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A LC–tandem mass spectrometry method to quantify the quinazoline-based thymidylate synthase inhibitors BGC945 and BGC63
lasma was developed. BGC945 and BGC638 were extracted from mouse plasma using protein precipitation with acetonitrile. Chrom
as performed on a Fluophase RP 5�m, 100 mm× 2.0 mm i.d. column using a gradient of ammonium acetate and acetonitrile as a
hase with a flow rate of 0.2 mL min−1. The injection volume for each sample was 20�L with a total run time of 7.5 min. This metho
as validated in the range 25–4000 nM (r2 = 0.99). The analytical assay performance showed that the method was accurate (mean i

nter-day assay R.E. were below 12% and 11%, respectively), reproducible (mean intra- and inter-day R.S.D. were less than 13%
ll quality control levels, respectively) and sensitive (lower limit of quantification was 25 nM) in the range studied. This validated me
een used to define the first pharmacokinetic report of BGC945 and BGC638 in mice.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Thymidylate synthase (TS) is a crucial enzyme involved
n DNA synthesis as it is the only source of thymidine
ucleotides[1–2]. TS has been recognised as an attractive

arget for antiproliferative chemotherapy and folate-based TS
nhibitors are now used in the clinic as anticancer agents
e.g. raltitrexed)[3]. The first generation of antifolates are
ransported into cells by the reduced folate carrier (RFC), a
ransmembrane transporter of folates and antifolates which
s ubiquitously expressed in most tumours and normal tis-
ues[4–5]. Therefore, the use of antifolates in the clinic
s limited due to TS inhibition in normal proliferating tis-
ues resulting in unwanted toxic side effects. Folates and

∗ Corresponding author. Tel.: +44 20 87224383; fax: +44 20 87224205.
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antifolates can also be transported into cells by the fo
receptor (FR). The�-isoform of the folate receptor (�-FR)
is a glycosylphosphatidylinositol (GPI)-anchored memb
associated cell surface glycoprotein that internalises
strates by receptor-mediated endocytosis[6–7]. �-FR is par-
tially expressed in normal tissues (largely the luminal sur
of the kidney proximal tubules and choroids plexus)
is overexpressed in several epithelial cancers (ovarian
endometrial carcinoma)[8]. A series of highly water-solub
cyclopenta[g]quinazoline-based antifolate TS inhibitors h
been developed that have a high affinity for the�-FR[9,10].
Two compounds BGC945 and BGC638 were shown t
selective and highly cytotoxic to�-FR overexpressing tumo
cell lines in vitro (IC50 = 3 nM) [10–13]. BGC945 has bee
identified as a lead compound because of its�-FR tar-
geting and is therefore predicted to give low toxicity
vivo [12].
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This paper describes the development and validation
of a liquid chromatography–tandem mass spectrometry
(LC–MS/MS) assay for the analysis of two novel compounds,
BGC945 and BGC638, together with the results of the first
pharmacokinetic study.

2. Experimental

2.1. Chemicals and reagents

The compounds BGC945, BGC638 and the internal stan-
dard BGC899 (Fig. 1), were synthesised at The Institute of
Cancer Research (Sutton, Surrey, UK). The purity of all
three substances was >99%. Dimethyl sulfoxide (DMSO)
and ammonium acetate were obtained from Fisher Chem-
icals (Loughborough, Leicestershire, UK). HPLC grade
methanol and acetonitrile were obtained from British Drug
House (Poole, Dorset, UK). Phosphate buffered saline (PBS)

and sodium bicarbonate were obtained from Sigma (Poole,
Dorset, UK). The drug-free (blank) mouse plasma was
obtained from Harlem Sera (Loughborough, Leicestershire,
UK). Double distilled water was used throughout.

2.2. Instrumentation

The liquid chromatography system consisted of an
Alliance Waters 2795 separations module (Waters Ltd., Hert-
ford, UK). The mass spectrometer was a Micromass Quattro
Ultima mass detector (Micromass UK Ltd., Manchester, UK).
An IBM P260 computer with Micromass MassLynx software
was used to control the Waters 2795 liquid chromatograph
and the Quattro Ultima mass spectrometer.

