10 105 2.6

3.5. Application

3.5.1. Determination of terbutaline sulfate in bovine urine
Two parallel bovine urine samples were analyzed. Because the

difference between CL signals obtained with samples and blank
was less than ±5%. The terbutaline sulfate in the two bovine urine
samples was undetectable. So the spiked samples were analyzed.
The spiked samples were prepared by adding standard solution
of terbutaline sulfate into bovine urine. The results obtained for
analyzing the spiked bovine urine samples are shown in Table 1.
Recoveries from 92% to 108% were obtained. The recovery means
the percentage of the true amount of terbutaline sulfate recovered
during the proposed procedure.
preparations
In order to investigate the precision of the proposed method,

this method was applied the determination of terbutaline sulfate
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Table 2
Analytical results of pharmaceutical preparations.

Sample Label (mg/tablet) Proposed method UV–vis spectrophotometry Relative error (%)
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[

Content (mg/tablet)

Terbutaline sulfate tablet 2.50 2.39

n pharmaceutical preparations. The comparison between the pro-
osed CL method and UV–vis spectrophotometry was also carried
ut. The detection limit was 0.17 �g/mL when UV–vis spectropho-
ometry was applied to the determination of terbutaline sulfate.
s can be seen from Table 2, there is a good agreement between
esults obtained by the two methods.

. Conclusion

In the work, a novel CL system for determining terbutaline
ulfate was proposed. A kind of imidazole derivative, PDFI, was
ynthesized and used as CL reagent in this system. This method
as been successfully applied to the determination of terbutaline
ulfate in bovine urine and pharmaceutical preparations. Moreover,
he application of imidazole derivatives should be widened in CL
nalysis.
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The extraction and determination of cytisine, sophocarpine, matrine, sophoridine and oxymatrine in
Sophora flavescens Ait. were performed using subcritical water extraction and capillary electrophoresis
with field-amplified sample stacking. The effects of extraction temperature, pressure, time and cycle
number on the extraction yields were investigated systematically for accelerated solvent extraction with
ethanol (ASE) and accelerated solvent extraction with water (subcritical water extraction, SWE). The
extraction yields obtained using SWE, ASE, water ultrasonic extraction and chloroform soaking extrac-
tion methods were compared. The electrophoresis separation buffer was monosodium phosphate (pH
ubcritical water extraction
ccelerated solvent extraction
apillary electrophoresis
ophora flavescens Ait.
lkaloids

3.0; 110 mM)-isopropanol (85:15, v/v). The effect of phosphoric acid added to the sample matrix on
the reproducibility of the peak heights of the analytes was also examined. Cytisine, sophoridine and
oxymatrine showed good linearity (R2 > 0.999) within 0.125–4.0 �g/mL, and sophocarpine and matrine
exhibited good linearity (R2 > 0.998) within 0.0625–2.0 �g/mL, with the detection limits in the range of
0.004–0.0013 �g/mL. The five alkaloid contents in medicinal plants from different sources and Sophora
instant granule were determined and compared.
. Introduction

Sophora flavescens Ait. (Sophora), in the family Fabaceae, is a tra-
itional Chinese medicine. Researchers at home and abroad have
tudied its chemical components, which are mainly quinolizidine
lkaloids and flavonoids. Thus far, over twenties alkaloids have
een isolated from the root, leaves or flowers of Sophora which
re reported to exhibit sedative, analgesic and other central ner-
ous system inhibition effects [1] as well as antipyretic, anti-tumor,
nti-myocardial activities [2].

The extraction methods of the alkaloids in Sophora are mainly
hloroform soaking extraction [3–8] and solvent reflux extrac-
ion [9,10] in which shortcomings include long extraction time,
igh cost of non-environmental friendly organic solvents, and
rganic solvent residuals in the products extracted. Only a couple of
esearch groups used ultrasonic extraction [11,12] and supercritical

uid extraction [13].

Accelerated solvent extraction (ASE) is a new highly efficient
ample preparation technique for extraction of solid or semi-solid

∗ Corresponding author at: College of Science, Northwest A&F University,
o. 3 Taicheng Road, Yangling, Shaanxi 712100, China. Tel.: +86 029 87092226;

ax: +86 029 87092226.
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oi:10.1016/j.jpba.2011.09.014
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samples. ASE becomes more preferred because of its apparent
advantages such as less solvent consumption, automatic proce-
dure for simultaneous extraction of multiple samples, short sample
preparation time, and higher extraction recoveries. However, ASE
using organic solvents is not a promising extraction procedure in
term of environment issue. Subcritical water extraction (SWE) uses
pure water as the solvent and is an innovative green sample prepa-
ration technique. Subcritical water is also called superheated water,
pressurized hot water, whose polarity, surface tension and viscosity
can be changed by controlling temperature and pressure. When the
temperature is increased, the polarity decreases, and the solubility
of organic compounds in the subcritical water increases dramati-
cally. The device used for ASE is also suitable for SWE [14]. Several
reviews on SWE have been published recently [15,16].

So far, capillary electrophoresis (CE) has been widely used in
pharmaceutical analysis due to its high separation efficiency, low
consumption of organic solvent and in-line sample enrichment.
Several papers described the determination of alkaloids in Sophora
using CE [5–8]. Due to its self-limiting nature, the reproducibility
of CE is poor, especially when using in-line field-amplified sample
stacking (FASS), in which an internal standard has to be added dur-

ing the quantitative analysis [6–8]. However, the selection of the
internal standard substances is rather difficult. They often inter-
fere with other peaks from real samples, and some are quite toxic
and harmful.

dx.doi.org/10.1016/j.jpba.2011.09.014
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:shliu815@126.com
dx.doi.org/10.1016/j.jpba.2011.09.014
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extraction solvent. The mixture was weighed and shaken until it
Scheme 1. The structures of the five alkaloids.

In this paper, the extraction of five active compounds (Scheme 1)
rom Sophora using SWE was investigated and compared with ASE,
ater ultrasonic extraction and chloroform soaking extraction. The

ontents of the analytes were analyzed using CE with FASS, for
hich the effort was made to improve the reproducibility. By inte-

rating SWE and CE, we attempted to provide a new, efficient and
nvironmentally friendly analysis approach for the medicinal plant
uality control.

. Materials and methods

.1. Instruments and apparatus

All electrophoresis experiments were performed on a Beck-
an P/ACETM MDQ Capillary Electrophoresis System equipped
ith a photodiode array detector (PDA) and controlled by Sys-

em Gold software (Beckman Coulter Inc., Fullerton, CA, USA).
ncoated fused-silica capillaries with a total length of 50 cm (40 cm

o the detector) and 50 �m I.D., from Ruipu Chromatogram Equip-
ent Company (Yongnian County, Hebei Province, China) were
aintained at 25 ◦C in a cartridge with a 100 �m × 800 �m detec-

ion window. The PDA was set at an acquisition range from 190
o 300 nm (bandwidth of 6 nm), at a spectral acquisition rate
f 4 Hz. Electropherograms were recorded at 214 nm. Peak iden-
ity was confirmed by post-run diode-array detection analysis
f the absorption maximum of individual peaks in a mixture.
eparation was performed at a constant voltage of 25 kV (anode
t injection end). The pH of all solutions was measured by pH
13 equipment (Hanna instruments, Italy). Water was purified
sing Millipore Direct-Q 3 system (Millipore Corporation, Bedford,
A, USA).
A new capillary was rinsed with 0.1 M sodium hydroxide for

0 min, deionized water for 30 min, and finally with the background
lectrolyte (BGE) solution for 30 min before use. Between each
un, the capillary was rinsed with water for 1 min, 0.1 M sodium
ydroxide for 3 min, water for 1 min, and then the BGE for 5 min,

uccessively. The electrolytes were filtered through 0.22 �m mixed
ellulose ester filters (Shanghai Minimo Separation Technology Co.
td.) prior to use.
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2.2. Chemicals and samples

Cytisine and matrine were purchased from Aladdin reagent
company (Shanghai, China). Sophoridine was supplied by the
National Institute for the Control of Pharmaceutical and Biologi-
cal Products of China (NICPBP, Beijing, China). Sophocarpine and
oxymatrine were purchased from Sigma–Aldrich (St. Louis, MO,
USA). Sodium hydroxide and sodium dihydrogen phosphate (all
of analytical grade) were from Tianjin BODI Chemical Reagent Co.
Ltd. (Tianjing, China). Ethanol, methanol and 2-propanol (of HPLC
grade) were purchased from Luomiou Chemical Reagent Co. Ltd.
(Tianjing, China).

The crude drug Sophora root was obtained from different
sources, including a local hospital, a local drug store and the campus
of Northwest A&F University (Yangling, Shannxi Province, China),
which were all authenticated by Prof. Junchao Li (College of Life Sci-
ences, Northwest A&F University). After being dried naturally and
ground into a fine powder (60 mesh), the samples were stored at
dry place under room temperature. Sophora instant granule, which
was a new commercial product made from the crude drug Sophora
root, was purchased from a local hospital.

Stock solution of 200 mM sodium dihydrogen phosphate was
prepared by dissolving the corresponding substance in water. The
pH of the run buffer was adjusted with 0.2 M hydrochloric acid
or 0.2 M sodium hydroxide. Stock standard solutions with cyti-
sine (200 �g/mL), sophocarpine (100 �g/mL), matrine (100 �g/mL),
sophoridine (200 �g/mL) and oxymatrine (200 �g/mL) were pre-
pared in water and stored at 4 ◦C in a refrigerator, when in use,
diluted to the final concentration with water.

2.3. Sample extraction

2.3.1. Accelerated solvent extraction method
A Dionex ASE 200 Accelerated Solvent Extractor was performed.

First, 0.5 g Sophora sample was accurately weighed, mixed thor-
oughly with 3.0 g diatomite and then transferred to an 11-mL
stainless steel extraction cell. A filter paper was placed on the
bottom of the extraction cell. Ethanol was used as the extraction
solvent. Extraction pressure, temperature, static time and cycles are
specified in Section 3.2 (preheating period, 5 min). After extraction,
the thimble was rinsed with fresh extraction solvent (60% of the
extraction cell volume) and purged with a flow of nitrogen (150 psi
during 90 s). Solvent was collected in a 40 ml vial and then trans-
ferred to a 25 ml flask, which was rotary evaporated at 50 ◦C. The
residue was redissolved in 25 mL of water. Then, 1 mL of the sample
solution was diluted to an appropriate concentration with water,
filtered through a 0.22-�m filter and then analyzed.

2.3.2. Subcritical water extraction
The same ASE 200 (Dionex, USA) instrument was used. First,

0.5 g Sophora sample was accurately weighed, mixed thoroughly
with 3.0 g diatomite and then transferred to an 11-mL stainless steel
extraction cell. Water was deoxygenated by degassing for 20 min
prior to its use as extraction solvent. The same conditions were used
as in Section 2.3.1. After finishing extraction, water was added to
the extraction solution to reach a final volume of 25 mL. Then, 1 mL
of the sample solution was diluted to an appropriate concentration
with water, filtered through a 0.22-�m filter and then analyzed.

2.3.3. Ultrasonic extraction
First, 0.5 g Sophora sample was weighed and placed in an Erlen-

meyer flask with a plug. Then, 25 mL of water was added as the
was mixed well. The sample was allowed to sit at room temperature
for 3 h, followed by ultrasonic extraction for 30 min. The flask was
weighed again, and the lost water was made up. The mixture was
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Fig. 1. The influence of phosphoric acid added to a sample solution on the repro-
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Fig. 2. Electropherogram of a standard mixture solution (a) and the extract of
ucibility of the analyte peak heights. Each analyte, 1 �g/mL; buffer: monosodium
hosphate (pH 3.0; 110 mM)-isopropanol (85:15, v/v); water plug: 0.5 psi × 3 s;

njection: 8 kV × 8 s.

haken, centrifuged and filtered. Then, 1 mL of the sample solution
as diluted to an appropriate concentration with water, filtered

hrough a 0.22-�m filter and analyzed.

.4. Soaking extraction

According to the Sophora extraction method described in the
995 edition of Chinese Pharmacopoeia [17], 0.5 g Sophora sample
as weighed and placed in an Erlenmeyer flask with a plug. After

5 mL of chloroform was added as the extraction solvent, 0.3 mL of
oncentrated ammonia was added to the mixture, which was then
haken until it was mixed well. The flask was incubated at room
emperature overnight (16 h), then centrifuged and filtered. The
xtraction solution was rotary evaporated at 40 ◦C, and the residue
as redissolved in 50 mL of water. Then, 1 mL of the sample solution
as diluted to an appropriate concentration with water, filtered

hrough a 0.22-�m filter and analyzed.

. Results and discussion

.1. Development of CE analysis method

Based on the pilot experiments and our previous paper [8],
onosodium phosphate (pH 3.0; 110 mM)-isopropanol (85:15,

/v) was used as the electrophoresis buffer. The FASS was con-
ucted by preparing the samples in water and electro-injecting.
lthough a water plug was injected at 0.5 psi for 3 s to improve

he reproducibility [8], it could not meet the requirements without
he addition of an internal standard. Phosphoric acid was chosen
o add into a sample solution to overcome this drawback [18]. As
an be seen in Fig. 1, the addition of phosphoric acid improved the
eproducibility significantly. Nevertheless, the amount of phospho-
ic acid added had certain effects on the stacking efficiency. With
he addition of a small amount of phosphoric acid, the protonation
f the analytes was increased, which helped the electrostacking and
ncreased the analyte peak heights. The addition of more phospho-
ic acid to the sample caused an increase in solution conductivity,
hich decreased the field strength for sample electro-injection,
hus the heights of analytes peaks declined. Based on these consid-
rations, 0.8 mM phosphoric acid was appropriate concentration.
he electropherogram of a five-standard mixture solution is shown
n Fig. 2(a).
Sophora using SWE (b). Both the standard and the actual sample solution were sup-
plemented with 0.8 mM phosphoric acid. Other conditions as described in Fig. 1.
1 = cytisine, 2 = sophocarpine, 3 = matrine, 4 = sophoridine, 5 = oxymatrine.

Under the optimal electrophoresis conditions, the correlation
between the concentrations of the analytes and the peak heights
was analyzed. Cytisine, sophoridine and oxymatrine showed
good linearity (R2 > 0.999) within 0.125–4.0 �g/mL, and sopho-
carpine and matrine exhibited good linearity (R2 > 0.998) within
0.0625–2.0 �g/mL, respectively. The RSD values of the migration
times and peak heights that were determined by five replicate
injections of a standard mixture solution under the optimum con-
ditions were below 1.5% and 4.8%, respectively. The detection limits
calculated using a signal-to-noise criterion of 3 were in the range
of 0.004–0.0013 �g/mL.

3.2. Optimization of SWE and ASE

In this study, after Sophora samples (from the campus of North-
west A&F University) were extracted, the contents of the five active
compounds was determined by CE under optimized conditions
developed to indicate the influence of different extraction methods
and extraction conditions on extraction efficiency.
3.2.1. Effect of temperature and pressure
Pressure and temperature are the two most important physi-

cal parameters in SWE and ASE, and they have both theoretical and
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Table 1
Extraction efficiency of the alkaloids from Sophora flavescens Ait. via SWE and ASE expressed as the alkaloids contents of three replicates ±%RSD.

Content of the alkaloids (mg/g, ±%RSD, n = 3)

Sophocarpine Matrine Sophoridine Oxymatrine Total alkaloids

SWE
Temperature ( ◦C)

70 0.20 ± 4.2 0.76 ± 4.1 6.25 ± 4.5 11.85 ± 3.3 19.06
100 0.65 ± 3.2 1.77 ± 4.4 7.01 ± 3.9 13.50 ± 2.1 22.93
130 1.53 ± 2.8 3.75 ± 3.8 7.40 ± 4.0 8.03 ± 5.0 20.71
160 3.08 ± 3.1 6.03 ± 4.9 7.64 ± 4.3 5.88 ± 3.6 22.63
190 3.29 ± 2.1 6.85 ± 2.8 7.85 ± 4.8 4.81 ± 4.1 22.80

Pressure (psi)
600 0.58 ± 2.6 1.50 ± 3.0 6.48 ± 4.3 12.68 ± 4.1 21.24
1000 0.60 ± 3.3 1.72 ± 2.2 6.95 ± 2.7 13.25 ± 3.8 22.52
1500 0.73 ± 1.6 1.75 ± 0.4 7.09 ± 2.5 13.38 ± 2.9 22.95
2000 0.60 ± 3.9 1.49 ± 3.5 6.45 ± 2.8 12.41 ± 4.8 20.95

Extraction time (min)
5 0.64 ± 4.1 1.73 ± 3.0 6.91 ± 3.2 12.92 ± 2.6 22.20
8 0.63 ± 1.3 2.10 ± 2.6 7.05 ± 0.6 14.39 ± 0.4 24.16
11 0.82 ± 3.0 1.76 ± 3.3 7.87 ± 2.5 13.50 ± 1.8 23.95
14 0.69 ± 5.2 1.75 ± 4.4 7.17 ± 3.4 12.74 ± 3.0 22.35

Cycles
1 0.57 ± 4.0 0.95 ± 4.3 6.76 ± 2.7 14.77 ± 1.9 23.05
2 0.63 ± 1.3 2.10 ± 2.6 7.05 ± 0.6 14.39 ± 0.4 24.16
3 0.67 ± 5.1 1.72 ± 3.7 6.66 ± 4.5 13.47 ± 2.5 22.52

ASE
Temperature (◦C)

70 0.10 ± 5.1 0.46 ± 4.5 3.87 ± 1.6 11.42 ± 5.1 15.85
100 0.15 ± 3.6 1.25 ± 3.4 6.63 ± 4.8 10.83 ± 5.7 18.86
130 0.58 ± 3.3 2.28 ± 4.8 5.67 ± 2.9 7.38 ± 5.2 15.91
160 0.93 ± 2.9 3.05 ± 2.1 5.15 ± 4.0 5.25 ± 4.9 14.38

Pressure (psi)
600 0.14 ± 4.2 1.20 ± 5.5 5.83 ± 3.1 9.77 ± 3.7 16.94
1000 0.18 ± 4.8 1.24 ± 5.4 6.55 ± 5.6 10.43 ± 2.6 18.40
1500 0.14 ± 4.7 0.96 ± 4.2 5.35 ± 2.8 9.73 ± 4.3 16.18
2000 0.19 ± 5.2 1.35 ± 3.9 6.42 ± 1.6 10.97 ± 4.5 18.93

Extraction time (min)
5 0.13 ± 2.3 1.26 ± 0.7 6.22 ± 1.9 11.11 ± 1.1 18.72
8 0.24 ± 3.2 1.45 ± 3.6 6.27 ± 1.7 9.70 ± 1.9 17.66
11 0.25 ± 1.9 1.46 ± 3.3 6.48 ± 3.2 9.98 ± 1.6 18.17
14 0.16 ± 3.2 1.28 ± 0.9 6.13 ± 3.8 10.12 ± 5.3 17.69

Cycles
1 0.09 ± 5.1 0.60 ± 4.9 5.68 ± 4.6 11.71 ± 4.2 18.08
2 0.11 ± 2.7 1.27 ± 2.5 6.32 ± 3.7 10.89 ± 3.7 18.60
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3 0.17 ± 5.1 1.33 ± 5.5

ractical implications for the extraction process. In this experiment,
he effect of temperature on the yields of extracted compounds was
nvestigated with an extraction pressure of 1000 psi, a static extrac-
ion time of 5 min and a cycle number of 2 (Table 1). When SWE
as used, the yields of sophocarpine, matrine and sophoridine had
pward tendencies with increasing temperature from 70 to 190 ◦C.
he yield of oxymatrine increased firstly with temperature ranging
rom 70 to 100 ◦C, then dropping significantly from 100 to 190 ◦C
cytisine could not be detected in all the samples). When ASE was
sed, increasing the temperature from 70 to 160 ◦C increased the
ields of sophocarpine and matrine. The yield of sophoridine first
ncreased and then decreased, with the highest yield at 100 ◦C. The
ield of oxymatrine decreased with increasing temperature. With
n extraction solvent of either water or ethanol, the total alkaloid
ield reached its maximum at 100 ◦C.

At an extraction temperature of 100 ◦C, a static extraction time
f 5 min and a cycle number of 2, four levels of pressure (600,
000, 1500, 2000 psi) were applied to the extraction, and the
orresponding extracted yields are reported in Table 1. For SWE
ith increasing extraction pressure, the yields of sophocarpine,

atrine, sophoridine and oxymatrine first increased slightly and

hen decreased, and the yield of each active compound reached its
aximal level at 1500 psi, which was then selected as the optimal

alue for SWE. For ASE with increasing extraction pressure, the
6.00 ± 5.2 9.50 ± 1.9 17.00

yields of sophocarpine, matrine, sophoridine and oxymatrine first
increased, then decreased and increased again. The maximum
levels reached at both 1000 psi and 2000 psi. Since the latter was
excluded because of a safety issue with the equipment, 1000 psi
was selected in the subsequent experiments. It is also noticed that
the extraction pressure did not influence the yields as obviously
as the extraction temperature.

3.2.2. Effect of extraction time and cycle number
When SWE was used, the effect of extraction time on the yield

of the active compound was examined with an extraction tempera-
ture of 100 ◦C, an extraction pressure of 1500 psi and a cycle number
of 2 (Table 1). With increasing extraction time, the yield of each
analyte generally showed an initial increasing and then decreasing
trend, and the total alkaloid yield reached its maximum at 8 min.
The effect of the extraction time on the yield by ASE was tested
with an extraction temperature of 100 ◦C, an extraction pressure of
1000 psi and a cycle number of 2 (Table 1). As the extraction time
increased, the yields of sophocarpine and matrine and sophoridine
showed the same variance trend as in SWE, while the yield of oxy-

matrine decreased firstly and then kept stable. An extraction time
of 5 min was chosen due to the highest total yield obtained.

The effect of the cycle number on the yield was examined
for SWE with an extraction temperature of 100 ◦C, an extraction
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Table 2
Comparison of the alkaloid contents in medicinal plant from different sources and Sophora instant granule (mg/g, n = 3).

Samples Sophocarpine Matrine Sophoridine Oxymatrine Total alkaloids content

Content RSD% Content RSD% Content RSD% Content RSD%

Crude No. 1 2.21 4.0 5.50 2.0 2.33 3.3 28.34 1.2 38.37
Crude No. 2 1.21 3.8 3.72 4.4 6.09 6.2 21.04 5.5 32.06
Crude No. 3 0.63 1.3 2.10 2.6 7.05 0.6 14.39 0.4 24.17
Granule 14.56 2.7 51.81 2.1 0.00 – 13.73 7.5 84.11
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ressure of 1500 psi and an extraction time of 8 min (Table 1).
he yield of sophocarpine showed a slight upward trend with
ncreasing cycle number. The yields of matrine and sophoridine
rst increased and then decreased, showing the maximal levels
t 2 cycles. However, the yield of oxymatrine decreased with an
ncrease in cycle number. The effect of the cycle number on the
ields was investigated for ASE with an extraction temperature of
00 ◦C, an extraction pressure of 1000 psi and an extraction time
f 5 min (Table 1). The yields of sophocarpine and matrine showed
pward trends with increasing cycle number. Sophoridine mani-
ested an initial upward and then downward yields. The yield of
xymatrine dropped obviously with increasing cycle number. The
otal alkaloid yields reached their maximal levels at a cycle number
f 2 whichever extraction method was used.

In summary, the optimal SWE conditions were as follows:
n extraction temperature of 100 ◦C, an extraction pressure of
500 psi, a static extraction time of 8 min and a cycle number of 2.
he optimal ASE conditions were as follows: an extraction tempera-
ure of 100 ◦C, an extraction pressure of 1000 psi, a static extraction
ime of 5 min and a cycle number of 2.

.2.3. Recovery yields
Six replicates of 0.5 g Sophora sample were accurately weighed,

n which appropriate amounts of cytisine, sophocarpine, matrine,
ophoridine and oxymatrine were spiked then. After extracting and
nalyzing under the optimal SWE/CE and ASE/CE conditions, the
ecoveries of the analytes were determined. For SWE, the aver-
ge recoveries of six replicates of spiked samples ranged from 95%
o 119%, and for ASE, the average recoveries ranged from 62% to
06%. The relatively standard deviations of the recoveries (n = 6)
ere < 8.7% indicating the reported method achieved satisfactory

epeatability.

.3. Comparison of different extraction methods

After establishing the optimal conditions for SWE and ASE, the
xtraction efficiencies of the different extraction methods were
ompared based on the extraction yields (Fig. 3). Compared with
ther methods, SWE showed a relatively high yield for each analyte.
hen ASE was performed, the yield of oxymatrine was the lowest

mong the four methods, but this method seemed to be slightly
etter than chloroform soaking extraction and water ultrasonic
xtraction for matrine and sophoridine. Chloroform soaking extrac-
ion and water ultrasonic extraction were particularly effective in
erms of extraction of oxymatrine, but they worked less efficiently
or other three alkaloilds. For the total alkaloild yields, SWE mani-
est to be the best, closely followed by water ultrasonic extraction,
hich gave a higher value than chloroform soaking extraction and
SE.
Additionally, as SWE and water ultrasonic extraction used water
s solvent, which is suitable for CE analysis without solvent evapo-
ation, which is a serious advantage in terms of sample preparation
ime as well as the accuracy of the method. As can be seen from the
Fig. 3. Comparison of the yield of each analyte using different extraction methods.

results, SWE is preferred to the other three extraction methods for
the extraction of alkaloids in Sophora.

3.4. Comparison of analytes contents in different medicines

The SWE-CE method developed was used to extract and analyze
the alkaloids in Sophora samples from different sources and Sophora
instant granule, and the electropherogram of a real sample is illus-
trated in Fig. 2(b), the contents in Table 2. The amounts of matrine
and oxymatrine in the three crude samples were close to those
extracted by supercritical fluid extraction [13]. It is also noted that
the amounts of matrine and sophocarpine in the instant granule
manifested ca. 10–20 times higher than those in the crude sam-
ples, while the amount of oxymatrine in the former fell within the
same range in the latter, and sophoridine could not be detected in
the former. A conclusion can be drawn that the production process
of Sophora instant granule from crude Sophora plants influenced
the content ratio of the active compounds to a great degree, which
should be noticed.

4. Conclusions

This study describes an efficient and environmentally friendly
extraction and analysis approach for the determination of alkaloids
in Sophora. SWE exhibited the highest extraction efficiency for the
total alkaloid yield. And its particular advantages over traditional
extraction methods lies on a short extraction time, no need for
organic solvent consumption and high extraction efficiency. Adding
a certain amount of acid to the sample matrix was a simple way

to improve the electro-injection reproducibility in CE with field
amplified stacking. Due to the advantages of both SWE and CE, this
method may have a promising potential in application to the quality
control of natural medicine.
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a b s t r a c t

This article described the development and full validation of rapid and accurate liquid chromatogra-
phy method, coupled with tandem mass spectrometry detection, for quantification of dabigatran in
human plasma with [13C6]-dabigatran as internal standard. Plasma pretreatment involved a single step
protein precipitation with methanol. Separation was performed by ultra performance reversed-phase
chromatography on an Acquity UPLC BEH C8 100 mm × 1 mm × 1.7 �m column using a gradient elution
eywords:
abigatran
hrombin/antagonists and inhibitors
andem mass spectrometry
iquid chromatography

mode. The mobile phase was a mix of distilled water containing 0.1% formic acid and methanol containing
0.1% formic acid. Specific multiple reaction monitoring transitions were recorded in positive electrospray
ionization. The method was linear over the concentration range of 2–500 �g/L. The intra- and inter-day
precision values were below 11.3% and accuracy was within 93.8% and 108.8% for all QC levels (5, 75
and 400 �g/L). The lower limit of quantification was 2 �g/L. Total analysis time was to 10 min including
sample preparation.
. Introduction

Dabigatran etexilate is a novel oral direct thrombin inhibitor. In
ecent studies, dabigatran demonstrated its efficacy for prophylaxis
nd treatment of thromboembolic event during orthopedic surgery
nd curative treatment of hypercoagulability in atrial fibrillation
1,2].

Contrary to vitamin K antagonist (VKA), no laboratory monitor-
ng was advised for this drug because its pharmacokinetic profile is
upposed to be more predictable [3,4]. However EMEA underlined
he low bioavailability and very large interindividual variability of
abigatran exposition in case of renal impairment, elderly patients
r extreme weights [5]. From that point, some arguments are in
avor of a monitoring assay [6]. First, dabigatran is eliminated at
0% by kidney leading to accumulation in renal impaired patients.
econd, it is also a substrate of P-glycoprotein (P-gp) and may be
ubject to drug–drug interactions [7,8]. P-gp inductors or inhibitors
an respectively decrease or increase its bioavailability. In these sit-
ations, dabigatran accumulation could increase bleeding risk and

ay require therapeutic drug monitoring.
Several methods were previously published for quantification

f dabigatran in phase II/III studies [1,3,7–11]. None of them

∗ Corresponding author at: Laboratory of Pharmacology and Toxicology, Univer-
ity Hospital, F-42055 Saint-Etienne, France. Tel.: +33 4 7712 7464;
ax: +33 4 7712 7311.
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© 2011 Elsevier B.V. All rights reserved.

presented the complete analytical process used and validation
criteria according the FDA guidelines [12]. The purpose of this
work was to develop a fully validated and routinely available ultra
performance liquid chromatography coupled with tandem mass
spectrometry (UPLC MS/MS) method by for quantification of dabi-
gatran in human plasma.

2. Materials and methods

2.1. Chemicals and reagents

Dabigatran and [13C6]-dabigatran were purchased from
Alsachim (Strasbourg, France). LC MS grade methanol and ace-
tonitrile were obtained from Fisher Scientific GmbH (Schwerte,
Germany) and distilled water from Aguettant (Lyon, France).
Hydrochloric acid 0.1 N was obtained from Sigma–Aldrich (St.
Quentin Fallavier, France). A 0.2 �m polyvinylidene fluoride filter
was used for mobile phases and was provided by Interchim
(Montluçon, France).

