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chromatography-tandem mass spectrometry

Guodong Zhang," Alvin V. Terry Jr* and Michael G. Bartlett'*

'Department of Pharmaceutical and Biomedical Sciences, College of Pharmacy, The University of Georgia, Athens, GA 30602-2352, USA
“Department of Pharmacology and Toxicology, Medical College of Georgia, Augusta, GA 30912-2300, USA

Received 28 November 2007, accepted 11 December 2007

ABSTRACT: A simple, sensitive and robust liquid chromatography/electrospray ionization tandem mass spectrometry (LC-
ESI-MS/MS) method with low matrix effects was developed and validated for the quantification of the lipophilic antipsychotic
ziprasidone from rat plasma and brain tissue. Ziprasidone was extracted from rat plasma and brain homogenate using a single-step
liquid-liquid extraction. Ziprasidone was separated on an Agilent Eclipse XDB Cg column (150 x 2.1 mm i.d., 5 um) column using
a mobile phase of acetonitrile-0.02% ammonia in water (pH 7.20 adjusted with formic acid) using gradient elution. Ziprasidone was
detected in the positive ion mode using multiple reaction monitoring. The method was validated and the specificity, linearity, lower
limit of quantitation (LLOQ), precision, accuracy, recovery, matrix effects and stability were determined. The LLOQ was 0.2 ng/
mL for plasma and 0.833 ng/g for brain tissue. The method was linear over the concentration range from 0.2 to 200.0 ng/mL for plasma
and 0.833-833.3 ng/g for brain tissue. The correlation coefficient (R*) values were more than 0.996 for both plasma and brain
homogenate. The precision and accuracy intra-day and inter-day were better than 8.13%. The relative and absolute recovery was
above 81.0% and matrix effects were lower than 5.2%. This validated method has been successfully used to quantify the rat

plasma and brain tissue concentration of ziprasidone after chronic treatment. Copyright © 2008 John Wiley & Sons, Ltd.
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INTRODUCTION

Ziprasidone (ZIP, Fig. 1) is one of the more recently
introduced second-generation antipsychotics (SGAs)
to gain FDA approval (February 2001). As a benziso-
xazole derivative, it is chemically different from the
phenothiazine- and butyrophenone-type antipsychotic
drugs. Oral ZIP (ziprasidone hydrochloride) is ap-
proved by the US FDA for the treatment of schizo-
phrenia, and acute manic or mixed episodes associated
with bipolar disorder (with or without psychotic
features). ZIP intramuscular (ziprasidone mesylate)
is FDA-approved for acute agitation in patients with
schizophrenia. Oral ZIP appears efficacious, and has
been shown to have some limited clinical advantages
over chlorpromazine and haloperidol in ameliorating
the negative symptoms of schizophrenia (Greenberg
and Citrome, 2007). ZIP exhibits a potent and highly
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selective antagonistic activity on the D, and 5-HT,,
receptors. It also has a high affinity for the 5-HT,,
5-HT,, and 5-HT,. receptor subtypes that could con-
tribute to the overall therapeutic effect (Seeger et al.,
1995; Schmidt et al, 2001). ZIP is metabolized exten-
sively, resulting in several metabolites which are far less
pharmacologically active. Ziprasidone sulfoxide and
ziprasidone sulfone are the major circulating metabo-
lites in humans and are predominantly produced by
the cytochrome P450 (CYP) 3A4 isozyme. Other meta-
bolites produced include N-dealkylation, benzisothiazole
cleavage and hydration of the C-N bond followed by
oxidation and dealkylation (Prakash et al, 1997, 2000;
Wilner et al., 2000; Miceli et al., 2000).

One prerequisite for the therapeutic effects of ZIP
is its ability to pass through the blood-brain barrier.
Given that cognition is now recognized as a key factor
that influences long-term functional outcome in schizo-
phrenia, it is important to determine the concentration
of ZIP in both plasma and its relationship to brain
levels (the target organ for therapeutic action). Under-
standing this would allow one to discover if there were
a strong correlation between the concentration of ZIP
in the plasma and alterations in cognitive function
when ZIP is given chronically. Such a correlation would
allow for improved clinical monitoring of ZIP. Since
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Figure 1. Product ion mass spectra of (A) ZIP, (B) IS and respective chemical structures.

