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a b s t r a c t

For the first time, a rapid, sensitive and simple liquid chromatography/tandem mass spectrometry
(LC–MS/MS) method using an atmospheric pressure chemical ionization (APCI) source for the quantifi-
cation of PD168393 in rat serum was developed and validated. Serum samples were pretreated with
methanol for protein precipitation. The chromatographic separation was performed on a Jupiter-C5 col-
umn (250 mm × 2.0 mm i.d.) pre-equilibrated with 0.1% formic acid. The tandem mass spectrometer was
tuned in the multiple reaction monitoring mode to monitor the m/z transitions 369/313 for PD168393 and
m/z 343/308 for the internal standard triazolam, using positive ion mode. The MS/MS response was linear
over the concentration range from 2 ng/mL to 5000 ng/mL, with a lower limit of quantification (LLQ) of
Serum 2 ng/mL. At the lowest quality control (4 ng/mL), the intra- and inter-day precisions (CV%) for PD168393
were less than 10% and the accuracies were between 92% and 111%. The validated method can be used in
most or all stages of the screening and optimizing process for future method validation of pharmacokinetic
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. Introduction

The epidermal growth factor receptor (EGFR) signaling path-
ay is one of the most important pathways regulating growth,

urvival, proliferation, and differentiation in mammalian cells and
t is one of the therapeutic targets for anti-tumor strategies. Over
xpression of EGFR and related erbB membrane tyrosine kinases
erbB2, erbB3 and erbB4) has been reported in a significant num-
er of human tumors and is associated with poor prognosis [1,2].
D168393 (4-[(3-bromophenyl) amino]-6-acrylamidoquinazoline)
Fig. 1) is a specific and irreversible inhibitor of the EGFR, erbB2 and
rbB4 [3,4]. PD168393 acts by covalently modifying cysteine-733,
n amino acid located in the catalytic domain of the ATP-binding

ocket. Recently, novel therapeutic approaches targeting the EGFR
uper family and their downstream pathways have been generated
nd PD168383 has attracted much attention as a cancer chemother-
peutic agent [5,6]. In particular, therapeutic regimens combining
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GFR inhibitors with conventional chemotherapy have been tested
n vitro and in animal models and found to show significant
mprovements in anti-tumor effects [7,8]. The irreversible nature of
D168393 may offer a potential advantage for target suppression
nd in vivo pharmacokinetics. However, detailed information about
ts pharmacokinetics and biodistribution are currently unavailable.

In order to investigate the pharmacokinetic properties of this
ompound, a simple and validated method for assaying PD168393
n biological fluids such as plasma assay is required. However, there
ave been no previous reports describing the quantitative analy-
is of PD168393 in biological matrices. The aim of this study was
herefore to develop a sensitive, selective and high-throughput

ethod for estimating PD168393 levels in blood serum. As a part
f our ongoing research in this area, we have developed a selective
nd accurate liquid chromatography/tandem mass spectrometry
LC–MS/MS) assay for this drug in rat serum.

. Experimental
.1. Chemicals and reagents

All solvents and chemicals were of HPLC or analytical grade,
nd used without purification. Methanol, acetonitrile, dimethyl

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
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Fig. 1. Chemical structure of PD168393.

ulfoxide, formic acid and acetic acid were from Fisher Scientific
Fair Lawn, NJ, USA). PD168393 was purchased from Calbiochem (La
olla, CA, USA). Triazolam [8-chloro-6-(2-chlorophenyl)-1-methyl-
H-1,2,4-triazolo-(4,3-a)-1,4-benzodiazepine] was kindly provided
y Dr. Michael Froelich (Department of Anesthesiology, University
f Alabama at Birmingham). Rat serum was obtained from Pel-Freez
iologicals (Rogers, AR, USA).

.2. Liquid chromatography–mass spectrometry

LC–MS/MS analyses of rat serum samples were performed using
system consisting of a Prominence model refrigerated Shimadzu
uto sampler (Shimadzu Scientific Instruments, Inc., Columbia, MD,
SA), and an API 4000 (Applied Biosystems/MDS Sciex, Concord,
ntario, Canada). Chromatography was performed using a Jupiter
micron C5 column (250 mm × 2.0 mm i.d., Phenomenex, CA, USA)
re-equilibrated with 0.1% formic acid. The mobile phase consists of
.1% formic acid (A) and acetonitrile containing 0.1% formic acid (B)
nd was pumped at a flow rate of 0.4 mL/min. The gradient started
ith 30% B and went up to 100% B over first 3 min and returned

ack to 30% B at 3.5 min. Multiple reaction monitoring (MRM) was
sed to perform mass spectrometric quantification of PD168393.
he column effluent was introduced into the mass spectrometer
sing atmospheric pressure chemical ionization (APCI) in the posi-
ive ion mode. Nitrogen was used as nebulizer, gas 1 and curtain gas
CUR). The MRM analysis was conducted by monitoring the precur-
or ion to product ion transitions from m/z 369/313 (PD168393) and