2.3. Chromatography

Chromatographic separation was performed on a Thermo
Hypersil-Keystone fluophase RP 5�m, 100 mm× 2.0 mm
Fig. 1. Chemical structures of (a) BGC945, (b) B
GC638 and the internal standard, (c) BGC899.
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i.d. column (Thermo Hypersil-Keystone, Cheshire, UK) with
a guard column (4.0 mm× 3.0 mm) packed with reversed-
phase C18 material (Phenomenex, Macclesfield, Cheshire,
UK). The mobile phase consisted of acetonitrile and ammo-
nium acetate (10 mM adjusted to pH 8 with ammonium
hydroxide), with a linear gradient of 100% organic until
0.5 min, then a linear decease to 20% over 3 min, and then a
linear increase back to 100% organic for 3 min. Chromatog-
raphy was performed at ambient temperature at a constant
flow-rate of 0.2 mL min−1. The injection volume for each
sample was 20�L with a total run time of 7.5 min.

2.4. Mass spectrometry

Using the mass spectrometer with electrospray ionisa-
tion in positive mode (ESI+) the capillary voltage (3.5 kV),
cone voltage (45 V), source temperature (150◦C), desol-
vation temperature (350◦C), cone gas flow (45 L h−1) and
desolvation gas flow (694 L h−1) were optimised for the
detection of the precursor and product ions of BGC945,
BGC638 and BGC899. The analytes were infused at
20�L min−1 by an infusion pump into the mass spectrometer.

2.5. Data acquisition and quantification

Transitions from the specific precursor ion to the product
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pared from 10�L of the appropriate working solution and
100�L of blank mouse plasma. For BGC638, concentra-
tions of 5000, 2500, 1000, 500, 200, 100, and 50 nM, were
prepared. QC samples were prepared at the lower limit of
quantification (LLOQ), 25 nM and at high, medium and low
concentrations of 2500, 400, and 40 nM in blank mouse
plasma for BGC945 and 1500, 750, and 150 nM for BGC638.
Samples were spiked with 10�L of BGC899 (1500 nM) as
the internal standard.

2.8. Sample extraction

Plasma samples were vortex mixed and incubated at 4◦C
for 1 h, as this improved the reproducibility of the assay by
ensuring all samples were treated the same. Samples were
then extracted by protein precipitation with 300�L of ace-
tonitrile and centrifuged at 2000× g for 10 min. The super-
natant was removed and evaporated to dryness for 90 min,
on heat setting 2, in a speed vacuum sample concentrator
(Jouan, France), and reconstituted into 200�L of ammo-
nium acetate (10 mM buffered to pH 8 with ammonium
hydroxide).

2.9. Assay performance
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on were monitored by multiple reaction monitoring (MRM
ata acquisition and quantification were performed u
icromass QuanLynx software. Peaks detected were
rated automatically and a calibration curve was constru
sing the peak area ratios of BGC945 or BGC638 to the i
al standard BGC899 versus corresponding concentra
nknown sample concentrations of BGC945 and BGC
ere determined by extrapolation from the calibration c
ith least squares regression weighting (1/y).

.6. Stock solutions

Stock solutions of BGC945, BGC638 and internal s
ard BGC899 were prepared in sodium bicarbonate (0.
uffered to pH 8.3 using sodium hydroxide) at a concen
ion of 1 mM. The working solutions were prepared by se
ilution of the stock solution with sodium bicarbonate so

ion to give concentrations of 40,000, 20,000, 10,000, 5
500, 1000, 500, and 250 nM for BGC945. Concentration
0,000, 25,000, 10,000, 5000, 2000, 1000, and 500 nM
repared for BGC638. Quality control (QC) samples w
repared at high, medium and low concentrations of 25
000, and 400 nM, respectively, for BGC945; and 15,
500, and 1500 nM, respectively, for BGC638. All soluti
ere stored at−20◦C.

.7. Preparation of calibration and QC samples

A calibration curve for BGC945, with concentrations
000, 2000, 1000, 500, 250, 100, 50, and 25 nM, were
The assay performance was investigated to insure
he analytical methods for the quantification of BGC945
GC638 in mouse plasma were accurate, reproducible
ensitive in the range studied. Replicate (n= 6) sets of cali
ration standards, LLOQ and QC samples were analys

hree batches to determine intra- and inter-day validatio

.10. Linearity of calibration curves

The method was validated according to guidelines s
he US Food and Drug Administration (FDA) for bioan
ytical method validation[14]. Briefly, the LLOQ should b

20% of nominal concentration, all other QCs should
15% of nominal concentration and at least 4 out of 6 c
ration standards should be within specification. In add

he calibration curve should have a correlation coefficie
etermination (r2) greater than 0.98.