ZIP is widely metabolized in the body, its concentra-
tion in plasma is low. From a bioanalytical and clinical
point of view, sensitive and accurate methods are
needed to determine ZIP in biological fluids for obtain-
ing optimum therapeutic concentrations and controlling
side effects. At present, the determination of ZIP in
plasma has been accomplished by high-performance
liquid chromatography (HPLC) with UV detection
(Janiszewski et al., 1995) and HPLC with fluorescence
detection (Suckow et al., 2004). The usefulness of liquid
chromatography-electrospray-tandem mass spectrometry
(LC-ESI-MS/MS) has been demonstrated for a wide
range of applications in the bioanalytical, environmen-
tal and pharmaceutical fields. LC-MS methods offer
several significant advantages when compared with
previous methods, such as the small sample volume
required, minimization of mobile phase, rapid analytical
run time and improved sensitivity, selectivity and
specificity (Srinivas, 2006). To date, only a few LC-MS/
MS methods have been reported for the quantitation
of ZIP in plasma (Janiszewski et al., 1997; Al-Dirbashi
et al., 2006; Aravagiri et al., 2007). However, these
papers did not report the matrix effects for ZIP from
plasma when using LC-MS methods. Recently, our
lab (Zhang et al., 2007a,b) described a comprehensive
LC-MS/MS methods for determination of several
antipsychotics including ZIP from plasma and brain
tissue. However, the matix effects were high for ZIP
(ion suppression: 17.1% for plasma and 16.2% for brain
tissue). Matrix effects are an important issue in ESI

Copyright © 2008 John Wiley & Sons, Ltd.

resulting from co-eluting components, generally from
the matrix, that cause variable suppression or enhance-
ment of analyte response (King et al., 2000). In these
methods, liquid-liquid extraction was repeated twice
to isolate ZIP from brain tissue, which was time-
consuming. Owing to the lipophilic nature of ZIP, it
was readily absorbed by myelin and other lipid con-
stituents of brain homogenates. We also found that ZIP
was, to some extent, irreversibly bound to the inner
surface of plastic or untreated glass tubes. Hence, the
recovery of ZIP from brain tissue in particular was low.
Therefore, it was a challenge to improve the recovery
of the hydrophobic ZIP from lipophilic brain tissue.

The purpose of this investigation was to develop and
validate a simple, rapid, highly selective, sensitive and
robust LC-MS/MS method for the determination of the
lipophilic drug ZIP from rat plasma and brain tissue
with low matrix effects.

EXPERIMENTAL

Chemicals and reagents. Ziprasidone was obtained from
Pfizer Central Research (Groton, CT, USA). Midazolam (in-
ternal standard, IS) and hexamethyldisilazane were obtained
from Sigma (St Louis, MO, USA). Ethyl acetate, tert-butyl
methyl ether, chloroform, hexane, methyl chloride, diethyl
ether, isopropyl ether, HPLC-grade acetonitrile and methanol
were purchased from Fisher Scientific (Pittsburgh, PA, USA).
The formic acid used was reagent-grade, purchased from J.T.
Baker (Phillipsburg, NJ, USA). Ammonium formate, ammonium
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acetate and sodium phosphate dibasic were purchased from
Sigma (St Louis, MO, USA). The deionized water used was
generated from a Continental deionized water system
(Natick, MA, USA).

Instrumentation. An Agilent 1100 series HPLC system,
consisting of a degasser, binary pump, autosampler, and
thermostatted column compartment, was used in this study
(Agilent, Palo Alto, CA, USA). The mass spectrometer
utilized for this work was a Quattro Micro triple-quadrupole
mass spectrometer equipped with a Z-spray source and a
built-in syringe pump (Waters, Manchester, UK). MS control
and spectral processing were carried out using Masslynx soft-
ware, version 4.0 (Waters, Beverly, MA, USA).

