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bstract

A novel mixed-mode high performance liquid chromatographic system (HPLC) interfaced with an atmospheric pressure chemical ionization
APCI) source and a tandem mass spectrometer (MS/MS) was developed for the determination of cytarabine (ara-C) in mouse plasma to support
harmacodynamic studies. The mixed-mode reversed-phase ion-exchange chromatography column was adapted for sufficient retention and sepa-
ation of a small and polar analyte. The impact of the mobile phase composition on both chromatographic separation and the ionization efficiency
f the test compound in the positive mode was investigated. The potential of ionization suppression from endogenous biological matrices on

he mixed-mode LC–APCI/MS/MS method was evaluated using the post-column infusion technique. Furthermore, the feasibility of using the

ixed-mode HPLC–MS/MS method for the determination of the plasma concentrations of cytarabine in mice was demonstrated by comparing
hose obtained by the ion-pairing HPLC–MS/MS method.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The greater numbers of samples derived from various drug
iscovery experiments have yielded challenges for developing
eliable and higher throughput bioassays for quantitation of
large diversity of new chemical entities (NCEs) during the

ead optimization process [1–3]. The high performance liquid
hromatography (HPLC) coupled with a tandem mass spec-
rometer (MS/MS) provides excellent sensitivity and selectivity
or monitoring drug compounds and has become a standard
quipment in modern pharmaceutical industries [4,5]. While
ast liquid chromatography technologies using a micro-column
6,7], monolithic silica column [8,9] or ultra-performance
10,11] linked with a tandem mass spectrometer have been

tilized to shorten run cycle times, it is important to main-
ain appropriate separation power to avoid ion suppression
ssues or endogenous interferences [6,7,12]. In this work, a
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bine; Matrix ionization suppression

ixed-mode liquid chromatographic approach was developed
o help retain and promote separation of a highly polar com-
ound, cytarabine (ara-C), an anticancer agent, [13] as the model
ompound which normally could not be retained with a high
arbon load column under typical reversed-phase chromato-
raphic conditions. The column effluent was directly connected
o an atmospheric pressure chemical ionization (APCI) source
s part of the tandem mass spectrometer (MS/MS) system.
elective reaction monitoring (SRM) of the analyte and the

nternal standards (ISTD) in the positive ion mode was used
or the quantitative determination of the analytes. The effect
f mobile phase composition on the ionization efficiencies of
he analyte was investigated. The relationship between reten-
ion factors of the analyte and mobile phase composition on

mixed-mode reversed-phase/weak anion-exchange type sta-
ionary phase was explored. The matrix ionization suppression
otential for the mixed-mode HPLC–APCI/MS/MS system was
xamined using a post-column infusion technique where a sim-
le sample treatment procedure based on the use of the protein

recipitation technique with acetonitrile/methanol (90/10) was
ested. Furthermore, a direct comparison of the analytical results
btained by the mixed-mode HPLC–APCI/MS/MS method and
he ion-pairing HPLC–APCI/MS/MS method for determining
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he mouse plasma exposures of cytarabine was performed to
emonstrate the assay feasibility in support of pharmacody-
amic studies.

. Experimental

.1. Reagents and chemicals

Ara-C as the probe drug and clofazimine as the internal
tandard (ISTD) were purchased from Sigma (St. Louis, MO,
SA). The chemical structures of all test compounds were

hown in Fig. 1. Methanol and acetonitrile (HPLC grade) were
urchased from Fisher Scientific (Pittsburgh, PA, USA). Triflu-
roacetic acid (TFA) and formic acid (FA) were purchased from
ldrich Chemical Company, Inc. (Milwaukee, WI, USA). The
olatile perfluorinated carboxylic acid ion-pairing reagent, non-
fluoropentanoic acid (NFPA), was purchased from Sigma (St.
ouis, MO, USA). Deionized water was generated from a Milli-
water purifying system purchased from Millipore Corporation

Bedford, MA, USA) and house high-purity nitrogen (99.999%)
as used. Drug-free mouse plasma samples (with EDTA) were
urchased from Bioreclamation Inc. (Hicksville, NY, USA).

.2. Equipment

HPLC–MS/MS analysis was performed using an Applied
iosystems/ MDS Sciex (Concord, Ontario, Canada) Model
PI 4000 triple quadrupole mass spectrometer equipped with

he APCI interface. The chromatographic system consisted of a
eap autosampler with a refrigerated sample compartment (set
o 10 ◦C) from LEAP Technologies (Carrboro, NC, USA), Shi-
adzu on-line degasser, LC-10AD VP pump and LC-10A VP

ontroller (Columbia, MD, USA). For the mixed-mode HPLC
ethod, a Primesep A column (3.2 mm × 50 mm) from SIELC

Fig. 1. Chemical structures of (I) ara-C and (II) clofazimine.
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Holland, MI, USA) was used as the analytical column. For
on-pairing HPLC using NFPA as an ion-pairing reagent, a
APECELL PAK C18 column (2.0 mm × 35 mm, 5 �m) from
henomenex (Torrance, CA, USA) was used as the analytical
olumn. The Quadra 96 (Tomtec, Hamden, CT, USA) system
as used for semi-automated sample preparation via the protein
recipitation procedure. The experimental mass spectrometric
onditions were determined without optimization for the APCI
ource.