.11. Accuracy

The mean intra- and inter-batch accuracy of the meth
xpressed in terms of relative error (R.E.).

.12. Imprecision

The imprecision between and within batches is expre
s the relative standard deviation (R.S.D.). The mean i
nd inter-batch R.S.D. were calculated from replicaten= 6
amples at the LLOQ and QC low, medium and high con
rations for batches 1–3.



184 N. Wood et al. / J. Chromatogr. B 824 (2005) 181–188

2.13. Sensitivity

The precision and accuracy were assessed for the accep-
tance of the LLOQ from replicaten= 6 analysis of the LLOQ
(25 nM) for batches 1–3.

2.14. Stability

The stability of BGC945 and BGC638 in mouse plasma
was assessed by comparison of stored samples to freshly pre-
pared samples. Bench-top stability was determined after 4 h
storage at room temperature. Replicate (n= 6) sets of QC
samples were analysed for stock solution stability after 1
month storage at−20◦C, freeze–thaw stability after three
cycles of freezing at−20◦C and thawing at room tempera-
ture for 2 h. The stability of extracted samples at 4◦C in the
Alliance Waters 2795 autosampler after 24 h was determined.

2.15. Pharmacokinetic studies

Pharmacokinetic studies for BGC638 were carried out in
Balb/C mice. BGC945 pharmacokinetic studies were carried
out in KB tumour bearing ICR nude mice. Mice were acclima-
tised to the laboratory conditions and restricted to a folic acid
free diet 24 days prior to the experiment in order to reduce
plasma folate levels to those found in humans[15]. The ani-
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of the compounds. The terminal half-life,t1/2 λ z= ln 2/λz
(where,λz is the first order rate constant estimated by the lin-
ear regression of log concentration versus time). Clearance,
Cl = dose/AUCINF (AUCINF is the AUC from the time of dos-
ing extrapolated to infinity), is the total body clearance for
intravenous administration. Volume of distribution at steady
state, Vss = MRT·Cl (where, MRT is the mean residence time,
this is the average amount of time a particle remains in a com-
partment), this relates volume directly to the amount of drug
in the body.

3. Results

3.1. Method development

In the development of this assay other mobile phase com-
binations and columns were evaluated to determine opti-
mal analytical conditions. Other mobile phase compositions
included: 0.1% formic acid and methanol; 0.1% formic acid
and acetonitrile; ammonium acetate (10 mM adjusted to pH
8 with ammonium hydroxide) and acetonitrile. The mobile
phases were run isocratically 50:50 (v/v) or using a linear
gradient (described in Section2.3). Mobile phases that con-
tained a low percentage of organic modifiers on the following
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als weighed ca. 20 g at the time of treatment. BGC
nd BGC638 were administered to KB tumour bearing
alb/C mice, respectively, as a single agent intraveno

i.v.) at 3�M in a vehicle of sodium bicarbonate in distill
ater (50 mM) with three mice per time point. Blood samp
ere collected at 5, 15, and 30 min and 1, 2, 4, 6, 8, 16
8, and 72 h post administration by cardiac puncture into
rinised syringes. The blood was transferred into Eppen

ubes and centrifuged at 10,000× g for 2 min to obtain the
upernatant plasma for sample analysis. Samples were
t−80◦C until analysis. All experiments were conducte

ine with the United Kingdom Co-ordinating Committee
ancer Research (UKCCCR) guidelines for animal we

16].

.15.1. Sample analysis
Samples were thawed on ice. Aliquots of plasma sam

100�L) were spiked with 1500 nM BGC899 (10�L) as an
nternal standard. The unknown samples were extract
arallel with the known standards.

