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a b s t r a c t

To support clinical development, a solid phase extraction (SPE) liquid chromatographic-tandem mass
spectrometry (LC-MS/MS) method for the determination of GDC-0449 concentrations in human plasma
has been developed and validated. Samples (200 �l) were extracted using an Oasis MCX 10 mg 96-
well SPE plate and the resulting extracts were analyzed using reverse-phase chromatography coupled
with a turbo-ionspray interface. The method was validated over calibration curve range 5–5000 ng/mL.
Quadratic regression and 1/x2 weighing were used. Within-run relative standard deviation (%RSD) was
within 10.1% and accuracy ranged from 88.6% to 109.0% of nominal. Between-run %RSD was within 8.6%
PI
C-MS/MS
6-Well SPE
uman plasma

and accuracy ranged from 92.4% to 105.3% of nominal. Extraction recovery of GDC-0449 was between
88.3% and 91.2% as assessed using quality control sample concentrations. GDC-0449 was stable in plasma
for 315 days when stored at −70 ◦C and stable in reconstituted sample extracts for 117 h when stored at
room temperature. Quantitative matrix effect/ion suppression experiment was performed and no signif-
icant matrix ion suppression was observed. This assay allows for the determination of GDC-0449 plasma

cien
concentrations over a suffi
doses.

. Introduction

GDC-0449 (Fig. 1) is a small-molecule inhibitor of the Hedge-
og signaling pathway which is currently in clinical development.
edgehog Pathway Inhibitors have shown anticancer activity

n several preclinical models, including xenograft models of
asal cell carcinoma (BCC) [1], medulloblastoma [2], and colon
nd pancreatic adenocarcinoma [3]. Favorable preclinical phar-
acokinetic properties in mouse, rat, dog and monkey, such

s low in vivo clearance, good oral availability, and metabolic
tability in addition to toxicology data supported GDC-0449
dvancement to clinical development [4]. Recently, GDC-0449

as demonstrated anticancer activity in a Phase I trial in
atients with advanced BCC, for whom prognosis is poor, with-
ut significant adverse event [5]. GDC-0449 is currently in
hase II clinical trials for metastatic or locally advanced BCC,

∗ Corresponding author. Tel.: +1 650 225 4102; fax: +1 650 467 3487.
E-mail address: ding.xiao@gene.com (X. Ding).

1 Current address: Elan Pharmaceutics, Drug Metabolism and Pharmacokinetics,
outh San Francisco, CA 94080, United States.

570-0232/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2010.01.039
t time period to determine pharmacokinetic parameters at relevant clinical

© 2010 Elsevier B.V. All rights reserved.

metastatic colorectal carcinoma, and late-stage ovarian carci-
noma.

A SPE LC-MS/MS method for the determination of GDC-0449
concentrations in human plasma was developed and validated
using Oasis 96-well MCX SPE plates. The method is better and
cleaner than the protein precipitation methods used for preclin-
ical assessment [4] and for the first time allowed determination
of the pharmacokinetic behavior of the molecule in a phase I trial
in healthy volunteers (SHH4433g: A Phase I, Open-Label, Phar-
macokinetic Study of Systemic Hedgehog Antagonist GDC-0449
in Healthy Female Subjects of Non-Childbearing-Potential), the
results of which are included in this report. The method is also in
use for the determination of GDC-0449 concentrations in human
plasma for other Phase I and Phase II clinical trials and will be
continuously used for upcoming clinical trials.