Liquid chromatographic and mass spectrometric conditions.
The analytes were separated on an Agilent Eclipse XDB C-8
column (150 x 2.1 mm id., 5um) with a 40 x 2.0 mm
Phenomenex Security Guard Cg guard column. Mobile phase
A consisted of 0.02% ammonia in water (adjusted to pH 7.20
using formic acid) and mobile phase B was acetonitrile. A
10 uLL injection of each sample was loaded onto the column,
separated and eluted using the following gradient [minutes,
percentage mobile phase B, flow rate (mL/min)]: (0, 60, 0.3)
(2.5, 60, 0.3) (2.6, 90, 0.6) (5.5, 90, 0.6) (5.6, 60, 0.3) (12.6, 60,
0.3). From 2.6 to 5.5 min, it was very important to use a high
concentration of acetonitrile (90%) in the mobile phase to
wash the column at a flow rate of 0.6 mL/min. This procedure
removed the remaining brain extract residue from the column
following each injection. Otherwise there was decreased re-
sponse for ZIP in the next injection due to ion suppression
resulting from brain extract residue from the previous injec-
tion. The column temperature was maintained at 25°C. The
LC flow was introduced directly to the mass spectrometer
from 1.7 to 3.5 min and diverted to waste at other times using
a six-port column switching valve. The autosampler injection
needle was washed with methanol to reduce carry-over after
each injection. The mass spectrometer was run in positive
ion ESI mode using multiple-reaction monitoring (MRM) to
monitor the mass transitions. Nitrogen gas was used as the
desolvation gas and was set to a flow rate of 600 L/h with a
temperature of 380°C. Argon was the collision gas and the
collision cell pressure was 2.4 x 10~ mbar. For quantitation,
an MRM transition from m/z 413 — 194 was performed and
413 — 177 and 413 — 220 (Fig. 1) was monitored for identifi-
cation with a cone voltage of 37V and a collision energy
of 26 eV. An MRM transition from m/z 326 — 291 was per-
formed for the IS (midazolam) with a cone voltage of 32V
and a collision energy of 30 eV. The source temperature and
capillary voltage were set at 120°C and 3.20 kV, respectively.

Sample collection. ZIP chronic dosing was derived from
previously published data (Terry er al., 2005, 2006). Further-
more, the selected dose produced plasma concentrations
that approximated therapeutic levels in humans. Male albino
Wistar rats (Harlan Inc.) 2-3 months old were housed indi-
vidually in a temperature-controlled room (25°C), maintained
on a 12 h light-dark cycle with free access to food. Rats were
treated with ZIP (12.0 mg/kg/day) orally in drinking water
for periods of at least 14 days to achieve a steady-state con-
centration of ZIP. Rats were anesthetized with isofluorane
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and 3.0mL of blood was collected via cardiac puncture
to heparined tubes. The blood was centrifuged for 15 min at
2500g at 8°C and the resulting plasma was frozen until analy-
sis. The whole brains of sacrificed animals were removed and
kept frozen at —70°C until analysis.

Preparation of stock, working standard and quality control
solutions. Individual stock solutions of ZIP and IS (midazolam)
were prepared by dissolving approximate amounts of drugs
in absolute methanol to obtain final drug concentrations of
1.0 mg/mL, respectively, and were stored at —20°C. Standard
solutions with concentrations of 5.0, 10.0, 25.0, 50.0, 100.0,
250.0, 500.0, 1000.0, 2500.0 and 5000.0 ng/mL were prepared
by serial dilution with acetonitrile. Precision and accuracy
standards with concentrations of 5.0, 15.0, 375.0 and 3750.0 ng/
mL were also prepared in the same manner. An 100.0 ng/mL
IS standard solution was prepared with acetonitrile from the
1.0 mg/mL IS stock solution. The 1.0 mg/mL stock solutions
were kept at —20°C when not in use and replaced every
3 months. Fresh standard solutions were prepared for each
day of analysis or validation.