/z 343/308 (triazolam). The LC–MS/MS system was controlled by
ioAnalyst 1.4.2 software. The MS/MS operating parameters used

n this study are listed in Table 1.

able 1
S/MS parameters optimized for PD168393.

arameter Setting

UR 10
S1 30
C 3
EM 250
AD 12
P 10

D168393 (Q1 = 369, Q3 = 313)
Dwell time 50 ms
DP 120
CE 50
CXP 11

riazolam (Q1 = 343, Q3 = 308)
Dwell time 50 ms
DP 56
CE 41
CXP 40
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Fig. 2. Product ion mass spectrum of PD168393 [M+H]+ ion m/z 369.

.3. Standard solution and sample preparation

PD168393 stock solution was prepared in DMSO at a concentra-
ion of 1.0 mg/mL. Standard working solutions (12–30,000 ng/mL)
ontaining triazolam (internal standard, 600 ng/mL) were prepared
y appropriate dilution with 80% methanol in water. Methanol
ontaining 0.1% acetic acid was used for protein precipitation. For
alibration standards and quality control (QC) samples, 50 �L of
standard solution was added to 50 �L of blank plasma. Then

ach of these plasma samples was diluted by adding 200 �L of
ethanol containing 0.1% acetic acid, vortex-mixed and centrifuged

or 10 min at 3000 × g to precipitate proteins. The supernatant
olutions were directly transferred to HPLC auto samplers and
0 �L injected into the mass spectrometer to analyze the sam-
les.

.4. Validation study

The analytical method was validated to demonstrate the
pecificity, recovery, lower limit of quantification, accuracy, and
recision of measurements [9–11]. Specificity was established by
he lack of interference peaks at the retention time for the inter-
al standard and PD168393. Linearity was tested at six levels of
oncentrations covering a range of 2–5000 ng/mL. The calibration
urves were established by plotting the peak area ratio of PD168393
o the internal standard (triazolam), versus PD168393 concentra-
ion in the calibration samples. The regression parameters of slope,
ntercept and correlation coefficient were calculated by linear least-
quare regression (1/x2 weighting).

The recovery of the method was determined by comparing the
eak area obtained from the serum samples spiked prior to extrac-
ion with the peak area obtained from that of spiked post-extraction
lasma samples.

The accuracy and precision (presented as CV%) of this analytical
ethod were determined using QC samples (n = 5) in five replicates

f 4, 5, 20, 500, 2000 ng/mL of PD168393 in rat serum. Accuracy
as determined by comparing the calculated concentration using

alibration curves to known concentration. The LOQ was defined as
recision and accuracy within 15%. The lower limit of quantification
LLQ) was defined as the smallest amount of the analyte that could
e measured in a sample with sufficient precision and accuracy
within 20% for both parameters) and was chosen as the lowest
oncentration on the calibration curve.

The stability of PD168393 in serum was examined at 4 ◦C over

2 h. The bench-top stability was evaluated at ambient tempera-
ure (∼23 ◦C) over 24 h using QC samples in five replicates. The
torage stability at −20 ◦C for over 30 days was also evaluated. The
reeze/thaw stability was determined after three freeze/thaw cycles
room temperature to −20 ◦C). To evaluate the matrix effects, blank
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Fig. 3. Proposed fragmentation mechanism and possible structure
lasma samples were processed according to the protein precipi-
ation described above and then spiked with PD168393 and IS at
he final concentration after extraction. The absolute matrix effects
f the plasma were expressed as the ratio of the mean peak area

o
t
T
a

ig. 4. Representative MRM chromatograms of blank serum (A); serum spiked with PD16
ere monitored at m/z 369/313 for PD168393 and m/z 343/308 for IS.
roduct ions observed in MS/MS experiment of the ion at m/z 369.
f analyte spiked post-extraction to that of the neat standard solu-
ion with 80% methanol in water at corresponding concentrations.
hree different concentration levels of analytes were evaluated by
nalyzing five samples at each level.

8393 (2 ng/mL) (B) and internal standard triazolam 100 ng/mL (C). Mass transitions
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Table 2
Summary of calibration curves (n = 5).

Nominal concentration
(ng/mL)

Measured mean concentration
(ng/mL) ± S.D.