2. Experimental
2.1. Materials

Test compound GDC-0449 and internal standard GDC-0449-D5
were synthesized at Genentech with a purity of 99.1% and 100%,

http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:ding.xiao@gene.com
dx.doi.org/10.1016/j.jchromb.2010.01.039
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Fig. 1. Structure of GDC-0449 (pKa = 3.5).

espectively. Acetonitrile, methanol and acetone (HPLC grade) were
btained from EMD (Gibbstown, NJ, USA). N,N-dimethylformamide
HPLC grade) was obtained from Burdick and Jackson (Morristown,
J, USA). Formic acid and ammonium hydroxide (ACS grade) was
lso obtained from EMD. Trifluoroacetic acid (HPLC grade) was
rom J.T. Becker (Phillipsburg, NJ, USA). Deionized water (type 1,
ypical 18.2 M� cm) or equivalent was generated in Tandem Labs
Salt Lake City, UT, USA). All reagents were used as received. Oasis

CX (10 mg) 96-well SPE plates were obtained from Waters Inc.
Milford, MA, USA). Human plasma (K2EDTA) was obtained from
ioreclamation (Hicksville, NY, USA).

.2. Instrumentation

The LC-MS/MS system consisted of a Shimadzu SCL-10A system
ontroller, two LC-10AD Shimadzu pumps (Columbia, MD, USA)
nd an API-3000 mass spectrometer with a turbo-ionspray inter-
ace (400 ◦C) from Applied Biosystems PE Sciex (Foster City, CA,
SA) equipped with HSID upgrade (Ionics MSV Ltd., Cheshire, UK).
ata was collected and processed using Analyst software (version
.3.2) from Applied Biosystems. The SPE procedure was performed
sing a Tomtec Quadra 96® (Hamden, CT, USA) and a CEREX®

hannel SPE System 96TM Positive Pressure SPE Manifold from
PEWare Corp. (San Pedro, CA, USA). Samples were introduced to
he LC/MS/MS system using a Leap CTC PAL Autosampler (Chapel
ill, NC, USA) and an electronically actuated six-port high pressure

witching valve from Valco Instruments Co. (Houston, TX, USA).

.3. LC-MS/MS conditions

The mobile phases were water containing 0.1% formic acid
Mobile phase A), acetonitrile (Mobile phase B), and 90:10 (v/v)
cetone:water (Mobile phase C). Extracted samples were analyzed
sing a reverse-phase liquid chromatograph and isocratic con-
itions with 60% mobile phase B at a flow rate of 0.30 mL/min
n a Thermo Fisher Scientific (Waltham, MA, USA) Betasil C18
.1 mm × 100 mm column. A Cera column oven from SPEWare Cor-
oration (Baldwin Park, CA, USA) was used to maintain the column
emperature at 30 ◦C. To protect the analytical column, an UNI-
UARD guard cartridge (Thermo Fisher Scientific, Waltham, MA,
SA) was also used. The column was back flushed for 1 min after
lution of each sample with mobile phase C at a flow rate of
.80 mL/min (back pressure ∼200 bar).

A neat solution of GDC-0449 and the internal standard (IS) GDC-
449-D5 was separately infused into the mass spectrometer using a
arvard Apparatus syringe pump (Holliston, MA, USA) to optimize

he mass spectrometer parameters. GDC-0449 and GDC-0449-D5

ere ionized using a turbo-ionspray source operating in the posi-

ive ionization mode. For quantitation, the mass spectrometer was
perated in the selected reaction monitoring mode (SRM). The fol-
owing SRM transitions were monitored: m/z 421.1 to m/z 139.2 for
DC-0449 and m/z 426.1 to m/z 139.1 for GDC-0449-D5. The dwell
B 878 (2010) 785–790

time was 100 ms for each transition. The ionspray voltage was 5500,
the declustering potential was 50 V and the collision energy was
60 V. Analyst software (Applied Biosystems) was used to optimize
the MS parameters and for data acquisition.

2.4. Preparation of standards and quality control samples

All standard solutions were prepared using N,N-
dimethylformamide (DMF) solvent. The initial stock solution
containing GDC-0449 was diluted using DMF to give working
standards, which were spiked into plasma to prepare calibration
standards ranging from 5 to 5000 ng/mL. The working IS solution
was prepared in DMF at a concentration of 5000 ng/mL and spiked
into the samples, resulting in final concentration of 1000 ng/mL.
The resulting plasma standards were used to quantitate clinical
human samples containing GDC-0449 over the concentration
range of 5–5000 ng/mL.

