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Abstract

A HPLC-MS/MS Electrospray (ESI) method was developed and validated to quantify a peptide conjugate prodrug
of doxorubicin (Dox-Con) and its active metabolites leucine-doxorubicin (Leu-Dox) and doxorubicin (Dox) in dog and
rat plasma. The analytes were extracted from plasma by solid-phase extraction on a Bond Elut® C8 cartridge and
eluted with chloroform—methanol (2:1). Eluates were evaporated and reconstituted in acetonitrile—5 puM sodium
trifluoroacetate in 0.1% aqueous formic acid (20:80) and injected onto a Waters Oasis® HLB column. Analytes were
eluted from the column with a solvent gradient into the mass analyzer. The ions were quantified in the selected reaction-
monitoring mode (SRM), using positive ions, on a triple quadrupole mass spectrometer. The lower limits of
quantification for Dox-Con, Leu-Dox, and Dox in plasma, were approximately 5, 1 (dog)/6 (rat), and 0.5 ng/ml,
respectively. Intra- and inter-assay accuracy (% of nominal concentration) and precision (%CV) for all analytes were
within 15 and 16%, respectively.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction cancer [1]. Therefore, there was an interest for a
sensitive bioanalytical method to monitor simulta-

A seven-amino acid peptide conjugate (Dox- neously the parent compound and two of its active
Con) was selected as a prodrug for the tumor- metabolites Leu-Dox and Dox (Fig. 1) in plasma.
selective delivery of doxorubicin (Dox), with the Bioanalytical methods had been published for the
objective to lower general systemic exposure to the determination of Dox-Con and its active metabo-
active drug in the treatment of human prostate lites by HPLC with fluorescence detection and by

HPLC-MS/MS [2—4]. In these methods, Dox-Con
and its metabolites were extracted from plasma by
solid-phase extraction (SPE) on C8 cartridges and
then chromatographed on a C8 HPLC column.
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Fig. 1. Chemical structure of doxorubicin conjugate (Dox-
Con), leucine-doxorubicin (Leu-Dox), and doxorubicin (Dox).

The MS/MS detection of all analytes was done in
the positive ion mode using a sodium adduct for
Dox-Con. Fast chromatography with ultra-high
flow rates had been reported for the quantitative
bioanalyses of drugs, by HPLC-MS/MS, following
direct on column injection of plasma samples [5—
7]. These analyses were done on small columns
containing large particle size packing (30 pm).
After an initial separation of proteins and large
biomolecules, not retained on the column under
the ultra-high flow conditions, the analytes were
coeluted, by a step gradient, into the mass spectro-
meter. These analytical conditions, which give very
short analysis time, were initially tested in our
laboratory for Dox-Con and its metabolites.
However, elution of the analytes at higher flow
rates using the step gradient afforded poor quan-
titative reproducibility. During preliminary experi-
ments, reproducibility was improved by reducing
the flow rate and the gradient slope leading to a
partial separation of the analytes and better
formed peaks. The cross-talk, between coeluting
Leu-Dox and Dox, estimated to less than 0.1
area% was considered acceptable. Because of the
limited stability of the analytes in plasma, it was
chosen to extract the plasma samples rather than
keep them for extended periods at ambient tem-
perature on the autosampler. In the method

presented, two different internal standards: IS-I
for the metabolites and IS-II (Fig. 2) for Dox-Con
were used to maximize reproducibility. The adduct
formation, which could not be successfully repro-
duced, was forced by addition of sodium trifluor-
oacetate to the mobile phase.

2. Experimental
2.1. Reagents and chemicals

Acetonitrile, methanol, and chloroform HPLC
grades were purchased from Merck KgaA (Darm-
stadt, Germany). SPE cartridges Bond Elut® C8 1
cc/100 mg were purchased from Varian (Palo Alto,
CA, USA). Water used for preparing reagents and
mobile phase was deionized with an Alpha-Q®
purifier Millipore (Bedford, USA). Formic acid,
sodium trifluoroacetate (NaTFA), Dox, and IS-I
were obtained from Sigma Co. (St. Louis, MO,
USA). The Dox-Con, Leu-Dox, and IS-II were
synthesized at Merck Research Laboratories
(West-Point, PA, USA).