Preparation of calibration and QC samples. The brains
were minced and homogenized in a volume of deionized
water (in milliliters) equal to twice the weight (in grams) of
the tissue using a Brinkmann (Westburg, NY, USA) Polytron
TP 1020 homogenizer. Samples for the calibration curves
and QCs were prepared by adding 10.0 uL of each standard
into 250 uLL of blank rat plasma or 200 uL of blank brain
homogenate. This yielded calibration standard concentrations
of 0.2, 0.4, 1.0, 2.0, 4.0, 10.0, 20.0, 40.0, 100.0 and 200.0 ng/mL
for plasma and 0.833, 1.667, 4.165, 8.33, 16.67, 41.67, 83.33,
166.7, 416.7 and 833.3 ng/g for brain tissue. The final concen-
trations of QCs were 0.2, 0.6, 15.0, 150.0 ng/mL for plasma
and 0.833, 2.5, 62.5, 625.0 ng/g for brain tissue. The spiked
plasma and brain homogenate samples (standards and quality
controls) were extracted with each analytical batch along with
the unknown samples.

Sample preparation. Prior to use, all of glass extraction tubes
were silanized by rinsing with 10% (v/v) hexamethyldisilazane
in ethyl acetate and heated for 1 h at 150°C. To a 250 uL rat
plasma or 200 pL. brain homogenate sample, 10.0 uL of inter-
nal standard (100.0 ng/mL, midazolam) and 0.1 mL of 0.5wm
Na,HPO, (pH 10.69) for plasma or for brain homogenate
were added. The samples were briefly mixed and extracted
with 3 mL of isopropyl ether:methyl chloride (80:20). After
centrifugation at 2000g for 10 min, the upper organic layer
was removed and evaporated to dryness under reduced
pressure in a vacuum centrifuge. To the residue, 200 uL
of acetonitrile:methanol:20 mmM ammonium formate (pH 3.84
adjusted using formic acid; 48:32:20) solutions were added,
ultrasonicated for 1 min, then vortexed and centrifuged at
16,000g prior to LC-MS/MS analysis.

Method validation. The method was validated for linearity,
recovery, matrix effect, accuracy and precision. Brain homo-
genate calibration curves were constructed using the peak
area ratios of ZIP to that of IS, and applying a weighted
(1/x*) least squares linear regression analysis. Precision (ex-
pressed as percentage relative standard deviation, RSD) and
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accuracy (expressed as percentage error) were calculated for
four quality control (QC) samples. Five replicates of each QC
points were analyzed to determine the intra-day accuracy and
precision. This process was repeated three times over three
days in order to determine the inter-day accuracy and preci-
sion. Absolute and relative recoveries and matrix effects were
calculated for spiked samples at 0.2, 0.6, 15.0 and 150.0 ng/mL
for plasma and 0.833, 2.5, 62.5 and 625.0 ng/g for brain tissue
and 4.0 ng/mL IS in plasma samples and 16.67 ng/g IS in brain
tissue (n = 5). Absolute recovery was calculated as the peak
area for ZIP and the IS in plasma or brain homogenate
spiked before extraction divided by the peak area of the pure
drugs in the acetonitrile:methanol:20 mm ammonium formate
(pH 3.84 adjusted using formic acid; 48:32:20) solution at the
same concentration. Relative recovery was calculated by
dividing the peak area for ZIP and the IS spiked before
extraction by the peak area for an equal concentration of
the sample in the same matrix spiked after extraction. The
matrix effects were calculated by dividing the response for a
ZIP sample in biological matrix spiked after extraction by an
equal concentration of ZIP in an acetonitrile:methanol:20 mm
ammonium formate (pH 3.84 adjusted using formic acid;
48:32:20) solutions (Matuszewski et al, 2003). The stability
of the stock solution was determined at its storage conditions
of —20°C for 3 months. ZIP was considered stable if the
relative error (% RE) of the mean test responses were within
15% of appropriate controls. The bench-top stability of
spiked samples stored at room temperature was evaluated
for 2 h. The freeze-thaw stability was investigated by com-
paring the stability of samples following three freeze—thaw
cycles, against freshly spiked samples. The autosampler
stability was evaluated by comparing the extracted samples
that were injected immediately (time 0), with the samples that
were re-injected after storage in the autosampler for up to
24 h. The stability testing was performed at 0.6 and 150.0 ng/
mL for plasma and 2.5 and 625.0 ng/g for brain tissue concen-
tration levels.