High, middle, low, lower limit of quantitation (LLOQ) and
dilution quality control (QC) samples containing GDC-0449 at con-
centrations of 4000, 2000, 15, 5 and 20,000 ng/mL, respectively,
were prepared by diluting the stock solutions with control human
plasma. Following preparation, aliquots of quality control samples
were transferred to cryogenic vials capped and stored at −60 to
−80 ◦C. These quality control samples were used for the validation
and the analysis of clinical human plasma samples.

2.5. Extraction of human plasma

A 200-�L aliquot of plasma for each calibration curve standard,
QC, control blank, blank and samples was pipetted into a clean
96-well plate. A 50-�L aliquot of 5000 ng/mL working IS solution
was added into each well of the plate except for the wells con-
taining the plasma blanks. The wells containing the plasma blanks
received a 50-�L aliquot of DMF. Followed the addition of 100 �L
of water containing 5% formic acid to all wells of the plate the
plate was vortexed briefly and centrifuged at 3000 rpm for about
5 min.

Each well in an Oasis MCX 96-well SPE plate was conditioned
using 500 �L of methanol and 500 �L of 5% formic acid in water. The
buffered sample was then loaded to the plate and washed sequen-
tially with 500 �L of 5% formic acid in water followed by 750 �L
of methanol and eluted slowly with 400 �L of freshly prepared 5%
(v/v) ammonium hydroxide in methanol into a 96-well collection
plate. Each eluted sample was evaporated to dryness using a turbo-
vap set at 5 ◦C and reconstituted with 200 �L of 0.1% formic acid in
acetonitrile:water (1:1, v/v). After reconstitution, the 96-well col-
lection plate was capped, vortexed, centrifuged at 3000 rpm for
about 1 min, and transferred to an autosampler tray for injection
(5–20 �L) onto the LC-MS/MS system.

2.6. Stability

Quality control samples (n = 6 at low and high QC concen-
trations) were subjected to five freeze-thaw cycles consisting of
storage at room temperature, vortexing, and then refreezing at
−70 ◦C for at least 12 h. After five freeze-thaw cycles the sam-
ples were analyzed using freshly prepared calibration standards.
To evaluate bench-top stability, quality control samples (n = 6 at
low and high QC concentrations) were left on the bench-top at
room temperature for 6 h prior to extraction. To determine the sta-
bility of extracted samples after sitting in the autosampler tray at

room temperature, calibration standards (n = 2 at each concentra-
tion) and QC samples (n = 6 at each concentration) were extracted
and reinjected after storage in the autosampler tray at room tem-
perature for 117 h. Long-term stability was evaluated using quality
control samples (n = 6 at low and high QC concentration levels) after
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Table 1
Within-run and between-run accuracy and precision of GDC-0449 quality control samples.

LLOQ (5 ng/mL) Low QC (15 ng/mL) Middle QC (2000 ng/mL) High QC (4000 ng/mL) Dilution QC (20,000 ng/mL)

Within-run mean (n = 6) 4.68 16.0 1980 4360 19,900
Accuracya (%) 93.6 106.7 99.0 109.0 99.5
RSDb (%) 2.5 1.7 0.7 2.5 2.4

Within-run mean (n = 6) 4.75 15.6 2010 3980
Accuracya (%) 95.0 104.0 100.5 99.5
RSDb (%) 5.3 1.9 1.2 1.3

Within-run mean (n = 6) 4.43 15.7 1990 3650
Accuracya (%) 88.6 104.7 99.5 91.3
RSDb (%) 7.4 2.6 0.9 10.1

Between-run mean (n = 18) 4.62 15.8 2000 4000
a 100.0
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dryness, 200 �L of solution containing 50 ng/mL GDC-0449 was
Accuracy (%) 92.4 105.3
RSDb (%) 2.9 1.0

a Expressed as [(mean observed concentration)/(nominal concentration)] × 100.
b Relative standard deviation.

rozen storage at a temperature between −60 and −80 ◦C for 315
ays prior to extraction.