.15.2. Pharmacokinetic analysis
The pharmacokinetic parameters of all compounds

.v. dosing were evaluated up to the lowest detectable
oint by non-compartmental analysis using WinNonlin V
ion 3.0 (Pharsight Corporation, CA, USA). Values prese
nclude AUC0–t, the area under the plasma concentrat
ime curve from the time of dosing (0 h) to the last measur
oncentration at time =t (h). Cmax, represents the maximu
lasma drug concentration obtained after administra
td., Hertford, UK), C6 Luna, Phenyl-Hexyl, Synergi Po
P, C18 Luna (Phenomenex, Cheshire, UK), ABZ, AB+,
nd C18 Discovery (Supelco, Sigma–Aldrich, Dorset, U
esulted in a poor peak shape. With a high percentag
rganic modifiers carry-over occurred (data not shown).
ptimal analytical conditions were obtained on a The
ypersil-Keystone fluophase RP 5�m, 100 mm× 2.0 mm

.d. column. The mobile phase consisted of acetonitrile
mmonium acetate (10 mM in water adjusted to pH 8) us

inear gradient as this eliminated peak tailing and carry-o
hromatography was performed at ambient temperature
constant flow-rate of 0.2 mL min−1. The injection volum

or each sample was 20�L with a total run time of 7.5 min
he purge solvent was the starting mobile phase, am
ium acetate (10 mM in water adjusted to pH 8), and
eedle/seal wash was methanol. BGC945, BGC638 an

nternal standard BGC899 were detected using LC–MS
ith electrospray ionisation in positive mode. The tra

ions from the specific precursor ion to product ion fragm
ere monitored by MRM atm/z648.12–434.21 for BGC94
32.23–434.21 for BGC638 andm/z 646.52–448.21 for th

nternal standard BGC899. Under these LC–MS/MS
itions BGC945, BGC638 and internal standard BGC
luted at ca. 4.7 min. No cross-talk was observed betwee
ompounds and the co-elution of BGC945 or BGC638
he internal standard BGC899 avoided lack of accuracy
o ion suppression.Fig. 2shows the chromatograms of bla
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Fig. 2. Representative chromatographic profiles of extracted blank plasma, extracted BGC945 LLOQ (25 nM), and extracted BGC945 QC high (2500 nM)
plasma samples.

3.2. Assay performance

The calibration curve for BGC945 was linear in the range
25–4000 nM with a mean correlation coefficient determina-
tion of 0.99 (n= 3) (data not shown). The concentrations of the
validation samples were determined by automatic extrapola-
tion from the calibration curves. BGC638 calibration curve
was linear in the range 15–4000 nM and the mean inter-batch
imprecision R.S.D. of BGC638 at LLOQ, QC low, medium
and high concentrations were 8.2%, 2.5%, 4.1% and 5%,
respectively. The assay performance of BGC638 is described
in a Ph.D. thesis[17].

3.3. Accuracy

The mean intra- and inter-batch accuracies are expressed
as %R.E. at each QC level. The mean intra-batch R.E.
remained below 12% (Table 1). The mean inter-batch R.E.
of observed concentrations at each QC level were 2.88%
at 25 nM (LLOQ); 5.45% at 40 nM (QC low); 10.34% at
400 nM (QC medium) and 4.41% at 2500 nM (QC high)
(Table 1).

3.4. Intra-batch imprecision

The mean intra-batch imprecision R.S.D. for replicate
n= 6 analysis of QC samples in batches 1–3 was calcu-
lated. R.S.D. for each level ranged from 5.8% to 12.9 % at
25 nM (LLOQ); 6.6–12.5% at 40 nM (QC low); 5.4–10.4% at
400 nM (QC medium) and 2.4–7.4% at 2500 nM (QC high)
(Table 1).

3.5. Inter-batch imprecision

The mean inter-batch precision R.S.D. for replicate
(n= 18) analysis of QC samples at each level in batches 1–3
were 4.09% at 25 nM (LLOQ); 1.78% at 40 nM (QC low);
−1.98% at 400 nM (QC medium) and 4.41% at 2500 nM (QC
high) (Table 2).