2.2. Stock solutions, calibration standards and quality control
samples
Stock solutions of dabigatran and internal standard [13C6]-
dabigatran were prepared in methanol/HCl 0.1 N (90/10, v/v) at a
concentration of 50 �g/L, and stored at −20 ◦C. Working solutions
were prepared freshly on each day of analysis as serial dilutions

dx.doi.org/10.1016/j.jpba.2011.09.018
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:xavier.delavenne@chu-st-etienne.fr
dx.doi.org/10.1016/j.jpba.2011.09.018
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n methanol. Calibration curve standards and quality control (QC)
amples were prepared in blank human plasma (Etablissement
rançais du Sang). Calibrator concentrations were 0, 2, 10, 50, 100,
50 and 500 �g/L and QC levels were 5, 75 and 400 �g/L. Calibra-
ion curves and QC samples were prepared from separate working
olutions. Internal standard (IS) solution was prepared at a concen-
ration of 200 �g/L by diluting [13C6]-dabigatran in methanol.

.3. Sample preparation

A 100 �L aliquot of plasma sample, calibrator or QC was added
nto a 1.5 mL polypropylene tube with 900 �L of methanol/HCl 0.1 N
90/10, v/v) containing the internal standard [13C6]-dabigatran
t the concentration of 50 �g/L. The mixture was vortexed and
entrifuged at 14,000 rpm for 5 min at room temperature. The
upernatant was transferred to an autosampler vial and 10 �L was
njected into the in the ultra performance liquid chromatography
UPLC) system using a temperature-controlled autosampler device
10 ◦C).

.4. Liquid chromatography

Chromatographic analysis was performed using an Acquity ultra
erformance liquid chromatograph system coupled to a Quattro
icro triple quadrupole mass spectrometer from Waters (Saint-
uentin en Yvelines, France). The instrument was equipped with
n electrospray ionization source. Separation was achieved at
0 ◦C using an Acquity UPLC BEH C8 100 mm × 1 mm × 1.7 �m
Waters). The mobile phase was a mix of A: distilled water con-
aining 0.1% formic acid and B: methanol containing 0.1% formic
cid. A 0.2 �m polyvinylidene fluoride filter provided by Interchim
Montluçon, France) was used to filter mobile phases. The gradi-
nt was: 0–0.3 min, 10% B; 0.3–0.6 min: linear from 10 to 90% B;
.6–2.3 min: 90% B; 2.5 min return to initial conditions until 4.5 min.
he flow rate was 0.18 mL/min.

.5. Tandem mass spectrometry

The instrument was equipped with an electrospray ionization
ource. The analytes were detected in multiple reaction mon-
toring mode (MRM) using the positive ionization mode. Mass
pectrometer parameters were: capillary voltage 3 kV; extractor
V; lens voltage 0.3 V; source temperature 140 ◦C; desolvatation

emperature 400 ◦C; cone gas flow 50 L/h; desolvatation gas flow
00 L/h. Dry nitrogen (>99.5%) produced by N2 generator F-DBS
Courtaboeuf, France) was used as desolvatation and nebulization
as and argon (>99.999%, Mecer, France) was used as collision gas.
he system control and data acquisition were performed using
assLynx V4.1 software (Waters).

.6. Method validation

The method was validated according to internationally accepted
ecommendations [12].

.6.1. Linearity, accuracy and precision
Linearity accuracy and precision were evaluated using calibra-

ors and QC levels. Linear regression analysis was carried out on
he standard curve generated by plotting peak areas ratio of dabi-
atran and IS versus concentration of dabigatran. Standard curves
ere constructed by least-squares linear regression analysis using

weighting factor of 1/concentration. Intra and inter-day preci-

ions were assessed by analysis of spiked QC samples six times
uring the same day and on six different days. The mean accu-
acy was determined by comparing the measured concentrations
d Biomedical Analysis 58 (2012) 152–156 153

against the theoretical concentration ((1 − (theoretical concentra-
tion − mean concentrations)/theoretical concentration) × 100) for
the 3 level QC samples.

2.6.2. Limit of detection and quantification
Lower limit of detection (LLOD) and lower limit of quantification

(LLOQ) were determined by direct injection of decreasing amounts
of dabigatran in plasma samples and were calculated as the con-
centration giving peaks with a signal-to-noise ratio of 3 and 10
respectively. For LLOQ precision should be better than 20% and
accuracy in the range of 80–120%.

2.6.3. Stability
Samples stability was determined at three level of concen-

tration (n = 6). Short-term temperature stability was assessed by
thawing at room temperature (25 ◦C) three level samples and
keeping at this temperature for 6 and 12 h. Long-term stability
was assessed by storing aliquots at −20 ◦C for 5, 7, 30 and 45
days. The freeze/thaw stability was evaluated after three com-
plete freeze/thaw cycles (−20 to 25 ◦C) on consecutive days.
Post-preparative stability was evaluated by storing samples in
autosampler 12 h at 4 ◦C. Dabigatran was considered stable if
the relative error (RE (%) = (measured concentration − reference
concentration)/reference concentration × 100) was below 15% for
different conditions.

2.6.4. Selectivity
To investigate selectivity, plasma samples from 10 different

dabigatran free subjects were analyzed without addition of IS.

2.6.5. Matrix effect
The matrix effects were investigated by direct infusion of dabi-

gatran and [13C6]-dabigatran into the mass spectrometer detector
during the chromatographic analysis of 6 different blank plasma
extracts. The standard solution of dabigatran and IS at 2 mg/L were
infused at a flow rate of 30 �L/min during the chromatographic
analysis. The chromatographic signals in each MRM transition were
analyzed to check for any signal disturbance at the analytes reten-
tion times.

3. Results and discussion

3.1. Liquid chromatography

Representative chromatograms of drug free, LLOQ and supposed
over exposed human plasma samples are shown in Fig. 1. Dabi-
gatran and IS retention times and peak shape did not varied over
the whole validation period (data not shown). Retention time was
near 1.6 min for dabigatran and IS, total run time of 4.5 min allowed
return to initials conditions.

3.2. Mass spectrometry

In positive electrospray ionization, quantification was per-
formed by addition of 472.19→324.17 m/z and 472.19→306.13 m/z
MRM transitions for [dabigatran +H]+. Internal standard was mon-
itored by 478.32→330.18 m/z MRM. Qualification transitions were
472.19→289.09 m/z and 478.32→295.10 m/z for dabigatran and

internal standard, respectively. Fig. 2 presents MS and MS/MS mass
spectrums for both analytes. Optimized mass spectrometer param-
eters for each compound were cone voltage 35 V, collision energy
20 V and dwell time 0.17 s.
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3.3.2. Limit of detection and quantification
LLOD and LLOQ were 1 �g/L and 2 �g/L, respectively, with an

injection volume of 10 �L. For LLOQ the precision and accuracy
were 7.1% and 97%.

Table 1
Method validation, precision and accuracy.

Dabigatran

Theoretical concentration �g/L 5 75 400
Intra-day (n = 6)

Precision (%) 6.3 3.0 2.2
ig. 1. Representative chromatograms of a negative sample (A, B), dabigatran LLOQ
represent [13C6]-dabigatran chromatograms.

.3. Method validation

.3.1. Linearity, accuracy and precision
Dabigatran calibration curve was linear between 1 and 500 �g/L.

ypical calibration curve equation was y = 0.00425x − 0.00132.
here y represents the ratio of dabigatran peak area to that of

S and x the plasma concentration. The relative standard devi-
tions of slopes and intercepts for 10 calibration curves were
elow 6% and mean r2 was above 0.9998. The inter- and intra-
ay precision and accuracy measured at the three QC levels
ere summarized in Table 1. Relative standard deviations were
ess than 11.3% for both inter- and intra-day precision. Accu-
acy was within 93.9% and 108.8%. The above values were within
he acceptable range, the method is considered accurate and
recise.
g/L (C, D) and case (E, F). A, C and E represent dabigatran chromatograms; B, D and
Accuracy (%) 98.4 102.3 99.8
Inter-day (n = 6)

Precision (%) 11.9 4.8 5.8
Accuracy (%) 108.8 93.9 101.5
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of dabigatran. After quantification, the concentration of dabigatran
was over 7000 �g/L (Fig. 1), which is far above therapeutic range
observed in phase II/III (100–500 �g/L) [9]. Regarding the context

Table 2
Stability (n = 6).

Dabigatran concentration (�g/L)

Short term mean (relative error%)
0 h 4.5 (ref) 76.3 (ref) 359.0 (ref)
6 h 4.8 (6.7) 75.3 (−1.3) 359.3 (0.1)
12 h 4.3 (−4.4) 77.2 (1.2) 349.0 (−2.8)

Long term mean (relative error%)
5 day 4.6 (2.2) 75.4 (−1.2) 369.5 (2.9)
7 day 4.2 (−6.7) 72.9 (−4.5) 346.3 (−3.5)
15 day 4.7 (4,4) 69.4 (−9.0) 345.8 (−3.7)
30 day 4.2 (−6.7) 72.9 (−4.5) 346.3 (−3.5)
45 day 5.1 (13.3) 70.9 (−7.1) 344.7 (−4.0)
Fig. 2. Dabigatran and [13C6]-dabigatran

.3.3. Stability
Short-term, long-term, post-preparative storage and three

reeze–thaw cycles indicated that dabigatran was stable in human
lasma and post-preparative matrix (Table 2). The overall disper-
ion did not exceeded 7% (CV%) and relative error 15%.

.3.4. Selectivity
No relevant interferences were observed on dabigatran and IS

etection channels in ten different dabigatran free human samples.

.3.5. Matrix effect
No significant matrix effect was observed on each monitored

hannels at the retention time of dabigatran and IS (1.6 min) in
blank plasma. Moreover the impact of matrix effect would be

alanced by isotopically labeled IS (Fig. 3).

.4. Case report
As an illustration, we report the case of 75 years old patient
reated with dabigatran in prevention of venous thromboembolism
fter a major orthopedic surgery. This patient presented a major
spectrums, MS (A, C) and MS/MS (B, D).

bleeding episode for which physicians suspected an accumulation
Freeze-thaw stability mean (relative error%)
3,9 (−13.3) 70,0 (−8.3) 349.0 (−2.8)

Post-preparative stability mean (relative error%)
4.6 (2.2) 78.3 (2.6) 362.7 (1.0)



156 X. Delavenne et al. / Journal of Pharmaceutical and Biomedical Analysis 58 (2012) 152–156

ce on

o
s
d
p
w

4

v
b
u
t
o
c
p

R
[

[

[12] FDA, Guidance for Industry, Bioanalytical Method Validation, 2001.
Fig. 3. Representative chromatograms of matrix effect experien

f major bleeding, a full validation of dilution process was not con-
idered. However, a 10 000 �g/L plasma QC was spiked and further
iluted it in the same condition as the case, i.e. 50 �L of sample
lus 950 �L of drug free plasma. The QC measured concentration
as 9782 �g/L.

. Conclusion

In conclusion, this paper described the development and full
alidation of a single step preparation, rapid (about 10 min), sensi-
le and accurate ultra performance liquid chromatography method
sing tandem mass spectrometry detection for dabigatran quan-
ification in human plasma. This method is totally compatible with
ther UPLC MS/MS routine activities and could be applied to 24/7
linical toxicology to monitor dabigatran accumulation and thera-
eutic drug monitoring [13].
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a b s t r a c t

High-throughput analysis of a large number of samples for pharmacokinetic study is necessary in
drug development and pharmacovigilance. Usually, drug quantification for pharmacokinetics and bio-
availability is achieved through matrix extraction and HPLC analysis, which is time, labour and cost
intensive method. A prompt and solvent free method is the quest for such analysis in the present times.
Pharmacokinetic analysis of nimesulide from plasma samples of rabbits through Fourier transform near
infrared (FT-NIR) spectroscopy analysis combined with partial least squares (PLS) regression model was
eywords:
harmacokinetics
io-availability
T-NIR
imesulide

undertaken with validation through HPLC analysis. Pharmacokinetic parameters obtained through FT-
NIR and HPLC were found to be statistically similar with errors below the acceptable limits. The study
demonstrates the use of FT-NIR for pharmacokinetics and bio-availability studies. This high throughput
method analyses more than 50 samples in an hour without solvents usage and provide ample scope for
automation and commercial utilization.
abbit

. Introduction

Near infrared (NIR) spectroscopy is a noninvasive, relatively low
ost optical technique, portable, useful for real-time measurement
f changes in tissues in relation to oxygenation and perfusion [1],
ody fat [2], qualitative and quantitative measurements of various
hemicals in foods, pharmaceuticals, materials, medical, agricul-
ural produce etc. [3]. In addition, Fourier transform near infrared
FT-NIR) is extensively used in different fields of the pharmaceutical
ndustry like prediction of tablet properties of raw-mixed powders
efore compression [4]; quantitative measurement of components

n intact tablets [5,6]; raw materials, intermediate and finished
roduct forms including gels [7] and development of solid dosage
orms [8] besides others. Recently, FT-NIR has extensively being
xplored for studies in urology [1,9]; sports medicine [10], real-
ime study of brain vascular and metabolic activities [11]. Much
f the appeal of NIR technique is because of the fact that wealth of
hemical and physical information can be obtained with in seconds
ften without the need for any sample preparation.

Although Fourier transform infrared spectroscopy (FT-IR) has

een used for determining molecular concentrations of different
io-active analytes in various biological matrices like blood, serum,
lasma and urine [12], the use of FT-NIR in the bio-analysis of

∗ Corresponding author. Tel.: +91 522 2359632; fax: +91 522 2342666.
E-mail address: pvajayan.cimap@yahoo.com (P.V. Ajayakumar).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.022
© 2011 Elsevier B.V. All rights reserved.

pharmacophore in biological samples like blood, urine, plasma or
serum samples has not yet been reported. There is a tremendous
need and scope for novel and high throughput analytical method for
bioanalysis in the course of drug discovery and development [13].
Hence in the present experiment, we have done pharmacokinet-
ics study of nimesulide in rabbit through FT-NIR analysis of plasma
samples and validated the same through HPLC analysis.

Nimesulide (4-nitro-2-phenoxymethanesulfonanide) was cho-
sen because of its continuing use in India and other developing
countries as a prominent, selective cyclooxygenase (COX-2)
inhibitor in inflammatory conditions as well as the easiest availabil-
ity of high-performance liquid chromatography (HPLC) methods
and IR data for the purpose of cross validation. The pharmacoki-
netics aspects of nimesulide have been documented in human [14]
and some animal species using traditional methods [15,16], but
none has explored the novel method of calculating kinetic param-
eters from FT-NIR generated data. Rabbits were preferred to other
rodents because its heart and cardiac circulation are closely similar
to those of human [17].

2. Materials and methods
2.1. Animals

Adult male and female New Zealand white rabbits (2.5 kg body
weight), six in numbers, being maintained at the in vivo testing

dx.doi.org/10.1016/j.jpba.2011.09.022
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:pvajayan.cimap@yahoo.com
dx.doi.org/10.1016/j.jpba.2011.09.022
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acility, CIMAP, Lucknow, India were used for the study. The ani-
als were acclimatized to the experimental environment for 7 days

efore the actual experimentation. The animals were re-used after
wash period of 21 days. The protocols used were duly approved
y Institutional Animal Ethics Committee (IAEC) through CPCSEA,
overnment of India.

.2. Chemicals

Nimesulide and Cremophore EL were obtained from Sigma
hemicals, India. HPLC grade solvents were obtained from Merck

ndia Ltd., India

.3. Treatment of animals with nimesulide and collection of
amples

A clear aqueous solution of nimesulide was prepared in 10% cre-
ophore EL in 0.9% sodium chloride (NaCl) in water. Nimesulide
as injected at 5 mg kg−1 body weight intraperitonially (i.p.) to

he rabbits. Blood samples were collected in heparinised tubes, in
uplicate, at 0, 5, 15, 30, 60, 120, 240, 360 and 480 min after the
dministration of the drug. Clear plasma samples were collected
rom the blood samples after centrifugation at 5000 × g for 5 min
t 4 ◦C.

.4. FT-NIR analysis

The plasma samples thus obtained were used directly for the
ourier transform near infrared (FT-NIR) analysis. The FT-NIR
bsorbance spectra from 10,000 cm−1 to 4000 cm−1 at a resolu-
ion of 4.0 cm−1 (using Antaris II Analyzer, Thermo Fisher Scientific,
SA) in transmission mode, using indium gallium arsenide (InGaAs)
etector were recorded for each sample. To reduce sampling error,
he three vials (0.5 mm cell with 170 �l rabbit plasma) of samples
rom each plasma sample prepared in the previous step were ana-
ysed individually. The plasma obtained from the blood collected
t zero (0) minute (just before the administration of the drug) was
onsidered as the blank and the background measurements were
aken using the blank before every spectral measurement.

Data acquisition, spectral mathematical treatments and par-
ial least squares (PLS) regression were done using TQ Analyst
oftware (Thermo Fisher Scientific, USA). The second derivative
f absorbance spectra smoothed with Norris derivative (segment
ength 19, gap between points 2) was used for all regression work.
or path length corrections, standard normal variate (SNV) path
ength was chosen.

.5. Sample preparation for nimesulide assay

Plasma samples (275 �l) were vigorously vortexed with the
ddition of acetonitrile (1000 �l) in a microcentrifuge tube for
he extraction of nimesulide; the tubes were then centrifuged at
000 × g for 5 min and the solvent phases were separated in fresh
icrocentrifuge tubes. After the evaporation of the solvent phase,

he samples were reconstituted in 100 �l of acetonitrile which were
hen subjected to high-performance liquid chromatography (HPLC)
nalysis. A standard solution of nimesulide, in acetonitrile, was
sed for calibration of the HPLC peaks.

.6. HPLC analysis

For the calibration, as well as cross validation of PLS model

eveloped using FT-NIR data, HPLC analysis were done as described
y Toutain, et al. [15] and Rao, et al. [16], using an HPLC system with
V detector (LC 10A with SPD 10AT) from Shimadzu, Japan con-
ected with a SymmetryShield (Waters) RP-18, column. The UV
and Biomedical Analysis 58 (2012) 157–162

detector was set at 210 nm and the analyses were carried out using
the same series of the extracted plasma samples used in the FT-NIR
analysis.

2.7. Kinetic analysis

Pharmacokinetic parameters were calculated following the pro-
cedure as reported earlier [18] using the software PK87.

The whole experiments were conducted three times in order to
verify the reproducibility of the method. The spectra obtained from
first and second rounds of experiments were used for calibration
and validation of the PLS model. The spectra from the third round
of the experiment were used only for prediction, and the predicted
values were compared with the results from the HPLC analysis.

2.8. Calibration in raw plasma samples

A stock solution of nimesulide (5 mg ml−1) was prepared in dou-
ble distilled water containing 0.9% NaCl and 12.5% cremophore EL.
Two fold serial dilution of this nimesulide stock solution ranging
from 2.5 mg ml−1 to 0.02 mg ml−1 was prepared in freshly collected
rabbit plasma. Four replicates of the eight dilutions were subjected
to FT-NIR analysis using plasma as blank.

3. Results and discussion

The raw absorbance spectra recorded for nimesulide in rabbit
plasma, taken at different time intervals after the i.p. injection, are
shown in Fig. 1. The FT-NIR data from first and second rounds of the
experiment were randomly split into calibration set (64 samples,
4 rabbits) and validation set (32 samples, 2 rabbits). All the data
from the third round of the experiment were used as prediction set
(48 samples, 6 rabbits). The two validation animals were selected
randomly in each time interval.

The visual analysis of the second derivative spectra gave
peaks and dips with an indication that at wave number ranges
6430–6360 cm−1 (Fig. 2), 5364–5290 cm−1 and 4849–4833 cm−1

the y-axis values change in the same way as the concentration of the
drug, quantified through HPLC analysis, in the collected blood sam-
ples. At wave numbers ranging between 5364 and 5290 cm−1, the
spectra showed a dip. The FT-IR spectrum of the pure drug showed
prominent peaks at wave numbers 3284, 1590, 1488, 1342, 1282
and 1247 cm−1 [19]. So the significant contribution of the FT-NIR
band obtained at 6430–6360 cm−1 could be from the combination
of overtones arised from N–H stretching and N–H deformation.
Similarly, the major contribution for the band at 4849–4833 cm−1

might be influenced strongly by the combination of overtone from
asymmetric C–O stretching and asymmetric N–O stretching.

PLS regression models were built using these three wave-
length ranges viz., 6430–6360 cm−1, 5364–5290 cm−1 and
4849–4833 cm−1. Two latent variables were used to make the PLS
models. This number was used because of two reasons. One reason
is that the TQ Analyst Software selected the two variables in its
calculations, and the other reason is that it gave lower root mean
squares error of cross validation (RMSECV). In order to find the
closeness between reference value (value obtained through HPLC
analysis) and the value found by the calibration model, RMSEP
(root mean square error of prediction) was also calculated using
the formula:

RMSEP =
∑

i(Yipre − YiHPLC)2
n

where n is the number of samples used for prediction. Similarly,
root mean square error of calibration (RMSEC) and root mean
square error of validation (RMSEV) were also calculated.
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Fig. 1. Raw FT-NIR spectra of plasma samples at dif

The PLS calibration model gave RMSEC of 2.11 ng, RMSEV of
.89 ng and RMSEP of 2.54 ng. As the animal to animal variations

s an influencing factor in the drug interaction, these values and
ariations are within the acceptable limits. Fig. 4 shows the calibra-
ion curve plotted using the concentration of nimesulide predicted
sing the FT-NIR method and the concentration of nimesulide mea-
ured using the HPLC method. The straight line curve showed a
lope of 1.02 and an intercept of 0.79.

The curve obtained from the PLS calibration model of the plasma
amples fortified with nimesulide also gave comparable results
ith a straight line having regression equation 1.03x + 5.96 and r2

alue of 0.99.
The relative error was calculated using the equation:

rror (%) = YHPLC − Ypre

YHPLC
× 100

here Y is the value of nimesulide content in the plasma. The
lasma obtained after 5 min of the i.p. injection showed 100% error

ecause the FT-NIR model developed failed to recognise the nime-
ulide related components in the spectra. There after the average
elative error reduced to a range between −12.71% at 360 min and
1.83% at 60 min after the i.p. injection. The minus sign indicates

ig. 2. FT-NIR secondary derivative spectra of plasma samples collected from nimesulid
430–6360 cm−1.
time interval, after the i.p. injection of nimesulide.

that the average predicted values of nimesulide (Ypre) are numer-
ically greater than that of the values obtained from HPLC analysis
(YHPLC). The percentage relative errors concerning the measure-
ments are shown in Fig. 5. From this figure, it is possible to note
that, in general, the relative errors decreased as the concentration
of nimesulide increased in the rabbit plasma. The figure depicts a
random distribution of the errors. The random distribution of rela-
tive errors is an indication of linear behaviour of the data [6]. Thus,
it is clearly established that there is linearity in the measurements.
If we consider all the 126 samples obtained in between 15 min and
480 min, then the average relative error is only −5.92%. Relative
errors lower than ±6% are acceptable for quality control [20]. From
the graph, it may be noted that most of the validation samples have
errors of similar level.

Paired t-test was also performed to check for any significant
difference in the concentration of nimesulide in plasma sam-
ples predicted and determined using HPLC method. The t-value
obtained was 0.47, and at the 95% confidence level, the critical value

of t is 4.64 (p = 0.32). It can be concluded that the HPLC method and
the PLS model developed using FT-NIR data do not significantly
have different values for the determination of nimesulide in the
plasma.

e injected rabbits at different time after the i.p. injection. The wave number range
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Table 1
PK Parameters obtained from the calculations using the raw data and PK87 software.

Parameters Using data from the HPLC analysis Using data from the model (predicted) Relative error percentage of means

Mean value (a) STDEV Mean value (b) STDEV [(a − b)/a] 100

K(a) (min−1) 0.0136 0.0005 −0.0133 0.00046 2.21
Lambda (Z) (min−1) 0.0089 0.00032 −0.0089 0.00076 0
Absorbtion half time (min) 50.77 1.29 52.03 1.36 −2.47
Elimination half time (min) 77.98 2.76 78.20 7.33 −0.28
AUC (0 to tn) (ng min ml−1) 18929.76 560.53 19902.18 655.66 −5.14
AUC (0 to ∞) (ng min ml−1) 19518.65 551.55 20547.26 694.52 −5.27
AUMC (0 to tn) (ng min ml−1) 3305768.82 108639.31 3544892.25 138872.9 −7.23
AUMC (0 to ∞) (ng min ml−1) 3654867.30 109909.11 3714492.75 859841.6 −1.63
MRT (min) 187.27 3.18 191.17 5.69 −2.08
Clearance (ml min−1) 10.25 0.29 9.74 0.33 4.97
VD (area) L 69.24 3.63 65.88 5.83 −4.86
C max (ng ml−1) 75.29 6.65 76.62 7.22 −1.84

−1

o
5
(
s
s
H
w
c
c
a

t
a
c
t
a
a

T
C

C max calculated (ng ml ) 70.01 3.04
T max (min) 60 0
T max calculated (min) 83.56 2.28

The developed NIR model could not give correct measure
f the nimesulide content in the plasma at 5 min readings. At
min, HPLC analysis indicated the presence of nimesulide in blood

0.64 ng ml−1). Thus, it can be assumed that the model is less
ensitive than HPLC method, to the active component. This low
ensitivity may be due to the preprocessing applied to the spectra.
owever, the model was clearly able to distinguish the samples
ith different concentrations of nimesulide in the blood samples

ollected after 5 min of i.p. injection. Hence, the further pharma-
okinetics parameters of the nimesulide in rabbit were calculated,
nd the results are shown in Table 1.

In both FT-NIR and HPLC analysis, it was clearly apparent that
he plasma drug concentration continued to increase and reached
maximum at 60 min after the i.p. injection. There after, the drug
oncentration decreased gradually and reached a very low concen-
ration at 480 min after the injection of the drug. Except at 5 min
fter the i.p. injection, the predicted values obtained from FT-NIR
nalysis were numerically closer to the values obtained from HPLC

able 2
oncentration of nimesulide in plasma at different times of observations in rabbits.

Time (h) Predicted from our model

Mean value (ng ml−1) STDEV (ng ml−1

0.08 0 0
0.25 23.39 1.70
0.5 56.62 2.29
1 76.51 7.38
2 65.13 1.96
4 47.16 1.71
6 24.80 2.49
8 5.62 1.14
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Fig. 3. Time–concentration of nimesulide
71.24 2.65 −1.76
60 0 0
84.11 2.81 0.01

serum analysis (Table 2). The nimesulide concentration in plasma
vs. time curves showed quite similar trends in both FT-NIR based
prediction and HPLC based analysis (Fig. 3) i.e., a rapid distribution
phase and a slower elimination phase. Fig. 4 shows the calibra-
tion curve plotted using the concentration of nimesulide predicted
using the NIR method and the concentration of nimesulide mea-
sured using the HPLC method.

The drug concentration in plasma was highest
(76.51 ± 7.38 ng ml−1 by FT-NIR method; 75.13 ± 6.81 ng ml−1

by HPLC method) at 60 min after i.p. injection and there after
declined gradually and reached 5.62 ± 1.14 ng ml−1 by the FT-NIR
based method (5.23 ± 0.29 ng ml−1 by HPLC measurement) at
480 min after i.p. (Table 2). The pharmacokinetic parameters like
maximum concentration (C max), maximum concentration calcu-

lated (C max calc), maximum absorption time (T max), maximum
absorption time calculated (T max calc), absorption half time,
elimination half time, mean residence time, clearance rate, etc.
obtained from both FT-NIR based PLS model analysis and HPLC

HPLC analysis

) Mean value (ng ml−1) STDEV (ng ml−1)

0.64 0.05
21.82 1.71
55.04 2.42
75.13 6.81
63.56 2.03
44.21 1.85
22.01 1.62

5.22 0.29

500450400350300

tes 

Predicted Value

HPLC value

curve obtained for treated rabbits.
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R2 = 0.9959
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Fig. 4. Calibration curve for nimesulide content in the plasma samples obtained after i.p. injection.
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Fig. 5. Relative error for nimesulide

ased analysis were numerically close to each other (Table 1). There
ere no significant difference between the values obtained by the

wo methods (p > 0.05). Thus, it is clearly established that the PLS
odel developed using the FT-NIR data gave comparable results,

n both the quantity of nimesulide present in blood plasma and
he data obtained from pharmacokinetics study with those data,
ith HPLC method. The percentage of error difference between

he two methods was less than 6%. Hence, the newly developed
T-NIR data based PLS model can be used in the pharmacokinetics
nd bio-availability study of nimesulide.

Although methods like enzyme analysis, gas chromatography
GC) combined with or without mass spectrometry (MS), HPLC etc,
re available to generate drug quantification data for the pharma-
okinetics parameters and bio-availability studies, still many are
epending on HPLC data. For all the routinely using methods, the
xtraction of the drug molecule from the blood plasma is required.
n addition to the cost of solvents required for HPLC running, cost of
olvents required for extraction and the process required are adding
he total cost of analysis per samples as well as the time required for
he analysis of one sample. In the method that we developed, there
s no requirement of sample extraction, and thus no extra chemical
s added to or subtracted from the plasma samples. Further, FT-NIR
nalysis does not require more than a minute to obtain the quantity
f drug present in the sample. Thus, this method is much faster than
he available HPLC methods and is environmental friendly. Most of
he HPLC based protocols for nimesulide analysis available in the lit-
rature require 4.5–7.0 min to obtain the peak for nimesulide or its
ain metabolite 4-hydroxy nimesulide after injecting the sample
nto the instrument system. Our strategy is faster than the method
eported by Ptácek et al. [21] in 2001. Their method can examine
nly 20 samples in an hour where as our method can give the result
f more than 50 samples in an hour and is much more cost effective
nt obtained by the FT-NIR analysis.

than the other methods because no extraction, solvents and stan-
dards (after developing the model) are required. The latest in the
queue, by Schebb et al., in 2011, reports [22] that an ultra fast online
solid phase extraction liquid chromatography electrospray tandem
mass spectrometry (SPE–LC–ESI–MS/MS) based method can deter-
mine diclofenac concentration in approximately 2 min rounding up
to 30 samples in an hour. The FT-NIR based method is not only a
high throughput analysis method but also provides further scope
of automation and compliant with the requirements of green ana-
lytical chemistry.

There are only two reports available in pharmacokinetics study
of nimesulide in rabbits. In the first study, availability of nimesulide
was examined, using HPLC, in aqueous humor after the admin-
istration of an ophthalmic preparation [23] and in the next one
lithium content is noted after the co-administration of nimesulide
and lithium [24]. There is no reports perce as far as pharmacokinet-
ics study of nimesulide in the rabbit is concerned.