CV% Mean
accuracy (%)

2.0 2.01 ± 0.16 7.93 100.46
50 44.44 ± 4.00 9.14 88.86
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lems of LC/MS/MS method development. As can be seen in Fig. 5,
when methanol blank was injected right after the highest level of
PD168393 spiked serum sample (5000 ng/mL), no detectable carry
over was observed on the column.

Table 3
Precision and accuracy of quality control samples.

Nominal concentration
(ng/mL)

Measured mean concentration
(ng/mL) ± S.D.

CV% Mean
accuracy (%)

Day 1
4 3.74 ± 0.21 5.74 93.54
5 4.76 ± 0.20 4.26 95.12
20 19.44 ± 1.36 6.98 97.14
500 544 ± 13.74 2.52 109.00
2000 2192 ± 170.06 7.76 109.18

Day 2
4 3.68 ± 0.07 1.82 92.16
5 4.39 ± 0.13 2.88 87.76
20 15.84 ± 0.56 3.64 79.18
500 552.40 ± 38.86 7.04 110.4
2000 2122 ± 116.06 5.47 106.12

Day 3
4 4.44 ± 0.39 8.69 110.88
5 4.91 ± 0.25 5.01 98.14
20 19.04 ± 1.53 8.06 95.26
500 429.40 ± 20.98 4.89 85.86
2000 1758 ± 117.13 6.66 87.92

Inter-day (n = 15)
100 97.60 ± 6.68 6.84 97.60
200 204.40 ± 13.87 6.80 101.88
000 1102 ± 25.88 2.35 110.20
000 4950 ± 211.07 4.26 99.10

. Results and discussion

.1. LC–MS/MS

Due to the presence of secondary and tertiary amines in
D168393, the positive ion mode provided the best sensitivity. Pro-
onated molecular ions of PD168393 showed m/z 369 [M+H]+ and
71 [M+H+2]+ owing to the presence of bromine in the molecule.
he [M+H]+ m/z 369 ion generated product ions upon collision-
nduced dissociation and the product ion spectrum of PD168393
s shown in Fig. 2. The most abundant product ions were found
t m/z 313 and 235, respectively, and the ion m/z 313 was cho-
en for PD168393 quantification in serum by MRM in the present
ssay. An initial loss of HBr (80 Da) from m/z 369 give rise to
he product ion m/z 289 which subsequently eliminates a neu-
ral molecule of methylene ketene (54 Da), yielding the ion m/z
35. The product ion m/z 313 can be formed by a neutral loss
f 56 Da from the precursor ion m/z 369 upon CID fragmenta-
ion. The proposed structures of the major ions are depicted in
ig. 3.

Thus far, no method has been described for the determination
f PD168393 levels in biological matrices using LC–MS/MS. Several
olumns were tested as were several solvents as possible eluents to
btain a high degree of sensitivity, good separation and a short anal-
sis time. Chromatographic conditions were optimized to provide
hort retention times and adequate peak shape. A Jupiter-C5 col-
mn (250 mm × 2.0 mm i.d.) pre-equilibrated with 0.1% formic acid
rovided very good sensitivity and peak shape for PD168393 and
riazolam (Fig. 4). Given that protein precipitation was the extrac-
ion method for PD168393, we decided to use APCI to avoid possible
on suppression effects [12]. APCI-MS/MS optimization involved
everal parameters including CUR, collision gas (CAD) and nebulizer
urrent (NC) adjustment as shown in Table 1.

.2. Internal standard

As labeled and/or deuterated internal standards for PD168393
re unavailable, triazolam was used as an internal standard. This
ompound appeared to be a suitable internal standard as it ionized
n the positive mode, and it eluted just after the analyte (Fig. 4C)

ith acceptable chromatographic properties and recoveries.

.3. Method validation

The methods were validated in accordance with the FDA guid-
nce for bioanalytical method validation and also based on the
aper of Shah et al. [9–11]. A full validation was performed for rat
erum based on the following criteria.
.4. Linearity

The assay was linear over a range of 2–5000 ng/mL in rat serum
ith a correlation coefficient of 0.996. Table 2 shows the sum-
ary of the individual standard data obtained in the five replicates.
r. B 876 (2008) 219–224

he LLQ showed an accuracy and precision of 100.46% and 7.93%,
espectively. At all concentration levels, precisions and accuracies
anged from 2.35% to 9.14% and 88.86% to 110.20%, respectively.
hese results indicated good linear relationship between the peak
rea and concentration.

.5. Accuracy and precision

The accuracy and precision of this assay for PD168393
ere determined at various concentrations (4, 5, 20, 500 and
000 ng/mL) of QC samples. Table 3 shows a summary of intra- and

nter-day accuracy and precision for measurement of PD168393
evels in rat serum. The accuracy and precision ranged from 85.86%
o 110.88% and 1.82% to 8.69%, respectively, throughout the five con-
entrations. LLQ was 2.0 ng/mL, demonstrating the intra-day CV%
nd accuracy 7.93% and 100.46%, respectively (Table 2).