IS-1

Hyp= L-4-hydroxyproline

3 Chg= L-Cyclohexylglycine

HO NH-Leu-Ser-GIn-Chg-Ser-Ala-Hyp-Ac

Fig. 2. Chemical structure of the internal standards vincristine
(IS-I) and (IS-II).
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2.2. Instrumentation

Triple quadrupole mass spectrometer TSQ®
7000 with XcALIBUR® and rLcQuUAN® software
from ThermoFinnigan (San Jose, CA, USA)
equipped with an electrospray ion source (API 1)
and a divert valve. The chromatographic system
consisted of an HPLC pump model 616 and
Controller 616 S from Waters (Milleford, MA,
USA) and an autosampler Series 200 from
Perkin—Elmer (Norwalk, CT, USA). The chroma-
tography column used was Oasis® HLB (30 um
particle size, 1 x 50 mm) from Waters.

2.3. Preparation of standards and quality control
(QC) samples

Separate stock solutions of each analyte and
each internal standard were prepared in acet-
onitrile—0.1% aqueous formic acid (20:80). Work-
ing standard solutions combining the three
analytes were then prepared by dilutions of the
stock solutions, with acetonitrile—0.1% aqueous
formic acid (20:80), to obtain several levels over
the concentration ranges of 20-31000, 4—6700,
and 2-3200 ng/ml for Dox-Con, Leu-Dox, and
Dox, respectively. These solutions were stable up
to 34 days when stored refrigerated. Separate
working internal standard solutions were prepared
by dilutions of each stock solution, with acet-
onitrile—0.1% aqueous formic acid (20:80), to
obtain concentrations of approximately 1200 and
3200 ng/ml for IS-1 and IS-II, respectively. Cali-
bration standards were prepared by spiking 200 pl
of drug-free plasma with 50 pl of the working
standard solutions to obtain several levels equiva-
lent to concentrations in plasma ranging approxi-
mately from 5 to 7600, 1/6 (dog/rat) to 1700, and
0.5 to 800 ng/ml, for Dox-Con, Leu-Dox, and
Dox, respectively. These calibration ranges were
selected, based in part on previously published
work and made as wide as possible to avoid
unnecessary repeat assays caused by samples fall-
ing outside the limits. In order to cover well these
wide ranges, up to 12 levels of standards were
prepared. QC samples, that simulate future study
samples, were prepared in a similar fashion to
obtain levels equivalent to plasma concentrations

of approximately 40, 2500, and 5000 ng/ml for
Dox-Con, 8, 480, and 960 ng/ml for Leu-Dox, and
5, 290, and 580 ng/ml for Dox. Fifty ul of each
working internal standard solution was added to
each plasma standard and QC sample.

2.4. Plasma study samples

Four male and four female Beagle dogs were
each given a single intravenous injection of Dox-
Con at the dose of 10 mg/kg. Blood samples were
collected in heparinized tubes and cooled on ice at
0.25, 0.5, 1, 2, 4, 8, 24, 48, and 72 h post-dose.
Shortly after blood collection, plasma was sepa-
rated by centrifugation at approximately 4 °C and
stored at — 70 °C until analysis. Before extraction,
50 ul of each working internal standard solution
and 50 pl of acetonitrile—0.1% aqueous formic
acid (20:80), were added to 200 pul of plasma
sample.