To the best knowledge of the authors, there is no report of
pharmacokinetics and bio-availability after i.p. administration of
nimesulide to human or rabbits. The rabbit’s heart and cardiac
circulation are very closely resemble those of human [17]. The
T max calc obtained in the present study (84.11 ± 2.81 min) is
in good agreement with T max of humans (73–165 min; 100 mg
dosage), through the oral route [25], where as the elimination half
life (78.2 ± 7.33 min) obtained for rabbit is less than that of human
(108–284 min).

4. Conclusion
This is the first report of demonstrating the capability of FT-NIR
measurements in the pharmacokinetics and bio-availability stud-
ies. Here, we have performed in vivo measurements of nimesulide
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ontent in the plasma samples of rabbits after an i.p. injection in
rder to study kinetic behaviour of nimesulide. We have iden-
ified nimesulide-specific features in these in vivo spectra. The
esults suggest that FT-NIR transmission technique can be used for
apid and convenient analysis of drug content in plasma without
ny extraction procedure. The error of this method is within that
xpected range for pharmaceutical assays. The ease of use and rapid
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The mechanism for the separation of matrine-type alkaloids (sophoridine, sophoramine, sophocarpine,
matrine, and oxymatrine) on a C18 column with a mobile phase containing room temperature ionic
liquids (RTILs) as additive was studied in the current work by investigating several factors that influ-
enced chromatographic behavior, including mobile phase pH, buffer solution concentration, ionic liquid
concentration, and length of alkyl groups in RTILs. Peak efficiency was selected as the criterion for chro-
matographic efficiency whereas peak efficiency was also selected for triethylamine (TEA). The addition
of RTILs in a mobile phase demonstrated superior effects on the separation of these basic compounds
because of the increase in peak efficiency. The difference between RTILs and TEA and the changes in
onic liquids
dditives
atrine-type alkaloids

DM-R

retention factors caused by the additives concentration, depending on the acidity of the mobile phase,
showed the dual nature of the ionic liquids. This allowed both the constituting anion and cation to partici-
pate in the retention mechanism. Furthermore, the chromatographic behaviors of analytes with a mobile
phase containing RTILs having different lengths of alkyl groups at different concentrations, complied
with the stoichiometric displacement model for retention (SDM-R). This clarified the significant role of
competitive adsorption between solutes and additives on the stationary phase.
. Introduction

Room temperature ionic liquids (RTILs) have numerous desir-
ble properties, such as excellent solvation qualities, wide
emperature range, nonvolatility, and high electrical conductivity.
TILs consist of relatively large organic cations, and weak coordina-
ors of organic or inorganic anions. Interestingly, when the length
nd branching of alkyl chains of cations and species of anion are
aried, RTILs show different properties and thus, can be applied for
pecific purposes.

Recently, RTILs have been used in separation and chemical
nalysis. For example, they are used as solvent for liquid–liquid
xtraction [1], running electrolytes for capillary electrophoresis
2], components for gas chromatography stationary phases [3], and
dditives for high-pressure liquid chromatography (HPLC) mobile
hases [4–6].
RTILs have been found to be more helpful particularly as low
oncentration additives. Adding RTILs to HPLC mobile phases can
hield the acidic silica surface, improve the peak shape, and reduce
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the peak broadening. Jiang et al. investigated the effects of 1-alkyl-
3-methylimidazole ionic liquids as mobile phase additives for the
separation of ephedrines on a C18 column [4]. Because the coat-
ing of ionic liquid cations on the surface of C18 formed a bilayer to
compete with the sample molecules in HPLC, the retention time of
ephedrines shortened. Subsequently, the effects of RTILs as addi-
tives for the separation of catecholamines [5] and nucleotides [6]
have been reported in literature.

The matrine-type alkaloids, including oxymatrine (OMT),
sophoridine (SRI), sophoramine (SA), matrine (MT), sophocarpine
(SC), etc. belong to the group of quinolizidine bio-alkaloids. These
have visible antidiarrheal effects, which facilitate killing of amoe-
bae and Giardia lamblia stiles [7]. Because of these significant
biological activities, interest in the separation and determination of
matrine-type alkaloids has grown. Several methods, such as HPLC,
CE, and TLC have been applied [8–10].

Unquestionably, HPLC is the most widely used technique for
the separation of matrine-type alkaloids because of its simplic-
ity and general applicability [11]. But based on previous research,
the addition of classical ammonia depressors to the mobile phase

did not fully remove the negative effects of residual silanol on the
retention of matrine-type alkaloids, even with the employment of
purified and less acidic silica supports [12,13]. Furthermore, the
presence of ammonia depressors causes the slow equilibration of
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Fig. 1. Chromatograms of matrine-type alkaloids with a 20 mM phosphate
buffer–acetonitrile 90%/10% (v/v) mobile phase containing 5.2 mM BMIM BF4

at pH 5.8 (a); with 80 mM phosphate buffer–acetonitrile 90%/10% (v/v) mobile
phase containing 5.2 mM BMIM BF4 at pH 3.4 (b); with the 20 mM phosphate
buffer–acetonitrile 90%/10% (v/v) mobile phase without additives (c) and containing
64 M. Bian et al. / Journal of Pharmaceutica

he chromatographic system when the mobile phase is changed
14]. For this reason, ionic liquids have become good candidates for
he efficient suppression of residual silanols.

At present, the effects of RTILs as mobile phase additives
or the separation of matrine-type alkaloids in HPLC have
ot been reported. Therefore, in the present paper, 1-butyl-3-
ethlomidazolium tetrafluoroborate (BMIM BF4), a typical and

asily available RTIL, was selected as an additive for the separation
f matrine-type alkaloids. The mobile phase pH, salt concentra-
ion, and the length of RTIL alkyl groups were also investigated
o clarify the mechanism of this separation. Peak efficiency was
elected as the criterion for chromatographic efficiency while the
eak efficiency was also selected for TEA.

. Experimental

.1. Apparatus

The HPLC system used is composed of a Shimadzu pump (model
C-20AD, Japan), Shimadzu UV detector (model SPD-20A), and a
125 injector with a 20 �l sample loop (model 7725i, Rheodyne,
SA). An ODS column (silica particle size: 5 �m, 4.6 mm × 150 mm

.D.) (Ledon Technology Co., Suzhou, China) was employed. The flow
ate was 0.7 ml min−1. The signal was monitored at 220 nm and
ecorded by LC Solution of Class-VP (Shimadzu, Japan).

.2. Reagents

MT, OMT, and SRI used in separation tests were purchased
rom the National Institute for the Control of Pharmaceutical and
iological Products (Beijing, China). SA and SC were purchased

rom Shanghai Tauto Biotech Co. Ltd. (Shanghai, China). The RTILs
-butyl-3-methylimidazole tetrafluroborate (C4minBF4, 97.4%),
-hexyl-3-methylimidazole tetrafluroborate (C6minBF4, 96.6%),
-octyl-3-methylimidazole tetrafluroborate (C8minBF4, 97.7%), 1-
ecyl-3-methylimidazole tetrafluroborate (C10minBF4, 95.8%), and
-dodecyl-3-methylimidazole tetrafluroborate (C12minBF4, 97.0%)
ere synthesized based on the procedures described in literature

15].
The reagents, including methylimidazole, chlorobutane, chloro-

exane, chlorooctane, chlorododecane, acetone, sodium fluobo-
ate, dichloromethane, and ethyl acetate used in the synthesis were
f analytical grade. Mobile phases were prepared using acetonitrile
nd the selected amount of additives which were degassed ultra-
onically prior to use. Double distilled water was used throughout
he procedure.

. Results and discussion

.1. Effects of additives on the retention behavior of matrine-type
lkaloids

Fig. 1 shows the result of separating matrine-type alkaloids
btained with 20 mM of phosphate buffer–acetonitrile (90%/10%,
/v) mobile phases containing 5.2 mM BMIM BF4 as an additive at
H 5.8. The detection wavelength was achieved at 220 nm, and the
ate-flow was 0.7 ml min−1. The chromatograms showed that the
ompounds could be completely separated.

.2. Effect of mobile phase pH and phosphate buffer concentration

The dissociation constants (pKa) of the five matrine-type alka-

oids in water are in the range of 7–9 [16] (Table 1), which means
hat they are in their cationic state in the working pH range
3 < pH < 7). Moreover, alkaloids should be separated in the buffer

obile phase because the volatile ionization of analytes can lead
3.6 mM [0.05% (v/v)] of TEA (b) at pH 5.8. Chromatographic conditions: column, C18

(5 �m, 4.6 mm × 150 mm I.D.); rate flow, 0.7 ml min−1; detection, 220 nm. Peaks: (1)
OMT, (2) SRI, (3) SA, (4) MT, and (5) SC.

to peak distortion at different points [17] and the effects of chro-
matographic behavior on analyte retention are related to changes

in buffer solution concentration [18]. To determine the effects of
salt concentration, the changes in k′ at different salt concentra-
tions were respectively examined at pH 3.4 and pH 6.4. At pH 6.4,
k′ generally decreased along with the increases of buffer solution
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Table 1
Structures and dissociation constants of the five matrine-type alkaloids.

Compound Structure pKa [17]

Oxymatrine (OMT) 7.14

Sophoridine (SRI) 8.97

Sophoramine (SA) 7.02

Matrine (MT) 8.24

Sophocarpine (SC) 7.68

c
c
t
e
a

t
e

oncentrations in the range of 0–100 mM. When the buffer solution
oncentration increased to 100 mM, the minimum k′ generated and
he tailings of peaks were reduced. However, the general observed
ffect of the increase in buffer solution concentration at pH 3.4 was

n increase of k′.

The distinction between pH 3.4 and 6.4 can be explained by
he theory of He et al. and Flieger [4,18] guiding the chaotropic
ffect. When chaotropic salts are used as mobile additives for
iomedical Analysis 58 (2012) 163–167 165

the separation of matrine-type alkaloids, two types of models
are present in the retention process: one is competition between
the analyte polar group and imidazolium cations with the silanol
group, which causes k to decrease, and the other is the adsorption
of ion-pairs consisting of chaotropic anions and cationic solutes
into the stationary phase, which causes k to increase. At a lower pH
(3.4), the increase in k is caused by the predominant ion-pair com-
plex formation effect between additives and alkaloids, whereas the
decrease in k is probably caused by the predominant competition
effect between additives and protonation alkaloids for adsorption
on the stationary phase surface at a higher pH (6.4).

Peak efficiencies, expressed as theoretical plates (N), undoubt-
edly improved with the increase in buffer solution concentration
(Fig. 1b and Fig. 2). Flieger [18] showed that the variation of reten-
tion factor with a change in buffer solution concentration is due
to the change of column saturation capacity. However, the col-
umn damage caused by salt precipitates stemming from high salt
concentrations is undoubtedly prevented.

3.3. The effect of concentration of RTILs and the length of RTILs
alkyl groups

The addition of different BMIM BF4 concentrations in the range
of 2.6–83.4 mM to the mobile phase was initially used to study the
effect of RTIL concentration on the separation of matrine-type alka-
loids. Results showed that retention factors not only decreased with
increases in BMIM BF4 concentration, but log k′ was also linearly
related to log c (c is the concentration of BMIM BF4 in the mobile
phase). The relationship was validated to comply with the stoichio-
metric displacement model for retention (SDM-R) of other studies.
The mathematical expression of SDM-R is as follows [19–21]:

log k′ = log I − Z log aD (1)

where k′ is the retention factor and aD stands for the solvent activity
in the bulk solution. When other conditions remain unchanged, the
ionic liquid additive is viewed as the displacer in the alkaloid sepa-
ration system and aD is the ionic liquid concentration in the mobile
phase. Log I is the affinity of 1 mol of solute to the stationary phase.
Z represents the total moles of the solvent released or adsorbed for
every 1 mol of solute, together with its corresponding contact area
on the adsorbent surface during the adsorption or desorption pro-
cess. Both log I and Z are constants for the given condition, which
make Eq. (1) a linear equation.

Even when the length of RTIL alkyl groups increases, the linear
relationship and SDM-R still exists. Therefore, the five kinds of ionic
liquid 1-alkyl-3-methylimidazole tetrafluoroborate (CnmimBF4,
n = 4, 6, 8, 10, 12) having various alkyl chains were prepared with
N-methylimidazole and alkyl bromides. The effect of RTIL concen-
tration in mobile phase and the lengths of RTIL alkyl groups were
both investigated.

All retention data for analytes were determined according to
the reports in the literature [19]. Fortunately, plots of log k′ versus
log aD showed straight lines in relation to the value of the linear cor-
relation coefficient. Values were mostly higher than 0.9 and within
the additive concentration in the range of 10.4 mM < aD <83.2 mM.
This is consistent with Eq. (1).

Table 2 shows the stoichiometric parameters and linearity
obtained from the plotting of log k′ versus log aD with the mobile
phase containing CnmimBF4 (n = 4–10) as displacers. Based on
these data, the following conclusions were drawn. First, the good
linear relationship between the retention time of each solute and
the concentration changes in ionic liquid demonstrated that the

retention behavior of all solutes under the given condition was
consistent with SDM-R. The retention mechanism in the retention
process was validated. Equilibrium was established when the
imidazolium cations in the displacer were absorbed on the surface
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Table 2
Stoichiometric parameter of different analytes with five homologous displacers.

n OMT SRI SA MT SC

Z log I r Z log I r Z log I r Z log I r Z log I r

4 0.2272 0.9570 0.9833 0.2580 1.2063 0.9995 0.1611 1.2614 0.9797 0.1906 1.4147 0.9956 0.1774 1.4685 0.9822
6 0.1991 0.9797 0.9636 0.2232 1.2088 0.9824 0.1367 1.2880 0.9607 0.1836 1.4401 0.9954 0.1347 1.4689 0.9933
8 0.1738 0.9790 0.9984 0.2017 1.2219 0.9950 0.1199 1.3023 0.9662 0.1568 1.4389 0.9900 0.0726 1.4415 0.9126

10 0.1600 0.9797 0.9797 0.1971 1.2407 0.9994 0.1086 1.3308 0.9176 0.1128 1,4233 0.9883 0.0818 1.4896 0.9826
1.3
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chaotropic theory, if the effect of chaotropic mobile phase additives
on base retention is examined, these bases should be transferred
into cationic forms. Therefore, lower pH of phosphate buffer is
preferred.
12 0.1443 1.0057 0.9453 0.1776 1.2528 0.9869 0.0784

is the number of carbon atom of RTILs alkyl groups.

f the stationary phase. Equilibrium, which existed between the
isplacer and stationary phase with a certain displacer concen-
ration (aD > 10.4 mM), was broken when the separated solutes
ntered into the chromatographic column and were absorbed by
he stationary phase (separating the solutes is a precondition if
he adsorption affinity of the separated solutes is more than that
f the displacer). Because of stronger adsorption, the solutes were
bsorbed while a certain amount of ionic liquid displacer was
eleased from the adsorbent and returned to the mobile phase.
his indicates the competitive adsorption that is predominant
etween the separated elements and the displacer.

Second, the value of Z, which is a parameter of measurement in
he SDM-R model, is an expression parameter showing the char-
cteristics of a displacing agent in mobile phase under a given
ondition. Table 2 shows that the Z value of the same solute gen-
rally decreased with an increase in the length of the alkyl groups.
represents the total amounts by moles of the displacer released
r adsorbed for every 1 mol of solute together with its correspond-
ng contact area on the adsorbent surface during the adsorption or
esorption process. When the contact area between the solute and
he solid adsorbent is invariable, the longer the alkyl group is, the
arger the size of the displacer molecule will be. The fewer the total
mount of displacer, the lower the value of Z will be. An abnor-
al increase of Z value was probably caused by ion-pair complex

ormation effect between additives and alkaloids.
Third, log I, which is related to retention factor, is the affin-

ty of 1 mol of solute to the stationary phase. This could be used
o express the functional capability between the solute and the
tationary phase and is relevant to the retention factor. Specifi-
ally, an increase in log I lead to an increase in k′. Table 2 shows
hat the retention factor increased generally with the increase
n the lengths of the alkyl groups and log I, which resulted in
evere ruggedness. When the resolution fulfilled the require-
ents, the shorter length of the alkyl group facilitated better

esult.

.4. Comparative study of ionic liquid and triethylamine (TEA) as
obile phase additives

Triethylamine (TEA) is the most popular silanol suppressing
gent. A comparative study on the retention, peak shape, and peak
fficiency of five matrine-type alkaloids chromatographed with
queous-organic mobile phases containing ionic liquid or TEA was
onducted.

Fig. 1 shows the chromatograms obtained with 20 mM of phos-
hate buffer–acetonitrile 90%/10% (v/v) mobile phase without
dditive (Fig. 1c) and containing 3.6 mM [0.05% (v/v)] TEA (Fig. 1d)
t pH 5.8. The chromatograms show that the resolution was signifi-
antly higher when the analyte was working with the mobile phase
ontaining TEA compared with that without an additive. However,

TILs were significantly more effective than TEA.

The tailing observed with the 3.6 mM TEA mobile phase could
e reduced by increasing the TEA concentration, but the resolution
actor would decrease. Furthermore, TEA decreased the retention
245 0.9423 0.1227 1.4543 0.9976 0.0697 1.5051 0.0697

of analytes more than BMIM BF4 did. The observed differences of
the two additives have been explained in previous studies [22,23].

As proposed in Ref. [22], the RTIL cation could be adsorbed on
the stationary phase surface, and imidazolium cations can interact
with silanol groups. The suppression of the silanol–cationic solute
interaction decreases the retention factors of the positively charged
solutes. Similarly, TEA is mainly in the positive TEA+ form at pH
5.8 and associates with silanol groups. This silanol screening effect
is helpful for improving peak efficiency and shape. However, the
decrease in retention factors is a side effect.

Nevertheless, the BF4
− anions have a chaotropic character that

allows them to associate with cationic solutes in the presence of
the ionic liquid additives. Phosphate anions are more kosmotropic
and unable to undergo ion pairing with cations. To understand why
BF4 ion-pairing increases the solute retention factors, the ion-pairs
have been determined to possess more affinity for the C18 alkyl
chains of the stationary phase compared with the cationic solutes.
Moreover, the two effects, including competitive adsorption with
solutes on the stationary phase and ion-pairing with solutes, can
compensate each other in the presence of RTIL additives. However,
competitive adsorption between solutes and additives on the sta-
tionary phase plays a major role in this process according to the
SDM-R.

The chosen phosphate buffer contains H2PO4
− kosmotropic

anions that possess water-structure properties. Due to their abil-
ity to form hydrogen bonds, their stronger hydration and greater
polarity enhance the aqueous solution structure. When the pH rises,
the loss of protons of phosphate anions and breakage of hydro-
gen bonds increase the chaotropic effect. Hence, the increase of
buffer concentration results in the increase of retention time. How-
ever, the result indicates that k′ generally decreases along with the
increase in buffer solution concentrations at pH 6.4. This may be
due to the fact that the lower pH ensures more protonation of
the alkaloids than the higher pH does. Simultaneously, the frac-
tion of the analytes present as ion pairs with anionic additives is
very small at higher pH. Moreover, according to the assumptions of
Fig. 2. Effect of buffer solution concentration on peak efficiency of five matrine-type
alkaloids.
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Fig. 3. Relative efficiency changes (N/N0, where N0 is the number of plates without
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dditive) observed on the matrine-type alkaloid peaks with a mobile phase con-
aining (a) BMIM BF4 or (b) TEA at different concentrations. Other chromatographic
onditions are the same as those in Fig. 1.

The effects of the addition of TEA or RTILs are better peak shape
nd enhanced efficiency. Therefore, in the present study, the depen-
ence of peak efficiency on the concentration of additives in the
obile phase was investigated. Peak efficiencies were expressed

s theoretical plates (N). The improvement in peak efficiencies
bserved on the matrine-type alkaloid peaks was expressed as
/N0, and the ratio was derived from the plate count measured
ith an additive over the plate count obtained with the same com-
ound and the same mobile phase without an additive. The results
howed peak efficiencies were significantly improved by TEA and
MIM BF4 (Fig. 3). However, the addition of TEA cannot completely
liminate tailing, even with the increased concentration. As men-
ioned, the resolution would decrease when the TEA concentration
s increased, and this should be avoided.

. Conclusions

To clarify systematically the effectiveness and mechanism of
eparation of matrine-type alkaloids with mobile phase containing
TILs in HPLC, the mobile phase pH, phosphate buffer concentra-
ion, and the length of RTIL alkyl groups were studied. The results
emonstrated that the separation of alkaloids should be under-
aken at weak acidity conditions. The retention factor increased
nder elevated phosphate buffer concentration at pH 3.4 and
ecreased at pH 6.4, which may be attributed to the ion-pair com-
lex formation effect between additives and alkaloids at low pH
nd to the competition effect between additives and protonation
lkaloids for adsorption on the stationary phase surface at relatively
igh pH.

In the process of investigating the effects of RTIL concentration
nd length of RTIL alkyl groups, chromatographic behaviors were
ccidently discovered and consequently validated to comply with
DM-R. The validation further clarified that the competitive adsorp-

ion between ionic liquids as displacer and analytes was the main
rocess.

In addition, RTILs and TEA as mobile additives were com-
ared. As a result, although the peak efficiencies had a significant

[

iomedical Analysis 58 (2012) 163–167 167

improvement, the ionic liquid BMIM BF4 was found superior to
TEA. Moreover, BMIM BF4 had little influence on the solute reten-
tion factors, whereas TEA significantly affected the factors as shown
by the decrease. This difference was caused by the dual nature of
ionic liquids which facilitated the participation of both the consti-
tuting anion and cation in the retention mechanism. The cations
mostly interacted with the stationary phase silanol groups, and
the anions were responsible for the possible ion-pairing with the
cationic solutes. The two effects were beneficial on the chromato-
graphic figure of merit. However, the cation effect was shown to be
predominant based on SDM-R, although this needs to be verified
by further experiments.
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a b s t r a c t

A novel, simple and rapid capillary zone electrophoresis method with UV detection has been developed
for the simultaneous determination of pyrimethamine and sulfadoxine in tablet formulations. The com-
pounds are separated in 6 min in a fused silica capillary, 30 cm long (20 cm to detector) × 50 �m using a
100 mM phosphate buffer pH 7.2 as background electrolyte, a 330 V cm−1 electric field and a detection
wavelength of 214 nm. Analysis of different tablet formulations has shown a good agreement with the
liquid chromatography method described in the United States Pharmacopoeia. Main advantages of the
eywords:
ntimalarials
ulfadoxine
yrimethamine
ablets

CZE method are the rapid set-up of instrumentation and capillary equilibration, short analysis time and
low running cost.

© 2011 Elsevier B.V. All rights reserved.
apillary zone electrophoresis

. Introduction

Because each year, in the malaria-endemic areas of Africa,
round 25 millions of pregnant women are at risk of Plasmod-
um falciparum during their pregnancy [1], a preventive antimalaria
reatment for pregnant women has been recommended by World
ealth Organisation. The national policy which has been adopted

n Côte d’Ivoire is to use pyrimethamine (PYR) and sulfadoxine
SDX) in combination for this purpose [2]. In this antimalaria
hemotherapy, PYR which is a dihydrofolate inhibitor is combined
n a synergetic effect with SDX, a sulfonamide which inhibits dihy-
ropteroate synthetase. The two active substances sequentially
lock the two enzymes involved in the biosynthesis of folic acid
ithin P. falciparum. Among separation methods, liquid chromatog-

aphy (LC) methods have been described for the simultaneous
etermination of SDX and PYR in tablets [3–6], cleaning validation
wabs [7] or human plasma [8–10]. Capillary electrophoresis (CE)
ethods have been reported for the determination of sulfonamides

n food, pharmaceuticals and water [11–13] or for the determi-

ation of PYR as drug substance or in drug formulations [14–16]
ut there are no CE methods reported for a simultaneous deter-
ination of SDX and PYR in pharmaceuticals. Since alternative or

∗ Corresponding author. Tel.: +33 4 11 75 95 88.
E-mail address: huguette.fabre@univ-montp1.fr (H. Fabre).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.028
complementary methods may be of interest to guarantee the
quality of the drug or to detect drug adulteration, or counterfeit
medicines [17], the possibility of using CE for the simultaneous
determination of PYR and SDX in tablets has been investigated.

2. Experimental

2.1. Chemicals

PYR, SDX, procaine hydrochloride (PRO) and phenobarbital
(PHE) were from Sigma Aldrich (Saint Quentin Fallavier, France).
All other chemicals were of analytical grade from different sup-
pliers. Fansidar® (Roche), Maloxine® (Exphar) and Ubigen SP®

(Ubithera) commercial tablet formulations, were purchased from
a pharmacy in Côte d’Ivoire. Amalar® (Micro Labs Ltd.), Fansidar®

(Roche), Malabase® (Ronak), Maloxine® (Tycol Pharm, London, UK,
Britlodge Ltd.; SW Pharma, China) tablets were purchased from a
street market in Abidjan. All formulations had a declared content
of 500 mg of SDX and 25 mg of PYR per tablet.

2.2. Solutions
2.2.1. Background electrolyte solution
100 mM sodium dihydrogenophosphate aqueous solution

adjusted to pH 7.2 with a 0.1 M sodium hydroxide solution and
filtered through a 0.45 �m Millipore membrane filter, type HVLP.

dx.doi.org/10.1016/j.jpba.2011.09.028
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:huguette.fabre@univ-montp1.fr
dx.doi.org/10.1016/j.jpba.2011.09.028
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3.1.4. Selection of detection wavelength
Due to the low concentration of PYR in the tablet extract,

detection at a low wavelength is needed for sensitivity. A 214 nm
wavelength (which allows the use of an instrument equipped with
Fig. 1. Chemical structure and pKas of s

.2.2. Standard solution
A solution (24.0 mg l−1 PYR and 480.0 mg l−1 SDX) is prepared in

volumetric flask by sonication of an accurately weighed amount of
YR and SDX in acetonitrile (17% of the flask volume). After addition
f 0.1% aqueous phosphoric acid solution to volume, the resulting
olution (solution S) is sonicated for 5 min. A volume of 1 ml of inter-
al standard (IS) solution (PRO, 300 mg l−1 and PHE, 2520 mg l−1 in
cetonitrile – 0.1% phosphoric acid solution, 1:1, v/v) is added to
ml of solution S. This working standard solution contains PYR,
0 mg l−1; SDX, 400 mg l−1; PRO, 50 mg l−1 and PHE, 420 mg l−1.

.2.3. Test solution
Test solutions corresponding to theoretical PYR, 20 mg l−1; SDX,

00 mg l−1 concentrations are prepared from an accurate amount
f powdered tablet following the same procedure. After centrifu-
ation of the extract at 5000 rpm for 5 min, 1 ml of the IS solution is
dded to 5 ml of supernatant. Standard and test solutions are stable
or at least 24 h at ambient temperature.

.3. Apparatus and operating conditions

A Beckman P/ACE MDQ (Fullerton, CA) instrument with a pho-
odiode array detector was used with a fused-silica capillary, 30 cm
ong (20 cm to the detector), 50 �m internal diameter (TSP, Com-
osite Metal Services, Hallow, Worcs, UK), housed in a cartridge
ith a 200 �m × 800 �m detector window. Prior to its first use, the

apillary was pre-conditioned by washing at 20 psi for 20 min with
0.1 M sodium hydroxide solution, and then flushed with water

or 5 min. Every working day a preconditioning was carried out
ith 0.1 M sodium hydroxide followed by water and electrolyte

uffer at 20 psi for 5 min. Optimised operating conditions for anal-
sis were as follows: capillary rinse, 0.1 M HCl (1 min; 20 psi), 0.1 M
aOH (1 min; 20 psi), electrolyte (2 min; 20 psi); sample intro-
uction (anodic side, 3 s, 0.3 psi); wait, water (0 s); separation,
30 V cm−1 with a 0.17 min ramp voltage, cartridge temperature,
5 ◦C (i = 80 �A); detection at 214 nm.

. Results and discussion

.1. Method optimisation

.1.1. Selection of background electrolyte and separation
onditions

The respective pKa values of 6.8 (+) and 6.2 (−) [18] of PYR and
DX (Fig. 1) allow their separation under cationic (PYR) and anionic
SDX) forms in a pH range of 5–8. Different phosphate buffer solu-
ions were tested in this range. An optimal separation was obtained
ith a phosphate buffer pH 7.2 at high concentration (100 mM) to
mprove peak efficiency by a stacking effect. Using a short length
apillary (30 cm) to achieve the separation in the shortest time
ossible and applying a moderate voltage (10 kV) at a 25 ◦C sep-
ration temperature resulted in an acceptable current developed
xine (SDX) and pyrimethamine (PYR).

(80 �A). Under these conditions, a minimum of 50 separations can
be achieved with the same set of separation vials without notice-
able drift of migration times (MTs) due to buffer depletion.

3.1.2. Selection of a sample solvent
Different sample solvents were investigated. Methanol, mix-

tures of methanol–water or methanol–phosphoric acid used in
different ratios, resulted in a tailing peak for PYR. Using the sam-
ple solvent described in the USP (0.1% phosphoric acid–acetonitrile,
83:17, v/v) resulted in better peak shapes which can be explained
by the stacking effect of acetonitrile in the presence of salt [19].

3.1.3. Selection of internal standards
The use of an IS is needed for quantitative analysis in CE to take

into account small variations of the injected volumes due to the
injection system. Because there is a disproportion in PYR and SDX,
it was decided to use two different ISs for quantification. Among
potential candidates, PRO (pKa 9) and tetracaine (pKa 8.5) were
tested for PYR, and PHE (pKa 7.4), benzoic acid (pKa 4.3) and sor-
bic acid (pKa 4.76) for SDX. PRO and PHE were selected as they
give peaks well resolved (Fig. 2), close to the analytes and do not
increase the analysis time.
Fig. 2. Electropherograms of a standard solution of PYR and SDX (upper trace) and a
test solution of Fansidar (lower trace). Conditions: 100 mM phosphate buffer pH 7.2;
capillary, 50 �m I.D. × 30 cm; inj 3 s, 0.3 psi, PYR 20 mg l−1, SDX 400 mg l−1; 10 kV;
25 ◦C; detection, � = 214 nm.
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Fig. 3. Selectivity towards formulation excipients (A) and co

filter for detection) gave the best signal-to-noise ratio for PYR and
llowed a simultaneous determination of the analytes.