For the matrix ionization suppression studies with mouse
lasma samples, a mixture of ara-C and clofazimine solution was
ontinuously infused into PEEK tubing in between an analytical
olumn and a mass spectrometer through a tee using a Harvard
pparatus Model 2400 (South Natick, MA, USA) syringe pump.
ither a protein precipitation extract of the blank mouse plasma
amples or methanol (5 �L) was injected into the mixed-mode
nalytical column. Effluent from the analytical columns mixed
ith the infused test compounds and then entered the APCI

ource.

.3. Sample collection

The animal dosing experiments were carried out in accor-
ance to the National Institutes of Health Guide to the Care and
se of Laboratory Animals and the Animal Welfare Act. Study
lood samples were collected at specified time-points up to 24-
following a single intraperitoneal administration to individual
ice. After clotting on ice, serum was isolated by centrifugation

nd stored frozen (−20 ◦C) until analysis.

.4. Standard and sample preparation

Stock solutions of ara-C and clofazimine were prepared as
mg/mL solutions in methanol. Analytical standard samples
ere prepared by spiking known quantities of the standard

olutions into blank mouse plasma. The concentration range
or ara-C in mouse plasma was 50–10,000 ng/mL level. The
ouse plasma samples were prepared using the protein pre-

ipitation technique. A 300-�L aliquot of methanol solution
ontaining 1 ng/mL of clofazimine was added to 10 �L of
lasma located in a 96-well plate. After mixing and cen-
rifugation the supernatant was automatically transferred to a
econd 96-well plate by the Quadra 96 instrument. A 5-�L
liquot of the extract was injected by the Leap autosampler
o the mixed-mode HPLC–APCI–MS/MS and the ion-pairing
PLC–APCI–MS/MS systems for quantitative analysis.

.5. Chromatographic and mass spectrometric conditions

Mobile phases A and B consisted of water and methanol
ontaining 0.1% TFA, respectively. Gradient chromatographic
eparation using mobile phases A and B was as follows: 0 min
35% B), 1.2 min (35% B), 1.21 min (100% B), 2.5 min (100%

), 2.6 min (35% B) and finished at 3.0 min to achieve satis-

actory resolution among interferences. The retention times for
ra-C and clofazimine were 1.05 and 2.56 min, respectively. For
he ion-pairing HPLC procedure, mobile phases A and B were
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erate higher ionization efficiencies for small molecules in most
atmospheric pressure ionization interfaces. As expected, Fig. 3
shows that the APCI responses of ara-C measured by flow injec-
tion analysis at a consistent flow rate of 1 mL/min increase
0 Y. Hsieh et al. / J. Chro

omposed of water and acetonitrile containing 0.1% NFPA and
.1% FA as mobile phase additives, respectively. Gradient chro-
atographic separation using mobile phases A and B was as

ollows: 0.3 min (0% B), 3.1 min (12% B), 3.2 min (100% B),
.7 min (100% B), 3.8 min (0% B), and finished at 4.0 min at a
onstant flow rate of 1 mL/min to achieve satisfactory resolution
etween ara-C and the endogenous compound from the spiked
tandard and study mouse plasma samples. The retention times
or ara-C and clofazimine were 2.2 and 3.37 min, respectively,
hen NFPA was employed as an ion-pairing reagent [13]. The

ffluent from both HPLC systems was connected directly to the
ass spectrometer.
The mass spectrometer was operated in the positive ion mode.

he instrumental settings for the temperature of the heated
neumatic nebulizer probe, ion source gas 1, ion source gas
, declustering potential, entrance potential, collision cell exit
otential were as follows: 480 ◦C, 50, 10, 80 V, 10 V and 15 V,
espectively (The numbers without units are arbitrary values
et by the Analyst software). The MS/MS reactions selected
o monitor ara-C and clofazimine were the transitions from m/z
44 → m/z 112 and m/z 473 → m/z 431 with collision energy
f 20 and 45 eV, respectively. The protonated molecules were
ragmented by collision-activated dissociation with nitrogen as
ollision gas at a pressure of instrument setting 5.