2.5. Extraction procedure

Calibration standards, QC, and study samples
were diluted 50% with water and centrifuged for 5
min at 12000 rpm at 4 °C. An approximately 500
pl aliquot of supernatant was transferred to a C8
SPE cartridge preconditioned with 1.0 ml of
methanol and 1.0 ml of water. The cartridge was
washed successively with 0.8 ml of water and with
0.8 ml of 10% methanol. Analytes were then eluted
with two 0.8 ml portions of chloroform—methanol
(2:1). The eluate was evaporated to dryness under
nitrogen at approximately 50 °C and the dried
extract was reconstituted with 200 ul of acet-
onitrile—5 pM NaTFA in aqueous 0.1% formic
acid (20:80). The three analytes were stable in this
solvent for approximately 48 h under ambient
laboratory conditions.

2.6. Mass spectrometric conditions

Electrospray-ionization was performed in the
positive ion mode. The heated capillary was set at
245 °C, the spray voltage at 4.5 kV. Nitrogen was
used as the sheath and auxiliary gas set at 90 1b/in’
and 25 arbitrary units, respectively. The argon
collision gas pressure was set to 2.5 mTorr.
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Fig. 3. Typical reconstructed ion chromatograms of Dox-Con metabolites and their internal standard in dog plasma extracts.
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Fig. 4. Typical reconstructed ion chromatograms of Dox-Con and its internal standard in dog plasma extracts.

Analytes and internal standards were detected, in
the positive ion mode, using the selected reaction
monitoring of the following transitions: m/z
1419 -1023 for Dox-Con, m/z 657—243 for
Leu-Dox, m/z 544 —397 for Dox, m/z 413 — 353
for IS-1, and m/z 1347 - 951 for IS-11.

2.7. Chromatographic conditions

Fifty ul of reconstituted solutions were chroma-
tographed at ambient temperature on the Oasis®
HLB column. Solvent A was acetonitrile and
Solvent B was 5 uM sodium trifluoroacetate in
0.1% aqueous formic acid. The analytes were
chromatographed with a 0.8 ml/min flow rate
and the following linear gradient: 0 min, 5% A;

0.5 min, 5% A; 5.5 min, 82% A. The gradient was
followed by a 2.0 ml/min rinse for 1.0 min with
100% methanol, and 30 s with 95% acetonitrile,
and then by column reequilibration to the initial
conditions. The flow was diverted into the mass
spectrometer only during the elution of the ana-
lytes/internal standards and to waste during the
rest of the chromatographic cycle. Typical recon-
structed ion chromatograms of plasma standards
containing all analytes and internal standards are
shown in Figs. 3 and 4.

2.8. Calculations

Concentrations of Dox-Con and its metabolites
were calculated with the LcQUAN® quantitation
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Table 1

Accuracy and precision of calibration standards in dog plasma

Dox-Con nominal concentration 4.73 945 23.6 473 945 189 378 945 1890 3030 6050 7550
Average found (ng/ml) 4.70 9.67 233 464 956 192 370 949 1910 3020 6080 7510
Accuracy (%) 99.4 102 98.7 981 101 102 979 100 101 99.7 100 99.5
Precision (%CV) 2.81 6.38 459 2.17 3.15 4.63 237 427 285 456 358 173
Number of replicates 5 5 5 5 5 5 5 5 5 5 5 5

Leu-Dox nominal concentration 1.06 2.11 528 10.6 21.1 423 843 211 423 675 1350 1690
Average found (ng/ml) 1.03 2.19 555 100 208 424 86.0 214 426 638 1340 1720
Accuracy (%) 97.2 104 105 943 98.6 100 102 101 101 945 99.3 102
Precision (%CV) 5.27 785 7.62 948 3.06 2.17 4.04 450 235 9.14 314 241
Number of replicates 4 5 5 5 5 5 5 5 5 5 5 5

Dox nominal concentration 0.500 1.00 2.50 5.00 10.0 20.0 40.0 99.8 200 320 638 798
Average found (ng/ml) 0498 1.01 2.62 4.60 9.61 20.1 414 103 205 310 637 799
Accuracy (%) 99.6 101 105 92.0 96.1 101 104 103 103 96.9 99.8 100
Precision (%CV) 6.12 12.6 6.35 475 451 422 482 316 367 684 229 0.737
Number of replicates 5 5 5 5 5 5 5 5 5 5 5 5