.2. Evaluation of method performances

.2.1. Selectivity
No interference was noted with the ingredients present in the

ifferent tablet formulations analysed (Table 1) at the MTs of the
ctive substances and ISs (Fig. 3A). The selectivity was also assessed
owards sulfanilic acid and sulfanilamide, degradation products of
DX [20]. Sulfanilamide (pKa 10.4), which is unionised migrates
ith the EOF (Fig. 3B) and sulfanilic acid (pKa 3.2) is eluted at 18 min.
s it was also considered that the method could be potentially
pplicable to detect counterfeit antimalarial formulations [17], the
electivity was also tested towards common antimalarials sold in
ôte d’Ivoire: (artemether, lumefantrine, artesunate, amodiaquine
nd quinine). Artemether was not soluble in the dissolving solvent.
umefantrine pKas 8.7 (+), 13.5 (−) was not detected within 20 min.
t is assumed that this very hydrophobic compound precipitates in
he background electrolyte. Amodiaquine (pKas 5.8 (+), 9.6 (+) and
0.2 (−)) and quinine pKas 4.1 (+), 8.4 (+), 12.8 (−) migrate as cations
nd artesunate pKa 4.3 (−), as an anion at pH 7.2 which is in agree-
ent with their pKa values [18], and are separated from PYR, SDX

nd IS (Fig. 3B).
.2.2. Linearity of the response function
The linearity of the response function (corrected peak areas, CPA

nalyte/IS) vs analyte concentration was assessed over the range

able 1
xcipients of the different pharmaceutical formulations analysed.

Excipients Ubithera®

Sodium carboxymethylcellulose (CMC)
Dextrine ×
Gelatin
Hydroxypropyl methylcellulose (HPMC) ×
Lactose
Magnesium/calcium stearate ×
Sodium methyl hydroxybenzoate
Sodium propyl hydroxybenzoate
Starch ×
Talc

malar® unknown excipients.
antimalarials (B). Experimental conditions were as in Fig. 2.

5.0–25.0 mg l−1 for PYR and 100–500 mg l−1 for SDX at 5 concen-
tration levels corresponding to 25, 50, 75, 100 and 125% of the
target concentration (PYR, 20 mg l−1; SDX, 400 mg l−1). Three series
of mixed calibration solutions were prepared independently over
3 days, each time from a different stock solution. Regression equa-
tions were:

CPA (PYR/PRO) = (0.0676 ± 0.0013) PYR mg l−1

− (0.012 ± 0.021); r2 = 0.995

CPA (SDX/PHE) = (0.00298 ± 0.00003) SDX mg l−1

+ (0.026 ± 0.010); r2 = 0.999

with the confidence intervals calculated at ˛ = 0.05. Analysis of vari-
ance showed that the relationship is linear and that the regression
line passes through or close to the origin.

3.2.3. Relative migration times and corrected peak area precision
The precision of the system was assessed by injecting 7 times

successively standard and test solutions at the target concentration.
The RSD values were typically better than 0.1% for relative migra-
tion times, RMTs (MTs relative to IS) and in the range 0.5–2% for
relative corrected peak areas, RCPAs (CPAs relative to IS). Similar

RMTs (1.35 for PYR and 1.23 for SDX) were obtained on a same day,
on different days, on different capillaries and different instruments.
RMTs can be used together with UV spectra to confirm the identity
of the drugs.

Fansidar® Maloxine® Malabase®

×

×

×
× × ×

× ×
× ×

× × ×
× × ×
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Table 2
HPLC and CE determinations of SDX and PYR in commercial tablet formulations expressed as % of the label claim. Average of duplicate assays (except Fansidar, pharmacy,
n = 7).

EC HPLC
PYR % SDX % PYR % SDX %

Pharmaceuticals sold in a pharmacy
Fansidar® 101.7 101.1 100.9 99.9
Maloxine® 97.9 100.0 98.5 98.8
Ubigen SP® 96.5 97.9 99.0 96.9

Pharmaceuticals sold on the street market
Amalar® 98.2 100.8 98.0 99.6
Fansidar® 98.0 100.7 95.7 100.1
Malabase® 96.3 99.9 99.0 99.5
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[19] Z.K. Shihabi, Peptide stacking by acetonitrile–salt mixtures for capillary elec-
trophoresis, J. Chromatogr. A 744 (1996) 231–240.
Maloxine Tycol 91.0
Maloxine® Britlodge 97.2
Maloxine® SW Pharma 97.6

.2.4. Limit of detection (LOD) and quantification (LOQ)
The LOD (signal-to-noise ratio of 3) and the LOQ (signal-to-

oise ratio of 10) evaluated from a test solution at the target
oncentration, were 0.8 mg l−1 and 2.5 mg l−1, respectively, for both
ompounds. These limits correspond to 0.8 mg (LOD) and 2.5 mg
LOQ) of active substance per tablet.

.2.5. Analysis of formulations. Cross-validation
Different formulations were analysed by the proposed CE

ethod and the LC method described in the USP monograph
sulfadoxine and pyrimethamin tablet” [5]. Table 2 presents the
omparative results of duplicate assays in different formulations,
xcept for Fansidar (commercial formulation) for which 7 repli-
ate determinations were performed to test the repeatability of
he entire analytical procedure. Similar results are obtained using
C and CE. The repeatability of the analytical procedure (n = 7) for
ansidar expressed as the RSD was 1.94% for PYR and 0.7% for SDX
n CZE, which is comparable with the results found in LC (1.06% for
YR and 0.7% for SDX).

. Conclusion

CZE is a valuable technique for the simultaneous determina-
ion of PYR and SDX in tablet formulations. The method proposed
hows good performances with respect to selectivity, linearity and
recision. Cross validation with the USP LC method demonstrates
he validity of the CE assays in different tablet formulations. Main
dvantages of the CZE method developed by comparison with the
SP LC method are the rapid set-up of instrumentation and cap-

llary equilibration, short run time (6 min) and low running cost
long lifetime of the capillary and consumption of a few millilitres
f separation buffer per day). In contrast, the USP method that uses
phenyl column requires about 2 h for equilibration and a run time
f 16 min and this stationary phase presents a rather poor stabil-
ty. The specificity of the CE method towards common antimalarial
uggests to use it to detect counterfeit tablets of SDX and PYR.
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a b s t r a c t

A new high-performance liquid chromatography/tandem mass spectrometry (LC–MS/MS) was developed
for quantitative analysis of atractylenolide I in rat plasma using buspirone as internal standard (I.S.). Rat
plasma samples were deproteined with methanol and acetonitrile (1:1, v/v). Atractylenolide I and I.S. were
separated on a Phenomenex Gemini C18 column (50 mm × 2.0 mm, 5 �m) with gradient mobile phase at
the flow rate of 0.4 ml/min. The detection was performed by positive ion electrospray ionization (ESI) in
multiple reaction monitoring (MRM) mode. The linear calibration curve of atractylenolide I in rat plasma
ranged 2.0–5000 ng/ml (R > 0.9979). The limit of detection (LOD) and the limit of quantification (LOQ)
tractylenolide I
tractylodis
at plasma
harmacokientics
C–MS/MS

were 0.6 ng/ml and 2.0 ng/ml, respectively. Both accuracy and precision of the assay were satisfactory.
The recoveries of atractylenolide I and I.S. were 91.4% and 87.8%, respectively. This fully validated method
was applied to a pharmacokinetic study of atractylenolide I in rats administered with 20 g/kg Atractylodis
extract. The main pharmacokinetic parameters Tmax (the time to peak), Cmax (the concentration to peak),
T0.5 (the biological half time), and Ke (the elimination rate constant) were 0.81 ± 0.11 h, 7.99 ± 1.2 ng/ml,

/h, re
1.94 ± 0.27 h, 0.365 ± 0.06

. Introduction

Traditional Chinese Medicine (TCM) is the natural therapeutic
gent used for prevention and treatment of diseases for thou-
ands’ of years in China. Atractylodis (the dried root and stem of
tractylodes macrocephala Koidz) is one of the TCM listed in Chi-
ese Phaemacopoeia [1]. It shows anti-tumor, anti-inflammatory
nd anti-bacterial effects [2–4]. It also could inhibit gastroin-
estinal smooth muscle [5]. Atractylodis is rich of volatile oil
nd lactones [6,7]. Recently, atractylenolide I, one single com-
ound isolated from Atractylodis, has attracted more and more
ttention because of its multiple therapeutic effects. It has been
eported that atractylenolide I showed aromatase inhibiting activ-
ty, anti-bacterial activity and gastroprotective activity [8,9].
tractylenolide I could also inhibit uterine contraction [10]. Anti-
ancer effect of atractylenolide I has been proved in different cancer
ells [11–15].

Reversed-phase high performance liquid chromatography (RP-
PLC) with evaporation light scattering detection and UV detection

as been reported for determination of atractylenolide I in Atracty-

odis herb [16,17]. Until now, two pieces of paper reported that
capillary gas chromatography-selected ion monitoring mass

∗ Corresponding author.
E-mail address: lylyj2001@yahoo.com.cn (Y. Li).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.023
spectively.
© 2011 Elsevier B.V. All rights reserved.

spectrometry method and an RP-HPLC method with UV detection
for quantification of atractylenolide I in rat plasma. In those paper,
atractylenolide I was administered to rats as a single component
[18,19]. However, owing to the complexity of chemical con-
stituents in this herbal medicine, reports are unavailable regarding
analytical methods for quantification and pharmacokinetic study
of atractylenolide I in Atractylodis. Furthermore, HPLC–MS method
for determination of atractylenolide I in animals or human has not
been reported elsewhere.

In order to support preclinical pharmacokinetic studies of
Atractylodis and make better use of TCM preparations containing
this herb, it is critical to develop a new method for determina-
tion of atractylenolide I in Atractylodis from biological matrices.
In the current paper, a simple, rapid and sensitive HPLC–MS/MS
method for quantification of atractylenolide I in the plasma of rat
after oral administration of the Atractylodis extract was developed
for the first time. The preliminary pharmacokinetic behavior of
atractylenolide I in rat plasma after oral administration of Atracty-
lodis extract was firstly elucidated.

2. Experimental
2.1. Chemicals and reagents

Atractylodis extract and atractylenolide I (98.8%, purity)
were supplied from Shanghai TCM University, Shanghai, China.

dx.doi.org/10.1016/j.jpba.2011.09.023
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:lylyj2001@yahoo.com.cn
dx.doi.org/10.1016/j.jpba.2011.09.023
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tractylodis was extracted with 95% ethanol and then evaporated
o dryness to get the extract. Buspirone used as internal standard
I.S., 98.6%, purity) was purchased from National Institute for the
ontrol of Pharmaceutical and Biological Products, Beijing, China.
ethanol and acetonitrile were of chromatographic grade from

isher Company (Iowa, USA). Formic acid was of analytical grade
urchased from Mairida Technologies (Beijing, China). The blank
at plasma was obtained from healthy Wistar rat (the Experimental
nimal Institute of the Medical Science Academy of China).

.2. Stock solutions and standard samples

The standard stock solution was prepared by dissolving 10.0 mg
f atractylenolide I in 100 ml of methanol to obtain a nominal con-
entration of 0.1 mg/ml. The internal standard stock solution was
repared by dissolving appropriate amount of buspirone in the
ixture solvent of methanol and acetonitrile (1:1, v/v) to obtain
nominal concentration of 0.1 �g/ml. All the stock solutions were
ept at 4 ◦C before use.

Calibration curves were prepared by spiking 50 �l of the
ppropriate standard solution to 50 �l of blank rat plasma at
oncentrations of 2.0, 5.0, 20.0, 50.0, 200, 500, 1000, 2000 and
000 ng/ml. Quality control (QC) samples (0.2, 200 and 5000 ng/ml)
ere independently prepared.

.3. Chromatography and mass spectrometry

LC–MS/MS analysis was performed on Waters Acquity UPLC sys-
em coupled to a Waters Quattro Premier XE Mass Spectrometer
Waters Company, Milford, USA). MassLynx and Quanlynx (Waters
ompany, Milford, USA) software version 4.1 was used for instru-
ent control and quantification, respectively. The LC system was

quipped with a Phenomenex Gemini column (2.0 mm × 50 mm,
�m, Phenomenex Company, CA, USA). The mobile phase con-

isted of a mixture of 0.1% formic acid in water (A) and 0.1% formic
cid in methanol (B). The gradient elution was programmed as fol-
ows: 0 min 10% B, 1 min 10% B, 3 min 90% B, 4 min 90% B, 4.01 min
0% B, 5 min stop. The flow rate was set at 0.4 ml/min and the col-
mn temperature was maintained at 25 ◦C. The injection volume
as 10 �l.

The mass spectrometer was operated in the positive electro-
pray ionization (ESI) mode with multiple reaction monitoring
MRM). MRM parameters were optimized using direct infusion
xperiments of standard compounds. Nitrogen was used as desol-
ation gas (600 l/h) and cone gas (50 l/h). The capillary voltage was
et at 3.2 kV with the source temperature at 110 ◦C for atractyleno-
ide I and I.S. Collision energies for atractylenolide I and I.S. were
0 V and 30 V, respectively. Cone voltage were set at 37 V for
tractylenolide I and 42 V for I.S., respectively. The desolvation
emperature was kept at 300 ◦C. The precursor-to-product ion tran-
itions were monitored at m/z 231.1 → 185.1 for atractylenolide I
nd at m/z 386.4 → 122.1 for buspirone.

.4. Extraction procedure

To 50 �l plasma sample, 150 �l of I.S. solution (the mixture sol-
ent of methanol–acetonitrile (1:1, v/v) were added for protein
recipitation. The mixture was vortexed for 60 s and centrifuged at
000 rpm for 10 min. The supernatant was filtered through 0.45 �m
embrane. 10 �l of aliquot was injected onto the LC–MS/MS sys-

em for analysis.
.5. Assay validation

Calibration curve was obtained by plotting the peak area ratio
f atractylenolide I to I.S. against the corresponding atractylenolide
omedical Analysis 58 (2012) 172–176 173

I concentrations. Linearity was assessed by weighted linear regres-
sion with the weighting factor 1/x2 (x was the concentration of
atractylenolide I in rat plasma). The selectivity was determined by
comparison the blank rat plasma with real samples. The limit of
quantification (LOQ) was defined as the lowest drug concentration
on the calibration curve of atractylenolide I determined with an
accuracy (relative error, RE) and precision (relative standard devi-
ation, R.S.D.) of less than 20%. The limit of detection (LOD) was
defined as signal/noise ratio of 3.

The accuracy was defined as the percentage of deviation (RE)
of the observed concentrations from the nominal concentrations.
Six replicate QC samples at each concentration were analyzed
in a single sequence for within-day assessment. For between-
day assessment six replicate QC samples at each concentration
were analyzed on three occasions. The precision of the assay
was determined by calculating the R.S.D. Recovery was calcu-
lated by comparing the observed concentrations with the spiked
concentrations with low (2 ng/ml), medium (200 ng/ml) and high
concentration (5000 ng/ml) QC samples.

The stability of atractylenolide I in rat plasma at room temper-
ature for 6 h, at −20 ◦C for 30 days and after three freeze–thaw
cycles was assessed. The concentration of atractylenolide I from
three storage conditions was compared to the initial concentration
of freshly prepared samples.

2.6. Pharmacokinetic study

The method was applied to a pharmacokinetic study of
atractylenolide I in rats. Wistar rats (200 ± 20 g, three males and
three females were supplied by Experimental Animal Institute of
the Medical Science Academy, Beijing, China. The rats were fasted
for 12 h and had free access to water before dosing. Rats was admin-
istered a single dose of 20 g/kg Atractylodis extract, and then blood
samples were collected at scheduled time points (0, 0.5, 1,2, 3, 4,
6, 8, 12, 18, 24 and 36 h). The blood samples were then centrifuged
at 3000 rpm for 10 min immediately and then the plasma samples
were prepared and obtained. The plasma samples were kept at
−20 ◦C until analysis.

The plasma concentrations of atractylenolide I at different time
points were expressed as mean ± S.D. The concentration versus
time curve was plotted. All the pharmacokinetic parameters were
calculated by DAS 2.0 statistical software (Mathematical Pharma-
cology Professional Committee of China).

3. Results and discussion

3.1. Method development

In order to obtain a sensitive mass response of the compounds,
the transitions of the targets and the main parameters, such as
cone, capillary and collision voltages, desolvation and source tem-
peratures were investigated carefully. All MS parameters were
optimized to find the most abundant and characteristic molecular
and product ions. Full scan product ion spectra of atractylenolide
I and I.S. were investigated with MRM mode. For atractylenolide I,
typical fragment ion of m/z 185.1 was observed. The characteristic
fragment ion of m/z 122.1 for I.S. was selected. Their fragmentation
pathways are shown in Fig. 1.

Different compositions of the mobile phase (methanol and
water) were investigated in present study. Initially, isocratic mobile
phase was adopted to separate atractylenolide I and I.S. How-

ever, atractylenolide I was difficult to be well separated from other
lactone components, such as atractylenolide II and atractyleno-
lide III in Atractylodis extract because of their extremely similar
structures. Finally, gradient mobile phase was utilized to separate
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Fig. 1. Full-scan product ion spectra of [M+H]+ ions and fragmentation pathways for (A) atractylenolide I and (B) buspirone.

Table 1
Precision and accuracy for the determination of atractylenolide I in rat plasma by LC/MS/MS method (n = 6).

Nominal concentration (ng/ml) Calculated concentration (ng/ml) Intra-day R.S.D. (%) Inter-day R.S.D. (%) Accuracy RE (%)
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90.8% and 93.4%, respectively. The average recovery of atractyleno-
lide I was 86.7%. The recovery of I.S. was 87.8%. Moreover, good
repeatability of atractylenolide I recovery experiment was obtained
with RSD values less than 7.6%.

Table 2
The extraction recoveries of atractylenolide I and I.S. in rat plasma by LC/MS/MS
method (n = 6).

Compound Added concentration
(ng/ml)

Extract
recovery
(%)

R.S.D. (%)
2.00 1.844
200 209.2

5000 5170

tractylenolide I and I.S. with sharp peaks and appropriate analysis
ime. Under the optimal HPLC–MS/MS conditions, the representa-
ive MRM chromatograms of atractylenolide I and I.S. are shown in
ig. 2. The retention times of atractylenolide I and I.S. were 2.27 min
nd 3.65 min, respectively. Each chromatographic run was com-
leted within 4 min.

Different protein precipitation solvents, such as methanol, ace-
onitrile, were tested. Finally, a mixture of methanol–acetonitrile
1:1, v/v) was used as the optimal solvent because no significant ion
uppression effect was observed. This very simple protein precipi-
ation method could also increase the recoveries of atractylenolide
and I.S. with good repeatability.

Compared with previous GC–MS method for determination
f atractylenolide I in rat plasma [18], the present HPLC–MS/MS
ethod supplied shorter run time (3.65 min) than 10 min reported

arlier. Furthermore, the protein precipitation procedure seemed
impler than liquid–liquid extraction method.

.2. Assay validation
The calibration curve was linear over the concentration range
f 2.0–5000 ng/ml. The intercept, slope and correlation coefficient
f calibration equation were 12.1, 202.4 and 0.9979, respectively.
6.2 8.9 −7.8
3.4 3.1 4.6
1.6 4.8 3.4

The LOD and LOQ were 0.6 ng/ml and 2.0 ng/ml, respectively. Intra-
and inter-day precisions (R.S.D.) and accuracy for quantification of
atractylenolide I in rat plasma were summarized in Table 1. Intra-
and inter-day precisions ranged from 1.6% to 8.9%. Accuracy (RE)
was between −7.8% and 3.4% for atractylenolide I at three concen-
trations in rat plasma. Both precision and accuracy of this assay
were satisfactory.

Recovery result was shown in Table 2. The recoveries of
atractylenolide I at low, medium and high spiked levels were 90.1%,
I.S. 100 87.8 3.2
AO-I 2.00 90.1 7.6

200 90.8 2.8
5000 93.4 3.3
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Mean plasma concentration–time profile of atractylenolide I
after oral administration of Atractylodis extract was shown in
Fig. 3. The main pharmacokinetic parameters were listed in Table 4.
Atractylenolide I was found to be absorbed quickly within 1 h.
ig. 2. Typical chromatograms of (A) blank plasma, (B) blank plasma spiked with at
h after an oral dose of 20 g/kg Atractylodis. Peak I, atractylenolide I; Peak II, I.S.

The stability results of atractylenolide I under three storage con-
itions were listed in Table 3. Atractylenolide I in rat plasma at
oom temperature was stable for 6 h with RE less than 8.3%. The
tability of atractylenolide I in rat plasma at −20 ◦C for 30 days
anged from −1.8% to 3.1% (RE). The stability of atractylenolide I
fter three freeze–thaw cycles was below 6.4% (RE). Stability results

howed that atractylenolide I was stable under different condi-
ions.

able 3
tability of atractylenolide I in rat plasma at different conditions determined by
C/MS/MS method (n = 6).

Conditions Spiked concentration
(ng/ml)

2.00 200 5000

Freeze–thaw stability (RE, %)
0 cycle 2.1 −4.3 4.8
3 cycles 3.2 6.4 −3.7
Storage stability at −20 ◦C (RE, %)
0 day 3.1 −4.0 1.4
30 days 2.8 −1.8 2.0
Processed plasma samples at 20 ◦C RE, %)
0 h 8.3 −2.9 6.3
6 h 7.6 −2.7 1.9
enolide I (100 ng/ml) and I.S. (100 ng/ml) and (C) a real plasma sample collected at

3.3. Pharmacokinetic study
Fig. 3. Mean plasma concentration-time profile of atractylenolide I determined by
LC/MS/MS method after oral administration of 20 g/kg Atractylodis extract to rats.
Each point represents the mean ± S.D. (n = 6).
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Table 4
Pharmacokinetic parameters of atractylenolide I after oral administration of Atractylodis extract (20 g/kg) to rats (n = 6, Mean ± S.D.).

Parameters Values Parameters Values

Ke (/h) 0.365 ± 0.06 AUC0−T (�g h/l) 22.2 ± 1.9
AUC0−
CL (l/h
Vc (l/k
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T0.5 (h) 1.94 ± 0.27
Tmax (h) 0.81 ± 0.11
Cmax (�g/l) 7.99 ± 1.2

he time to reach peak concentration (Tmax) was 0.81 ± 0.11 h.
eak concentration (Cmax) ranged from 6.79 to 9.19 �g/l, respec-
ively. The biological half-life (T0.5) was 1.94 h with values between
.67 and 2.21 h. The elimination rate constant (Ke) and area
nder curve (AUC0−T) were 0.365 ± 0.06 h, and 22.21 ± 1.9 �g h/l,
espectively.

The dose of 20 g/kg Atractylodis extract was decided by our
revious in vitro everted intestinal Sac model experiments (data
ot published). The contents of atractylenolide I, II and III in
tractylodis extract are 0.053%, 0.025% and 0.072%, respectively.
uring method development, simultaneous determination for
tractylenolide I, II and III in blank rat plasma was performed.
hile, atractylenolide II in real samples of rats ingested Atracty-

odis extract was not detected at any time point under present
hromatographic condition. Though atractylenolide III could be
etermined in rat plasma samples at different time points, the
harmacokinetic curve of atractylenolide III showed an irregu-

ar pattern. All these interesting phenomena still need further
tudy.

. Conclusions

A rapid, simple and sensitive LC–MS/MS method was devel-
ped for quantification of atractylenolide I in rat plasma for the
rst time. This method was completely validated and applied to a
harmacokinetic study of atractylenolide I after oral administra-
ion of 20 g/kg Atractylodis extract to Wistar rats. The preliminary
harmacokinetic behavior of atractylenolide I in Atractylodis was
rstly elucidated.
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a b s t r a c t

A sensitive and selective liquid chromatography–tandem mass spectrometry method was developed
and validated for the determination of ofloxacin in 20 �l human plasma over the concentration range
of 0.078–20 �g/ml. Sample preparation was achieved by protein precipitation with acetonitrile and
methanol containing the internal standard (Gatifloxacin). Chromatographic separation was achieved on
a Luna 5 �m PFP (110 A, 50 × 2 mm) column with acetonitrile and water containing 0.1% formic acid
(50:50, v/v) as the mobile phase, at a flow rate of 400 �l/ml. The within-day and between-day precision
eywords:
uberculosis
floxacin
rotein precipitation
C–MS/MS
alidation

determinations for ofloxacin, expressed as the percentage coefficient of variation, were lower than 7% at
all test concentrations. Recovery of ofloxacin was greater than 70% and reproducible at the low, medium
and high end of the dynamic range. No significant matrix effects were observed for the analyte or internal
standard. The assay was successfully used to examine the pharmacokinetics of ofloxacin as part of a study
to characterize the pharmacokinetics of a number of anti-tuberculosis drugs utilized in the treatment of
multi-drug resistant tuberculosis (MDR-TB).
. Introduction

The occurrence of multidrug-resistance (MDR) strains of tuber-
ulosis (TB) contributes significantly to the increased incidence of
B. Ofloxacin is used as a second-line drug for the treatment of
DR-TB [1,2]. It is a broad-spectrum, chemotherapeutic antimi-

robial agent belonging to the Fluoroquinolone (quinolones) drug
lass. Quinolones target bacterial DNA gyrase, an enzyme that
ontrols the supercoiling of DNA and separating of linked DNA
olecules. Inhibition of DNA gyrase by the quinolones effects DNA

eplication, transcription, repair and recombination [3,4].
A number of papers on the determination and quantification

f ofloxacin by High Performance Liquid Chromatography (HPLC)
ith UV or fluorescence detection have been published, with the

imit of detection being around 20–25 ng/ml. The drawback of these
ethods however, is that large plasma volumes (between 0.2 and

.0 ml) are required [3,5–7]. For pediatric patients this is not ideal,
articularly when numerous samples are needed [8]. To minimise
he volume of blood sampling, drug assays requiring smaller sample
olumes are essential.
Advances in HPLC coupled with triple quadrupole mass
pectrometry (LC–MS/MS) technology have revolutionized drug
nalysis in biological samples. Today LC–MS/MS is heralded the

∗ Corresponding author at: Division of Clinical Pharmacology, University of Cape
own, Medical School, H50, Old Main Building, Groote Schuur Hospital, Observatory,
925 Cape Town, South Africa. Tel.: +27 21 406 6479; fax: +27 21 406 6152.

E-mail address: sandra.meredith@uct.ac.za (S.A. Meredith).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.030
© 2011 Elsevier B.V. All rights reserved.

gold standard for drug analysis, with vast improvements in sen-
sitivity, selectivity and throughput [9]. The aim of this work was to
develop a sensitive LC–MS/MS method using low plasma volumes
to facilitate pharmacokinetic studies and therapeutic drug moni-
toring in paediatric patients. We describe here a robust LC–MS/MS
method coupled with a simple protein precipitation extraction
method for the determination of ofloxacin in 20 �l human plasma.

2. Experimental

2.1. Materials and chemicals

Methanol (LiChrosolv®), acetonitrile (LiChrosolv®), formic acid
(pro analysis) and water (LiChrosolv®) were purchased from
Merck kGaA, Darmstadt, Germany. The ofloxacin reference stan-
dard (EP) was supplied by Industrial Analytical (Kyalami, RSA)
and gatifloxacin (internal standard) supplied by Toronto Research
Chemicals (TRC, Ontario, Canada). Drug free plasma was obtained
from Western Province Blood Transfusion Services at the Groote
Schuur Hospital, South Africa. A Phenomenex Luna, PFP(2) 100 A,
50 mm × 2.0 mm column (Phenomenex, USA) was used for retain-
ing ofloxacin and the internal standard.
2.2. Chemical structure

Chemical structure of ofloxacin is presented in Fig. 1.

dx.doi.org/10.1016/j.jpba.2011.09.030
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:sandra.meredith@uct.ac.za
dx.doi.org/10.1016/j.jpba.2011.09.030
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Fig. 1. Chemical structure of ofloxacin.

.3. Instrumentation

The mobile phase was delivered with an Agilent 1200 series
inary pump and the samples injected with an Agilent 1200 High
erformance Autosampler (Agilent, CA, USA). Detection was per-
ormed by an AB Sciex API 3200 Q Trap mass spectrometer (AB
ciex, Ontario, Canada) fitted with a Turbo VTM ion source.

.4. Preparation of calibration

Calibration standards and quality controls (QC) were prepared
n blank human plasma, and the preparation procedure performed
n ice. Ofloxacin stock solution (SS1) was prepared in a mixture
f acetonitrile and water (50:50, v/v) at 1000 �g/ml. Blank plasma
10 ml) was spiked with SS1 for the highest calibration standard
20 �g/ml) and serial dilutions were performed with blank plasma
o attain the additional calibration standards (10, 5, 2.5, 1.25, 0.623,
.313, 0.156 and 0.078 �g/ml). The same methodology was used
or the preparation of the high, medium and low QCs (16, 8 and
.25 �g/ml, respectively). The calibration standards and QC stan-
ards were briefly vortexed, aliquoted into polypropylene tubes
nd stored at approximately −70 ◦C.

.5. Extraction procedure

The extraction procedure was performed on ice and in
olypropylene test tubes. The plasma samples were thawed on

ce, briefly vortexed, and 20 �l placed into polypropylene tubes. A
ixture of acetonitrile and methanol (80:20, v/v) containing inter-

al standard (gatifloxacin) at 200 ng/ml was added to precipitate
he proteins. The samples were vortexed for 1 min, ultrasonicated
or 5 min, vortexed for a further 30 s, and centrifuged for 5 min
t 16,000 rcf. The supernatant (160 �l) was transferred to clean
olypropylene tubes and evaporated under nitrogen at 30 ◦C for
0 min.. Mobile phase (100 �l), which consisted of acetonitrile and
ater with 0.1% formic acid (50:50, v/v), was added to the dry sam-
les. The samples were vortexed for 30 s, transferred to a 96 well
olypropylene plate, and 5 �l were injected onto the HPLC column.