.7. Pharmacokinetics of GDC-0449 in healthy volunteers

Pharmacokinetics of GDC-0449 was studied in an open-
abel, single-dose phase I study in three healthy females of
on-childbearing-potential following Institutional Review Board
pproval of the protocol. Upon obtaining informed consent, meet-
ng institutional and federal requirements and meeting study entry
riteria, GDC-0449 was administered orally as a single 150 mg dose
ith 240 mL room temperature tap water after a minimum of an 8-
fast. After drug administration, twenty-two serial blood samples
ere obtained and plasma harvested during an 8-week sampling
eriod for the determination of GDC-0449 plasma concentration
ver time.

Pharmacokinetic calculations were performed using
inNonlin® (Pharsight Corporation, version 5.2). All AUC val-

es were calculated using the linear trapezoidal method when
he concentrations were rising and the logarithmic trapezoidal

ethod when the concentrations were declining (Linear up/Log
own rule in WinNonlin®). Below the limit of quantitation (BLQ)
alues at predose were considered as zero for PK analysis. Actual
lood collection time was used to calculate PK parameters. PK
arameters were reported as their means and standard deviations
SD).

. Results and discussion

.1. LC-MS/MS

Using a turbo-ionspray source GDC-0449 and internal standard
DC-0449-D5 yielded protonated molecules at m/z 421 and 426,

espectively. Full scan product ion mass spectra of GDC-0449 and
DC-0449-D5 are shown in Fig. 2. For quantitative analysis, the
redominant SRM transitions m/z 421 to m/z 139.1 for GDC-0449
nd m/z 426 to m/z 139.1 for IS GDC-0449-D5 were monitored.
nder the isocratic chromatographic condition described earlier,

he retention time was 1.7 min for both GDC-0449 and GDC-0449-
5. The total HPLC run time was 4 min.

.2. Accuracy and precision
Within-run and between-run accuracy and precision were
btained from experiments performed on 3 separate days with
calibration curves and 6 replicates of quality control samples

t each concentration. Within-run and between-run accuracy and
recision from quality controls are summarized in Table 1. The
100.0
8.6

within-run relative standard deviation (%RSD) from QC samples
ranged from 0.7% to 10.1%, while the accuracy ranged from 88.6%
to 109.0% of nominal at all concentrations. The between-run %RSD
from QC samples varied from 0.8% to 8.6%, while the accuracy was
92.4–105.3% of nominal at all concentrations including the LLOQ
quality control 5 ng/mL.

3.3. Sensitivity

Six replicates of LLOQ QC samples at concentrations of 5 ng/mL
were extracted and analyzed in three validation runs to determine
the accuracy and precision (%RSD) at the LLOQ level. The accuracy
and precision at the LLOQ of 5 ng/mL were within 88.6% of nom-
inal and within 7.4%, respectively (Table 1). The LLOQ at 5 ng/mL
had an average signal to noise ratio of 48 which was sufficient
for determining GDC-0449 concentrations in human plasma sam-
ples in these clinical studies. Representative chromatograms of
GDC-0449 at LLOQ and IS GDC-0449-D5 at final concentration of
1000 ng/mL are shown in Fig. 3.

3.4. Selectivity and matrix effect

Selectivity was tested using six lots of blank plasma. Interfer-
ence peaks in all six lots of blank plasma at the retention time of
the analyte were ≤20% of the mean response for the analyte at
the LLOQ. The interference peaks in all six lots of blank plasma at
the retention time of the IS were ≤5% of the mean response for
the IS for all tested samples. There was no significant interference
found at the retention time of the analyte and IS. Representative
chromatograms of extracted blank plasma from GDC-0449 and IS
GDC-0449-D5 channels are shown in Fig. 4.

The matrix effect was investigated using LLOQ QCs prepared
in six lots of blank plasma to ensure that precision, selectivity and
sensitivity were not compromised. The LLOQ QCs for validation met
acceptance criteria: 5 out of 6 LLOQ QCs should be within 20% of
their target concentrations and the %CV must be ≤20% (Table 2).