Table 2

Accuracy and precision of calibration standards in rat plasma

Dox-Con nominal concentration 4.75 9.50 23.8 47.5 950 190 380 950 1900 3050 6080 7600
Average found (ng/ml) 4.67 9.74 24.6 47.8 90.7 189 387 947 1840 3090 6140 7560
Accuracy (%) 98.3 103 103 101 955 99.5 102 99.7 96.8 101 101 99.5
Precision (%CV) 1.80 7.82 991 517 323 103 7.08 433 6.12 453 377 270
Number of replicates 3 3 3 3 3 3 3 3 3 3 3 3

Leu-Dox nominal concentration 5.60 11.2 224 448 89.3 223 445 713 1430 1780
Average found (ng/ml) 5.62 11.3 21.7 44.1 935 211 451 741 1440 1740
Accuracy (%) 100 101 969 984 105 94.6 101 104 101 97.8
Precision (%CV) 5.44 10.4 9.18 896 220 455 6.21 726 3.67 145
Number of replicates 3 3 3 3 3 3 3 3 3 3

Dox nominal concentration 0.500 1.00 2.50 5.00 10.0 20.0 40.0 100 200 320 640 800
Average found (ng/ml) 0.512 0979 248 4.88 982 193 420 101 200 337 647 777
Accuracy (%) 102 97.9 99.2 97.6 982 96.5 105 101 100 105 101 97.1
Precision (%CV) 5.25 9.14 734 6.62 254 577 0476 1.74 3.50 578 331 0.876
Number of replicates 2 3 3 3 3 3 3 3 3 3 3 3

software by plotting the area ratios of analyte to
internal standard, obtained on the chromato-
grams, against standard concentrations.

3. Results and discussion

3.1. Selectivity

The selectivity of the method was demonstrated
by the absence of substantial endogenous inter-

ference on the chromatograms of plasma extracts
verified on three separate sources of plasma from
untreated dogs and rats.

3.2. Extraction recovery from plasma

Absolute recoveries of each analyte, determined
on plasma spiked at three concentrations equiva-
lent to the QC samples and processed as in Section
2.4, was not less than 70 and 49% from dog and rat
plasma, respectively.
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Table 3

Intra- and inter-assay accuracy and precision for the dog plasma QC samples

Intra-assay Inter-assay

Dox-Con QC nominal concentration
Average found (ng/ml)
Accuracy (%)
Precision (CV%)
Number of replicates
Leu-Dox QC nominal concentration
Average found (ng/ml)
Accuracy (%)
Precision (CV%)
Number of replicates
Dox QC nominal concentration
Average found (ng/ml)
Accuracy (%)
Precision (CV%)
Number of replicates

40.5 2530 5050 40.5 2530 5050
384 2310 4590 40.7 2390 4700

94.8 91.3 90.9 100 94.5 93.1
2.65 3.27 1.81 5.57 3.40 2.65
10 10 10 10 10 10

7.65 478 955 7.65 478 955
8.49 495 983 8.62 506 984
111 104 103 113 106 103
10.2 11.5 11.7 9.27 10.8 9.92
10 10 10 10 10 10

4.65 290 583 4.65 290 583
4.21 282 583 4.92 313 606
90.5 97.2 100 106 108 104
14.6 7.01 10.5 12.1 8.54 9.61
10 10 10 10 10 10

Table 4

Intra- and inter-assay accuracy and precision for the rat plasma QC samples

Intra-assay Inter-assay

Dox-Con QC nominal concentration
Average found (ng/ml)
Accuracy (%)
Precision (CV%)
Number of replicates
Leu-Dox QC nominal concentration
Average found (ng/ml)
Accuracy (%)
Precision (CV%)
Number of replicates
Dox QC nominal concentration
Average found (ng/ml)
Accuracy (%)
Precision (CV%)
Number of replicates

40.8 2550 5100 40.8 2550 5100
41.0 2410 4690 39.7 2440 4750
100 94.5 92.0 97.3 95.7 93.1