.6. Mass spectrometry

Electrospray ionization (ESI) was performed in the positive ion
ode with nitrogen as the nebulizing, turbo spray and curtain gas
ith the optimum values set at 50, 60 and 20 psi, respectively. The
eated nebulizer temperature was set at 500 ◦C. The ionspray volt-
ge was set at 4000 V. The instrument response was optimised for
floxacin and the internal standard by infusing a solution of the
ompounds dissolved in mobile phase at a constant flow. The pause
ime was set at 5 ms, the dwell time at 150 ms, and the collision gas
N2) was set to medium (arbitrary values).
The AB Sciex API 3200 Q Trap mass spectrometer was oper-
ted at unit resolution in the multiple reaction monitoring (MRM)
ode, monitoring the transition of the protonated molecular ion
/z 362.1 to the product ions at m/z 318.3 for ofloxacin, and the
d Biomedical Analysis 58 (2012) 177–181

protonated molecular ion m/z 376.1 to the product ions m/z 332.4
for gatifloxacin. The instrument was interfaced with a computer
running Applied Biosystems Analyst version 1.4.2 software.

2.7. Liquid chromatography

Chromatography was performed on a Phenomenex Luna, PFP
(50 mm × 2.0 mm, 5 �m) analytical column. The mobile phase con-
sisted of acetonitrile and water with 0.1% formic acid and was
delivered with a gradient (10–70% acetonitrile over 5 min, brought
back to 10% in 0.1 min, and kept at 10% acetonitrile for another
2.9 min) at a flow rate of 400 �l/min for 8 min. The analytical col-
umn was kept in a column compartment at a constant temperature
of 20 ◦C. An Agilent 1200 series autosampler injected 5 �l onto the
HPLC column. The injection needle was rinsed with mobile phase
(acetonitrile and water with 0.1% formic acid (50:50, v/v)) for 10 s
using the flush port wash station. The samples were cooled to 4 ◦C
while awaiting injection. A representative raw chromatogram at
the lower limit of quantification (LLOQ) for ofloxacin is presented
in Fig. 2.

2.8. Method validation

2.8.1. Calibration standards and quality controls
The calibration curve for ofloxacin was validated by analysing

plasma QC samples in six fold at high, medium, and low concen-
trations (16, 8 and 0.25 �g/ml, respectively) over a period of 3 days
to determine the intra- and inter-day accuracy and precision. The
QC values were interpolated from the calibration curve. The cal-
ibration curve contained 10 different concentrations spanning a
concentration range of 0.078–20 �g/ml. Calibration curves were
constructed using a weighted quadratic regression (1/concentra-
tion) of the peak area ratio of ofloxacin to the internal standard
versus nominal concentration.

2.8.2. Recovery
Recovery was evaluated at high, medium and low concen-

trations (16, 8 and 0.25 �g/ml, respectively). Blank plasma was
extracted and the dried samples reconstituted with mobile phase
and spiked with ofloxacin to generate the reference samples
(containing matrix components). The high, medium and low QC
standards were used as the test samples. Recoveries were calcu-
lated by comparing the peak areas of the extracted samples with
those of the reference samples.

2.8.3. Stock solution stability
Stock solutions of ofloxacin and the internal standard were pre-

pared in a mixture of acetonitrile and water (50:50, v/v). The test
stocks were left at room temperature and the reference stocks at
−70 ◦C for 6 h. Both the ofloxacin reference and test stocks were
diluted with mobile phase (spiked with either the reference or test
stock of internal standard) at a mid-level concentration (5 �g/ml)
and were analysed with a valid calibration curve. In addition, refer-
ence stocks stored at −70 ◦C for at least a year were diluted and
compared with freshly prepared stocks to determine long-term
stability at −70 ◦C.

2.8.4. Freeze and thaw stability
To ascertain freeze–thaw stability, high (16 �g/ml) and low

(0.25 �g/ml) QC standards were frozen, put through three freeze
(at −70 ◦C) and thaw (at room temperature) cycles and analysed
against a valid calibration curve.
2.8.5. Benchtop stability
To establish benchtop stability, high (16 �g/ml) and low

(0.25 �g/ml) QC standards were frozen at −70 ◦C, left on the bench
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Fig. 2. Chromatogram of a blank

t room temperature for 4 h, and were analysed against a valid
alibration curve.

.8.6. On-instrument stability
A 72 h on-instrument stability evaluation of ofloxacin and the

nternal standard was performed. Six high QCs were extracted and
ooled, and analysed over four days. The samples were extracted
nd analysed on day 1, left on the autosampler and analysed again
fter 24, 48 and 72 h.

.8.7. Matrix effects evaluation
Matrix effects were evaluated both visually and quantitatively.

he publication by Matuszewski et al. was followed to evaluate the
nfluence of co-eluting matrix components on ofloxacin and inter-
al standard ionization [10]. Blank plasma from six different plasma
ources was extracted. The dried samples were reconstituted with
obile phase and spiked with ofloxacin at a high concentration

20 �g/ml), and diluted with mobile phase for a relatively low con-
entration (2 �g/ml). The quantitative assessment of matrix effects
as obtained by comparing the peak area ratios. Visualization of

he matrix effects was achieved by post-column infusion [11]. A
ontinuous infusion of ofloxacin and gatifloxacin was introduced
y a Harvard infusion pump through a T-piece connector to the
ass spectrometer while plasma samples were injected. A change

n response would indicate ion suppression or enhancement.

.8.8. Haemolysis evaluation
The effect of haemolysis on analyte quantitation was evaluated

t 1% and 2% haemolysed blood present in plasma at a relatively

igh (16 �g/ml) and a relatively low (0.2 �g/ml) concentration. The
easured concentration of the test samples were determined and

ompared with the measured concentration of the reference sam-
les to calculate the overall accuracy.
Time, min

a sample with internal standard.

2.8.9. Specificity
The high specificity of MS/MS detection prevents the detection

of compounds that do not produce the specific parent ion in the
Q1 scan and the specific product ion in the Q3 scan. Specificity was
assessed by analysing extracts from six different plasma sources.

2.8.10. Effect of concomitant medication on the assay
Nine commonly administered anti-tuberculosis drugs, likely to

be co-administered with ofloxacin, were evaluated. The drugs;
linezolid, terizidone, ethionamide, cycloserine, pyrazinamide,
ethambutol, rifampicin, kanamycin and capreomycin, were spiked
into plasma at 250 ng/ml (test plasma). The reference plasma con-
tained the same volume of solvent used to prepare the stock
solutions of the drugs. The effect on analyte quantitation was evalu-
ated at high, medium and low concentrations (16, 8 and 0.25 �g/ml,
respectively). The peak area of ofloxacin and the internal standard
of the test samples were compared with that of the reference sam-
ples to calculate the overall accuracy.

3. Results and discussion

The protein precipitation extraction method for ofloxacin per-
formed well during validation. The calibration range was validated
between 0.078 �g/ml and 20 �g/ml. A quadratic regression, with
peak area ratio (drug/internal standard) against concentration with
1/concentration (1/x) weighting, was fitted to the calibration curve.
The combined accuracy and precision statistics of the quality con-
trols (N = 18; high, medium and low) were between 97.1% and
102.4%, and 2.8% and 5.2%, respectively. The percentage recovery for

ofloxacin was greater than 70% (N = 3) and reproducible over three
levels. According to FDA guidelines, recovery of the analyte need
not be 100%, but should be consistent, precise and reproducible
[12]. At a relatively low, medium and high concentration the %
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Table 1
Assessment of matrix effects of 6 different matrices at a high and low concentration.

H level (20 �g/ml) L Level (2 �g/ml)

Mean ratio of peak areas 121 169
Fig. 3. Chromatogram of an ofloxacin

ecovery was 76.5 (CV% = 3.5), 77.3 (CV% = 0.4) and 74.5 (CV% = 8.8),
espectively. The CVs comply with these guidelines.

Long-term storage of the ofloxacin stock solution in a mixture of
cetonitrile and water (50:50, v/v) at −70 ◦C for a period longer than
ne year was examined. The accuracy of the stored stock solution
amples compared to freshly prepared samples is 106.9 (CV% = 5.0,
= 2). Ofloxacin stock solution showed acceptable stability after 6 h

t room temperature. The accuracy of the stock solution test sam-
les compared to the reference samples is 90.1% (CV% = 5.9, N = 3).
owever, stocks solutions were stored at −70 ◦C until required for

tandard and quality control preparation, and was spiked imme-
iately into plasma after being thawed. Freeze–thaw stability was
valuated over three freeze–thaw cycles on consecutive days at
he high and low concentrations. The observed concentrations
ere within 4% of the nominal concentrations, demonstrating that

floxacin is stable through three freeze–thaw cycles. The accuracy
f ofloxacin benchtop stability over 4 h is 90.8% (CV% = 10, N = 5) at
6 �g/ml and 96.6% (CV% = 2.7, N = 5) at 0.25 �g/ml, indicating that
floxacin is stable at room temperature for up to 4 h. Lastly, sam-
le extracts of ofloxacin and the internal standard are also stable
n-instrument at 5 ◦C for up to 72 h. The calculated accuracies of
he ratios (N = 5) were all well within 15% of the reference (ratios
n day 1). After 24 h (day 2) the accuracy was 99.5%, after 48 h (day
) it was 100.4%, and after 72 h (day 4), 101.5%.

The effect of matrix components was evaluated both quan-
itatively and visually at a relatively high and relatively low
oncentration. Quantitative assessment was performed using 6 dif-
erent plasma sources. The coefficient of variation of the 6 peak
reas of ofloxacin and the internal standard was 7.3% at the high
evel and 5.1% at the low level (Table 1). In addition, no change
n response for ofloxacin or the internal standard was observed
n the post-column infusion experiment. No significant matrix

ffects were observed for ofloxacin or the internal standard, gat-
floxacin. The effect of haemolysis on analyte quantitation was
valuated at 1% and 2% haemolysed blood present in plasma. The
ccuracy of the haemolysed sample (N = 6) at a relatively high
SD 8.81 8.69
CV% 7.3 5.1

(16 �g/ml) experiment was 96.6% (CV% = 6.2) and 96.7 (CV% = 4.6)
for 1% and 2% haemolysed blood, respectively. The accuracy at the
relatively low (0.2 �g/ml) experiment was 100.9% (CV% = 6.2) and
101.2 (CV% = 1.5) for 1% and 2% haemolysed blood, respectively. The
presence of haemolysed blood was found to have no impact on
ofloxacin quantitation. Similarly, no significant effect on analyte
quantitation was observed in the presence of other drugs likely to
be co-administered with ofloxacin. The accuracy of the test sample
containing the nine drugs (N = 3) at a relatively high concentra-
tion (16 �g/ml) was 91.8% (CV% = 5.2), at a mid-level concentration
(8 �g/ml) was 91.1% (CV% = 6.7), and at a relatively low concentra-
tion was 93.2% (CV% = 7.6).

Due to the high specificity of MS/MS detection, no interfering
or late eluting peaks were found when analysing blank plasma
(Fig. 2). This is confirmed with the analysis of extracts from six dif-
ferent plasma sources. The lower limit of quantification (LLOQ) for
the method, when injecting 5 �l onto the column, is 0.078 �g/ml
(Fig. 3). The signal to noise at LLOQ was well above the minimum
international accepted criteria (S/N > 5). The accuracy for the LLOQ
(N = 6) was 95.7% (CV% = 6.6), well within acceptable limits (accu-
racy within 80–120%, precision below 20%). If necessary, sensitivity
of the method could be improved by raising the injection volume.

4. Application to clinical pharmacokinetics studies
The validated method performed well during sample analysis of
clinical samples generated during a clinical study conducted at DP
Marais Hospital, Cape Town, South Africa. The objective of the study
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[11] R. Bonfiglio, R.C. King, T.V. Olah, K. Merkle, The effects of sample preparation
Fig. 4. Concentration vs. time profile of ofloxacin (N = 16).

as to characterize the population pharmacokinetics of a number
f second line anti-tuberculosis drugs utilized in the treatment of
DR-TB. The assay was applied to determine the levels of ofloxacin

n human plasma following oral administration of 800 mg. A rep-
esentative mean concentration versus time profile (up to 12 h) of
floxacin for this pharmacokinetic study of anti-tuberculosis ther-
py in patients with MDR-TB is presented in Fig. 4 (16 patients).

The precision (total-assay coefficients of variation; CV %) for
floxacin during sample analysis were less than 8% at high
16 �g/ml), medium (8 �g/ml) and low (0.25 �g/ml) QC levels. The
LOQ was 0.078 �g/ml.

. Conclusion

A simple protein-precipitation extraction method coupled with
C–MS/MS detection has been developed and fully validated for
he determination of ofloxacin, with a quantification limit of
.078 �g/ml. This method is specific, sensitive and reproducible
nd has been successfully used to quantify ofloxacin in a clinical
harmacokinetic study. A number of methods using HPLC coupled
ith UV or fluorescence detection [3,5–7] allow for the quan-
ification of ofloxacin, but require plasma volumes equal to or
reater than 200 �l. The LC–MS/MS method described here uses
much lower plasma volume (20 �l) and injection volume (5 �l),
ith good sensitivity at the LLOQ. The lower plasma volume is

[

d Biomedical Analysis 58 (2012) 177–181 181

important for pharmacokinetic studies and therapeutic drug mon-
itoring in children, and the low injection volume offers the
possibility of enhancing sensitivity. This method can be used
for pharmacokinetic studies and therapeutic drug monitoring in
patients, including children, with MDR-TB.
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a b s t r a c t

Antrodia camphorata (AC), also known as Antrodia cinnamomea, an endemic species in Taiwan, is one of
the treasured medicinal mushrooms. AC is traditionally used for its chemopreventive biofunctions. In this
investigation, we report a convenient method for concentrating the antiproliferative active triterpenoid-
rich fraction (FEA), from ethanolic extract of AC (EEAC). A series of stereo-isomers of zhankuic acids
(1–8) from the FEA was purified by HPLC using an efficient acidic solvent system. The structures of com-
pounds 1–8 were elucidated based on spectroscopic data analysis, and the absolute configuration of
�-chiral carboxylic acid at C-25 in the structures was assigned based on reaction with (R)- and (S)-1-
riterpenoid
hankuic acid
PLC-PDA/MS
ytotoxicity

(9-anthryl)-2,2,2-trifluoroethanol. Major ingredients of FEA (eight ergostanes 1–8 and two lanostanes
9–10) were further characterised by high-performance liquid chromatography-photodiode array detec-
tion/mass spectrometry (HPLC-PDA/MS). Compounds 1–8 and their pair mixture forms (antcin K, antcin
C, zhankuic acid C, and zhankuic acid A) were subjected to anti-proliferative assay against three human
leukemia cell lines. Among them, the derivatives with carbonyl group at C-3 showed cytotoxicity with
IC50 values ranging from 16.44 to 77.04 �g/ml.
. Introduction

Antrodia camphorata (AC, also known as Antrodia cinnamomea),

y name Chang-Chih, is an endemic fungus in Taiwan. Hundreds
ears before, the Taiwanese aborigines found that the wild AC had
special effect to relief hangover syndrome. It was also used in folk
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medicine for the treatment of food and drug detoxication, diar-
rhea, abdominal pain, hypertension, skin itching, and cancer [1,2].
Because of the potential pharmaceutical value of its biologically
active ingredients, the fruiting bodies of AC are regarded as one of
the health treasure troves of Taiwan [3]. Due to scarcity in nature
and the difficulty in its artificial cultivation, the average price of AC
is higher than the Truffle (Tuber magnatum), which is considered as
one of the most expensive mushrooms worldwide. Several research
groups have studied the phytochemical constituents of AC fruiting
bodies and their pharmacological activities [4]. However, few stud-
ies have focused on analyzing the active components of AC fruiting
bodies and their pharmacological mechanism of action [5–8].
In our previous study, we reported that the ethanolic extract
from wild fruiting bodies of A. camphorata (EEAC) could induce
HL 60 cell apoptosis via histone hypoacetylation, up-regulation
of histone deacetyltransferase 1, and down-regulation of histone
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cetyltransferase activities [9]. Moreover, after fractionation of
EAC and cytotoxicity evaluation of different fractions, we found
hat the ethyl acetate fraction (FEA), which showed characteristic
H NMR signals of triterpenoids, was the cytotoxic active fraction
f EEAC. In this bio-guided fractionation procedure, the cytotoxic
omponents of EEAC can be attributed to FEA. The aforementioned
esults encouraged us to carry out further chemical and cytotoxic
nalyses targeting the active fraction, FEA. In the current study,
he chemical profile of FEA active components (the triterpenoid-
ich fraction from A. camphorata) was illustrated by isolation,
urification, and structural elucidation of the major ergostane and

anostane derivatives by NMR and HPLC-PDA/MS.
Chiral centers present in the skeleton of bioactive botanical

econdary metabolites, which are generated by specific enzyme
ystems in biosynthesis, are always an important issues in drug
iscovery. The dramatic effect of chirality on the activity and/or
oxicity of any therapeutic entity was always explored and moni-
ored. Zhankuic acids, the most abundant triterpenoid of AC, were
eported to be present in a mixture of a stereo-isomeric pairs
ith a chiral center at C-25 [10]. So far, only zhankuic acid A
as successfully separated into two isolated peaks using capil-

ary electrophoresis [11], however other zhankuic acids, such as
ntcin K, antcin C, zhankuic acid C, zhankuic acid A, etc., have never
een obtained in a pure form utilizing the isolation procedures
mbedded by previous studies [4]. Separating chiral components
f isomeric mixture is crucial for understanding the mechanism
f action of each isomer and the adverse effect of the undesired
somer on human body [12,13]. The lack of studies on separating
ure isomers of ergostane triterpenes from AC was the driving force
o investigate the possibility of developing an efficient method for
heir separation. In this current study, purification and structural
lucidation for a series of pure stereo-isomers of ergostane triter-
enes (1–8) are described herein, and their chemical profiling and
ytotoxic activities were also investigated.

. Materials and methods

.1. General experimental procedures

Melting points were determined using a Fisher-Johns melting
oint apparatus (Thermo Fisher Scientific Inc., Rockford, USA),
nd the values presented are uncorrected. Optical rotations were
easured with a JASCO DIP-370 digital polarimeter (JASCO Inc.,

okyo, Japan). UV spectra were obtained on a JASCO V-530 UV-Vis
pectrophotometer (JASCO Inc., Tokyo, Japan). The IR spectra were
easured on a Mattson Genesis II spectrometer (Thermo Fisher Sci-

ntific Inc., Rockford, USA). 1H and 13C NMR spectra were recorded
n VNMRS-600 (Varian Inc., Palo Alto, USA), Varian Unity plus-400
Varian Inc., Palo Alto, USA) and Gemini 2000-200 (Varian Inc.,
alo Alto, USA) NMR spectrometers. Chemical shifts were reported
n parts per million (ı), and coupling constants (J) were expressed
n Hertz. LRESIMS were measured on a VG Biotech Quattro 5022

ass spectrometer (VG Biotech, Altrincham, England). Silica gel
0 (230–400 mesh) (Merck KGaA, Darmstadt, Germany) and
ephadex LH-20 (Sigma–Aldrich Corp., St. Louis, USA) were used
or column chromatography. TLC analysis was carried out on silica
el GF254 pre-coated plates (Merck KGaA, Darmstadt, Germany)
nd compounds were visualized using 50% H2SO4, followed by
eating on a hot plate. HPLC isolation was performed with a
itachi L-7100 series HPLC (Hitachi Inc., Tokyo, Japan), equipped

ith a Bischoff RI detector and a Shimadzu LC-10AT series HPLC

Shimadzu Inc., Tokyo, Japan) with a SPD-10A UV-Vis detector or
hotodiode array detector. The Hypersil ODS (250 mm × 10 mm

.D., 5 �m) (Thermo Fisher Scientific Inc., Rockford, USA) and
Biomedical Analysis 58 (2012) 182–192 183

Cosmosil 5C-18-MS-II (250 mm × 10 mm I.D., 5 �m) (Nacalai
Tesque, Kyoto, Japan) columns were utilized for HPLC separation.

2.2. Preparation of the ethanol extracts from wild fruiting bodies
(EEAC)

The ethanolic extract of AC wild fruiting bodies (EEAC) was
prepared as reported previously [9]. In brief, the mushroom was
refluxed with ethanol at 75 ◦C in a 1:10 (w/v) ratio for 2 h. The
extract was cooled and allowed to precipitate at 4 ◦C overnight. The
extract supernatant was further filtered to remove any precipitate,
and then the filtrate was lyophilised and stored at −70 ◦C before
use.

2.3. Fractionation of the ethanolic extract from wild fruiting
bodies (EEAC)

We utilized four different methods for the efficient fractionation
of AC wild fruiting bodies ethanolic extract (Fig. S1). In Type 1, EEAC
(11.0 g) was extracted with n-hexane to obtain the n-hexane frac-
tion (FNH, 1.4 g) and the first residue. The first residue was further
extracted with EtOAc to obtain the ethyl acetate fraction (FEA, 6.8 g)
and the second residue. The second residue was further extracted
with EtOH to obtain the ethanol fraction (FET, 1.1 g) and the third
residue (0.6 g). In Type 2, EEAC (101.9 mg) was fractionised by
liquid–liquid partition between EtOAc and H2O to obtain the ethyl
acetate fraction (FEA-EEAC, 79.6 mg) and the water fraction (FW1-
EEAC, 20.0 mg). In Type 3, EEAC (100.3 mg) was fractionised by
liquid–liquid partition between CHCl3 and H2O to yield chloroform
(FCl3-EEAC, 77.6 mg) and water (FW2-EEAC, 23.6 mg) fractions. In
Type 4, EEAC (100.9 mg) was fractionised by liquid–liquid partition
between CH2Cl2 and H2O to obtain the dichloromethane fraction
(FCl2-EEAC, 76.9 mg) and the water fraction (FW3-EEAC, 23.5 mg).

2.4. Isolation of major components from the ethyl acetate fraction
(FEA) utilizing Type 1 process

FEA (6.8 g) was separated by silica gel column
(5 cm × 20 cm) chromatography using gradient mixtures of n-
hexane–EtOAc–MeOH (10:1:0, 5:1:0, 1:1:0, 0:1:0, 0:40:1, 0:30:1,
0:20:1 and 0:10:1, respectively) as eluents. According to TLC
results, seventeen fractions were obtained. The fourth fraction
(fraction 4, 588.4 mg) was chromatographed on Sephadex LH-
20 (3.5 cm × 50 cm) using EtOAc–CH2Cl2–MeOH (1:1:6) as the
eluent, yielding three fractions. Fraction 4-1 (568.6 mg) was
further chromatographed on silica gel column (3 cm × 20 cm)
using CHCl3–MeOH (35:1) as eluent to yield three fractions. Fifty
milligrams from fraction 4-1-2 (240.3 mg) were purified with
reverse-phase HPLC (RI detector; Hypersil ODS, 250 mm × 10 mm;
MeOH–H2O, 90:10) to offer dehydroeburicoic acid (10) (10.3 mg;
flow rate: 2 ml/min; Rt 26.9 min). The sixth fraction (fraction
6, 970.9 mg) was chromatographed with EtOAc–CH2Cl2–MeOH
(1:1:6) on Sephadex LH-20 (3.5 cm × 50 cm) to render three
fractions. Fraction 6-2 (901.0 mg) was separated by silica gel
column (3.5 cm × 15 cm) with CHCl3–MeOH (40:1) as eluent and
further purified with reverse-phase HPLC (RI detector; Hypersil
ODS, 250 mm × 10 mm; ACN–H2O, 75:25) to obtain a mixture
of zhankuic acid A epimers (77.5 mg; flow rate: 2 ml/min; Rt

12.4 min). The tenth fraction (fraction 10, 132.6 mg) was chro-
matographed using preparative TLC with CH2Cl2–MeOH (15:1)
to afford five fractions. Fraction 10-2 (85.0 mg) was further
purified with reverse-phase HPLC (RI detector; Hypersil ODS,

250 mm × 10 mm; ACN–H2O, 70:30) to provide a mixture of
antcin C epimers (40.9 mg; flow rate: 2 ml/min; Rt 10.8 min).
The thirteenth fraction (fraction 13, 1.4 g) was divided on silica
gel column (3.5 cm × 20 cm) with CH2Cl2–MeOH (15:1) to yield
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even fractions. Fraction 13-2 (307.3 mg) was chromatographed by
reparative TLC which is eluted twice with CH2Cl2–MeOH (15:1) to
ield five fractions. Fraction 13-2-2 (40.2 mg) was separated with
everse-phase HPLC (RI detector; Hypersil ODS, 250 mm × 10 mm;
CN–H2O, 60:40) furnishing the isolation of dehydrosulphurenic
cid (9) (7.0 mg; flow rate: 2 ml/min; Rt 22.1 min). Fraction 13-5
107.5 mg) was purified using reverse-phase HPLC (RI detector;
ypersil ODS, 250 mm × 10 mm; ACN–H2O, 70:30) yielding a mix-

ure of zhankuic acid C epimers (26.0 mg; flow rate: 2 ml/min; Rt

0.6 min). The fifteenth fraction (fraction 15, 245.7 mg) was sepa-
ated into four fractions using reverse-phase solid phase extraction
olumn (Discovery DSC-18, 10 g) with a gradient solvent mixture of
2O–MeOH (100:0, 70:30, 50:50, 0:100) obtaining four fractions.
raction 15-2 (126.0 mg) was further chromatographed using
everse-phase HPLC (254 nm; Hypersil ODS, 250 mm × 10 mm;
CN–H2O: 35:65 at 0 min, 45:55 at 20 min, 100:0 at 25 min) to
btain a mixture of antcin K epimers (10.3 mg; flow rate: 3 ml/min;
t 14.2 min).

.5. Purification of ergostane stereo-isomeric pairs

We developed a highly efficient reverse phase HPLC system
o separate the major ergostane stereo-isomeric pairs. Antcin

was chromatographed with HPLC (254 nm; Hypersil ODS,
50 mm × 10 mm; ACN–H2O: 35:65 at 0 min, 45:55 at 20 min,
00:0 at 25 min) to yield compounds 1 (flow rate: 4.7 ml/min;
t 13.4 min) and 2 (flow rate: 4.7 ml/min; Rt 14.0 min), respec-
ively. The separation of other ergostane stereo-isomeric pairs
as achieved utilizing acidic mobile phase. In this mobile phase

ystem, solvent A was acetonitrile and solvent B was water con-
aining 0.05% acetic acid. Antcin C was divided using HPLC system
254 nm; Cosmosil 5C-18-MS-II, 250 mm × 10 mm; solvent A–B,
0:50) to offer compounds 3 (flow rate: 3 ml/min; Rt 26.8 min)
nd 4 (flow rate: 3 ml/min; Rt 29.3 min), respectively. Zhankuic
cid C was separated with HPLC system (254 nm; Cosmosil 5C-18-
S-II, 250 mm × 10 mm; solvent A–B, 50:50) to yield compounds
(flow rate: 3 ml/min; Rt 31.1 min) and 6 (flow rate: 3 ml/min;

t 32.7 min), respectively. Zhankuic acid A was chromatographed
y HPLC system (254 nm; Cosmosil 5C-18-MS-II, 250 mm × 10 mm;
olvent A–B, 50:50) to offer compounds 7 (flow rate: 3 ml/min; Rt

1.9 min) and 8 (flow rate: 3 ml/min; Rt 43.3 min), respectively.

.6. Synthesis of (R)- and
S)-1-(9-anthryl)-2,2,2-trifluoroethanonyl [(R)- and (S)-AT] esters
f compounds 2–8

The isolated compounds reacted with (R)- and (S)-1-(9-anthryl)-
,2,2-trifluoroethanonyl yielding chiral ester, and the absolute
onfiguration of the isolated compounds was achieved through
etermining the configuration of the formed ester. The isolated
uantity of compound 1 was insufficient for chemical modifica-
ion and its configuration was achieved by comparing it with the
onfiguration of its isomeric pair (compound 2). The synthesis of
hiral esters of the isolated compounds was done utilizing the same
ethod and preparation of compound 7 chiral ester is presented

ere as an example (for the full synthetic procedures of other iso-
ated compounds please see Supplementary data).

(R)-AT-ester of 7 was prepared as follows. Compound 7 (6.42 mg,
.014 mmol) and (1R)-1-(9-anthryl)-2,2,2-trifluoroethanol
Sigma–Aldrich Corp., St. Louis, USA) (3.53 mg, 0.014 mmol)
ere dissolved in tetrahydrofuran (THF) (Sigma–Aldrich
orp., St. Louis, USA) and than were added to a solution of

-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (TCI,
ortland, USA) (7.61 mg, 0.042 mmol), triethylamine (Et3N)
Sigma–Aldrich Corp., St. Louis, USA) (3.69 �l, 0.028 mmol) and 4-
dimethylamino)pyridine (DMAP) (Sigma–Aldrich Corp., St. Louis,
Biomedical Analysis 58 (2012) 182–192

USA) (2.43 mg, 0.021 mmol) in CH2Cl2. The mixture was stirred at
room temperature for 12 h. The reaction mixture was concentrated
under reduced pressure and then partitioned with CH2Cl2 and
H2O. The organic layer was then evaporated, and the residue
was purified using preparative TLC (CH2Cl2) to yield (R)-AT-ester
of 7 (3.43 mg, 33.75% yield). (S)-AT-ester of 7 was prepared as
follows. The procedure was similar to that described for (R)-AT-
ester of 7. Starting from compound 7 (11.15 mg, 0.024 mmol),
(1S)-1-(9-anthryl)-2,2,2-trifluoroethanol (Sigma–Aldrich Corp., St.
Louis, USA) (6.57 mg, 0.024 mmol), EDCI (13.68 mg, 0.024 mmol),
Et3N (6.63 �l, 0.072 mmol), and DMAP (4.36 mg, 0.036 mmol),
(S)-AT-ester of 7 (9.01 mg, 51.71% yield) was obtained.

2.7. HPLC analysis method for FEA

Sample analysis was carried out on a LC-10A VP HPLC system
(Shimadzu Inc., Tokyo, Japan) consisting of a quaternary pump
(LC-10AT), an on-line degasser (DGU-14A), an autosampler (SIL-
10AD), a photodiode-array detector (SPD-M10A) and Class VP for
data collection. Liquid chromatography was performed using a
Cosmosil 5C-18-MS-II column (5 �m, 250 mm × 4.6 mm I.D.) sup-
plied by Nacalai Tesque Inc., Kyoto, Japan. The sample injection
volume was 20 �l. The mobile phase was a mixture of acetoni-
trile (ACN, A) and water (B) containing 0.1% (v/v) acetic acid. A
gradient program was used as follows: the initial elution condi-
tion was A–B (45:55, v/v), linearly changed to A–B (50:50, v/v) at
30 min, A–B (55:45, v/v) at 35 min, A–B (60:40, v/v) at 45 min, A–B
(70:30, v/v) from 45 min to 55 min, A–B (85:15, v/v) at 60 min. Over
the next 40 min, the percentage of mobile phase A increased lin-
early to 100%. The mobile phase was filtered through a 0.22 �m
Millipore filter and degassed before use. The flow rate was set
at 1.0 ml/min, the column temperature was maintained at room
temperature, and detection wavelengths were set at 254 nm and
270 nm. Ethyl acetate fraction (FEA) was obtained from EEAC using
a Type 1 fractionation method. From the FEA dry extract, 1 mg was
dissolved in 1 ml of methanol and filtered through a 0.45 �m mem-
brane filter prior to loading into the HPLC column. HPLC samples of
compounds 1–8 pure isolated isomers were prepared in a similar
way.