RESULTS AND DISCUSSION

Method development

In order to develop and validate a highly sensitive and
selective method with the designed LLOQ (0.2 ng/mL
for plasma and 0.833 ng/g for brain tissue), during
method development different options were evaluated
to optimize the detection (MRM) parameters, chroma-
tography and sample preparation methodology. ESI(+)
MS/MS product ion mass spectra were produced by
collisionally activated dissociation (CAD) of the pro-
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tonated molecular ion (M + H)*. The most favorable
mass transition was selected and the instrument para-
meter settings were optimized individually for ZIP and
the IS by constant infusion at 10 uL/min of a 2 ug/mL
solution. The major MS/MS transitions utilized for LC-
MS/MS quantitative analysis were m/z 413 — 194 for
ZIP and m/z 326 — 291 for IS (midazolam).

ZIP is a highly hydrophobic drug and was found
to irreversibly absorb on to the surface of plastic and
untreated glass tubes. Silanized glass tubes reduced this
absorption greatly. Brain samples contained substantial
amount of lipid residue after evaporation of the extrac-
tion solvent to dryness. We evaluated solid phase extrac-
tion (SPE) methods using different cartridges such as
the Waters Oasis HLB and Varian C,;. We found that
the recovery of ZIP and the IS was still very low using
SPE from brain tissue because of the absorption of ZIP
to the SPE cartridges. Therefore liquid-liquid extraction
was optimized using the extraction solvent isopropyl
ether:methyl chloride (80:20), which produced the least
residue and highest recovery using only a single extrac-
tion. We next optimized the gradient elution conditions.
From 2.6 to 5.5 min, it was important to use a high con-
centration of acetonitrile (90%) in the mobile phase
and to wash the column at a flow rate of 0.6 mL/min.
This procedure removed the residual brain extract from
the column following each run. Failure to remove this
residue decreased the response of ZIP for subsequent
injections due to ion suppression from brain extract
residue from previous injections on the column.

Linearity and sensitivity

Table 1 shows the calibration curves for each day of
validation. The curves showed good linear response (R*
> 0.9968) over the range of 0.2-200.0 ng/g for plasma
and 0.833-833.3 ng/g for brain tissue. Microsoft Excel
or SAS JMPIN statistical software was used to generate
linear regression equations for the calibration curves.
A 1/x*-weighting scheme was used for each day of
the validation and analysis for ZIP. Table 1 showed the
slope, intercept and R* values generated from the cali-
bration curves used in the validation study. The LLOQ,
defined as the lowest concentration of analyte with
accuracy within 20% and a precision <20%, was 0.2 ng/
g for plasma and 0.833 ng/g for brain tissue as shown in
Table 2. A signal-to-noise (S/N) > 10 at the LLOQ was
observed for ZIP in biological matrices.

Table 1. Statistical data for linearity including standard deviation (SD) (linear range 0.2—-200.0 ng/

mL for plasma and 0.833-833.3 ng/g for brain)

Biological matrix R?