8.83 6.69 1.52 10.4 6.89 1.36
6 6 6 6 6 6

7.53 470 940 7.53 470 940
8.15 484 987 8.02 458 924
108 103 105 107 97.4 98.3
14.6 2.37 9.55 15.8 4.73 10.4
6 6 6 6 6 6

4.73 295 593 4.73 295 593
4.90 304 628 4.84 295 588
104 103 106 102 100 99.2
6.22 5.52 5.59 5.55 3.73 4.90
6 6 6 6 6 6

3.3. Accuracy and precision of calibration
standards

Accuracy and precision of calibration standards
in dog and rat plasma were determined for each
analyte on five replicate analyses of the complete
set of standards. Because of the wide concentra-
tion range, the calibration curves for all three
analytes were fitted with quadratic models (zero
ignored) using a 1/x* weighting factor. This was

found to best accommodate the reponse profile
within the precision required, through the entire
range. Concentrations of analytes were calculated
from each curve. The accuracy was obtained by
comparing the average calculated concentrations
to their nominal values (% of nominal) and the
precision by the percent coefficient of variation
(%CV). Results for dog plasma are given in Table
1. The accuracy and precision for Dox-Con ranged
from 97.9 to 102% and 1.73 to 6.38%, respectively.
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Stability of the combined analytes in dog plasma after three freeze—thaw cycles between — 70 °C and melting ice temperature

Nominal concentration (ng/ml)

Percentage of initial concentration

Dox-Con Leu-Dox Dox Dox-Con Leu-Dox Dox
51.3 11.5 5.41 107 89.6 117
2420 540 255 102 86.6 88.3
4840 1080 510 106 90.4 98.4

The accuracy and precision for Leu-Dox ranged
from 94.3 to 105% and 2.17 to 9.48%, respectively.
The accuracy and precision for Dox ranged from
92.0 to 105% and 0.737 to 12.6%, respectively.
Results for rat plasma are given in Table 2. The
accuracy and precision for Dox-Con ranged from
95.5 to 103% and 1.80 to 10.3%, respectively. The
accuracy and precision for Leu-Dox ranged from
94.6 to 105% and 1.45 to 10.4%, respectively. The
accuracy and precision for Dox ranged from 96.5
to 105% and 0.476 to 9.14%, respectively.

3.4. Lower limits of quantitation

The lower limits of quantification were the
lowest concentrations of the calibration standards,
as determined in Section 3.3, that had an accuracy
within +20% of nominal and a precision within
+20% CV. They were approximately 4.7, 1.1, and
0.5 ng/ml in dog plasma, and approximately 4.8,
5.6, and 0.5 ng/ml in rat plasma for Dox-Con,
Leu-Dox, and Dox, respectively.

3.5. Intra- and inter-assay accuracy and precision
of QC samples

The intra- and inter-assay accuracy and preci-
sion for each analyte were determined on replicate

Table 6

analyses of each QC sample. The accuracy was
obtained by comparing the average calculated
concentrations to their nominal values (% of
nominal) and the precision by the %CV. Results
for dog plasma are given in Table 3. For Dox-Con,
the intra-assay accuracy and precision ranged
from 90.9 to 94.8% and 1.81 to 3.27%, respectively.
The inter-assay accuracy and precision ranged
from 93.1 to 100% and 2.65 to 5.57%, respectively.
For Leu-Dox, the intra-assay accuracy and preci-
sion ranged from 103 to 111% and 10.2 to 11.7%,
respectively. The inter-assay accuracy and preci-
sion ranged from 103 to 113% and 9.27 to 10.8%,
respectively. For Dox, the intra-assay accuracy
and precision ranged from 90.5 to 100% and 7.01
to 14.6%, respectively. The inter-assay accuracy
and precision ranged from 104 to 108% and 8.54 to
12.1%, respectively. Results for rat plasma are
given in Table 4. For Dox-Con, the intra-assay
accuracy and precision ranged from 92.0 to 100%
and 1.52 to 8.83%, respectively. The inter-assay
accuracy and precision ranged from 93.1 to 97.3%
and 1.36 to 10.4%, respectively. For Leu-Dox, the
intra-assay accuracy and precision ranged from
103 to 108% and 2.37 to 14.6%, respectively. The
inter-assay accuracy and precision ranged from
97.4 to 107% and 4.73 to 15.8%, respectively. For
Dox, the intra-assay accuracy and precision ran-