2.8. LC–ESIMS method for FEA

The instrumentation and chromatographic conditions of HPLC
for LC–MS were the same as the described in Section 2.7, except the
injection volume was set at 10 �l. Identification of FEA was carried
out using a Thermo Finnigan LC–MS system (Thermo Finnigan, San
Jose, USA) consisting of a Spectra System P 4000 pump, a Spectra
System AS 3000 autosampler with injection volume set to 10 �l and
a Surveyor MSQ quadrupole mass spectrometer equipped with an
electrospray ionization LC–MS interface (ESI). The LC effluent was
introduced into the ESI source using a post-column splitting ratio
of 2:1. Ultra high-purity nitrogen (N2) was used as the nebulising
gas. ESI was applied in the positive and negative ionization modes
and the capillary was held at a potential of 3.0 kV. The cone voltage
was set at 40 V and the ionization source was set to a tempera-
ture of 550 ◦C. We used dwell times of 1 s. For each analysis in the
full scan mode, mass range was set at m/z 100–1000, enabling the
identification purposes.

2.9. Cytotoxicity assays

Human acute lymphoblastic leukemia cells (CCRF-CEM and

Molt 4) and human promyelocytic leukemia cells (HL 60) were
obtained from the American Type Culture Collection. All cell lines
were cultured on RPMI-1640 medium supplemented with 10%
(v/v) FBS (fetal bovine serum), 100 U/ml penicillin and 100 �g/ml
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treptomycin at 37 ◦C in a humidified atmosphere of 5% CO2
nd 95% air. Cell viability was measured by MTT (3-(4,5-
imethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colori-
etric method [9]. In brief, freshly trypsinized cell suspensions
ere seeded in 96-well microtiter plates at densities of

000–10,000 cells per well and the test compounds were added
rom DMSO stock solutions (the final concentration of DMSO
n culture medium was 0.2%). After 3 days in culture, the
ttached cells were incubated with MTT (0.5 �g/ml, 4 h) and sub-
equently solubilized in DMSO. The absorbance was measured
t 550 nm using a microplate reader. The calculated IC50 was
he concentration of the tested agent that reduced cell growth
y 50% under the experimental conditions. The results repre-
ented the mean of three separate experiments, each performed in
riplicate.

. Results and discussion

.1. Anti-proliferative effect of AC fractions obtained using a
ariety of sample preparation methods

Several preparation methods have been developed over the past
ew years by different research groups for offering AC extracts.

e summarised the extraction and partition methods published
n the previous papers [1,2,10,14–17]. It was stated in publications
hat these extraction methods were designed to yield the maxi-

um possible amount of extracts for use in future applications.
eveloping a high yield process is especially desirable because of

he high price of the raw materials (wild fruiting bodies of AC)
3]. In the current study we confirmed the reproducibility of our
eported fractionation method to obtain FEA active fraction [9].
ccording to our previous preparation method, EEAC was sequen-

ially extracted with n-hexane, ethyl acetate, and ethanol to obtain
hree different fractions, FNH, FEA, and FET (Type 1). Other par-
ition methods reported by other research groups can be divided
nto three methods, labelled here as Types 2–4 (see Fig. S1; Section
.3) [2,10,14,15]. In Type 2, EEAC was partitioned between EtOAc
nd H2O according to the method published by Chen et al. and Hsu
t al. [10,15], yielding both an ethyl acetate fraction (FEA-EEAC)
nd a water fraction (FW1-EEAC). In Type 3, EEAC was partitioned
etween CHCl3 and H2O, according to the report by Cherng et al.
14], to yield chloroform (FCl3-EEAC) and water (FW2-EEAC) frac-
ions. In Type 4, CH2Cl2 (FCl2-EEAC) and H2O (FW3-EEAC) fractions
ere obtained by liquid–liquid partition from EEAC according to
ethod published by Shen et al. [2].
All fractions and EEAC were subjected to a cytotoxic assay

gainst HL 60 cell line (Fig. S1). In all cases, the results showed
hat organic fractions with lower polarity (FNH, FEA, FEA-EEAC,
Cl3-EEAC, and FCl2-EEAC) were active, whereas the highly polar
ractions (FET, FW1-EEAC, FW2-EEAC, and FW3-EEAC) were inac-
ive. In Type 1, FEA exhibited the best activity and demonstrated
ood repeatability for concentrating the cytotoxic components
rom EEAC. Interestingly the antiproliferative activity of the ethyl
cetate active fraction (FEA) prepared by food science accept-
ble fraction method (Type 1) was more potent (104.10 �g/ml)
han FEA-EEAC (156.47 �g/ml) prepared by Type 2. Although the
nti-proliferative activity of fractions (FCl3-EEAC and FCl2-EEAC)
as comparable to FEA, the use of chlorine-containing organic

olvents, such as CH2Cl2 and CHCl3, limits their application in
harmaceutical related products. Based on these findings, the pre-
iously established methods were not ideal preparation procedures

2,14,16]. Encouraged by the high antiproliferative activity of FEA
nd its benign fractionation procedures, we decided to shed light
n the chemical composition and the pharmacological activity of
EA.
Biomedical Analysis 58 (2012) 182–192 185

3.2. Chemical profile of FEA major components

HPLC analyses were applied to trace the complexity of the chem-
ical profile of FEA and provided the guidance for further chemical
isolation (Figs. S2 and S3). Based on our experience, the separation
of FEA components using normal phase chromatography or reverse
phase HPLC with MeOH:H2O solvent system was not ideal. After
testing several mobile phase systems with reverse phase HPLC, we
found that the using gradient mobile phase of acetonitrile with
acidic water (0.1% acetic acid in water) served to separate FEA con-
stituents. The HPLC traces at 254 nm revealed the presence of ten
major peaks, labelled numerically (Fig. S3). Upon shifting to a longer
UV wave length (270 nm), peaks 9 and 10 did not appear (Fig. S3),
suggesting a different conjugation pattern from peaks 1 to 8. More-
over, we observed that the retention times for peak pairs 1 and 2,
3 and 4, 5 and 6, as well as 7 and 8 are very close and single peak
of each pair cannot be entirely separated using different chromato-
graphic designs. This phenomenon suggests that each peak pair
represents an isomeric-pair of compounds.

Triterpenoids and steroids from natural sources displayed no
or weak UV absorption; however, ergostane and lanostane triter-
penes from AC exhibited a UV absorption maxima within the range
from 230 to 270 nm, due to the conjugated functionalities in their
skeleton at C-7, C-8, C-9, and C-11 [1,16]. The major constituents of
AC triterpenoid are zhankuic acids derivatives having chiral center
at C-25. Zhankuic acids were isolated previously as a mixture of
stereo-isomeric pairs [10]. According to literature findings and FEA
HPLC fingerprint, it suggested that peaks 1–8 should be four pairs
of zhankuic acid derivatives. In order to identify the components
of FEA by HPLC, we attempted to isolate the compounds that cor-
responded to the major HPLC peaks (Figs. S2 and S3). The FEA was
separated by normal phase fresh column chromatography using
gradient mixtures of n-hexane–EtOAc–MeOH as eluents. According
to the TLC results, seventeen fractions were obtained. The collected
seventeen fractions were analyzed by analytical scale HPLC and the
fractions containing constituents in the same polarity region cor-
responding to peaks 1–10 of FEA were further chromatographed
(Fig. S3). Fraction 4, which was enriched with peak 10, was sepa-
rated by Sephadex LH-20, silica gel columns and further purified
by RP-HPLC, yielding compound 10. After comparing its physical
and spectroscopic data to those reported in literatures, compound
10 was identified as dehydroeburicoic acid [2]. Zhankuic acid A iso-
meric pair [10] was obtained by separation from fraction 6, enriched
with peaks 7 and 8. The other three zhankuic acid derivatives,
antcin C [10], zhankuic acid C [14], and antcin K [2] were obtained
from fractions 10, 13, and 15, respectively, using similar methods.
Dehydrosulphurenic acid (9) [2,16], corresponding to peak 9, was
obtained from fraction 13 together with zhankuic acid C and then
further purified with column chromatography.

In previous isolation processes [10,14,16,17], these ergostane
and lanostane triterpenes were reported to be purified with a
normal phase open column and/or preparative TLC. Based on our
experience testing previously reported isolation methods, these
methods could not lead to the isolation of pure isomers. For exam-
ple, zhankuic acid A, one of the major ergostane constituents,
showed only one spot on normal phase TLC, nevertheless, other
impurities can be observed in reverse phase TLC and HPLC (Fig. S4).
Similar findings were observed in the isolation of dehydroeburi-
coic acid, belonging to lanostane triterpenes (Fig. S5). To overcome
these difficulties we used our developed reverse phase HPLC with
acetonitrile–0.05% acetic acid in H2O to separate the closely related
isomeric pairs of steroidal AC triterpenes.
Identification of the ten peaks was achieved by comparing their
retention time and ultraviolet absorption with isolated compounds
(Fig. 1). The areas of these labelled peaks accounted for 78.57% and
85.07% of the total area of all the peaks at 254 nm and 270 nm,
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Fig. 1. Chemical stru

espectively (Fig. S3). Under our HPLC optimized conditions (Fig. 2A
nd B), a series of peak pairs corresponded to zhankuic acid iso-
eric pairs were observed in the obtained chromatograms. Peak

ntensities of 1 and 2 (antcin K) as well as peaks 3 and 4 (antcin C)
ecreased at 270 nm due to less conjugation compared to peaks 5
nd 6 (zhankuic acid C) as well as peaks 7 and 8 (zhankuic acid A).
eaks 9 and 10 were identified as dehydrosulphurenic acid (9) and
ehydroeburicoic acid (10), respectively, which posses a single con-

ugated system in the lanostane skeleton showing no UV absorption
t 270 nm. Comparing peak areas and heights of FEA respective con-

tituents at 254 and 270 nm, indicated that FEA is mainly composed
f the following major triterpenoids, antcin K, antcin C, zhankuic
cid C, dehydrosulphurenic acid, zhankuic acid A, and dehydroe-
uricoic acid. Among the major triterpenoids, zhankuic acid A,
10 

of compounds 1–10.

corresponding to peaks 7 and 8, accounted the majority of peaks
area and height.

3.3. Purification and structure elucidation of ergostane
stereo-isomeric pairs

Analysing the separated peaks by NMR, pointed out that our
developed HPLC system was able to separate zhankuic acids
stereo-isomeric pairs for the first time. Purification and structural
elucidation of zhankuic acid A isomeric pair, the major component

in FEA, are illustrated here as an example. The recycle chromatog-
raphy system in the reverse phase HPLC (254 nm; Hypersil ODS,
250 mm × 10 mm; ACN–H2O, 55:45; flow rate: 4.3 ml/min) was
used for purifying zhankuic acid A stereo-isomeric pair. Through
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Fig. 2. HPLC chromatogram of the ethyl acetate fraction obtained using Type 1 process (FEA). Isolated compounds 1–8 are shown for comparison.
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ight successive recycles, compounds 7 and 8 were separated and
ollected at the retention time of 416.2 and 446.5 min (Fig. S6). After
everal trials, we were able to separate compound 7 (Rt 41.9 min)
nd 8 (Rt 43.3 min) utilizing our developed HPLC system (254 nm;
osmosil 5C-18-MS-II, 250 mm × 10 mm; 1:1 ACN:0.05% acetic acid

n H2O, flow rate: 3.0 ml/min) (see Fig. S7; Section 2.5). By compar-
ng to the original recycle chromatography method, the application
f the acidic solvent system decreased the retention time of the sep-
rated compounds ten folds. The other ergostane stereo-isomeric
airs were purified using similar HPLC system with slight modifi-
ation of the mobile phase composition. Also antcin K, antcin C, and
hankuic acid C isomeric pairs were separated yielding compounds
–6, respectively (Figs. 1 and 2C–F).

The stereoconfiguration of the isolated compounds was deter-
ined based on NMR analysis and chemical modification through

eacting the isolated compounds with chiral alcohol. Determination
f the stereoconfiguration of the isomeric pair 7 and 8 is pre-
ented here as an example. The 1H NMR spectrum of zhankuic acid
(in pyridine-D5, 600 MHz) exhibited two overlapped secondary
ethyl signals at ıH 1.521 (3H-27, d, J = 7.2 Hz) and ıH 1.528 (3H-27,

, J = 7.2 Hz), indicating the presence of two stereoisomers with dif-
erent configuration at C-25 chiral center (Fig. S8A). The overlapped

ethyl signals cannot be clearly detected using lower frequencies
MR machine (e.g. 200 MHz and 400 MHz). Using 600 MHz NMR,

wo pairs of partially overlapped signals of the terminal olefinic
rotons (H2-28) were also observed (Fig. S8A). The 13C NMR spec-
rum of zhankuic acid A (in pyridine-D5, 150 MHz) clearly showed
he isomeric pair patterns at ıC 34.242 and 34.342 (CH2-22), 31.575
nd 31.766 (CH2-23), 46.558 and 46.793 (CH-25), as well as 17.003
nd 17.179 (CH3-27), representing carbon signals close to C-25 on
he 24-exo-methylene-26-oic acid side chain (Fig. S9A). On the
ther hand identical carbons of the isomeric pairs separated by
ore than 3 carbon atoms from C-25 showed slight difference in

he chemical shift such as signals at ıC 27.960 and 27.997 (CH2-16),
3.937 and 53.986 (CH-17), 35.847 and 35.885 (CH-20), together
ith 18.519 and 18.564 (CH3-21) (Fig. S9A). In an identical NMR

xperiment (pyridine-D5, 600 MHz), the 1H and 13C NMR spectra
f the isomeric pair (7 and 8) showed only single signal pattern
ompared to the double signal pattern observed in zhankuic acid
spectra (Figs. S8B, S8C, S9B, and S9C). Assignments of the 1H and

3C signals of compounds 7 and 8 were performed by extended
D NMR methods. Due to the high similarity of 1H and 13C sig-
als of compounds 7 and 8, the spectral data are presented in
hree significant figures after the decimal point (Tables 1 and 2).
he NOE correlations in 7 and 8 were too similar to recognize
he stereo chemical difference. To determine the absolute con-
guration of the chiral carbon at C-25 (�) to the carboxylic acid,
hemical derivatization utilizing chiral pure alcohol was applied
18,19]. Compound 7 was treated separately with chiral deriva-
izing reagents, (1R)- and (1S)-1-(9-anthryl)-2,2,2-trifluoroethanol
(R)- and (S)-AT] to yield the (R)- and (S)-AT ester derivatives,
espectively (Fig. S10A and S10B). The AT esters were formed suc-
essfully at C-26 as elucidated from the 13C NMR signals of the ester
arbonyl group at ıC 172.774 [(R)-AT-ester of 7] and ıC 172.681
(S)-AT-ester of 7]. The calculated differences in chemical shifts [ı
f protons in the (R)-AT-ester minus ı of the corresponding protons
n the (S)-AT-ester] led to the assignment of the absolute configura-
ion at C-25 in 7 as (S) (Fig. S10C and Table S1). Thus, compound 7
as named as 4�-methylergosta-8,24(28)-dien-3,7,11-trion-25S-

6-oic acid. The absolute configuration of 8 at C-25 was assigned
s R by using the same method (Table S1), and it was named 4�-
ethylergosta-8,24(28)-dien-3,7,11-trion-25R-26-oic acid.

After determining the absolute configuration, we tried to mea-

ure the optical rotation aiming to complete the spectral profile
or the isolated compounds. In a previous report [2], the mixture
orm of zhankuic acid A was dissolved in methanol to measure its
Biomedical Analysis 58 (2012) 182–192

optical rotation. However, the solubility of 7 (25S) and 8 (25R) was
not sufficient in single solvent (methanol or ethanol). The solubility
of compounds 7 and 8 improved through using acetone-methanol
mixture. Considering compounds solubility and the convenience of
collecting physical and spectral data using single solvent, pyridine
was used in optical rotation experiment. The optical rotation value
of compounds 7 ([˛]25

D +32.1, c 0.70, pyridine) and 8 ([˛]25
D +9.0, c

0.84, pyridine) were determined.
The structures of compounds 1–6 were assigned by the 2D

NMR methods (Tables 1 and 2) and the absolute configuration of
the chiral center at C-25 was assigned as described for compounds
7 and 8 (Table S1). Compound 3 was assigned as 7�-hydroxy-4�-
methylergosta-8,24(28)-dien-3,11-dion-25S-26-oic acid and its
optical rotation was [˛]25

D +124.8 (c 0.81, pyridine). Compound
4 was assigned as 7�-hydroxy-4�-methylergosta-8,
24(28)-dien-3,11-dion-25R-26-oic acid and its optical rotation was
[˛]25

D +79.9 (c 0.47, pyridine). Compounds 5 and 6 were assigned
as 3�,12�-dihydroxy-4�-methylergosta-8,24(28)-dien-7,11-
dion-25R-26-oic acid and 3�,12�-dihydroxy-4�-methylergosta-
8,24(28)-dien-7,11-dion-25S-26-oic acid, respectively. The optical
rotation data of 5 and 6 were [˛]25

D +82.0 (c 0.64, pyridine) and
[˛]25

D +110.6 (c 0.70, pyridine), respectively. Compounds 1 and 2
showed [˛]25

D +61.0 (c 0.42, pyridine) and [˛]25
D +71.8 (c 0.27, pyri-

dine), respectively. From the results of chemical derivatization, 2
was assigned as 3�,4�,7�-trihydroxy-4�-methylergosta-8,24(28)-
dien-11-on-25R-26-oic acid. Unfortunately, the separated quantity
of compound 1 was insufficient for chemical modification. In order
to assign compound 1 absolute configuration we depended on the
general trend observed in determining the stereoconfiguration of
the isolated isomeric pairs. It was noticed that in each isomeric
pair, if the chiral center at C-25 is assigned as (S) the other isomer
chiral center is assigned as (R). Based on this finding and by know-
ing the absolute configuration of the chiral center in compound
2 as (R), the chiral center at C-25 in compound 1 was estimated
as (S). Compound 1 was assigned as 3�,4�,7�-trihydroxy-4�-
methylergosta-8,24(28)-dien-11-on-25S-26-oic acid. It is clear
that with respect to optical rotation values of the pure isomers, all
(S) isomers possessed higher optical rotation values compared to
the (R) isomers except for compounds 1 and 2.

3.4. HPLC method optimization and relative percentage
evaluation of FEA

The HPLC conditions for the active ethyl acetate fraction were
further optimized after isolating the major triterpenes as standards
from FEA (Fig. 2). Because the skeleton of these triterpenes con-
tained a carboxylic acid moiety, symmetrical sharp peaks were
easily obtained in the HPLC chromatogram using acidic mobile
phase with a relatively low pH value. Due to the acidic properties
of these AC triterpenes, three types of 0.1% organic acids, including
trifluoroacetic acid (pH 2.2), acetic acid (pH 3.3) and formic acid (pH
2.8) were screened as additive to the mobile phase. The use of acidic
additive in the separation of acidic constituents usually results
in symmetrical well resolved peaks. We studied the relationship
between peak area and retention time for the major peaks after
adding organic acid into the aqueous phase. The results showed that
retention times of the major peaks in these three different acidic
systems were nearly identical. However, the best results in terms of
maximum peak area of the major triterpenoids were obtained using
the formic and acetic acidic systems. Although both 0.1% formic
and acetic acids produced similar results, the latter was selected.

The use of acetic acid provided more stable baseline and improved
the shape of the desired peaks in the HPLC fingerprints. The max-
imum absorbance (�max) of ergostane and lanostane triterpenes
was detected at 254 nm and 270 nm, respectively (Fig. 2A and B).
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Table 1
1H NMR dataa for compounds 1–8 (C5D5N, ı in ppm, J in Hz).

Proton 1 2 3 4 5 6 7 8

1a 2.110 m 2.108 m 1.416 m 1.436 m 1.957 m 1.946 m 1.437 m 1.422 m
1b 3.148 dt

(13.2, 3.0)
3.149 dt
(13.2, 3.6)

3.232 qd (6.0,
2.4)

3.231 qd (6.6,
2.4)

2.737 dt
(12.0, 3.6)

2.734 dt
(13.2, 3.0)

3.178 qd (6.6,
3.0)

3.178 qd (6.6,
2.4)

2a 1.965 m 1.975 m 2.390 m 2.389 m 1.855 m 1.857 m 2.406 m 2.406 m
2b 2.771 m 2.778 m 2.548 m 2.537 m 1.855 m 1.857 m 2.588 m 2.570 m
3 � 4.092 s � 4.094 s � 3.877 s � 3.874 br s
4 � 2.374 m � 2.373 m � 1.692 m � 1.699 m � 2.464 m � 2.458 m
5 � 2.202 m � 2.201 m � 1.416 m � 1.414 m � 2.596 m � 2.592 m � 1.886 m � 1.880 m
6a 2.461 m 2.466 m 1.823 m 1.822 m 2.448 m 2.448 m 2.584 m 2.570 m
6b 2.749 m 2.750 m 2.374 m 2.373 m 2.611 m 2.613 m 2.584 m 2.570 m
7 � 4.650 t

(8.4)
� 4.651 br t � 4.524 t

(7.8)
� 4.527 td
(8.4, 1.2)

12a 2.476 m 2.462 m 2.473 d (13.8) 2.477 d (13.8) � 4.505 s � 4.500 s 2.503 m 2.503 m
12b 3.000 d (13.2) 3.000 d (13.8) 3.000 d (13.8) 3.000 d (13.8) 3.019 d (13.8) 3.018 d (13.8)
14 � 2.666 m � 2.674 m � 2.755 ddd

(12.0, 6.6,
1.2)

� 2.763 ddd
(12.6, 7.2,
1.8)

� 3.567 dd
(13.2, 7.8)

� 3.559 dd
(13.2, 7.8)

� 2.742 m � 2.745 m

15a 2.120 m 2.128 m 2.113 m 2.116 m 1.674 m 1.677 m 1.547 m 1.552 m
15b 2.546 m 2.541 m 2.548 m 2.537 m 2.858 m 2.854 m 2.753 m 2.734 m
16a 1.328 m 1.360 m 1.336 m 1.337 m 1.327 m 1.315 m 1.240 m 1.242 m
16b 1.965 m 1.952 m 1.947 m 1.924 m 1.978 m 1.982 m 1.915 m 1.906 m
17 � 1.441 m � 1.436 m � 1.416 m � 1.424 m � 2.302 m � 2.300 m � 1.390 m � 1.382 m
18 0.929 s 0.925 s 0.893 s 0.891 s 0.821 s 0.819 s 0.707 s 0.703 s
19 2.099 s 2.098 s 1.604 s 1.602 s 1.547 s 1.547 s 1.611 s 1.609 s
20 � 1.405 m � 1.417 m � 1.336 m � 1.335 m � 1.490 m � 1.478 m � 1.381 m � 1.390 m
21 0.908 d (6.0) 0.909 d (6.0) 0.911 d (6.0) 0.913 d (6.0) 1.077 d (6.6) 1.075 d (6.6) 0.895 d (5.4) 0.892 d (6.0)
22a 1.328 m 1.297 m 1.354 m 1.313 m 1.346 m 1.389 m 1.314 m 1.272 m
22b 1.740 m 1.789 m 1.737 td

(12.0, 5.4)
1.775 m 1.806 m 1.767 m 1.697 td

(11.4, 5.4)
1.738 td
(12.0, 3.6)

23a 2.237 m 2.238 m 2.236 m 2.235 m 2.236 m 2.233 m 2.211 m 2.223 m
23b 2.498 m 2.439 m 2.484 m 2.431 m 2.423 m 2.474 m 2.448 m 2.406 m
25 3.485 br q 3.491 q (7.2) 3.487 br q

(6.6)
3.483 q (6.6) 3.457 q (7.2) 3.452 q (7.2) 3.464 br q

(7.2)
3.480 br q
(6.6)

27 1.534 d (6.6) 1.530 d (7.2) 1.530 d (6.6) 1.522 d (7.2) 1.496 d (7.2) 1.504 d (6.6) 1.524 d (7.2) 1.529 d (6.6)
28a 5.076 s 5.083 s 5.089 s 5.085 s 5.059 s 5.073 s 5.069 s 5.060 s
28b 5.234 s 5.256 s 5.242 s 5.256 s 5.234 s 5.226 s 5.231 s 5.248 s
29 1.763 s 1.765 s 1.132 d (6.6) 1.132 d (6.6) 1.052 d (6.6) 1.050 d (7.2) 1.039 d (6.6) 1.039 d (6.6)

a Assignments were confirmed by coupling constants, 1H–1H COSY, NOESY, HMQC, and HMBC analysis.

Table 2
13C NMR dataa for compounds 1–8 (C5D5N, ı in ppm).

Carbon 1 2 3 4 5 6 7 8

1 29.687 29.687 36.163 36.160 28.583 28.575 34.947 34.936
2 26.786 26.785 38.123 38.121 30.155 30.148 37.771 37.767
3 74.711 74.711 211.368 211.359 69.308 69.301 209.898 209.909
4 73.957 73.957 44.069 44.074 35.324 35.316 43.925 43.918
5 43.498 43.498 48.629 48.634 41.605 41.602 48.914 48.896
6 30.199 30.199 33.504 33.509 38.685 38.677 39.208 39.201
7 70.805 70.805 69.311 69.319 202.004 201.993 200.778 200.789
8 154.299 154.292 155.860 155.856 144.406 144.395 145.504 145.504
9 143.939 143.939 140.862 140.873 153.160 153.145 151.957 151.953

10 38.755 38.751 37.391 37.396 38.980 38.976 38.630 38.618
11 201.504 201.504 201.318 201.317 203.938 203.927 202.679 202.701
12 58.817 58.817 58.454 58.470 80.956 80.941 57.474 57.470
13 47.942 47.938 47.882 47.891 50.240 50.225 47.238 47.234
14 53.768 53.772 53.577 53.597 42.707 42.692 49.471 49.463
15 25.486 25.490 25.362 25.371 24.617 24.598 25.297 25.301
16 28.298 28.234 28.227 28.183 27.351 27.377 28.027 27.979
17 54.855 54.877 54.645 54.699 46.079 46.027 54.001 54.016
18 12.493 12.493 12.470 12.480 11.815 11.796 12.092 12.092
19 20.956 20.956 17.643 17.648 16.457 16.449 16.249 16.241
20 36.242 36.271 36.114 36.160 35.974 35.891 35.881 35.959
21 18.614 18.655 18.603 18.657 18.141 18.070 18.549 18.601
22 34.419 34.509 34.359 34.472 34.640 34.491 34.253 34.383
23 31.999 31.764 31.860 31.675 31.843 32.052 31.855 31.657
24 150.833 150.707 150.601 150.616 150.830 150.490 150.642 150.116
25 47.068 47.005 46.720 46.923 47.095 46.602 47.006 47.518
26 177.842 177.237 177.371 177.154 177.479 177.113 177.770 178.124
27 17.165 17.255 17.086 17.234 17.290 17.058 17.138 17.425
28 110.003 110.186 110.280 110.302 110.145 110.291 110.127 109.888
29 28.059 28.059 11.888 11.893 16.394 16.393 11.558 11.551

a Assignments were confirmed by coupling constants, 1H–1H COSY, NOESY, HMQC, and HMBC analysis.
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onsidering the absorbance of these two type triterpenes, 254 nm
as chosen as the detection wavelength. Accordingly, detection
avelength, acid concentration, and injection volume were set

t 254 nm, 0.1% acetic acid, and 20 �l. The chromatogram was
nalyzed by using the software ‘Class VP’, and the percentage of
ll peaks with mean chromatogram were calculated by the same
oftware based on the peak area. In addition, the relative peak
rea (RPA) of each characteristic peak (peaks 1–10) was calculated
n comparison to the reference peak (peak 9) offering a semi-
uantitative determination of the chemical composition of FEA.

In a simulative median chromatogram of FEA, it had ten
ell-resolved ‘characteristic peaks’, including eight ergostane

riterpenes (peaks 1–8) and two lanostane triterpenes (peaks 9 and
0). Among them, peak 9, which appeared in the middle of the
hromatogram with a maximum area, was considered as the inter-
al reference peak. The RPA data of the ten characteristic peaks in
EA were 0.532 (compound 1, peak 1, Rt 6.724), 0.781 (compound
, peak 2, Rt 7.004), 0.669 (compound 3, peak 3, Rt 24.778), 0.623
compound 4, peak 4, Rt 26.735), 0.771 (compound 5, peak 5, Rt

7.932), 0.996 (compound 6, peak 6, Rt 29.139), 1.046 (compound
, peak 7, Rt 46.739), 0.862 (compound 8, peak 8, Rt 47.348), 1.000
compound 9, peak 9, Rt 41.890), and 0.701 (compound 10, peak 10,
t 77.532), individually. The absolute stereoconfiguration at C-25
as not the decisive factor for the elution order in HPLC experi-
ents. In the reverse phase HPLC analysis of antcin K and zhankuic

cid C pure isomeric forms, peaks 1 and 5 corresponding to (R) iso-
ers were eluted first followed by peaks 2 and 6 corresponding to

S) isomers. However an opposite trend was observed in the sep-
rating of pure isomeric forms of antcin C and zhankuic acid A. In
oth cases the (S) isomers were eluted first.