Slope Intercept

0.9984 + 0.00090
0.9968 + 0.00281

Plasma
Brain tissue

0.28714 £ 0.01294
0.07146 + 0.00467

0.00232 + 0.003635
0.01065 =+ 0.004806

Copyright © 2008 John Wiley & Sons, Ltd.
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Table 2. The intra-day (n = 5) and inter-day (n = 15) precision (% RSD) and accuracy (%error) of the LC-MS/MS method used to

quantitate ZIP in rat plasma and brain tissue

Intra-day Inter-day

Concentration added Observed concentration RSD Error Observed concentration RSD Error

Matrix (ng/mL or ng/g) (ng/mL or ng/g) (%) (%) (ng/mL or ng/g) (%) (%)
Plasma 0.2 0.202 £+ 0.009 4.68 3.70 0.204 £+ 0.008 3.97 3.48
0.6 0.606 + 0.015 2.40 1.95 0.601 + 0.041 6.89 5.39

15 15.929 + 0.398 2.50 6.19 15.789 + 0.456 2.89 527

150 144.883 + 3.772 2.60 341 151.986 + 6.056 3.98 3.60

Brain 0.833 0.833 £ 0.022 2.68 1.72 0.818 + 0.054 6.59 5.01
2.5 2.409 £+ 0.027 1.10 3.65 2.638 £ 0.189 717 8.13

62.5 63.63 £ 0.680 1.07 1.81 64.925 + 3.835 5.91 5.31

625 596.109 + 27.426 4.60 4.62 596.862 + 35.801 6.00 5.70

Precision and accuracy

Precision and accuracy measurements were acquired
for the QC points. The accuracy and precision data can
be seen in Table 2. The values for the intra-day preci-
sion and accuracy were better than 4.68 and 6.19%.
The inter-day precision and accuracy were determined
by pooling all of the validation assay (n = 15) QC
samples. The values for the inter-day precision and
accuracy were better than 7.17 and 8.13% (Table 2).

Recovery and matrix effect

ZIP and the IS are basic compounds. Therefore, extrac-
tion was influenced by the pH of the brain homo-
genate samples. Phosphate buffer (pH 10.69), 0.5,
was selected because it produced the highest recovery
for ZIP and the IS.

Owing to non-specific binding of lipophilic ZIP to
brain constituents, it was a challenge to improve the
recovery of ZIP from brain homogenate. We found
that the reconstitution solution played a key role in the
recovery and reduced the matrix effects from the brain
homogenate residue after liquid-liquid extraction. Our
laboratory (Zhang et al., 2007a,b) previously described

LC-MS/MS methods for the determination of several
antipsychotics including ZIP from plasma and brain
tissue. However, the matix effects were high (ion sup-
pression: 17.1% for plasma and 16.2% for brain tissue)
for ZIP using methanol:20 mm ammonium formate
(pH 3.84 adjusted using formic acid; 70:30). Finally, we
found 0.2 mL of acetonitrile: methanol:20 mm ammo-
nium formate (pH 3.84 adjusted using formic acid;
48:32:20) as reconstitution solution and produced
higher recovery (above 81.0%) and the lowest matrix
effects (5.2% ion suppression). The absolute recovery,
relative recovery and matrix effect data for ZIP at
different concentrations in plasma or brain tissue
using acetonitrile:methanol:20 mm ammonium formate
(pH 3.84 adjusted using formic acid; 48:32:20) as the
reconstitution solution are summarized in Table 3. The
absolute recoveries ranged from 81.0 to 103.4% and
the relative recoveries from 83.7 to 102.4% for ZIP and
the IS from plasma or brain homogenate.

Specificity

Representative chromatograms obtained from blank
biological matrices and samples spiked with the LLOQ
standard (0.2 ng/mL for plasma and 0.833 ng/g for brain

Table 3. Absolute recovery, relative recovery (%), and matrix effects (mean + SD) of ZIP and IS in rat plasma and brain tissue at
different concentrations (n = 5) using acetonitrile:methanol:20 mm ammonium formate (pH 3.84 adjusted using formic acid;

48:32:20) as the reconstitution solution

Concentration Absolute Relative Matrix
Matrix (ng/mL or ng/g) recovery (%) recovery (%) effect (%) Type of effect

Plasma 0.2 103.4 £ 3.28 98.9 £3.13 102.8 + 1.42 2.8% enhancement
0.6 994 +£221 97.6 £2.17 102.1 £ 1.95 2.1% enhancement