. Results and discussion

.1. Development of the mixed-mode HPLC–MS/MS
ethod

One of the common goals in the pharmacokinetic area is
o develop a reliable bioanalytical method to simultaneously

onitor a wide range of drug candidates in biological samples.
ur initial attempt for the HPLC separation of ara-C was to

mploy traditional C1, C8 and C18 columns, but the analyte
as not retainable under gradient elution starting at 100% aque-
us mobile phase by the traditional reversed-phase stationary
hases routinely employed in our laboratory (data not shown).
ufficient chromatographic retention in the quantitative determi-
ation of the drug components in biological samples using mass
pectrometric detection is highly recommended to avoid possi-
le interferences from drug-related biotransformation products
r ionization suppression due to co-eluted endogenous materials
7]. HPLC columns containing polar-endcapped and polar-
nhanced stationary phases have been utilized to retain polar
mall molecules under highly aqueous conditions [13]. How-
ver, no substantial retention of ara-C using these reversed-phase
hromatography columns under aqueous mobile phase condi-
ions was achieved.

Hydrophilic interaction chromatography (HILIC) has been
emonstrated to be a powerful technique for the retention of
olar analytes offering a difference in selectivity compared to
raditional reversed-phase chromatography [14–19]. HILIC sep-

rates compounds by eluting them with a strong organic mobile
hase against a neutral hydrophilic stationary phase resulting
n solutes that are retained in order of increasing hydrophilic-
ty. However, it normally requires complex sample clean-up
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rocedures that are not desirable for higher throughput assays.
on-pairing chromatography has been widely used as an alter-
ative way for obtaining satisfactory retention of polar analytes
20–26]. The ion-pairing reagents added into mobile phase are
sed to improve chromatographic retention of analytes on the
ipophilic stationary phase through the formation of neutral ion
airs. Volatile ion-pairing reagents are normally required for
iquid chromatography–mass spectrometry systems [27]. How-
ver, it was reported that inorganic salts and other competing
on-pairing reagents might decrease the ion signals of the target
ompounds regardless of mass analyzers or instrument geome-
ries [28].

In this work, one of our objectives was to develop a reli-
ble HPLC–MS/MS assay in conjunction with a mixed-mode
tationary phase for retaining a highly polar compound, ara-C,
n mouse plasma samples following a simple protein precipi-
ation procedure. With an embedded ion-pairing group in the
eversed-phase stationary, the mixed-mode column providing
he capability for ion-exchange and hydrophobic interactions
equires no ion-pairing reagent in the mobile phase to retain
nd to separate ionizable polar compounds. With a carbon
oad stationary phase as a basis for interaction with ana-
ytes, the mixed-mode column offers a typical reversed-phase
etention profile for neutral compounds. As shown in Fig. 2,
ra-C was sufficiently retained on the mixed-mode column
sing the same mobile phases employed for the conventional
18 column.

In general, the composition of the eluent affects not only the
hromatographic resolution, but also the ionization efficiency of
he analytes in various atmospheric pressure ionization sources.
he greater organic content in the mobile phase normally gen-
ig. 2. The mixed-mode HPLC–APCI/MS/MS chromatograms of ara-C from
A) blank mouse plasma, (B) the spiked standard mouse plasma at a concentra-
ion of 100 ng/mL and (C) the mixed-mode HPLC–APCI/MS/MS chromatogram
f clofazimine from a study mouse plasma sample at a constant flowrate of
.3 mL/min.
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ig. 3. Normalized APCI responses of ara-C as a function of the ratios of
ethanol to water using flow injection analysis.

ith increasing the contents of methanol from 20 to 80%. The
ncreased sensitivity is expected due to more effective nebu-
ization and vaporization processes with higher percentages of

ethanol in the mobile phase. The mixed-mode HPLC allows
etaining hydrophobic compounds by the reversed-phase mech-
nism and hydrophilic compounds by both the reversed-phase
nd ion-exchange mechanism at higher organic contents in the
obile phase. The charged functional groups in the mixed-mode

olumn can be in an ionized form, or in a non-ionized form,
epending on the pH of the mobile phase.

The influence of the mobile phase composition on retention
actors (k) of ara-C with a commercial reversed-phase/ cation-
xchange column under isocratic elution was determined in this
ork. These facts can be used to optimize the effectiveness of

eparation of analyte mixtures. Mobile phase variables were
xplored to obtain an insight into the retention and separation
echanism for a commercial mixed-mode column. According to

he linear solvent strength theory for the reversed-phase reten-
ion alone [29], the values of log(k) of the analytes decrease
inearly as the percent fraction of organic modifier in the mobile
hase increases due to the weaker hydrophobic interaction. For
he mixed-mode chromatography, the relative contribution of
ach mechanism includes the hydrophobicity and charge char-
cter of analytes as well as mobile phase composition within
he same column. By changing the mobile phase conditions,
he mode of separation might be thereby changed which allows
he chromatographer to achieve the desired selectivity in the
eparations. The dependence of the values of log (k) of ara-
by the mixed-mode HPLC as a function of the equilibrium
oncentration of methanol and acetonitrile in the mobile phase
s presented in Fig. 4. Fig. 4 shows that the values of log (k)