The matrix factor, defined as a ratio of the analyte peak response
in the presence of matrix ions to the analyte peak response in
the absence of matrix ions [6] was quantitatively measured. Six
lots of blank human plasma were extracted following the vali-
dated extraction procedure. After extraction and evaporation to
spiked into six tubes containing dried six lots of blank plasma
extract. The LC/MS responses of the resulting solutions were com-
pared to six GDC-0449 neat solutions at 50 ng/mL concentration.
Measured matrix factor (99.7%) indicated that there was no signif-
icant matrix suppression observed (Table 3).
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Fig. 2. Product ion mass spectra of GDC-0449 and GDC-0449-D5.

Table 2
Selectivity and matrix effect at the lower limit of quantitation for GDC-0449.

Nominal conc. (ng/mL) LLOQ 1 LLOQ 2 LLOQ 3 LLOQ 4 LLOQ 5 LLOQ 6 Mean Accuracya (%) RSDb (%)

4.55 4.72 4.78 95.6 2.9

3
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p
s
t
p

3

a
T
a
t
a
t
s
−
c

Table 3
Matrix effect–measured matrix factor for GDC-0449.

Area ratioa

Plasma extract
Area ratioa

Neat solution

Lot 1 0.548 0.543
Lot 2 0.549 0.548
Lot 3 0.548 0.551
Lot 4 0.551 0.556
Lot 5 0.551 0.552
Lot 6 0.549 0.558

Mean 0.549 0.551
RSDb (%) 0.2% 1.0%
5 4.75 4.83 4.97 4.84

a Expressed as [(mean observed concentration)/(nominal concentration)] × 100.
b Relative standard deviation.

.5. Integrity of dilution

To demonstrate the ability to dilute samples with acceptable
ccuracy and precision, a dilution QC containing GDC-0449 was
repared and diluted ten fold. Dilution was performed using QC
amples at a concentration of 20,000 ng/mL. The accuracy of dilu-
ion QCs at 20,000 ng/mL was within 99.5% of nominal and the
recision within 2.4% (Table 1).

.6. Stability

Freeze-thaw, bench-top, reinjection and long-term stability
ssessments were carried out and the results are summarized in
able 4. GDC-0449 was determined to be stable in human plasma
fter five freeze-thaw cycles and stable after storage on the bench-
op at room temperature for 6 h prior to extraction. GDC-0449 was

lso stable after extracted GDC-0449 QC samples were stored in
he autosampler tray at room temperature for 117 h. Long-term
tability was evaluated after GDC-0449 was stored in the freezer at
60 to −80 ◦C for 315 days and analyzed against freshly prepared

alibration curves. Stability assessments demonstrated that GDC-

Matrix factorc 99.7%

a Expressed as [(area of GDC-0449)/(area of GDC-0449-d5)].
b Relative standard deviation.
c Expressed as [(mean area ratio of plasma extract)/(mean area ratio of neat solu-

tion)] × 100.
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Table 4
Stability assessments for GDC-0449.

Nominal conc. (ng/mL) Bench-top stability at room temperature for 6 h Storage at −60 to −80 ◦C for 315 days

Determined mean
(ng/mL, n = 6)

Mean %accuracy (n = 6) RSD (%) (n = 6) Determined mean
(ng/mL, n = 6)

Mean %accuracy (n = 6) RSD (%) (n = 6)

15 15.8 105.3 1.1 15.8 105.3 3.6
4000 3890 97.3 1.9 3830 95.8 14.4

Nominal conc. (ng/mL) Stability after 5 freeze-thaw cycles Storage in the autosampler at room temperature for 117 h

Determined mean
(ng/mL, n = 6)

Mean %accuracy (n = 6) RSD (%) (n = 6) Determined
mean (ng/mL,
n = 6)

Mean %accuracy (n = 6) RSD (%) (n = 6)

3.0

5.9

0
c

3

c
c
a
M
t
0
h
s
i
w
m
a

m
E

F
0

15 15.6 104.0
2000
4000 4230 105.8

449 was stable in human plasma for 315 days under these storage
onditions.