15 97.3 £ 1.65 99.3 £ 1.69 98.2 £ 0.48 1.8% suppression

150 95.8 +1.02 96.6 £ 1.03 98.4 £222 1.6% suppression
IS (plasma) 4.0 101.9 £ 2.48 102.4 £3.25 101.5 £ 2.69 1.5% enhancement

Brain 0.833 82.8 +£4.97 872 £524 959 £ 1.75 4.1% suppression

25 81.0 £2.58 83.7+424 94.8 £ 0.78 5.2% suppression

62.5 86.4 + 2.61 90.9 +2.74 952 +0.92 4.8% suppression

625.0 85.0 £2.29 88.5£2.38 95.5£2.40 4.5% suppression

IS (brain) 16.67 94.5 +£2.30 973 £2.97 96.5 £ 1.97 3.5% suppression

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 2. Representative chromatograms obtained from rat plasma: (A) blank rat
plasma; (B) plasma spiked with LLOQ for ZIP at 0.2 ng/mL (B1) and IS at 4.0 ng/

mL (B2).
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Figure 3. Representative chromatograms obtained from rat brain tissue: (A) blank
rat tissue; (B) brain tissue homogenate spiked with LLOQ for ZIP at 0.833 ng/g

(B1) and IS at 16.67 ng/g (B2).

homogenate) are shown in Figs 2 and 3. No interfering
peaks from endogenous compounds were observed
at the retention times of ZIP or IS in blank plasma or
brain homogenate. Three MRM transitions have been
used: one transition (413 — 194) for quantification and
two transitions (413 — 177 and 413 — 220) for identifi-
cation. Table 4 contains the data for the first identifica-
tion MRM transition (413 — 177); the peak area ratio
(413 — 194/413 — 177) in plasma or brain tissue
was from 7.16 to 7.29 over the calibration curve range.
The peak area ratio (413 — 194/413 — 177) from real
samples was 7.18 for plasma and 7.25 for brain tissue,
respectively. Also, for the second identification MRM
transition (413 — 220), the peak area ratio (413 — 194/
413 — 220) in plasma or brain tissue was from 23.90 to

Copyright © 2008 John Wiley & Sons, Ltd.

25.03 over the calibration curve range. The peak area
ratio (413 — 194/413 — 220) from real samples was
24.26 for plasma and 24.56 for brain tissue, respectively.
These results showed that no significant interference
existed for ZIP from plasma or brain tissue. The addi-
tion of the two MRM transitions (413 — 177 and
413 — 220) from ZIP for identification improved the
specificity of the validated method.

Stability studies

Stability testing is very important for validated methods
in biological samples. The stock solution was stable
at the storage conditions (-20°C) for three months
(data not shown). All the other stability studies were
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Table 4. Enhanced specificity of CPZ by multiple MRM transitions (413 — 194 for quantification; 413 — 177 and 413 — 220 for

identification for ZIP in plasma and brain tissue)

Concentration (ng/mL
in plasma/ng/g in

Real samples,

brain tissue) 0.2/0.833 0.4/1.666 1.0/4.165 2.0/8.33 20.0/83.3 200.0/833.3 plasma/brain
Peak area ratio in plasma n.d. 7.28 7.16 7.26 7.28 7.16 7.18
(413 — 194/413 — 177)
Peak area ratio in brain n.d. 7.20 7.24 7.29 7.29 7.26 7.25
(413 — 194/413 — 177)
Peak area ratio in plasma n.d. n.d. 25.03 2413 24.89 23.90 24.26
(413 — 194/413 — 220)
Peak area ratio in brain n.d. n.d. 24.76 24.53 24.69 24.85 24.56
(413 — 194/413 — 220)
n.d., not detected with 413 — 177 or 413 — 220 MRM transition.
Table 5. Stability testing of ZIP in rat plasma and brain homogenate (n = 5)
Spiked concentration Observed concentration RSD Relative
Matrix Stability (ng/mL or ng/g) + SD (ng/g) (%) error (%)
Plasma Three freeze—thaw cycle 0.6 0.582 + 0.0270 4.63 -3.00
150.0 143.6 + 0.649 0.45 -4.26
Bench top (2 h) 0.6 0.583 £ 0.0522 8.95 —2.87
150.0 143.6 £ 3.614 252 -4.23
Autosampler stability (24 h) 0.6 0.586 £ 0.0078 1.34 —2.38
150.0 153.7 £ 3.47 2.26 2.52
Brain Three freeze—thaw cycle 2.5 2.55+0.143 5.61 2.32
625.0 6654 £12.8 1.93 6.47
Bench top (2 h) 25 2.38 £ 0.047 1.97 —4.52
625.0 582.7 £12.49 2.14 —-6.76
Autosampler stability (24 h) 2.5 2.51 £ 0.106 422 3.91
625.0 600.0 £ 17.28 2.88 -3.99