ig. 4. Plots of the capacity factor log k vs. the concentration of methanol (open
quares) and acetonitrile (solid squares) in the mobile phase.
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f ara-C non-linearly decreases with an increase in the ratios
f methanol and acetonitrile in the mobile phase from 5 to
0% and from 2 to 30%, respectively, indicating that the reten-
ion mechanism of ara-C in this period was governed through
he combination of hydrophobic and ion-exchange interaction.
ig. 4 also indicates that the overall retention interaction of ara-C
n the mixed-mode column is strongly dependent on the organic
olvents.

.2. Matrix ionization suppression studies

When developing any new HPLC–MS/MS assays, it is impor-
ant to check for possible matrix ionization suppression [7,12].

atrix ionization suppression is considered to be more prob-
ematic when using the protein precipitation method for sample
reparation as compared to the liquid–liquid and the solid phase
xtraction methods. In order to observe the matrix ionization
uppression effects on plasma protein precipitation extracts
sing the mixed-mode HPLC–MS/MS techniques, we moni-
ored the variability of the APCI responses for Ara-C and the
STD using the post-column infusion scheme. Any changes in
he APCI responses of the infused test compounds between the

ethanol solvent and the plasma extract injections from two
ifferent batches were assumed to be due to matrix ionization
uppression caused by the sample-related materials eluting from
he analytical column. Some degrees of matrix effects for ara-C
nd the ISTD at early chromatographic window (first 0.5 min)
ere observed (data not shown). However, there is no impact on

he assay accuracy because the retention times of all test com-
ounds appear in the safe chromatographic window (outside of
he matrix-effect window).

.3. Analysis of mouse plasma samples

The mixed-mode HPLC–APCI–MS/MS method was applied
or the determination of the dosed compound in mouse plasma to
emonstrate the applicability of analyses. Several interference
eaks sharing the same mass range of ara-C from the blank,
he spiked standard and the study mouse plasma samples were
bserved shown in Fig. 2. A base line separation between the
ndogenous and ara-C was achieved within the extracted HPLC-
S/MS chromatogram in a single run. The retention time and

he peak shape for ara-C in both the spiked standard and study
ouse plasma samples were found to be reproducible during the

ourse of the study. The calibration curves for ara-C obtained
rom standard mouse plasma samples at each concentration level
ere linear with a correlation coefficient, r2, greater than 0.994

graph is not shown). Accuracy (% bias) was less than 15% at
ll concentrations. Fig. 5 compares the plasma levels of ara-

calculated by the response ratios of analytes over the ISTD
btained by the mixed-mode HPLC–APCI/MS/MS method and
hose obtained by the ion-pairing HPLC–APCI/MS/MS method.
he between-day precision and accuracy in the measurement of

ll spiked standard plasma samples in replicates of three obtained
y the mixed-mode HPLC–MS/MS method was less than 15%
rror of the nominal values. The spiked standard mouse plasma
amples were employed for all stability tests. Three freeze–thaw
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ig. 5. Correlation of concentrations of ara-C in study mouse plasma samples
btained by the mixed-mode HPLC–APCI/MS/MS method and the ion-pairing
PLC–APCI/MS/MS method.

ycles before processing, benchtop stability for 6 h at room
emperature, and the autosampler stability for 24 h at 10 ◦C
ere determined as reported elsewhere [13]. The Student’s t-test

esults indicated that there were no significant differences of both
alues for ara-C determined by both aforementioned analytical
ethods with 95% confidence (α = 0.5). These results concluded

hat the proposed mixed-mode HPLC–APCI–MS/MS method
ere equivalent with the ion-pairing HPLC–MS/MS method in

erms of accuracy.

. Conclusion

The mixed-mode stationary phase, a combination of ion-
xchange and reverse-phase chemistry on the silica support in
he HPLC column, has been shown to be a useful analytical
ool for the retention of polar and non-polar small molecules
n a single run. The use of the mixed-mode column for separa-
ion of ara-C to avoid the mass spectrometric interference was
emonstrated. The relationships between the mobile phase com-
osition and the reversed-phase/ion-exchange stationary phase
nd its influence on chromatographic retention factors of the
nalyte and ionization efficiencies with the APCI source were
emonstrated to be a function of the strength of organic sol-
ent. The described mixed-mode HPLC–APCI–MS/MS assay
ad been applied for the determination of ara-C in mouse plasma

n combination with a simple sample treatment procedure. The
nalytical results for ara-C in mouse plasma samples obtained by
he mixed-mode HPLC–APCI/MS/MS method and ion-pairing
PLC–APCI–MS/MS method showed equivalent accuracy.
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