.5. LC–ESI-MS analysis of FEA

In order to further identify the ergostane stereo-isomeric pairs
n FEA, we employed HPLC-PDA/MS. Identification was accom-
lished by using on-line DAD, ESI-MS techniques, and co-elution
ith compounds 1–10. At the beginning, both positive and nega-

ive ion modes were used in an attempt to ionize compounds 1–10.
t was found that the positive mode resulted in a larger number of
ons compared to the negative mode. Therefore, ESI in the positive

ode was selected for the follow-up analysis. Moreover, the MS
eak intensity was compared at three different ionization source
emperatures (350 ◦C, 450 ◦C and 550 ◦C). The MS results indicated
hat peak intensity obtained under ionization source temperature
f 550 ◦C was over two fold higher than those at 450 ◦C or 350 ◦C.
herefore, 550 ◦C was selected as the suitable ionization source
emperature. The total ion current (TIC) chromatogram in the pos-
tive mode is shown in Fig. S11. By comparing FEA and compounds
–8 in the on-line ESI-MS spectra, the four major stereo-isomeric
airs of ergostane triterpenes (antcin K, antcin C, zhankuic acid C,
nd zhankuic acid A) were detected, corresponding to peak pairs
f 1 and 2, 3 and 4, 5 and 6, as well as 7 and 8, respectively. The m/z
ata in the HPLC-ESI/MS spectra for these four major peak pairs
peaks 1–8) are shown in Table S2. The mass spectra of each isomer
ere similar to the mass spectra of the other isomer in the same
air as 1 and 2, 3 and 4, 5 and 6, 7 and 8. Fragments of these four
ajor peak pairs were observed at [M+H−18]+ or [M+H−15]+, cor-

esponding to the loss of hydroxyl or methyl groups. Furthermore,
he fragment ion [M+H−44]+, corresponding to the loss of –COO−,
as detected indicated the existence of carboxylic group in the

tructures. This is the first reported identification of these novel
aired triterpene stereo-isomers in AC using HPLC and LC–MS.
t was observed that lanostane triterpenes, dehydrosulphurenic
cid and dehydroeburicoic acid, corresponding to peaks 9 and 10,
isappeared in the TIC chromatogram. The absence of peaks 9 and
0 indicated that the corresponding compounds cannot be easily
Biomedical Analysis 58 (2012) 182–192

ionized or their ions are unstable under the processes of electron
spray ionization. To the best of our knowledge this is the first
report showing differences in mass spectroscopic results between
lanostane and ergostane triterpenes of AC.

3.6. Fractionation procedures for concentrating zhankuic acids
from wild fruiting bodies of A. camphorata

We developed highly efficient fractionation procedures to con-
centrate zhankuic acids in FEA. On the basis of LC analysis, it
was confirmed that zhankuic acid A and other zhankuic acid
derivatives are the major components of FEA. The 1H NMR spec-
trum of zhankuic acid A as a standard, proved also that the
process developed in the current study was capable of concen-
trating zhankuic acids in FEA. The same result was observed in
the isolation process of FEA (the ratio of zhankuic acid A weight
to FEA was approximately 1:5). In order to study the difference
in chemical composition between FEA and other fractions (FNH
and FET) obtained using Type 1, 1H NMR experiments were con-
ducted. Several deuterated solvents such as CDCl3, CD3OD, D2O,
and pyridine-D5 were tested and considered for NMR measure-
ments. After evaluating compounds solubility and analysing NMR
data of the tested samples, pyridine-D5 was chosen as the deuter-
ated solvent for our experiments. 1H NMR spectra of EEAC, FNH,
FEA, FET, and zhankuic acid A were measured under identical condi-
tions (10 mg/0.75 ml, 400 MHz), and plotted for comparison (Fig. 3).
The characteristic 1H NMR signals of zhankuic acid A showed two
tertiary methyl signals [ıH 0.70 (H3-18) and 1.61 (H3-19) (each 3H,
s)], three secondary methyl signals [ıH 0.89 (3H-21, d, J = 5.6 Hz),
1.03 (3H-29, d, J = 6.4 Hz), and 1.52 (3H-27, d, J = 7.2 Hz)], and ter-
minal olefinic protons (H2-28) in a 24-exo-methylene-26-oic acid
side-chain [ıH 5.08 (1H, br s) and 5.24 (1H, br s)]. 1H NMR spectra of
EEAC and FEA clearly exhibited these distinguishable signals. More-
over, the signals of methine protons [ıH 3.01 (1H-12, d, J = 13.6 Hz),
3.17 (1H-1, ddd, J = 13.3, 6.8, 2.4 Hz), and 3.48 (1H-25, q, J = 7.2 Hz)]
of zhankuic acid A were also detected in 1H-NMR spectra of EEAC
and FEA. However, the specific signals mentioned above were not
observed at all in the 1H NMR spectra of FNH and FET. Therefore, it
can be concluded that the major active component, zhankuic acid
A, of the ethanolic extract of wild fruiting bodies of A. camphorata
(EEAC) is concentrated in the ethyl acetate fraction (FEA) by the
method presented in this study. On the basis HPLC and NMR anal-
ysis, FEA is unmistakably defined as the active triterpenoids-rich
fraction.

3.7. Cytotoxic screening of ergostane stereo-isomeric pairs on
leukemia cancer cell lines

Previous studies revealed that triterpenes from AC possessed
anti-inflammatory activity in neutrophils [20] and cytotoxicity
against leukemia, colon, liver, breast and lung cancer cells [21].
However, the relationship between the stereochemistry and bioac-
tivity of 25-(R) and 25-(S) ergostane stereo-isomers has never been
reported. In our continuing research for cytotoxic metabolites from
FEA, compounds 1–8 and their mixture forms (antcin K, antcin C,
zhankuic acid C, and zhankuic acid A) were subjected to an anti-
proliferation assay against a panel of cancer cell lines, including two
human acute lymphoblastic leukemia cells (CCRF-CEM and Molt 4)
and one human promyelocytic leukemia cells (HL 60) (Table 3).
Results showed that derivatives with the 3-carbonyl functional
group (3, 4, 7, 8, antcin C, and zhankuic acid A) exhibited better
cytotoxicity with IC50 values ranging from 16.44 to 77.04 �g/ml.

Comparatively, compounds with a hydroxyl group at C-3 were less
active (IC50 > 80 �g/ml) suggesting the presence of carbonyl group
is important for cytotoxic activity. Moreover the presence of other
hydroxyl groups in rings A (C-4), B (C-7), C (C-12) did not have a



Y.-C. Du et al. / Journal of Pharmaceutical and Biomedical Analysis 58 (2012) 182–192 191

F tate f
p

s
c
t
o
h
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ignificant effect on cytotoxicity. To understand the effect of stereo-

onfiguration of the isolated compounds on their cytotoxic activity,
he activity of the isolated pure isomers and their mixture forms
n leukemia cell lines was evaluated. Compounds 7 and 8 showed
igher inhibitory potency than their mixture form, zhankuic acid
raction), FET (ethanol fraction), and EEAC (ethanol extract) separated using Type 1

A, in all cancer cell lines. On the other hand compounds 3 and 4 iso-

lated from antcin C lost their cytotoxicity (IC50 > 80 �g/ml) against
HL 60 cells. In the Molt 4 cell line, the 25R forms (4 and 8) were more
active than the related 25S forms (3 and 7). Similar results in the
HL 60 cell line were observed with compounds 7 and 8. However,
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Table 3
Cytotoxicity of zhankuic acids on leukemia cancer cell lines.

Compound IC50 (�g/ml)a

CCRF-CEMb Molt 4b HL 60c

1 >80 >80 >80
2 >80 >80 >80
3 30.68 ± 5.30 77.04 ± 2.78 >80
4 27.94 ± 6.44 54.28 ± 1.96 >80
5 >80 >80 >80
6 >80 >80 >80
7 21.99 ± 7.91 42.16 ± 2.33 54.67 ± 8.14
8 22.90 ± 7.60 16.44 ± 3.77 23.32 ± 1.60
Antcin K >80 >80 >80
Antcin C 28.82 ± 6.79 55.02 ± 3.34 47.02 ± 4.45
Zhankuic acid C >80 >80 >80
Zhankuic acid A 47.04 ± 6.191 53.23 ± 3.88 69.98 ± 18.98

a Data are expressed as mean ± SD (n = 3).
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he 25R forms (4 and 8) and 25S forms (3 and 7) exhibited nearly
qual potency against CCRF-CEM cells. Based on these findings, a
lear correlation between the stereconfiguration of AC ergostane
riterpenes and their cytotoxic activity cannot be defined.

. Conclusions

We developed a convenient fractionation procedure for concen-
rating the anti-proliferative triterpenoids from AC fruiting bodies.
he chemical profile of this triterpenoids-rich fraction was illus-
rated by HPLC, NMR, and HPLC-PDA/MS. Triterpenes (FEA) were
he major constituents of AC fruiting bodies, accounting for about
2% of the original crude material total weight and nearly 20%
f the total FEA weight was zhankuic acid A. Using a combina-
ion of extraction, fractionation, and HPLC, an effective analysis
nd preparation procedure of AC major triterpenes was estab-
ished. The method we developed is feasible for comprehensive
uality evaluation of AC fruiting bodies and its related prod-
cts.

Since the first isolation of zhankuic acids in 1995 [10], the
eparation of their pure isomers has been always an unresolved
ssue. For the first time we report the separation of zhankuic acid
erivatives in a pure isomeric form and the determination of their
ytotoxic activity on different cancer cell lines.

In the current study we investigated also the effect of difference
n stereoconfiguration at C-25 of the isolated triterpenes on the
lution order in HPLC experiments, optical rotation values and cyto-
oxic activity. The biofunction and pharmacological mechanism of
ure and individual zhankuic acid isomers are under investigation

n our laboratory.
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a b s t r a c t

This paper discusses the importance of profiling UV-responsive components, properly integrated with
chemometric techniques, in detecting indicative parameters for quality control of honey. The minor
components in honeys of different botanical and geographical origins were investigated by size SEC-
UV-DAD. We diluted honey with mobile phase before injection into the chromatographic apparatus
and a single chromatographic run gave a fast profile of high- (proteins and enzymes), intermediate- (e.g.
terpenoid glycosides in lime tree honey) and low-molecular-weight components (secondary metabolites,
e.g. kynurenic acid in chestnut honey).

The analysis of a total number of 32 honey samples from different regions (Italy, Western Balkan
countries, Brazil, Cameroon, Kenya) and of different botanical origins (herbal flower and arboreal flower
nectars/honeydews) showed peculiar and characteristic distribution of these markers, which were basi-
cally related to their floral origin.

Chemometric examination carried out using principal component analysis (PCA) and hierarchical clus-

ter analysis (HCA) of the chromatograms (RT vs. absorption) detected four main clusters in which the
groups of (i) chestnut honeys, (ii) honeys from rain forests and (iii) counterfeit/adulterated honeys were
clearly separated from the main group of flower nectar honeys.

The method is fast, requiring minimal sample handling, and the chromatographic data can be analyzed
by multivariate statistical techniques to obtain descriptive information about the honey’s quality and

composition.

. Introduction

Honey is a natural food of great interest for its high nutritional
alue and therapeutic and medicinal properties [1]. Apitheraphy
the medicinal use of honeybee products) has recently gained
ttention for preventive medicine in several conditions and dis-
ases as well as for promoting health and well-being [2].

Because of its sweetness, color and flavor, honey is also often
sed in place of sugar and as an ingredient or natural preservative

n many manufactured foods. It can prevent oxidative reactions in
oods (e.g. lipid oxidation in meat [3] and enzymatic browning of
ruits and vegetables [4]). The composition and properties of a par-
icular honey sample depend strongly on the type of flowers the

ees visited, on the climatic conditions in which the plants grow
nd on the beekeeper’s contribution [5,6].

∗ Corresponding author. Tel.: +39 02 503 19310; fax: +39 02 503 17565.
E-mail address: giangiacomo.beretta@unimi.it (G. Beretta).

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.006
© 2011 Elsevier B.V. All rights reserved.

From the chemical point of view, honey is a highly complex, con-
centrated mixture of sugars with a large pool of minor constituents
of different molecular weights (MW) and chemical nature embed-
ded. Many of these components are thought to be responsible
for its beneficial properties, from high-MW components (proteins)
excreted by honey bees into honey (e.g. glucose oxidase, invertase,
saccharase, diastase and catalase) [1,7], to peculiar and particularly
abundant plant secondary metabolites (e.g. kynurenic acid (KA) in
chestnut honey [8–11] or cyclohexa-1,3-diene-1-carboxylic acid
(CDCA) in lime tree honey [11,12]), and/or an array of minor com-
pounds (phenolic acid derivatives such as ferulic acid, caffeic acid
and coumaric acid and its esters, and flavonoid aglycones) deriv-
ing from the original composition of the nectars and sugar-rich
materials on which honey bees feed to produce honey [13–15].

Further to our previous investigations on honey quality, botan-
ical and geographical origins [8,11], here we describe a fast, cheap

method for simultaneous screening of honey’s minor organic com-
ponents, from high to low MW (300 kDa to 100 Da) using size
exclusion chromatography (SEC) coupled to ultraviolet diode array
detection (UV-DAD). The chromatographic findings were analyzed

dx.doi.org/10.1016/j.jpba.2011.09.006
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:giangiacomo.beretta@unimi.it
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Table 1
Botanical and geographical origins of the honey samples analyzed by SEC-UV-DAD chromatography.

Sample no. Lab code Botanical origin Geographical origin Honey bee species

1 ALB01 Acacia (Robinia pseudoacacia) Albania Apis mellifera carnica/macedonica
2 ALB02 Multiflora Albania Apis mellifera carnica/macedonica
3 ALB03 Multiflora Albania Apis mellifera carnica/macedonica
4 ALB04 Acacia (Robinia pseudoacacia) Albania Apis mellifera carnica/macedonica
5 ALB05 Unknown Albania Apis mellifera carnica/macedonica
6 ALB06 Multiflora Albania Apis mellifera carnica/macedonica
7 ALB07 Honeydew (Pine) Albania Apis mellifera carnica/macedonica
8 ALB08 Chestnut (Castanea sativa) Albania Apis mellifera carnica/macedonica
9 ALB09 Acacia Albania Apis mellifera carnica/macedonica

10 SRB01 Acacia (Robinia pseudoacacia) Serbia Apis mellifera carnica
11 BRA02 Sweet orange (Laranjeira, Citrus sinensis) Brazil Apis mellifera scutellata
12 CAM04 Rainforest Cameroon Apis mellifera adansonii
13 CAM05 Rainforest Cameroon Apis mellifera adansonii
14 CAM34 Rainforest Cameroon Apis mellifera adansonii
15 CAM35 Rainforest Cameroon Apis mellifera adansonii
16 CRO01 Mountain Croatia Apis mellifera carnica
17 CRO02 Chestnut (Castanea sativa) Croatia Apis mellifera carnica
18 IT01 Chestnut (Castanea sativa) Italy Apis mellifera ligustica
19 IT02 Acacia (Robinia pseudoacacia) Italy Apis mellifera ligustica
20 IT03 Multiflora Italy Apis mellifera ligustica
21 IT04 Mountain Italy Apis mellifera ligustica
22 IT05 Chestnut (Castanea sativa) Italy Apis mellifera ligustica
23 IT30 Dog Rose (Rosa canina) Italy Apis mellifera ligustica
24 KEN01 Mango (Mangifera indica) Kenya Apis mellifera adansonii
25 SRB02 Acacia (Robinia pseudoacacia) Serbia Apis mellifera carnica
26 KOS02 Multiflora Kosovo Apis mellifera carnica
27 KOS03 Chestnut (Castanea sativa) Kosovo Apis mellifera carnica
28 KOS05 Acacia (Robinia pseudoacacia) Kosovo Apis mellifera carnica
29 MAK01 Meadow Macedonia Apis mellifera macedonica
30 MAK02 Multiflora Macedonia Apis mellifera macedonica
31 SLO01 Honeydew (Fir) Slovenia Apis mellifera carnica
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32 SLO02 Chestnut (Castanea sativa)

sing multivariate chemometric techniques, principal component
nalysis (PCA) and hierarchical cluster analysis (HCA) to distin-
uish the different honeys on the basis of the distribution/profiles of
heir minor components. This approach enabled us (i) to simultane-
usly profile honey proteins, and some known/unknown molecular
pecies with intermediate and low MW, (ii) to distinguish the com-
onents associated with flower nectar/honeydew from those very

ikely coming from the honey bee, and (iii) to distinguish authentic
oneys from counterfeit/adulterated ones. We applied the method
o honey samples from different regions (Italy, Western Balkan
ountries, Brazil, Cameroon, Kenya) and botanical origins (herbal
nd arboreal flowers nectars and honeydews).

. Experimental

.1. Reagents and materials

Sodium chloride, monosodium dihydrogen phosphate and dis-
dium monohydrogen phosphate were from Sigma–Aldrich–Fluka
Milan, Italy). Water for the preparation of solutions and running
uffers was purified by a Milli-Q apparatus (Millipore, Milford,
A, USA). Honey samples of different botanical origins (multiflora,

cacia, chestnut, dog rose, mango, and honeydew) were obtained
uring the years 2009/2010 from local markets or beekeepers in

taly, Kosovo, Cameroon, Kenya and Brazil, authenticated and pro-
essed with the procedures previously described [16].

.2. Experimental procedure
Native honey (1 g), was dissolved in mobile phase (10 mL final
olume) and 10 �L of the clear solution obtained after centrifu-
ation (10,000 × g) to remove solid particles (pollens, debris, etc.)
ere analyzed by SEC-UV-DAD. Chromatographic runs were done
Slovenia Apis mellifera carnica

using a Varian LC-940 analytical/semipreparative HPLC system
(Varian, Turin, Italy) equipped with a binary pump system, an
autosampler, a fraction collector, a UV-DAD detector operating
(200–400 nm) at �1 = 220 nm and �2 = 280 nm and a scale-up mod-
ule. Analytical separations were done on a TSKgel G2000 SWXL
column (300 mm × 7.8 mm and 250 mm × 21.2 mm, Tosoh Bio-
science, Japan). The solvent system was NaCl (8.5 g/L)/NaH2PO4
(2 g/L)/Na2HPO4 (1 g/L) (pH 6.7), flow rate 1.2 mL/min. Analyses
were done from 0 to 20 min of the chromatographic run to ensure
that analytes with the lowest MW were eluted.

The SEC-UV-DAD data indicated that the chromatographic
reproducibility was highly satisfactory with the average relative
standard deviations (RSD) of the peak retention times (RT) less than
0.3%, and those of the peak heights less than 2% (interday, n = 4 inde-
pendent experiments carried out on n = 4 different samples in n = 4
different days: IT01, KOS06, BRA02, CAM34). For the calculations
where considered peaks with relative maximal absorbance higher
than the 30% of the most intense peak of the chromatogram (100%).
The good reproducibility meant the subsequent multivariate statis-
tical analysis was reliable.

2.3. MW calibration

The MW of known and unknown substances was estimated
by comparing their RT with those of standards with MW in
the range 190–390,000 Da. KA, MW 189 Da; 3-PKA, MW 258 Da;
NADP, MW 741 Da; GSSG, MW 612 Da; diastase, MW 35 kDa
(Aspergillus oryzae); glucose oxidase, MW 72,000; catalase, MW
230 kDa (bovine liver); invertase, MW = 270 kDa (Saccharomyces

cerevisiae); catalase MW = 323 kDa (Aspergillus niger). The relation-
ship between RT and the log10(MW) was linear in two different time
regions: RT 4–8 min (log10MW −0.51 × RT + 7.86) and RT 8–18 min
(log10MW −0.07 × RT + 3.51).
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ig. 1. Representative SEC-UV-DAD chromatograms of (A) mountain flowers, (B) ch
re shown in the insets of Panel A.

.4. Multivariate analysis

We constructed a data matrix with rows for the different honey
amples (objects) and columns showing the cumulative absorbance
alculated every 18 s (variables or features). The SEC-UV-DAD data
ere exported from the Galaxy station of the HPLC equipment in

he form of text files with the UV absorbance data and RT lists were
xported in a 32 × 33 matrix for HCA and PCA. The first part of the

hromatogram (0–4 min) gave no information on the composition
f the honey, so we removed it before statistical analysis. Before PCA
nd HCA the data were mean-centered (i.e. for each chromatogram
he mean cumulative absorbance was subtracted from each
t, (C) mango and (D) laranjeira honeys. Representative UV-DAD spectra of proteins

sub-cumulative absorbance: see above). The data matrix was built
with an OpenOffice Spreadsheet for Linux (v. 3.2.1), and all compu-
tations were done with R-commander GUI for R (v. 1.5–6) [17].

3. Results and discussion

3.1. Profiling honey minor components by SEC-UV-DAD
In the first part of this study we investigated the potential of the
SEC technique coupled to UV-DAD detection for rapid simultaneous
profiling of the minor components in 32 honey samples of different
botanical and geographical origins (Table 1).
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Fig. 2. Dend

Honeys were diluted with the chromatographic mobile phase
1 g/10 mL) since with this procedure no precipitate forms after
entrifugation, whereas proteins and other insoluble components
recipitate when this step is carried out with acidic water [11,18]
r methanol [11]. This might be because of the high ionic strength
f the mobile phase, which keeps in solution the protein pool con-
tituted by the enzymes (glucose oxidase, invertase, saccharase,
iastase and catalase) in honey resulting from their incorporation
y bees into the nectars and the sugar-rich materials collected for
oney production [7].

Fig. 1 reports representative chromatographic profiles (�max

20 nm) of honeys from chestnut (22, IT05, Fig. 1A), forest multi-
ora (26, KOS02, Fig. 1B), mango (22, KEN01, Fig. 1C) and laranjeira
11, BRA02, Fig. 1D). Diluted honey injected into the SEC-UV-DAD
ystem resulted in the separation of several peak envelopes which
ropped in different RT regions of the chromatogram. Substantial
mounts of chemical species of high and intermediate MW were
etected in all the honeys, while only chestnut honeys contained

ow-MW metabolites (MW < 300 Da).

.1.1. Region A
RT 4.5–5.2 min, 5.3–7.0 min. On the basis of their RT and UV

pectra (secondary maxima at �max = 270–280 nm, data not shown),
e attributed these peaks to proteins with MW in the range of

00–100 kDa and 100–50 kDa respectively, which show a good
atch with the MWs of the honey bee enzymes mentioned [7].

hese peaks were present with different intensities in the chro-
atographic profiles of almost all honeys (the lowest in samples
, 2, 4 and 9 from Albania and the highest in 12 from the rain-
orest of southern Cameroon). This finding provides preliminary
ut substantial evidence that the protein content of honey may be

nfluenced by its floral type and/or its geographical origin (Table 1).
from HCA.

3.1.2. Region B
RT 8.4–11.8 min. All honeys showed several peaks generated by

species with intermediate MWs (approximately 30 kDa to 500 Da)
with different UV-DAD profiles. The differences seemed mainly
related to components from different botanical sources. To the best
of our knowledge most of the UV profiles of these peaks were
not attributable to any of the substances previously identified in
honey and further work is currently in progress to clarify their
structure. Only in linden honey (not shown) there was a clearly
recognizable peak generated by the 1-O-gentiobiosyl ester (GBE)
of the monoterpene cyclohexa-1,3-diene-1-carboxylic acid (CDCA,
MWCDCA-GBE 506 Da, which has already been characterized as a typ-
ical component of linden and chestnut honey) [11,12].

3.1.3. Region C
RT 12–20 min. This region was poorly populated. In agree-

ment with previous findings, only chestnut honeys (n = 6) gave
detectable peaks (Fig. 1C) with different intensities, attributed to KA
(MW = 189, RT = 18 min) and its 3-2′-pyrrolidinyl derivative (3-PKA,
MW = 258 Da, RT = 12 min) [8,11,19].

3.2. Multivariate analyses of SEC-UV-DAD data

3.2.1. HCA
HCA was applied to the SEC-UV-DAD chromatogram data and

the dendrogram in Fig. 2 shows the results. At the arbitrary dis-
tance d = 950, the samples were separated into three main clusters:
samples 17, 18, 22, 32 (chestnut honeys) in cluster IA, samples 12,

14 (rainforest honeys from Cameroon), 27 in cluster IIIA and all
the others in cluster IIA. The remaining 25 samples were all clus-
tered together, and further divided into subgroups SG1, SG2 and
SG3 when the distance threshold was reduced to d = 250.
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Fig. 3. SEC-DAD chromatograms (� = 220 nm) of the honeys classified

Fig. 3 shows the chromatographic profiles of the honeys in these

ubgroups. SG1 grouped samples 13 and 15 from Cameroon, the
talian dog rose honey 23, meadow 29 from Macedonia and chest-
ut 31 from Slovenia (Fig. 3, upper panel). All these samples had
eterogeneous chromatographic profiles in the RT range 8–12 min
sters SG1 (upper panel), SG2 (middle panel) and SG3 (lower panel).

corresponding to molecular species with MW between 10 kDa and

400 Da. Honeys 5, 8, and 26 in cluster SG2 were all of multifloral
origin with a homogeneous chromatographic profile (Fig. 3, mid-
dle panel). Finally, cluster SG3 grouped samples 1, 2, 4 and 9 (Fig. 3,
lower panel).
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.2.2. PCA
The loadings for the variables (e.g. the cumulative absorbance

f the species within each 0.3-min RT interval, Fig. 4) in the first
wo PC show that the molecular species in the RT ranges from
.30 to 5.50 min (350–100 kDa), 5.80–7.00 min (75–20 kDa), and
.70–11.20 min (650–400 Da) were the dominant features in the
C1, which accounted for 54.7% of the total data variance; the
pecies in the RT ranges 6.10–10.30 min and 10.90–13.00 min dom-
nated PC2, accounting for 22.8% of the total data variance. In the
T range 4–14 min, the highest loading values in PC1, centered
pproximately at RT 6.4 min and RT 10.6 min, were paralleled by
he lowest loadings for the same RT in PC2. The opposite situation
as observed for the highest loadings in PC2 at 7.0–9.0 min and

1–13 min, which were matched by the highest loadings in PC1,
onfirming the orthogonality of PC1 and PC2. Only in the RT range
f 4.9–5.2 min and to a lesser extent around 9.2 min the two first
C showed a parallel trend of variation of their loading values, indi-
ating that the molecular species eluting at these RT are present in
ll honeys (very likely due to the honey bee metabolism) and thus
re not useful for differentiation.

In the scores plot of PC1 and PC2 (cumulative variance 77.5%;
ig. 5) there were four clusters of honey samples. From left to right,
oving from lower (negative) to higher (positive) PC1 values, the
rst to separate were four honeys from Albania (samples 1, 2, 4
nd 9), followed by most of the others, clustered close to the graph
rigin, and by chestnut honeys and two samples from Cameroon

ig. 5. First two principal components in PCA of honeys (n = 32) of different geo-
raphic and botanical origins (see Table 1).
f PC1 and PC2.

(CAM04 and CAM34) at positive PC1 values. Moving along PC2
from the bottom to the top, chestnut honeys were further sepa-
rated in the right upper part (cluster A), while those from Cameroon
(particularly CAM04) were shifted toward the lower right (cluster
B).

4. Discussion

Previous studies investigated the composition of different
classes of minor components of honey using different analyti-
cal techniques (HPLC and capillary electrophoresis (CE) [20,21],
gas-chromatography (GC) [21], NMR [22–24], HPLC–MS [25],
MALDI-MS [26] or immunoblotting [27,28]) to gain useful infor-
mation about the composition in volatile and non-volatile species
(flavonoids and phenolic acids and proteins). However, these
studies suffered several limitations due to the selectivity of the
technique used to determine a single analyte or a single class of
analytes, which lead to the loss of analytes or of different classes
of analytes resulting from the sample processing and prepara-
tion. These studies focused closely on identifying single specific
target compounds or molecular species as markers of a honey’s
floral/geographical origin, and the results are expressed in terms
of the presence/absence or mean concentrations of these mark-
ers, so important correlations between these different classes of
compounds and other markers are lost.

In this context, our procedure gave information about the semi-
quantitative distribution of UV-absorbing species from high to
low MW (with no interference from sugars) on the same sample,
with a short analysis time (20 min), and no loss of UV-DAD-
sensitive water-soluble analytes. In addition, as already done by
other authors working on the physico-chemical parameters of
honey [29], proteins [26], amino acids [30], minerals [31] and
heavy metals [32], we checked the results by multivariate statis-
tical analysis for any latent structures in the distribution of minor
components in honey that might explain the differences reflecting
the botanical and geographical origin, climatic conditions and the
bees’ metabolic activity.

Both chemometric techniques (PCA and HCA) indicated a clear
separation of the honey samples in four classes/clusters. This
appeared to be based on (i) the relative total amounts of the
minor components (independently from their MW) and (ii) their
MW/dependent relative abundance.

In PCA, the four Albanian samples with the lowest total AUC,
labeled as acacia and multiflora honeys (cluster A, Fig. 5) were
tightly grouped on the left of the scores plot. These were easily
recognized as counterfeit/adulterated products. Their SEC-UV-DAD
profiles indicated that they contained none – or very little – of
the proteins found in all the other honeys, specific enzymes incor-

porated directly by the bees (the proteins from flower pollen
are virtually negligible [27,28]) to hydrolyze oligosaccharides and
polysaccharides to glucose and fructose, or of the species with MW
between 10 kDa and 300 kDa (Fig. 1).
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By contrast, the clear separation of the chromatographic profiles
f chestnut honeys and the two rainforest honeys was due to (i)
he intense peak of the low-MW species kynurenic acid, the typical

arker of chestnut nectar (only samples 8 and 27 did not enter this
luster, due to mislabeling of the first and the lower content of this
etabolite in the second) [8–10], and (ii) the high AUC of the peaks

enerated by the proteins in the samples from Cameroon.
In addition, the loadings of PC1 and PC2 indicated that all the

oneys (with the exception of counterfeits samples ALB01, ALB02,
LB04 and ALB09) contained proteins in the RT range between 4.9
nd 5.2 min, independently from their geographical and botanical
rigin (and to a lesser extent around 9.2 min), suggesting that their
resence was influenced only by the different metabolisms in the
pecies of Apis mellifera involved in this study (A. mellifera ligustica,
. mellifera carnica, A. mellifera macedonica, A. mellifera scutellata);
he distribution of all the other components may be affected by
ther factors, such as the phytochemical composition of the nec-
ar(s) and/or honeydew collected for honey production.