Stability of the combined analytes in dog plasma after 13 months at approximately — 70 °C

Nominal concentration (ng/ml)

Percentage of nominal concentration

Dox-Con Leu-Dox Dox Dox-Con Leu-Dox Dox
51.3 11.5 5.41 114 89.6 91.7
2420 540 255 115 80.6 91.8
4840 1080 510 111 75.9 89.2
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Table 7

Mean concentrations of Dox-Con and its metabolites in dog
plasma after a 10-mg/kg single intravenous injection of Dox-
Con

Bleed time (h)  Mean concentration (ng/ml) +S.E.M.*

Dox-Con Leu-Dox Dox
0.25 96304685 17004100 14.04+0.598
0.5 2590+186 842+19.9 14.5+0.607
1 462+38.5 365423.1 16.5+1.16
2 68.6+4.20 127+7.63 16.8+1.02
4 14.240.719  28.84+1.81 17.3+1.05
8 <LLQ" 3.46+0.356  18.8+1.16
24 <LLQ <LLQ 8.29+0.292
48 <LLQ <LLQ 5.47+0.248
72 <LLQ <LLQ 3.81+0.180

% S.E.M., standard error of the mean.
® LLQ, lower limit of quantitation.

ged from 103 to 106% and 5.52 to 6.22%,
respectively. The inter-assay accuracy and preci-
sion ranged from 99.2 to 102% and 3.73 to 5.55%,
respectively.

3.6. Freeze—thaw stability

A preliminary experiment had shown that
analyte stability was limited in plasma at ambient
temperature. Therefore, plasma samples were kept
in an ice bath and freeze—thaw stability was
studied between — 70 °C and melting ice tempera-
ture. Under these conditions, the analytes were
considered stable in dog plasma after three cycles;
results are shown in Table 5.

3.7. Freezer stability

Long-term stability at — 70 °C was evaluated on
dog plasma samples spiked with the three com-
bined analytes. Possible conversion to the meta-
bolites was monitored, concomitantly, on two sets
of dog plasma samples: One set spiked with Dox-
Con only and one set spiked Leu-Dox only. Based
on the assay results, presented in Table 6, the
combined analytes were considered stable for at
least 13 months at this temperature. No substan-

tial conversion from Dox-Con to Leu-Dox or from
Leu-Dox to Dox occurred during this period.

3.8. Analysis of study samples

Dox-Con and its metabolites were quantitated
in the dog plasma samples collected after admin-
istration of a single 10-mg/kg intravenous injection
of Dox-Con. Samples, with concentrations exceed-
ing the upper limit of the calibration ranges, were
assayed after dilution with blank plasma obtained
from non-treated animals. Results presented in
Table 7 show the applicability of the method to
sample from an in vivo study.

4. Conclusion

A sensitive HPLC-MS/MS method was devel-
oped and validated to monitor, in a single analysis,
concentrations of Dox-Con and its two active
metabolites Leu-Dox and Dox in dog and rat
plasma. This analysis was performed on Oasis®
HLB columns after SPE extraction of the analytes
from plasma. The lower limits of quantification
were approximately 4.7, 1.1, and 0.5 ng/ml in dog
plasma, and approximately 4.8, 5.6, and 0.5 ng/ml
in rat plasma for Dox-Con, Leu-Dox, and Dox,
respectively. This method was used successfully for
the analysis of plasma samples collected from dogs
treated with a 10-mg/kg single intravenous injec-
tion of Dox-Con.
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