.7. Extraction recovery

Stationary phase of Oasis MCX is equipped with a mixed-mode
ation-exchange and reversed-phase sorbent. At buffered acidic
ondition (5% formic acid in water) the positively charged amine
nd amide groups of GDC-0449 interact with negatively charged
CX stationary phase through ionic interactions. In addition to

he ionic interactions, mid- to low-polarity parts of the GDC-
449 molecule interact with MCX reversed-phase sorbent through
ydrophobic interaction. GDC-0449 molecules are retained to the
tationary phase through these interactions, allowing wash off all
mpurities that are not retained at acidic condition. GDC-0449

as eluted with the basic solvent (5% ammonium hydroxide in
ethanol) that neutralizes ionic interaction between the analyte
nd the stationary phase.
Extraction recovery was evaluated for GDC-0449 at low,

edium and high QC concentrations: 15, 2000 and 4000 ng/mL.
xtraction recovery was determined by comparing the absolute

ig. 3. Ion chromatograms for a calibration standard at the LLOQ, 5 ng/ml of GDC-
449 and internal standard GDC-0449-D5 at final concentration of 1000 ng/mL.
16.0 106.7 0.8
2010 100.5 0.6
4350 108.8 0.9

peak areas of the QC samples spiked in human plasma before
extraction to control human plasma extracted in the same manner
then spiked post-extraction with a known amount of the GDC-
0449. Extraction recoveries for GDC-0449 at low, medium and high
QC levels were 88.3%, 90.0% and 91.2%, respectively.

3.8. Pharmacokinetic analysis

Validation was performed at calibration curve range
5–5000 ng/mL. The lower limit of quantitation of 5 mg/mL
was sufficient to detect the plasma concentrations at the low-
est dose given in the study. The upper limit of quantitation of
5000 ng/mL allowed minimum sample dilution and maximum
sample throughput. Two standard curves were processed for each
batch run. GDC-0449 concentrations were calculated from the
equation y =ax2 + bx + c, by weighted (1/x2) quadratic regression of
the calibration line constructed from peak area ratios of GDC-0449
to internal standard versus nominal GDC-0449 concentration.
Fig. 5 shows the GDC-0449 concentration versus time profiles
for each of the three healthy postmenopausal women enrolled in
the phase I study that were administered a single 150 mg oral
dose. GDC-0449 plasma concentrations were within the calibra-
tion curve for all subjects and ranged from 2532 to 38 ng/mL, with

Fig. 4. Ion chromatograms of extracted blank plasma for the GDC-0449 and internal
standard GDC-0449-D5 channels.
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ig. 5. Individual concentration versus time profiles for 3 healthy volunteers fol-
owing a single 150 mg oral dose of GDC-0449 in a Phase I clinical trial.

max ranging from 2532 to 1380 ng/mL and Clast ranging from 147
o 38.0 ng/mL. Over a 56-day blood sampling period, the area under
he concentration–time curve and terminal elimination rate con-
tant was adequately determined despite the long t1/2, with only
.5% of the AUC extrapolated from Tlast to infinity.

Mean (SD) pharmacokinetic data for these three healthy volun-
eers were: Cmax = 1984 (577) ng/mL, AUC0−t = 1910 (577) �M × h,
UC0–inf = 2000 (644) �M × h, t1/2 = 286 (42.6) h, CL/F = 0.192

0.0652) L/h, and Vz/F = 76.4 (14.2) L.

. Conclusions
An automated 96-well SPE LC-MS/MS method for the deter-
ination of GDC-0449 in human plasma was developed and

alidated. The validated method met the regulatory requirements
or accuracy, precision, selectivity and stability, and was applied

[

[

B 878 (2010) 785–790

successfully to the analysis of human plasma samples generated in
a phase I clinical study. The validated method described herein is
currently in use to evaluate GDC-0449 steady state PK in ongoing
phase I and phase II clinical [5].
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