. Conclusions

These findings indicate that SEC-UV-DAD is a powerful ana-
ytical technique for profiling honey minor components from low
o high MWs. The method is fast, requires only minimal sample
andling and the chromatographic data can be analyzed by mul-
ivariate statistical techniques to obtain descriptive information
bout the honey’s quality and composition. It (i) promptly sepa-
ated counterfeit from authentic honeys, and (ii) highlighted the
ualitative and quantitative differences in composition between
oney varieties from flower nectars and those from arboreal species
nd/or honeydew. In addition, it indicated a striking difference in
he phytochemical profile of tropical honeys compared to honeys
rom western countries. Further analytical work is needed to clar-
fy the origins of these differences which may basically derive (i)
rom the different composition of the honey bee’s feed (nectar, hon-
ydew, propolis and pollens) available in different regions and (ii)
rom the different bee species involved in producing the honey.
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a b s t r a c t

The pharmaceutical industry is one of the more important sectors for the use of polydimethylsiloxanes
(PDMS), which belong to the organosilicon polymers. In drugs for internal use, they are used as an active
pharmaceutical ingredient (API) called dimeticone or simeticone. Due to their specific chemical nature,
PDMS can have different degrees of polymerization, which determine the molecular weight and viscosity.
The Pharmacopoeial monographs for dimeticone and simeticone, only give the permitted polymerization
and viscosity range. It is, however, essential to know also the degree of polymerization or the specific
molecular weight of PDMS that are present in pharmaceutical formulations. In the literature there is
imeticone
nalysis pharmaceutical formulation
ize exclusion chromatography
vaporative light scattering detector

information about the impact of particle size, and thus molecular weight, on the toxicity, absorption and
migration in living organisms. This study focused on the use of a developed method – the exclusion chro-
matography with evaporative light scattering detector (SEC-ELSD) – for identification and determination
of dimeticone and simeticone in various pharmaceutical formulations. The method had a high degree of
specificity and was suitable for speciation analysis of these polymers. So far the developed method has
not been used in the control of medicinal products containing dimeticone or simeticone.
. Introduction

The interest in polydimethylsiloxanes (PDMS) is related to their
ommon use in various fields. Products where these polymers
re in direct contact with humans are pharmaceuticals, medical
upplies (e.g., implants, medical materials, ocular endotampon-
des, the silanized surfaces of, e.g. syringes, drains, catheters),
ood (functional additive E-900), and cosmetics, as well as in the
nvironment (e.g. water, soil) [1–17]. PDMS are high-molecular
ompounds belonging to a group of organosilicon polymers that can
ave either a linear or a cyclic structure. They belong to polysilox-
nes which are commonly referred to as silicones. Polysiloxanes
an be represented by the general formula – [R2Si–O] –, where

is usually one of the following groups: methyl, ethyl, propyl,
henyl, fluoroalkyl, vinyl, or aminoalkyl. Polysiloxanes can be

iquids, resins, rubbers or elastomers depending on the type of
unctional groups, structure, and degree of polymerization or cross-
inking. When PDMS are liquids, the R represents a methyl group

18,19].

The pharmaceutical industry is one of the most important sec-
ors for the use of polydimethylsiloxanes. In medicinal products

∗ Tel.: +48 58 349 31 56; fax: +48 58 349 31 52.
E-mail address: kpienk@gumed.edu.pl

731-7085/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpba.2011.09.003
© 2011 Elsevier B.V. All rights reserved.

for internal use they may serve as the active pharmaceutical ingre-
dient (API), the excipient or as the matrix in the drug delivery
system [1–4,12]. As an active substance they are called dimeti-
cone or simeticone, and there are various forms of pharmaceutical
formulations, e.g. capsules, drops, chewable tablets, emulsions,
suspensions, and granules. Simeticone is a mixture of dimeticone
with 4–7% silicon dioxide [1,2,20–22]. These polymers act in an
anti-flatulence, anti-foaming and protective manner. For this rea-
son, preparations containing dimeticone or simeticone are used
against flatulence, colic, in preparation for medical diagnosis and as
alternatives for: irritable bowel syndrome, gastric ulcer, pancreatic
insufficiency, and heartburn. It is important to note that pharma-
ceutical preparations containing dimeticone or simeticone are used
for both adults and infants (especially for problems like flatulence)
[1,2].

In medicinal products that are intended for internal use, only the
linear polydimethylsiloxanes are allowed. PDMS with this structure
differ in the degree of polymerization and molecular size, and there-
fore have different molecular weights (Table 1) [8,23–25]. This in
turn determines the viscosity, which is the basis for the Pharma-
copoeias regulations regarding which applications that are allowed

(Table 2) [20–22].

However, no Pharmacopoeia specifies the viscosity of the PDMS
that can be used for manufacturing medicinal products. Only in the
European [21] and the British [22] Pharmacopoeia, is there a note

dx.doi.org/10.1016/j.jpba.2011.09.003
http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:kpienk@gumed.edu.pl
dx.doi.org/10.1016/j.jpba.2011.09.003
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Table 1
Dependence of molecular weight and viscosity PDMS on the degree of
polymerization.

Degree of
polymerization
number n

Molecular
weight [Da]

Viscosity
[cSt]

Type of polymer

2 237 1
Low molecular
weight

8 770 5
15 1250 10
25 2000 20

50 3500 50

Middle molecular weight

80 6000 100
125 9500 200
160 12 000 300
190 13 600 350
400 30 000 1000
650 48 000 5000
800 60 000 10 000

1230 91 000 30 000
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High molecular weight1500 116 500 60 000
1870 139 000 100 000

hat PDMS molecules with a viscosity below 50 cSt may only be
sed in pharmaceutical formulations intended for external use.

The rules for the use of PDMS as a functional additive (E-900) in
ood products are much more specific. In 1979, at their eighteenth

eeting, the joint FAO/WHO Expert Committee on Food Additives
JECFA) established the Acceptable Daily Intake (ADI) of PDMS at
–1.5 mg/kg body weight. At the twenty-third meeting in 1980,
he JECFA Committee reviewed the ADI and stated that this applied
nly to PDMS with the number of repeated subunits –[(CH3)2SiO]
n the range n = 200–300, which corresponds to a molecular weight
etween 15 000 and 22 000 Da. This decision was taken after con-
erns that polymers with lower molecular weight might be more
eadily absorbed in organisms. Generally the normative of values
or PDMS was associated with the results of toxicological stud-
es. In 1990, at the thirty-seventh meeting, the Committee further
evised the specifications for PDMS saying that the ADI only applies
o PDMS with n = 90–410, corresponding to molecular weights of
800–30 000 Da and viscosities between 100 and 1500 cSt. The tox-

cological properties were not re-evaluated at that time, but the
HO and FAO later initiated a toxicological study of PDMS. That

eport was presented at the sixty-ninth meeting of JECFA in 2009,
nd contained research results for PDMS with a viscosity of 10
nd 350 cSt, which corresponds to a molecular weight in the range
f 1250–13 600 Da. The study showed that oral administration of
DMS to rats resulted in ocular lesions (e.g. corneal opacities and
ranulomatous inflammation), but probably very little absorption.
n 2009, it was decided to temporarily reduce the ADI from 0 to
.5 mg/kg bw to 0–0.8 mg/kg bw, while investigating the repeata-

ility of the toxicological study [26–28].

A literature review (covering the years 1948–2010) regarding
oxicity aspects of silicone, including PDMS, showed that there is
o unambiguous answer to the question: “Are silicones non-toxic

able 2
haracteristic of dimeticonum and simeticonum according to various Pharmacopoeias.

Pharmacopoeia Degree of
polymerization (n)

European Pharmacopoeia Ph.Eur.
6.0 (2007)

20–400

British Pharmacopoeia
BP (2007)

20–400

The United States Pharmacopoeia USP
32 (2009)

No information
l and Biomedical Analysis 58 (2012) 200–207 201

and safe for living organisms?” The results in the literature are often
contradictory. With this in mind, it is worrying that in certain phar-
maceutical preparations, which are used not only for adults but also
for children, the viscosity of the dimeticone or simeticone used
is unknown. However, there is a possibility that there may be a
linear PDMS, but unallowable the degree of polymerization. Data
presented in the literature indicates that linear PDMS with a low
molecular weight (i.e. low viscosity) and cyclic PDMS can be toxic to
living organisms. It is also shown that the degree of polymerization
for linear PDMS, which influences the molecular weight and vis-
cosity, has a direct effect on the toxicity, absorption and migration
in living organisms [29–36].

However, few studies have focused on the identification and
determination of simeticone or dimeticone in pharmaceutical
preparations. In 1989, a paper by Anderson and colleagues was pub-
lished, in which the authors used size exclusion chromatography
with a refractometric detector to determine PDMS in emulsions
[37]. The authors believed that the IR method, despite being the
most commonly used method to determine polydimethylsiloxanes,
is not suitable for analysis of oral suspensions or emulsions. They
believed that the background originating from the matrix adversely
affects the measurement of the PDMS. In 1999, Torrado and col-
leagues [38] used infrared spectroscopy Fourier transform (FTIR),
as currently prescribed in the Pharmacopoeias, to identify dimeti-
cone in tablets and capsules. For extracts from tablets and capsules
they obtained spectra that were similar to the standard PDMS spec-
trum, with the exception of one preparation. This case, however,
was not specifically commented on by the authors. They concluded
that FTIR spectroscopy is useful for determination of dimeticone
in pharmaceutical formulations. In 2002, Moore and others used
liquid chromatography in reversed phase with evaporative light
scattering detection (RP-HPLC-ELSD). They obtained a single peak
but noted the asymmetric shape, and suggested that this could be
due to the fact that PDMS is not a single compound, but a mixture of
oligomers. However, they did not determine the molecular weight
or the viscosity of the identified PDMS. The authors claimed that
the IR method described in the Pharmacopoeia is not satisfactory
for determination of PDMS in pharmaceutical preparations, which
contain multiple components. Specifically, they noted the exis-
tence of interactions with magnesium hydroxide and aluminum
on PDMS. When determining PDMS with IR, the results were vari-
able and generally overestimated the content [39]. In 2003, Jia and
colleagues analyzed trace amounts of PDMS in tablets, where they
occurred as impurities of devices. The study used atomic emission
spectrometry with inductively coupled plasma (ICP-AES) [40].

It is worth noting that the IR method is recommended by the
Pharmacopoeias for identify and quantitative analysis simeticone
or dimeticone contained in drugs [20–22]. It involves identifica-
tion of the bands of valence (stretching) and deformation (bending)

vibrations CH3, Si–CH3 and Si–O groups, which have fixed positions
in the spectrum, regardless of the molecular weight of the PDMS.
Thus, these bands appear not only for the PDMS that are approved
for use in medicinal products, but also for PDMS with a viscosity

Viscosity [cSt] Comment

Dimeticone: 20–1300
Simeticone: 20–1300

Dimeticones with nominal
viscosity of 50 cSt or lower are
intended for external use only.

Dimeticone: 20–1300
Simeticone: 20–1300

Dimeticones with nominal
viscosity of 50 cSt or lower are
intended for external use only.

Dimeticone: 20–30 000
Simethicone: no information

–
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elow 50 cSt and for other organosilicon compounds containing the
ame groups. The IR and FTIR methods are therefore not specific for
hese polymers.

Most of the methods used in the publications listed above were
elective but not specific for PDMS, and researchers have not turned
ttention to the problems with speciation analysis of PDMS present
n various forms of pharmaceutical preparations (as dimeticone or
imeticone). Therefore, the aim of this study was to use size exclu-
ion chromatography with evaporative light scattering detection
SEC-ELSD) [7,8] for identification and determination of linear poly-
imethylsiloxanes, with different degree of polymerization (hence
olecular weight and viscosity), in various pharmaceutical prepa-

ations. The SEC-ELSD method has not previously been used for
ontrol of medicines containing PDMS in various matrices. The
resent work is the third in a cycle which describes this method
7,41].

. Experimental

.1. Instrument and chromatographic conditions

All details about the SEC-ELSD chromatographic system has
een described in [7]. An evaporative light scattering detector,
anufactured by BBT Automatyka Sp. z o. o. Polska (model 030195),
as used for the method development. The TSK – GEL GMHHR-M

olumn with polystyrene–divinylobenzen packing (5 �m particle
ize, 300 mm × 7.8 mm) used in this method is manufactured by
osoh Biosep company and distributed by Sigma–Aldrich (Poznan,
oland). Data acquisition, analysis and reporting were done using
he Eurochrom 2000 (Knauer Germany) chromatography software.
n this study, the following optimal conditions were used: temper-
ture in the drift tube 50 ◦C; temperature in the detection cell –
0 ◦C; pressure of the carrier gas (for nebulisation) 140 kPa; flow
ate of the mobile phase (chloroform) 1 ml/min.

.2. Materials and analytical chemicals

All the solvents used were of analytical grade. Chloroform
as purchased from Sigma–Aldrich (Poznan, Poland), hydrochlo-

ic acid from POCH (Gliwice, Poland), and certified polystyrene
tandards from Sigma–Aldrich (Poznań, Poland). Three standard
ixtures with four standards polystyrene in each vial were used,
ith molecular weights at peak maximum (Mp) ranging from 376

o 2 570 000 Da. The polystyrene standards are characterized as
w and Mn and have a low polydispersity index (PDI = Mw/Mn)

.02–1.11. Polydimethylsiloxane (PDMS) standard of viscosity
50 cSt was from Sigma–Aldrich (Poznań, Poland) and Simethicone,
he USP reference standard, was purchased from Dow Corning Cor-
oration. Syringe filters (25 mm, PET-polyester, pore size 0.45 �m)
rom Macherey-Nagel (Bioanalytic, Poland).

.3. Formulation

Polydimethylsiloxanes, as an Active Pharmaceutical Ingredient
API), exist in different pharmaceutical formulations. Qualitative
nd quantitative analyses were carried out on various forms of
elected medicinal product for internal use, such as capsules, gran-
les, suspensions, emulsions, and chewable tablets (Table 3).

.4. Preparation of samples

The procedures for preparing samples for analysis were partly

ased on the monographs contained in various Pharmacopoeias
uch as the American (USP 32 2009) [20], the British (BP 2007) [21]
nd the European (EP 6.0 2007) [22]. The Pharmacopoeias do not
nclude detailed monographs describing the exact way of analysing
l and Biomedical Analysis 58 (2012) 200–207

specific formulations. Only the U.S. Pharmacopoeia [20] contains
monographs describing the identification and quantitative analysis
of capsules, tablets, suspensions, and emulsions using infrared (IR
or FTIR) spectroscopy. However, by comparing all the monographs
included in the Pharmacopoeias a common strategy for the analysis
of dimeticone or simethicone can be identified.

The sample preparation was based on chloroform extraction
of the active substance. The selection of this organic solvent was
linked to its role as a mobile phase in the size exclusion chro-
matography. The quantities of the pharmaceutical formulations
were selected so that the concentration of PDMS in the sample after
extraction would be in the range of 0.1–1.0%. To the extent possi-
ble, care was taken to ensure that the concentration levels were
similar for all the pharmaceutical formulations, i.e. between 0.4%
and 0.7%. For each medicinal product, seven independent samples
were prepared, and the different preparation steps are described in
Table 4.

3. Results and discussion

The medicinal products differed among themselves the formu-
lations, the matrix, the expiration date and the content of PDMS.
Therefore, the purpose of the study was not only identification
and quantitative studies but also to (i) compare the identity of
dimeticone or simeticone when present in various forms of a drug
from the same manufacturer, (ii) the effect of the matrix on the
chromatograms, (iii) compare the identity of dimeticone used by
different manufacturers, (iv) assess the impact of the expiration
date on changes in the dimeticone, and (v) to assess the effect of
HCl to recovery PDMS, as this is an important step when preparing
samples for the analysis.

Optimization of the methods and choice of the experimental
parameters were described in detail in part I of these publica-
tion series [7]. The validation parameters were determined in
accordance with guidelines from the International Commission
of Harmonization (International Conference on Harmonization,
ICH), the World Health Organization (WHO), the Food and Drug
Organization, and recommendations in the United States [20] and
European Pharmacopoeia [21], and are presented in the part II of the
series of publications [41]. In this publication [41] was showed the
values of parameters of validation and acceptance criteria defined
for the evaluation of usefulness of the SEC-ELSD method as a tool for
speciation analysis of the polydimethylsiloxanes used in pharma-
ceutical industry. Moreover, the maximum errors for determining
of molecular weights PDMS and quantitative analysis were showed.

Dimeticone and simeticone were identified based on differ-
ences in retention times and molecular weights. To determine
the molecular weights at peak maximum (Mp), a calibration
curve as a calibration column TSK-GEL GMHHR-M filled with
polystyrene–divinylobenzen was used together with certified
polystyrene standards with molecular weights Mp between 376
and 2 570 000 Da. On the basis of accuracy and trueness [41], it may
be concluded that polystyrene standards can use to calibration col-
umn for determining molecular weight PDMS. The hydrodynamic
volumes for polystyrene and polydimethylsiloxane are similar
and, therefore, the molecular weights of polydimethylsiloxane are
equivalent to the polystyrene.

The calibration curve was determined from the relationship
between the logarithm of the molecular weight at peak maximum
and the retention time (Eq. (1)):

y = −0.8336x + 10.704 (1)
where x is the retention time (tr) [min], and y the logarithm of the
molecular weight at peak maximum (log Mp) [Da]. The coefficient
of determination for the column was high, R2 = 0.9938.
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Table 3
Characteristics of selected pharmaceutical formulations containing dimeticone or simethiconeused in this study.

Trade name Producer Dosage form Content APIa Composition

Esputicon
Synteza
Polska

Drops 980 mg/1 g Dimeticone
Silicon dioxide 20 mg

Capsules 50 mg/caps. Dimeticone
Granule 150 mg/5 g Dimeticone

Fumed silica
Aromatic sugar to 5 g

InfacolPharmax LimitedWielka Brytania Suspensions 40 mg/ml Simethiconeb

Sodium saccharin
Hydroxypropylmethylcellulose
Methyl hydroxybenzoate
Propyl hydroxybenzoate Orange flavor
Purified water

Bobotic Medana PharmaTerpol Polska Emulsion 66.66 mg/ml Simethicone,
Sodium saccharin 2.5 mg
Methyl hydroxybenzoate 1.5 mg
Propyl hydroxybenzoate 0.5 mg,
Sodium carboxymethylcellulose
Citric acid
Raspberry flavor Purified water to 1 ml

Espumisan
Berlin Chemie
Niemcy

Emulsion 40 mg/ml (20
drops)

Simethicone
Hydroxypropylcellulose
Sorbic acid
Sodium cyclamate
Sodium saccharin Banana flavor
Purified water

Emulsion 40 mg/5 ml Simethicone
Methyl 4-hydroxybenzoate
Polisorbate 80
Sodium cyclamate
Sodium saccharin
Sodium carboxymethyl cellulose
Silicon dioxide flavor

Manti Gastop US Pharmacia USA Chewable
tablets

125 mg/tabl. Simethicone
Lactose anhydrous
Sorbitol
Tricalcium phosphate
Sodium stearate
Mint flavor

m
l
t
e
a
w

y

w

T
P
d

a API – Active Pharmaceutical Ingredient.
b Simeticone – dimeticone + SiO2.

For the quantitative analyses, the peak area was used as the
ode for peak evaluation. In previous studies in detail the issues

inear ELSD detector response was discussed [41–43]. The concen-
ration of dimeticone was calculated from a rectilinear regression
quation obtained from measurements of 10 PDMS solutions with
viscosity of 350 cSt at concentrations ranging from 0.1 to 1.0%,
ith R2 = 0.9958 (Eq. (2)):
= 66.647x + 1.6844 (2)

here x is the concentration [%], and y the peak area [mV min].

able 4
rocedures for preparation of medicinal products samples for analysis of dimeticone and
etection.

Dosage form Amount used for
sample preparation

Drops 0.2 g

Granule of micronized granules
Suspension 4.6 ml
Emulsion (dosage form – ml) 25.0 ml (Espumisan)
Emulsion (dosage form – drops) 4.6 ml (Espumisan)

2.7 ml (Bobotic)
Capsule 3
Chewable tablet 2
A rectilinear regression equation obtained from measurements
of 10 Simeticone USP standard solutions in the concentration range
0.1–1.0% (R2 = 0.9979) was used for determination of simeticone in
medical preparations (Eq. (3)):

y = 66.458x − 0.6244 (3)

where x is the concentration [%], and y the peak area [mV min].

Table 5 summarizes the results from analyses of pharmaceutical

preparations with different matrices, different manufacturers, but
a valid expiration date. The results are averages of seven indepen-
dently prepared samples with three independent measurements of

simeticone with size exclusion chromatography with evaporative light scattering

Steps in sample preparation

1. Accurate transfer of a suitable amount of the
pharmaceutical formulation to Erlenmeyer flasks
(volume 100 ml);
2. Addition of 50 ml dilute hydrochloric acid (2:5)
3. Addition of 25 ml chloroform;
4. Extraction for 10 min;
5. Separation of the layers;
6. Transfer of about 5 ml extract to a vial
7. Filtration with syringe filters;
8. Injection of sample to the chromatographic system
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Table 5
The results for analysis of dimeticone or simeticone in pharmaceutical formulations using SEC-ELSD.

Trade name Analysis

Qualitative Quantitative

Retention time mean
values [min]

Molecular
weight Mp [Da]

Peak area mean
values [mV min]

Content dimeticone or simeticone

RSD [%] n = 7 RSD [%] n = 7 Declared Measured recovery [%]

Esputicon (capsules)
8.08

9301
29.47

50 mg/caps.
51.77 mg/caps.

0.54 1.46 103.50

Esputicon (drops)
8.08

9301
41.57

980 mg/g
1114.7 mg/g

0.59 1.09 113.8

Esputicon (granule)
8.06

9683
27.23 30 mg/1 g 28.55 mg/g

0.79 2.16 95.17

Infacol (suspension)
8.09

9124
32.02

40 mg/ml
39.78 mg/ml

0.85 2.06 99.45

Bobotic (emulsion)
8.05

9852
35.52

66.66 mg/ml
75.04 mg/ml

1.09 1.76 112.57

Espumisan (emulsion-drops)

7.91
12 889

32.67

40 mg/ml

40.57 mg/ml
0.55 1.53 101.43
9.35

813
3.03a 4.45 mg/mla

0.56 4.79 11.13

Espumisan (emulsion-ml)
7.97

11 487
36.16

40 mg/5 ml
41.94 mg/5 ml

0.72 2.09 104.85
Manti Gastop (chewable 7.81 49.68 140.99 mg/tabl.

e
m
h
r

d
l
t
t

a
p
(
u

T
T
o

tablets) 15 6170.68

a Estimated value due to the lack of sufficient separation of peaks.

ach. Table 6 shows a comparison of the analytical results for phar-
aceutical preparations with a valid expiry date and those that

ad expired, as well as the influence of hydrochloric acid on the
ecovery of PDMS samples.

No difference in the polydimethylsiloxane identity could be
etected between two different types of pharmaceutical formu-

ations from the same manufacturer, which confirmed that it was
he same active substance (Fig. 1). The results also confirmed that
here was no significant matrix effect.

The identity of dimeticone used by different manufacturers was

lso compared, and it could be concluded that the dimeticone
resent in Esputicon, Infacol and Bobotic did not differ significantly
Table 5). Only dimeticone in the Manti Gastop tablets had a molec-
lar weight that differed from the others (Fig. 2).

able 6
he results for SEC-ELSD analysis of dimeticone or simeticone in pharmaceutical formula
n the recovery in Bobotic emulsions.

Trade name Analysis

Qualitative

Retention time mean
values [min]

Molecular weight
Mp [Da]

RSD [%] n = 7

Esputicon (capsules) exp. dat.
2011

8.08
93010.54

Esputicon (capsules) exp. dat.
2006

8.07
94810.87

Espumisan (emulsion-drops)
exp. dat. 2011

7.91
12 8890.55

9.35
8130.56

Espumisan (emulsion-drops)
exp. dat. 2007

7.92
12 6440.75

9.34
8280.81

Bobotic (emulsion) with HCl
8.05

98521.09
Bobotic (emulsion) without
HCl

8.04
10 0421.67

a Estimated value due to the lack of sufficient separation of peaks.
125 mg/tabl.
1.49 112.79

The identification of simeticone and dimeticone showed that
in general the active substance in the selected formulations was
characterized by a molecular weight Mp of 9124–15 617 Da, which
corresponds to a viscosity of about 140–440 cSt. In all cases, except
the Espumisan emulsion for drop dosage, both the simeticone and
the dimeticone identity complied with the characteristics given
in the Pharmacopoeias (Table 2) for PDMS used as the active
substance in medicines for internal use. Only in the Espumisan
emulsion administered as droplets, polymers with an illegal molec-
ular weight were found, as there was an additional peak in the

chromatogram with a retention time 9.35 min, which corresponds
to a molecular weight of 813 Da (Table 5, Fig. 3).There were two
possible reasons for the additional peak in the chromatogram of
the Espumisan extract:

tions valid with expiry date and that had expired, and the influence of HCl addition

Quantitative

Peak area mean
values [mV min]

Content dimeticone lub simeticone

RSD [%] n = 7 Declared Measured recovery [%]

29.47 50 mg/caps. 51.77 mg/caps.
1.46 103.50

27.89 50 mg/caps. 48.82 mg/caps.
1.62 97.64

32.67 40 mg/ml 40.57 mg/ml
1.53 101.43
3.03a 4.45 mg/ml*

4.79 11.13

31.58 40 mg/ml 39.24 mg/ml
1.43 98.10
3.27a 4.75 mg/mla

3.73 11.88

35.52 66.66 mg/ml 75.04 mg/ml
1.76 112.57

13.05 66.66 mg/ml 28.34 mg/ml
1.97 42.51
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Fig. 1. SEC-ELSD chromatograms of Esputicon as granules (A) and capsules (B)
extracts and calibration curve of column.
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Fig. 2. SEC-ELSD chromatogram of a Manti Gastop chewable tablets extract (A), and
of an Infacol suspension extract (B).

Fig. 3. SEC-ELSD chromatogram of an extract of the Espumisan emulsion in drops
as a dosage form, and the proportion (%) of each PDMS polymer type in the medical
formulation.

Table 7
Solubility and molecular weights of the excipients in the Espumisan emulsion in
drops as a dosage form.

Excipients Solubility Molecular
weight [Da]

Hydroxypropylmethylcellulose Cold water
Anhydrous ethanol
Methanol
Propylene glycol

64 000–92 000

Sorbic acid Ethanol
Diethyl ether
Water (poorly)

112.1

Sodium cyclamate Water 201.22
Sodium saccharin Water 215

Banana flavor Water (poorly)
Ethanol
Diethyl ether
Acetic acid (glacial)

130.2
Benzene
Chloroform

1. extraction of a matrix component (tr = 9.35 min, molecular
weight 813 Da) in addition to the active substance (tr = 7.91 min,
molecular weight 12 889 Da), or

2. the active substance (simeticone) was present as a mixture of
polymers with different molecular weights, and thus viscosity.

Matrix constituents and their molecular weight and solubility
are given in Table 7 [21,44]. It was concluded that the reason could
no be extraction of sorbic acid, sodium cyclamate, sodium saccharin
and hydroxypropyl since they are not soluble in chloroform. Banana
flavoring is an ester of isoamyl alcohol (isoamyl acetate) with acetic
acid and can be dissolved in chloroform, but its molecular weight
does not correspond with the second peak in the chromatogram.

Thus, it appears that a mixture of polymers has been used to
manufacture the active ingredient (simeticone), and that the addi-
tional fraction of PDMS has a too low molecular weight to comply
with the recommendations in the European and British Pharma-
copoeia [21,22].

The study also included the effect of storage time on changes in
dimeticone. The analytical results for Espumisan emulsion drops
showed that there was no significant difference in retention time
between the formulations, and hence that the storage time had
little effect on the active ingredient (Fig. 4).

Pharmacopoeial monographs do not contain information on
which, dimeticone molecular weights that are allowed in pharma-
ceutical preparations intended for oral use, but only the limits with

respect to viscosity. Therefore, the chromatograms of an extract
from Manti chewable tablets, and the Gastop Simeticone USP stan-
dard was compared (Fig. 5).
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Fig. 4. SEC-ELSD chromatogram of extracts of an Espumisan emulsion with a valid
expiry date (A), and one with a date that had expired (B).
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Fig. 5. SEC-ELSD chromatogram of a Manti Gastop chewable tablets extract (A) and
the Simeticone USP reference standard (B).
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ig. 6. Chromatograms obtained with SEC-ELSD when extracting PDMS from the
edicinal product Bobotic with (A) and without (B) diluted HCl.

An important part of the study was to determine the content of
imeticone or simeticone in selected drugs and compare with the
alues declared by the manufacturer. The results indicated that the
eal content of the active ingredient was between 95.2 and 114% of
he amount declared (Table 5).

The quantitative analysis was also used to evaluate the effect
f adding diluted HCl in the sample preparation procedure. This
as analyzed using the Bobotic emulsion with drops dosage as an

xample, as the matrix of this product contained many different
ompounds. When excluding HCl, the content of PDMS was about
.5 times lower than when extracting this preparation in an acidic
nvironment (Table 6, Fig. 6). The reason could be the presence of
complex matrix, which may adsorb simeticone and dimeticone

nd prevent a complete extraction. Addition of hydrochloric acid
robably decreased the effect adsorption polymer as an effect of

nteractions PDMS with excipients, vastly increasing the efficiency
f extraction. Hence, it can be concluded that addition of diluted
2:3) HCl is an essential step when preparing samples for SEC-ELSD
nalysis of pharmaceutical formulations.

. Conclusion

For control of medicinal products, analytical methods with
high degree of specificity should be used. This is particularly

elevant for polydimethylsiloxanes as they differ in the degree of

olymerization, which determines the molecular weight and vis-
osity. They can be divided into low-molecular, medium-molecular
nd high-molecular polymers. Because the polydimethylsiloxanes
re not specific compounds, there is a need for analytical methods

[
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that can be used for speciation analysis. The patients should
be informed about which polydimethylsiloxane (dimeticonum
or simeticonum) that occurs in a pharmaceutical formulations,
particularly the viscosity of the polymers. The exclusion chro-
matography with evaporative laser scattering detector method
(SEC-ELSD) has proved useful for the identification of these
polymers in various forms of pharmaceutical formulations, and
the method meets the requirement on degree of specificity. This
method can also be used for quantitative studies. The need to
find new and innovative analytical methods should be linked
not only to reports from toxicity studies, but also to the need
for reliable routine controls to ensure the safety of medicinal
products.
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