3.6. Sensitivity

At the LLOQ (25 nM) the mean intra-batch R.S.D. was
less than 13%. The mean inter-batch R.S.D. was 4.09%, with
a R.E. of 2.88% (n= 15) (Tables 1 and 2).
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Table 1
Intra-batch quality control samples

QC LLOQ
25 nM

QC low
40 nM

QC medium
400 nM

QC high
2500 nM

(a) Results for batch 1 (n= 6)
1 23.80 30.30a 341.80 2579.60
2 29.30 37.50 342.40 2838.10
3 40.40a 44.10 340.60 2718.40
4 29.30 43.70 375.60 2849.90
5 21.70 37.90 337.20 2786.50
6 26.20 39.80 379.20 2747.70

Mean 26.06 40.60 352.80 2753.37
S.D. 3.36 5.06 19.17 99.04
R.E. (%) 4.2 1.5 −11.8 10.1
R.S.D. (%) 12.9 12.5 5.4 3.6

(b) Results for batch 2 (n= 6)
1 47.20a 38.40 384.90 2807.50
2 21.90 37.00 444.60 2826.20
3 25.40 37.70 445.90 2693.80
4 29.10 37.50 419.00 2732.60
5 23.60 45.70 450.30 2720.60
6 22.70 35.00 458.10 2859.80

Mean 24.54 38.55 433.80 2773.42
S.D. 2.86 3.69 27.34 66.64
R.E. (%) −1.8 −3.6 8.5 10.9
R.S.D. (%) 11.7 9.6 6.3 2.4

(c) Results for batch 3 (n= 6)
1 27.20 45.50 418.40 2159.00
2 29.00 43.90 354.60 2191.70
3 25.40 40.20 421.50 2486.80
4 25.80 44.50 341.30 2159.80
5 25.40 45.10 437.00 2281.60
6 41.40a 38.70 364.80 2544.00

Mean 26.56 42.98 389.60 2303.82
S.D. 1.55 2.83 40.66 170.85
R.E. (%) 6.2 7.5 −2.6 −7.8
R.S.D. (%) 5.8 6.6 10.4 7.4

a Data that is outside the acceptable range for bioanalytical method vali-
dation that has been excluded from assay performance calculations.

3.7. Stability

BGC945 and BGC638 were stable as stock solutions after
4 h storage at room temperature. BGC638 was stable for
at least 3 months after storage at−20◦C and over four
freeze–thaw cycles[17]. BGC945 was stable for a least 1
month after storage at−20◦C and in mouse plasma after
three freeze–thaw cycles at−20◦C and the extracted samples
were stable in the autosampler after 24 h at 4◦C (Table 3).

Table 2
Precision and accuracy summary of inter-batch quality control samples

LLOQ
25 nM

QC low
40 nM

QC medium
400 nM

QC high
2500 nM

Mean 25.72 40.71 392.07 2610.20
S.D. 1.05 2.22 40.56 265.53
R.E. (%) 2.88 5.45 10.34 10.17
R.S.D. (%) 4.09 1.78 −1.98 4.41
n 15 17 18 18

Deviation fromn= 18 due to excluded data inTable 1.

Fig. 3. Plasma concentration of BGC945 and BGC638 vs. time curve,
administered to KB tumour bearing and Balb/C mice, respectively, i.v. as a
single agent at 3�M. Data are mean (n= 3).

3.8. Pharmacokinetic analysis of BGC945 and BGC638

The plasma concentration–time curve for BGC945 and
BGC638 are shown inFig. 3. Both compounds showed bipha-
sic log-linear concentration decay curves. Following 3�M
i.v. administered to KB tumour bearing ICR nude mice,
BGC945 was detectable for up to 16 h (Fig. 3), reached a max-
imum plasma concentration of 376�M and the AUC0–16 h
was 147 h�M. The terminalt1/2was 2 h, with a volume of dis-
tribution of 0.58 L kg−1 and a clearance of 1.05 L h−1 kg−1

(Table 4). BGC638 was administered at 3�M i.v. in Balb/C
mice; it was detectable for up to 24 h (Fig. 3), theCmax was
256�M and the AUC0–24 hwas 149 h�M. The clearance was
1.05 L h−1 kg−1 with a terminalt1/2 of 4 h and a volume of
distribution of 1.87 L kg−1 (Table 4). There were no adverse
effects following administration to the mice.