conducted at two concentration levels (0.6 and 150.0 ng/
mL for plasma or 2.5 and 625.0 ng/g for brain tissue)
with five determinations for each. Plasma and brain
homogenate extracts were stable in the mobile phase
in the HPLC autosampler for at least 24 h, indicating
that samples should be processed within this period
of time (Table 5). The freeze-thaw stability tests indi-
cated that ZIP was stable in rat plasma and brain
homogenate for three freeze—thaw cycles. The results of
bench-top stability indicated that spiked samples were
stable for 2 h. The %RE was from 2.38 to 4.26% for
plasma and from 2.32 to 6.76% for brain homogenate,
and RSD was from 0.45 to 8.95% for plasma and from
1.93 to 5.61% for brain homogenate (see Table 5).
Finally, the storage of brain homogenate at room tem-
perature over 8 h resulted in an increase in the viscosity

of the brain homogenate samples. This increased
viscosity of the brain homogenate resulted in reduced
recovery of ZIP and the IS. Therefore, fresh brain
homogenate should be analyzed within 2h or frozen
immediately for later analysis.

Application of the method

The validated method has been successfully used to
quantify ZIP concentrations in rat plasma and brain
tissue following the chronic treatment of rats with ZIP
in their drinking water. The concentration data for ZIP
in rat plasma and brain tissue are reported in Table 6.
The representative of MRM chromatograms resulting
from the analysis of real plasma and brain tissue samples
following chronic treatment with ZIP are shown in Fig. 4.

Table 6. Steady-state plasma and brain tissue concentrations of ZIP after the chronic treatment of ZIP in rats (n = 3)

Dose Steady-state concentrations Concentration range
Matrix (mg/kg/day) (ng/mL or ng/g + SD) (ng/mL or ng/g)
Plasma 12.0 148.2 £ 45.7 105.1-196.0
Brain tissue 12.0 238.1 +96.2 231.4-4239

Copyright © 2008 John Wiley & Sons, Ltd.
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Figure 4. Representative chromatograms of plasma and brain tissue samples from
rats following chronic treatment with ZIP for 15 days at 12.0 mg/kg/day: (A) the
concentration of ZIP in the plasma sample was 105.08 ng/mL (A1l); (B) the concen-
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tration of ZIP in brain tissue sample was 231.39 ng/g (B1).

The concentration of ZIP in brain tissue was higher
than in plasma. The result was similar to the second
generation antipsychotic olanzapine (Aravagiri et al.,
1999).

CONCLUSIONS

A simple, specific and sensitive LC-MS/MS method with
low matrix effects for the determination of ZIP from
rat plasma and brain tissue has been developed and
validated. This method provided excellent specificity,
wide linear range and an LLOQ of 0.2 ng/mL for plasma
and 0.833 ng/g for brain tissue. A single step liquid—liquid
extraction for sample preparation was used for 0.25 mL
plasma and 0.20 mL rat brain homogenate that pro-
vided low matrix effects and high recovery for ZIP.
Another advantage of this method was that only 0.25 mL
for plasma and 0.2 mL for brain homogenate (small
sample volume) were necessary for sample preparation.
This method may be useful to determine the concentra-
tion of ZIP in different brain regions in animal experi-
ments in the future.
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