At the lowest quality control (4 ng/mL), the intra- and inter-day
recisions (CV%) for PD168393 were less than 10% and the accura-
ies were between 92% and 111% (Table 3).

.6. Specificity and selectivity

Representative MRM chromatograms of extracted blank serum
nd blank serum spiked with PD168393 (2 ng/mL) and IS are shown
n Fig. 4. The LC–MS/MS method demonstrated high specificity
ecause only ions derived from PD168393 and IS were monitored.

t is clear that substances endogenous to serum did not interfere in
he analysis.

.7. Carry over

Carry over is one of the most commonly encountered prob-
4 3.95 ± 0.22 5.65 98.83
5 4.69 ± 0.19 4.13 93.73
20 18.11 ± 1.15 6.35 90.53
500 508.60 ± 24.53 4.82 101.72
2000 2024 ± 134.40 6.64 101.20
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ig. 5. Representative MRM chromatograms for PD168393 (m/z 369/313) in rat
erum: (A) PD168393 (5000 ng/mL) and (B) 10 �L methanol blank.

.8. Ion suppression (matrix effect) and recovery

The adverse consequences of matrix effects on the results of
uantitative HPLC–MS/MS analyses have been fully recognized
nd the assessment of matrix effects is becoming an integral part
f method development and validation [13,14]. At 5, 500 and
000 ng/mL concentration levels, the mean ion suppression of
D168393 in rat serum were 104.6%, 99.89% and 94.26%, respec-
ively. If the peak area ratio is less than 85% or more than 115%,
matrix effect is implied. Thus, there were no co-eluting matrix

omponents of serum after protein precipitation.
Recovery studies of PD168393 were performed at concentra-
ions of 500 and 5000 ng/mL. Mean extraction recoveries at these
oncentrations after protein precipitation were 91.08 ± 9.88% and
0.37 ± 8.82%, respectively. The mean recovery of internal standard
as 90.75 ± 8.30%. These results indicated that the extraction effi-

able 4
tability of quality control samples (n = 5).

ominal concentration (ng/mL) Measured mean
concentration
(ng/mL) ± S.D.

CV% Mean
accuracy (%)

hree freeze/thaw cycles (−20 ◦C)
20 18.38 ± 0.63 3.45 91.96
500 577 ± 27.03 4.69 115.50
2000 2202 ± 87.01 3.95 108.75

utosampler (4 ◦C, 72 h)
20 20.40 ± 1.26 6.45 102.12
500 493 ± 38.70 7.85 98.56
2000 1960 ± 175.78 8.97 98.14

mbient (24 h)
20 17.4 ± 0.83 4.80 87.00
500 508.75 ± 11.98 2.36 101.93
2000 1840 ± 85.44 4.64 92.10

torage stability (−20 ◦C, 1 month)
20 18.66 ± 0.94 5.28 93.28
500 464.80 ± 20.58 4.43 92.90
2000 1874 ± 64.27 3.43 93.70
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iency of PD168393 using protein precipitation was sufficient and
as not concentration dependent.

.9. Stability

The stability of PD168393 was investigated thoroughly to eval-
ate its stability in serum samples under different conditions
freeze/thaw, bench-top, autosampler and long-term storage sta-
ility). Table 4 summarizes the stability data. The results obtained
ere well within the acceptable limits. At 4 ◦C PD168393 showed
o degradation over a 72-h period. PD168393 spiked serum sam-
les were stable at room temperature for 24 h. The results of

ong-term stability study indicated that the spiked samples were
table at −20 ◦C over 30 days. The precision for freeze/thaw sam-
les ranged from 3.45% to 4.69% and the accuracy ranged from
1.96% to 108.75%, indicating the analyte’s stability in serum for
hree cycles when stored at −20 ◦C and thawed to room tempera-
ure.

. Conclusions

For the first time, an LC–MS/MS method for the determination
f PD168393 levels in serum was developed and validated over a
oncentration range of 2–5000 ng/mL. The main advantages of this
C–MS/MS method are: (1) simplicity, assay speed, and inexpensive
re-analysis processing using protein precipitation by methanol;
2) excellent recovery; (3) absence of matrix effect; (4) absence of
arry over; (5) short analytical time; and (6) validation over a large
ynamic range (calibrators from 2 ng/mL to 5000 ng/mL).

We conclude that this method provides a simple procedure for
ssaying PD168393 in biological samples and has reliable repro-
ucibility. This method will therefore be highly useful for future
tudies of PD168393 pharmacokinetics in preclinical and clinical
tudies.
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