4. Discussion

Potent cyclopenta[g]quinazoline-based inhibitors of TS
with high affinity for the�-FR include BGC945, BGC638
and BGC899. BGC945 and BGC638 were the lead com-
pounds in this series and were therefore chosen for further
pharmacokinetic studies. The assay developed was based on
a LC–MS/MS method for the quantification of BGC945 and
B epro-
d om
t bil-
i lysis
w 945
a s lin-
e nM
f rmi-
n low
c 945
a ence
o ing.
GC638 in mouse plasma. The assay is accurate, r
ucible, and sensitive, fulfilling validation requirements fr

he FDA. BGC945 and BGC638 were stable after sta
ty procedures to evaluate sample handling during ana
ere assessed. The LLOQ was 25 and 15 nM for BGC
nd BGC638, respectively, and the calibration curve wa
ar in the range 25–4000 nM for BGC945 and 15–4000

or BCG638, making this a useful assay for the dete
ation of BGC945 and BGC638 in mouse plasma at
oncentrations. The quantitative determination of BGC
nd BGC638 required a specific method due to the pres
f a glutamic acid moiety and the basic quinazoline r
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Table 3
Stability results for BGC945 in mouse plasma (n= 6 per concentration)

Treatment Nominal concentration
(nM)

Mean concentration
(nM)

R.E. (%) R.S.D. (%) Stability (%)

(a) Storage stability (−20◦C)
0 months 40 41.55 3.9 6.7
1 months 40 41.25 3.1 9.5 99.3
0 months 400 405.98 1.5 3.7
1 months 400 395.82 −1.0 2.7 97.5
0 months 2500 2446.10 −2.2 4.0
1 months 2500 2363.84 −5.4 6.4 96.6

(b) Freeze–thaw stability
0 cycle 40 41.97 4.9 5.0
1 cycle 40 44.02 10.1 5.5
2 cycle 40 39.97 −0.1 9.5
3 cycle 40 41.08 2.7 5.1 97.9
0 cycle 400 405.65 1.4 4.6
1 cycle 400 423.52 5.9 5.0
2 cycle 400 398.68 −0.3 3.0
3 cycle 400 385.42 −3.6 4.0 97.0
0 cycle 2500 2536.98 1.5 3.7
1 cycle 2500 2511.88 0.5 5.0
2 cycle 2500 2571.58 2.9 4.7
3 cycle 2500 2473.48 −1.1 3.8 97.5

(c) Autosampler stability (24 h)
0 h 40 41.97 4.9 5.0
24 h 40 42.42 6.1 7.6 101.1
0 h 400 405.65 1.4 4.6
24 h 400 411.88 3.0 3.3 101.5
0 h 2500 2600.4 4.0 6.1
24 h 2500 2545.4 1.8 4.1 97.9

Table 4
Pharmacokinetic parameters for BGC945 administered to KB tumour bearing mice and BGC638 administered to Balb/C mice i.v. as a single agent at 3�M

Compound Matrix Route AUCLast (h�M) Cmax (�M) t1/2 (h) Cl (L h−1 kg−1) Vss (L kg−1)

BGC945 Plasma i.v. 147 376 2 1.05 0.58
BGC638 Plasma i.v. 149 256 4 1.05 1.87

Data were derived from one experiment with three mice per time point. Parameters were derived using non-compartmental pharmacokinetics using WinNonlin.

This was resolved by the use of ammonium acetate at pH 8
as the mobile phase and a polar base deactivated stationary
phase. These optimal conditions prevented peak tailing and
carryover.

This method has allowed us to evaluate the pharmacoki-
netic behaviour of BGC945 and BGC638 in mice. BGC945,
administered to KB tumour bearing ICR nude mice, reached
the limit of quantification after 16 h and BGC638, admin-
istered to Balb/C mice, remained above the LOQ even
after 24 h. Further studies will evaluate if the compounds
are metabolised and whether there is accumulation in�-
FR expressing tissues (i.e. tumours). Both BGC945 and
BGC638 had a clearance of 1.05 L h−1 kg−1, which is moder-
ate compared to liver blood flow (5.4 L h−1 kg−1). The assay
that we developed is more sensitive than that described for
BGC9331 (ZD9331) (a water-soluble, nonpolyglutamatable,
quinazoline-based antifolate inhibitor of TS[18,19].

In conclusion, this is the first pharmacokinetic report on
these compounds and the developed assay is shown to be

specific, accurate, reproducible, and sensitive by fulfilling
validation requirements from the FDA. Further studies will
evaluate if this assay is suitable to measure BGC945 and
BGC638 in different tissues samples and evaluate if there is
accumulation in�-FR expressing tissues.
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